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INDOOR RADIATION EXPOSURES FROM RADON AND ITS DAUGHTERS: 
A VIEW OF THE ISSUE 

Anthony V .  Nero, J r .  

ABSTRACT 

Exposure t o  radon daugh te r s  i n d o o r s  c a n  r e s u l t  i n  s i g n i f i c a n t  r i s k  
t o  t h e  g e n e r a l  p u b l i c ,  p a r t i c u l a r l y  t h o s e  l i v i n g  i n  homes wi th  much 
h i g h e r  t h a n  average  c o n c e n t r a t i o n s .  T h i s  paper  rev iews  what i s  known 
about  indoor  c o n c e n t r a t i o n s ,  a s s o c i a t e d  r i s k s ,  and t h e  e f f e c t  o f  meas- 
u r e s  t o  save  energy  by r educ ing  v e n t i l a t i o n  rates.  It concludes  t h a t ,  
by employing a p p r o p r i a t e  c o n t r o l  measures  i n  homes having  unaccep tab ly  
h igh  c o n c e n t r a t i o n s ,  t h e  ave rage  exposure  (and t h e r e f o r e  r i s k )  o f  t h e  
g e n e r a l  p u b l i c  can  remain a t  i t s  p r e s e n t  l e v e l ,  o r  even d e c r e a s e ,  
d e s p i t e  programs t o  save  energy  by t i g h t e n i n g  homes. 

KEYWORDS: h e a l t h  r i s k ,  i ndoor  a i r  q u a l i y ,  mon i to r ing  programs, i ndoor  radon,  
radon daugh te r  exposures ,  i ndoor  a i r  q u a l i t y  s t a n d a r d s  

INTRODUCTION 

Radon and t h e  r a d i o a c t i v e  e l emen t s  t o  which i t  decays  are un ive r -  
s a l l y  p r e s e n t  i n  outdoor  a i r ,  and t y p i c a l l y  r e a c h  h i g h e r  l e v e l s  i n  
indoor  a i r .  Very h i g h  a i r b o r n e  c o n c e n t r a t i o n s  of t h e s e  e l emen t s  i n  
uranium and o t h e r  mines have been  shown t o  increase t h e  i n c i d e n c e  of  
lung  c a n c e r  among mine workers .  I f  t h e  i n c r e a s e  i n  c a n c e r  i n c i d e n c e  i s  
p r o p o r t i o n a l  t o  exposure  ( rough ly  speak ing ,  t h e  a i r b o r n e  c o n c e n t r a t i o n  
t i m e s  t h e  d u r a t i o n  o f  e x p o s u r e ) ,  t h e n  t h e  c o n c e n t r a t i o n s  i n  t h e  p r e s e n t  
U.S. hous ing  s t o c k  -- a l though  much lower t h a n  i n  mines -- could  be  
c a u s i n g  thousands ,  perhaps  more t h a n  t e n  thousand,  c a s e s  o f  lung  cance r  
a n n u a l l y  among t h e  U.S. p o p u l a t i o n .  A s u b s t a n t i a l  number of  c a n c e r  
c a s e s  could  be c o n c e n t r a t e d  i n  a r e l a t i v e l y  small segment of t h e  popula- 
t i o n ,  i . e . ,  t h o s e  exposed t o  l e v e l s  much h i g h e r  t h a n  ave rage .  Unless  
care i s  t a k e n ,  t h e  e s t i m a t e d  . r adon- re l a t ed  c a n c e r  i n c i d e n c e  could  be 
i n c r e a s e d  by measures  t h a t  reduce  t h e  v e n t i l a t i o n  r a t e ,  measures  which 
are planned f o r  n a t i o n a l  energy  c o n s e r v a t i o n  programs f o r  b u i l d i n g s .  
Through a c a r e f u l  program of  s c r e e n i n g  and t h e  use  of spec ia l ly -des igned  
c o n t r o l  programs c o n c e n t r a t i n g  on houses  wi th  h igh  radon l e v e l s ,  such 
i n c r e a s e s  could  be  avoided;  i n  f a c t  c u r r e n t  exposures  and a s s o c i a t e d  
h e a l t h  r i s k s  cou ld  even  be  reduced .  Assoc ia t ed  wi th  such a program 
would be  a new kind  o f  s t a n d a r d ,  one f o r  indoor  a i r  q u a l i t y .  Such a 
s t a n d a r d  could  have a c o n s i d e r a b l y  d i f f e r e n t  p h i l o s o p h i c a l  b a s i s ,  s t r u c -  
t u r e ,  and implementa t ion  s t r a t e g y  t h a n  o t h e r  a i r  q u a l i t y  s t a n d a r d s .  

I 

* 

T h i s  paper  summarizes a v a i l a b l e  in fo rma t ion  on indoor  radon concen- 
t r a t i o n s  and a s s o c i a t e d  h e a l t h  i m p l i c a t i o n s ,  examines t h e  e f f e c t  o f  pro- 
grams t o  reduce  v e n t i l a t i o n  r a t e s  i n  b u i l d i n g s ,  and s u g g e s t s  how moni- 
t o r i n g  s t r a t e g i e s  and s t a n d a r d s  might be  formula ted  t o  c o n t r o l ,  and even 
r educe ,  indoor  c o n c e n t r a t i o n s  of  radon and i t s  daugh te r s .  
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CHARACTERISTICS OF RADON AND ITS DAUGHTERS 

Radon i s  a g a s  t h a t  ar ises  from t h e  r a d i o a c t i v e  decay of  radium, a 
n a t u r a l l y - o c c u r i n g  t r a c e  c o n s t i t u e n t  o f  t h e  e a r t h ' s  c r u s t .  Radium i s  
found i n  s m a l l  c o n c e n t r a t i o n s  i n  rock  and s o i l ,  as w e l l  as  i n  b u i l d i n g  
m a t e r i a l s  d e r i v e d  from c r u s t a l  components. Because radon i s  a nob le  g a s  
and t h e r e f o r e  does not  r e a c t  chemica l ly  wi th  t h e  s o l i d  mater ia l  i n  which 
i t  i s  formed, i t  c a n  move through t h i s  material  more r e a d i l y  t h a n  most 
e l emen t s  and t h e r e b y  reach  water o r  a i r  t o  which humans have a c c e s s .  
The radon i s o t o p e  o f  mos t ' conce rn ,  radon-222, a r i ses  from radium-226 and 
h a s  a h a l f - l i f e  of 3 .8  days .  (The " h a l f - l i f e "  of a r a d i o n u c l i d e  i s  a 
p e r i o d  d u r i n g  which any g i v e n  atom h a s  a 50% p r o b a b i l i t y  of  decaying  t o  
t h e  next  member of t h e  decay sequence . )  The f i r s t  decay p roduc t ,  o r  
@'daughter" ,  o f  radon-222 i s  polonium-218, which a l s o  decays  r ad ioac -  
t i v e l y .  T h i s  sequence o f  decays  c o n t i n u e s  u n t i l  lead-206, a s t a b l e  i s o -  
t o p e ,  i s  reached (F igu re  1 ) .  

Polonium-218 and t h e  members o f  t h e  decay  sequence ,  immediately f o l -  
lowing ( lead-214,  bismuth-214, and polonium-214) have g r e a t e r  r a d i o l o g i -  
c a l  s i g n i f i c a n c e  t h a n  radon-222, because  -- u n l i k e  t h e  l a t t e r  -- t h e y  
a r e  chemica l ly  a c t i v e  and may a t t a c h  themselves  t o  d u s t  p a r t i c l e s  i n  t h e  
a i r .  Should e i t h e r  t h e s e  p a r t i c l e s  o r  t h e  una t tached  daugh te r s  be  
i n h a l e d ,  t h e y  can  lodge i n  t h e  lung.  Because t h e  daugh te r s  from 
polonium-218 through polonium-214 have s h o r t  h a l f - l i v e s  (no  g r e a t e r  t h a n  
30 m i n u t e s ) ,  once t h e y  are  c o l l e c t e d  i n  t h e  lung ,  t h e y  are  l i k e l y  t o  
decay  t o  lead-210 and i r r a d i a t e  t h e  su r round ing  t i s s u e  b e f o r e  t h e  body's 
lung-c learance  mechanisms remove them. I n  b i o l o g i c a l  terms, t h e  most 
s i g n i f i c a n t  r a d i a t i o n  dose  ar ises  from t h e  a l p h a  p a r t i c l e s  emi t t ed  by 
polonium-214 and -218. 

CONCENTRATIONS AND EXPOSURES I N  U.S. HOMES 

The radon i n  houses  a r i ses  p r i m a r i l y  from radon t h a t  m i g r a t e s ,  by 
v a r i o u s  mechanisms, from materials unde r ly ing  t h e  house o r ,  i n  some 
c a s e s ,  t h o s e  making up t h e  house.  The house a c t s  as  a c o n t a i n e r  f o r  
t h i s  r adon ,  which l e a k s  o u t  as indoor  a i r  i s  exchanged f o r  ou tdoor  a i r .  
The r a t e  a t  which a i r  i s  exchanged is u s u a l l y  expres sed  i n  "a i r  changes 
p e r  hour" i . e . ,  t h e  number o f  house volumes exchanged p e r  hour .  Typ ica l  
a i r -exchange ra tes  f o r  U.S. homes, averaged d u r i n g  seasons  when windows 
and door s  are o r d i n a r i l y  c l o s e d ,  are  i n  t h e  r ange  of 0 . 5  t o  1 . 5  a i r  
changes pe r  hour ,  w i th  a f a i r l y  small  pe rcen tage  o f  houses  above and 
below t h i s  r ange .  

For  a s p e c i f i c  radon source  magnitude,  expres sed  as t h e  r a t e  a t  
which radon e n t e r s  a b u i l d i n g ,  t h e  indoor  c o n c e n t r a t i o n  i s  roughly  
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  air -exchange r a t e ;  t h a t  i s ,  f o r  a g iven  
house and indoor  radon emanat ion r a t e ,  h a l v i n g  t h e  air-exchange r a t e  
w i l l  approximate ly  doubl'e , t h e  ' indoor  radon c o n c e n t r a t i o n  (assuming,  as 
i s  u s u a l l y  t h e  case, t h a t  t h e  ou tdoor  radon c o n c e n t r a t i o n  i s  cons ide r -  
a b l y  lower t h a n  t h e  indoor  c o n c e n t r a t i o n ) .  
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Radium-226 
1602 years 

Q (4.60,4.78) 

Rodon-222 
3.82 day8 

Q (5.49) 

Polonium-218 
(Ro A) 

3.05 minutes 

I I Lead-214 
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268 minutes 
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19.7 minutes 
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XBL72 12-49O3D 

F i g u r e  1. Decay Chain,  Radium-226 t o  Lead-210, 
i n d i c a t i n g  h a l f  l i v e s  and a o r  B 
decay e n e r g i e s  ( i n  M e V ) .  
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I Typica l  radon c o n c e n t r a t i o n s  i n  U.S. houses ,  averaged o v e r  t h e  
y e a r , l *  are i n  t h e  range  o f  0 .2  t o  4 p i c o c u r i e s  p e r  l i t e r  of a i r  
( p C i / l ) .  ( A  p i c o c u r i e  i s  a n  amount of  r a d i o a c t i v e  ma te r i a l  t h a t  y i e l d s  
0.037 decays  p e r  second. )  I n  a p o r t i o n  o f  U.S. homes, radon concent ra -  
t i o n s  are h i g h e r ,  sometimes c o n s i d e r a b l y  h i g h e r ,  t h a n  t h i s  r ange .  I n  
some c a s e s ,  t h e s e  h i g h e r  radon l e v e l s  have been t r a c e d  t o  b u i l d i n g  
ma te r i a l s ,  e i t h e r  i n  t h e  house o r  i n  i t s  founda t ion ,  t h a t  i n c o r p o r a t e  
i n d u s t r i a l  by-product m a t e r i a l  c o n t a i n i n g  unusua l ly  h igh  c o n c e n t r a t i o n s  
o f  radium. I n  o t h e r  c a s e s ,  however, t h e  radon appea r s  t o  ar ise  from 
n a t u r a l  c o n c e n t r a t i o n s  of radium i n  s o i l  o r  rock  under  o r  nea r  t h e  
house.  

Because i t  i s  t h e  radon d a u g h t e r s  t h a t  pose t h e  g r e a t e s t  r a d i o l o g i -  
c a l  r i s k ,  a s p e c i a l  u n i t  h a s  been dev i sed  t o  e x p r e s s  t h e  amount of  expo- 
sure t o  t h e  d a u g h t e r s :  t h e  "working l e v e l  month" (WLM), so c a l l e d  
because  i t  was dev i sed  f o r  measuring t h e  monthly exposure  of mine work- 
ers .2  V e n t i l a t i o n  and o t h e r  mechanisms, such as f i l t r a t i o n  and p l a t e o u t  , 
t end  t o  remove a p o r t i o n  of  t h e  radon d a u g h t e r s ,  s o  t h a t  i n  any g i v e n  
house o r  group o f  houses ,  t h e r e  i s  some v a r i a b i l i t y  i n  t h e  r a t i o  of  
d a u g h t e r s  t o  radon.  L iv ing  c o n t i n u o u s l y  i n  daugh te r  c o n c e n t r a t i o n s  typ-  
i c a l l y  a s s o c i a t e d  wi th  a radon-222 c o n c e n t r a t i o n  o f  1 pCi / l  would r e s u l t  
i n  an annual  exposure  of about  0 . 3  WLM.2 Assuming t h a t  i n d i v i d u a l s  spend 
two- th i rds  of t h e i r  t i m e  i ndoor s ,  t h e  indoor  exposure  would be  approxi -  
ma te ly  0.2 W L M  p e r  y e a r ,  and f o r  t h e  range  of  radon c o n c e n t r a t i o n s  c i t e d  
above f o r  t h e  n a t i o n a l  hous ing  s t o c k  (0 .2  t o  4 p C i / l )  exposures  would be  
approximate ly  0.04 t o  0.8 WLM p e r  y e a r .  Those whose homes have h i g h e r  
radon c o n c e n t r a t i o n s  would be  s u b j e c t  t o  l a r g e r  exposures ,  and a s i g n i -  
f i c a n t  number of homes appear  t o  have c o n c e n t r a t i o n s  o f  4 p C i / l  o r  

1 more. 

THE RISK FROM EXPOSURE TO RADON DAUGHTERS 

The i n c i d e n c e  of  lung  cance r  among uranium (and c e r t a i n  o t h e r )  
mine r s  i s  c o n s i d e r a b l y  h i g h e r  t h a n  t h a t  among t h e  g e n e r a l  p o p u l a t i o n ,  a 
d i f f e r e n c e  t h a t  h a s  been a t t r i b u t e d  t o  l a r g e  exposures  t o  radon 
d a u g h t e r s  accumulated by t h e s e  miners  from working f o r  prolonged p e r i o d s  
i n  h i g h  daugh te r  c o n c e n t r a t i o n s .  Before adequate  c o n t r o l  measures were 
i n t r o d u c e d ,  c o n c e n t r a t i o n s  . i n  mines were h igh  enough t h a t  exposures  o f  
miners  o f t e n  c o n s i d e r a b l y  exceeded t h e  c u r r e n t  o c c u p a t i o n a l  l i m i t  of  4 
WLM p e r  y e a r .  The e l e v a t e d  i n c i d e n c e  o f  lung c a n c e r  among such miners  
i s  t h e  p r i n c i p a l  b a s i s  f o r  de t e rmin ing  a numerical  r e l a t i o n s h i p  between 
radon d a u g h t e r  exposure'* and l u n g .  c a n c e r .  The r e s u l t s  o f  s t u d i e s  o f  
uranium and o t h e r  miners  may be  summarized by s t a t i n g  t h a t  each  WLM of 
exposure  exper ienced  by a miner  a p p a r e n t l y  induced a n  added chance of 
lung  c a n c e r  o f  200 t o  450 i n  a m i l l i o n . 3  Thus a miner  who r ece ived  about  
10  WLM pe r  y e a r  f o r  30 y e a r s  ( e x p e r i e n c i n g  a t o t a l  of  300 WLM) s tood  
about  one chance i n  t e n  o f  g e t t i n g  lung  c a n c e r  from radon daugh te r  expo- 
s u r e s .  

< &  

* The numbers 1-7 i n  t h e  t e x t  r e f e r  t o  t e c h n i c a l  n o t e s  a t  t h e  end of  
t h e  pape r .  
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Extending  t h i s  i n fo rma t ion  t o  t h e  t h e  g e n e r a l  p o p u l a t i o n ,  whose 
exposure  i s  much lower t h a n  miners ’ ,  i s  d i f f i c u l t  and u n c e r t a i n :  t h e  
t y p i c a l  mine worker of  t h e  ep idemio log ica l  s t u d i e s  o f  radon and lung  
cance r  was a male smoker who worked under  c o n d i t i o n s  of h igh  concen t r a -  
t i o n s  o f  a i r b o r n e  p a r t i c l e s  and who exper ienced  v e r y  h igh  radon d a u g h t e r  
exposures .  Exposures  i n  homes are  t y p i c a l l y  much lower.  I g n o r i n g  t h e  
p o s s i b l e  synerg ism of  radon-daughter  exposures  wi th  smoking o r  d u s t  
i n h a l a t i o n ,  and assuming t h e  added chance  of lung  c a n c e r  t o  be propor-  
t i o n a l  t o  exposure  and equa l  t o  200 t o  450 p e r  m i l l i o n  p e r  WLM, t h e n  an 
exposure  o f  0 .2  WLM from l i v i n g  f o r  one yea r  i n  a U.S. home would induce  
40 t o  90 chances i n  a m i l l i o n  of  g e t t i n g  lung  c a n c e r .  Hence s u b j e c t i n g  
a l a r g e  male p o p u l a t i o n  t o  t h i s  exposure  a n n u a l l y  would e v e n t u a l l y  c a u s e  
an  i n c i d e n c e  of  40 t o  90 c a s e s  p e r  m i l l i o n  p o p u l a t i o n  pe r  y e a r .  I f  t h e  
lung c a n c e r  i nc idence  among mine r s  were due p r i m a r i l y  t o  a synergism 
between smoking and daugh te r  exposure ,  t h e  i n c r e a s e d  inc idence  might 
app ly  o n l y  t o  smokers. In t h i s  c a s e ,  assuming 40% of  t h e  male popula- 
t i o n  t o  be smokers,  1 5  t o  35  males p e r  m i l l i o n  p e r  yea r  would be  
expec ted  t o  c o n t r a c t  t h e  d i s e a s e  from t h e  assumed exposure .  Given t h e s e  
v a r i o u s  u n c e r t a i n t i e s ,  t h e  lung  c a n c e r  i n c i d e n c e  p r o j e c t e d  f o r  t h e  male 
p o p u l a t i o n  a s  a consequence o f  radon exposures  of  0 .2  WLM p e r  y e a r  would 
range  from 1 5  t o  90 p e r  m i l l i o n  p e r  y e a r .  

The expe r i ence  of  miners  p rov ides  l i t t l e  d i r e c t  i n f o r m a t i o n  on t h e  
e f f e c t  o f  radon d a u g h t e r s  on t h e  female h a l f  o f  t h e  p o p u l a t i o n .  T h e  
e x i s t i n g  lung c a n c e r  r a t e  among women i s  a f r a c t i o n  of  t h a t  among men, 
less t h a n  50 p e r  m i l l i o n  p e r  yea r  as r e c e n t l y  a s  1960, g i v i n g  an  upper 
l i m i t  f o r  radon-induced lung c a n c e r s  among women t h a t  l i e s  i n  t h e  middle  
o f  t h e  range  c i t e d  above f o r  men. (Recent increases i n  t h e  lung c a n c e r  
r a t e  among women a p p e a r  t o  be  caused by smoking.)  Based on t h i s  con- 
s i d e r a t i o n  a l o n e ,  t h e  e s t i m a t e d  lung  c a n c e r  i n c i d e n c e  among women from 
radon exposures  cou ld  be  anywhere from 0 t o  50 p e r  m i l l i o n  p e r  yea r .  
T h i s  range  must be  viewed wi th  some c a u t i o n ,  however,  s i n c e  t h e  h i s t o r i -  
c a l  exposure  r a t e  may have been less  t h a n  0 .2  WLM p e r  yea r  and ,  i n  any 
c a s e ,  t h e r e  i s  no fundamental  r e a s o n  t o  expec t  a s u b s t a n t i a l l y  d i f f e r e n t  
r a t e  f o r  men and women e x p e r i e n c i n g  t h e  same exposures .  

N e v e r t h e l e s s ,  ave rag ing  t h e s e  ra tes  f o r  men and women y i e l d s  a nomi- 
n a l  r ange  f o r  lung  cance r  i n c i d e n c e  among t h e  g e n e r a l  p o p u l a t i o n ,  assum- 
ing  annual  exposures  o f  0 .2  WLM p e r  y e a r ,  o f  7 t o  70 p e r  m i l l i o n  p e r  
y e a r .  C o r r e c t  i o n s  f o r  a g e - d i s t r i b u t  i o n  d i f f e r e n c e s  between miners  and 
t h e  g e n e r a l  popu la t ion  may a l t e r  t h i s  r i s k  estimate somewhat, p robably  
t o  t h e  h i g h e r  s i d e .  It  appea r s  r e a s o n a b l e  t o  adopt  about 10 t o  100 lung 
c a n c e r s  p e r  m i l l i o n  p e r  yea r  a s  a rough e s t i m a t e ,  co r re spond ing  t o  
approximate ly  2000 t o  20,000 c a s e s  a n n u a l l y  among t h e  U.S .  popu la t ion .  

It i s  p o s s i b l e ,  on t h e  o t h e r  hand,  t h a t  t h e  cance r  r a t e  r e s u l t i n g  
from radon daugh te r  exposures  has  l i t t l e  dependence on smoking, s e x ,  o r  
f a c t o r s  such as p a r t i c l e  s i z e  d i s t r i b u t i o n .  Recent  ev idence ,  f o r  exam- 
p l e ,  i n d i c a t e s  t h a t  t h e  synerg ism though t  t o  e x i s t  between radon expo- 
s u r e  and tobacco  smoking may have been based m e r e l y  on e a r l i e r  appear-  
ance o f  radon-daughter  induced lung  cance r  among smokers t h a n  among 
nonsmokers. I f  such synergism does  not  e x i s t ,  t h e n  t h e  a n t i c i p a t e d  
i n c i d e n c e  o f  r adon- re l a t ed  lung cance r  a t  an exposure  of  0 .2  WLM pe r  
year ,  assuming l i n e a r i t y  wi th  no t h r e s h o l d ,  would be approximate ly  50 t o  
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100 p e r  m i l l i o n  c a s e s  p e r  y e a r .  T h i s  p r o j e c t i o n  does exceed t h e  
observed lung  cance r  r a t e  among t h e  non-smoking p o p u l a t i o n ,  however, 
p a r t i c u l a r l y  t h a t  p o r t i o n  o f  t h e  p o p u l a t i o n  l i v i n g  o u t s i d e  c i t i e s .  T h i s  
d i s c r e p a n c y  s u g g e s t s  t h a t  e i t h e r  t h e  ave rage  radon daugh te r  exposure  i s  
less t h a n  0 . 2  WLM p e r  yea r  o r  t h a t  some of  t h e  f a c t o r s  no ted  do ,  i n  
f a c t ,  a f f e c t  t h e  inc idence .  Because such f a c t o r s  may be  impor tan t  and 
because  of  u n c e r t a i n t i e s  i n h e r e n t  i n  t h e  d a t a  i t s e l f ,  i t  appea r s  prudent  
t o  r e t a i n  an  estimate o f  10 t o  100 p e r  m i l l i o n  p e r  yea r  f o r  t h e  radon- 
r e l a t e d  r i s k  f o r  t h e  g e n e r a l  p o p u l a t i o n ,  i f  t h e  ave rage  exposure  i s  0 . 2  
WLM p e r  y e a r .  T h i s  estimate i s  c o n s i s t e n t  w i th  t h e  p r e s e n t  range  of  
e x p e r t  o p i n i o n  on t h e  r i s k s  from radon-daughter  exposures .  3 

A s  i n d i c a t e d ,  such estimates are  h i g h l y  u n c e r t a i n  because  w e  cannot  
y e t  a c c u r a t e l y  account  f o r  t h e  p o s s i b l e  synergisms involved  and because  
uranium miners  as a group d o  not  r e p r e s e n t  a c r o s s  s e c t i o n  o f  t h e  gen- 
e r a l  popu la t ion .  It i s ,  fu r the rmore ,  d i f f i c u l t  t o  assess t h e  r e l i a b i l -  
i t y  o f  radon r i s k  estimates because  of  t h e  fundamental  u n c e r t a i n t y  a s so -  
c i a t e d  wi th  t h e  assumption t h a t  r i s k  i s  p r o p o r t i o n a l  t o  exposure ,  even  
f o r  low exposures .  N e v e r t h e l e s s ,  i ndoor  radon-daughter  exposures  i n  t h e  
t y p i c a l  range  o f  0.04 t o  0.8 W L M  pe r  year  may cause  thousands ,  perhaps  
more t h a n  10 ,000 ,  lung  c a n c e r s  p e r  y e a r  among t h e  U.S. populat ion--an 
i n c i d e n c e  s u f f i c i e n t l y  h igh  t o  r e q u i r e  c a r e f u l  examinat ion  of  any meas- 
u r e  t h a t  could  i n c r e a s e  t h e s e  exposures  s i g n i f i c a n t l y .  Of more immedi- 
a te  concern  i s  t h e  f a c t  t h a t  some members o f  t h e  g e n e r a l  p u b l i c  may 
a l r e a d y  be r e c e i v i n g  radon daugh te r  exposures  h igh  enough t o  add s e v e r a l  
pe rcen t  t o  t h e i r  p r o b a b i l i t y  o f  c o n t r a c t i n g  lung c a n c e r ,  a n  unusua l ly  
l a r g e  envi ronmenta l  r i s k .  Th i s  p o r t i o n  o f  t h e  p o p u l a t i o n  d e s e r v e s  our  
s e r i o u s  a t t e n t i o n .  

IMPACT ON HEALTH OF REDUCING VENTILATION 

About a t h i r d  o f  t h e  energy  used t o  h e a t  ( o r  c o o l )  b u i l d i n g s  i s  
r e q u i r e d  because  of l o s s e s  due t o  t h e  exchange of  a i r  between b u i l d i n g  
i n t e r i o r s  and ou tdoor s .  T h i s  ene rgy  requi rement  may be  lowered by 
r educ ing  i n f i l t r a t i o n  ( t y p i c a l l y  by w e a t h e r s t r i p p i n g  o r  c a u l k i n g )  o r ,  i n  
commercial  b u i l d i n g s ,  by r educ ing  mechanical  v e n t i l a t i o n  ra tes .  While 
such measures  save  energy ,  t h e y  can  a l s o  be  expec ted  t o  i n c r e a s e  average  
indoor  radon c o n c e n t r a t i o n s ,  average  radon-daughter  exposures ,  and t h e  
e s t i m a t e d  r adon- re l a t ed  i n c i d e n c e  o f  lung  c a n c e r ,  u n l e s s  s teps  are t a k e n  
t o  avoid t h e s e  i n c r e a s e s .  * R e s i d e n t i a l  b u i l d i n g s  are  of most concern  i n  
t h i s  r e s p e c t ,  s i n c e  c u r r e n t  radon l e v e l s  a r e  t y p i c a l l y  h i g h e r  i n  homes 
t h a n  i n  o t h e r  t y p e s  o f ' b u i l d i n g s .  

r n  

Comprehensive d a t a  on v e n t i l a t i o n  ra tes ,  whether  from i n f i l t r a t i o n ,  
open windows, o r  mechanical  v e n t 5 l a t i o n ;  do not  e x i s t  f o r  t h e  p r e s e n t  
U.S. hous ing  stock..  Based on l i m i t e d  d a t a ,  however,  i t  appea r s  t h a t  t h e  
i n f i l t r a t i o n ^ ' r a t e  i n  most U.S. h o u s e s - l i e s  i n  t h e  range  o f  0 .5  t o  1 . 0  
a i r  changes p e r  h o u r  , 4  averaged ove r  " the  h e a t i n g  and c o o l i n g  seasons .  
During t h e s e  seasons  windows land door s  are normal ly  kept  c l o s e d ,  so t h a t  
n a t u r a l  v e n t i l a t i o n  c o n t r i b u t e s  o n l y  a small  p o r t i o n  ( s a y  20 p e r c e n t )  o f  
t h e  t o t a l  a i r  exchange r a t e .  
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Nor do  w e  have a p r e c i s e  view o f  t h e  e f f e c t  of  energy-conserving 
r e t r o f i t  programs ( o r  of performance s t a n d a r d s  f o r  new b u i l d i n g s )  on t h e  
a i r  exchange r a t e .  I f  t h e  average  i n f i l t r a t i o n  r a t e  were as h igh  as  1 .0  
a i r  change p e r  h o u r ,  as i s  o f t e n  supposed,  i t  would appear  p o s s i b l e  t h a t  
an  ex t r eme ly  v igo rous  energy-conserva t ion  program -- one t h a t  reached 
v i r t u a l l y  e v e r y  hous ing  u n i t  and was ve ry  e f f e c t i v e  f o r  t h e  v a s t  major- 
i t y  -- could  reduce  t h e  ave rage  i n f i l t r a t i o n  r a t e  by a f a c t o r  o f  2 ,  
i . e . ,  t o  about  0 .5  a i r  changes p e r  hour .  ( A s  i n d i c a t e d  i n  n o t e  4 ,  t h e  
ave rage  i n f i l t r a t i o n  r a t e  a c t u a l l y  appea r s  t o  be  lower t h a n  1 .0  a i r  
change pe r  hour ,  so t h a t  a h a l v i n g  o f  t h e  r a t e  i s  no t  l i k e l y . )  T h i s  
f i f t y  pe rcen t  r e d u c t i o n  could  be expec ted  t o  roughly  double  t h e  radon 
l e v e l  d u r i n g  p e r i o d s  when t h e  b u i l d i n g  windows are  c l o s e d  (which i s  when 
most o f  t h e  annual  exposure  would be expec ted  t o  o c c u r ) .  Daughter  lev-  
e l s  would a l s o  roughly  double  ( a l though  i n  some c a s e s  t h e  r a t i o  of  
d a u g h t e r s  t o  radon could  i n c r e a s e ,  because  a smaller p o r t i o n  o f  them may 
be  removed by ~ e n t i l a t i o n ) . ~  Unless  a t t e n t i o n  i s  g iven  t o  c o n t r o l  meas- 
u r e s ,  such a v igo rous  energy-conserva t ion  program could  t h e r e f o r e  
approximate ly  double  t h e  indoor  r adon- re l a t ed  lung cance r  i nc idence  of  
10 t o  100 c a s e s  p e r  m i l l i o n  p e r  y e a r  t h a t  w e  have e s t i m a t e d  f o r  indoor  
radon l e v e l s  o f  1 p C i / l .  

Less  v i g o r o u s  programs, such as t h e  U.S. Department of  Energy's 
R e s i d e n t i a l  Conse rva t ion  S e r v i c e  ( R C S ) ,  c a n  be expec ted  t o  have a pro- 
p o r t i o n a t e l y  smaller e f f e c t  on t h e  e s t i m a t e d  r i s k .  T h i s  program, which 
i s  soon t o  p rov ide  ene rgy  a u d i t s  recommending r e t r o f i t  measures  f o r  
r educ ing  r e s i d e n t i a l  energy  u s e ,  i s  expec ted  t o  r each  10 t o  30% of  t h e  
n a t i o n ' s  hous ing  s t o c k  o v e r  t h e  nex t  f i v e  years and i s  expec ted  t o  
r educe  t h e i r  average  i n f i l t r a t i o n  ra tes  by up t o  25%. Thus t h e  RCS pro- 
gram would r educe  t h e  i n f i l t r a t i o n  r a t e  f o r  t h e  e n t i r e  hous ing  s t o c k  by 
10% o r  l e s s ,  caus ing  a co r re spond ing  i n c r e a s e  i n  radon daugh te r  expo- 
s u r e s .  The r adon- re l a t ed  i n c i d e n c e  o f  lung cance r  would presumably be  
i n c r e a s e d  by a s imi l a r  amount. On t h e  assumption t h a t  c u r r e n t  exposures  
are 0 . 2  WLM pe r  yea r  and no a t t e n t i o n  i s  g i v e n  t o  avo id ing  i n c r e a s e s ,  w e  
could  expec t  from 200 t o  2000 a d d i t i o n a l  lung c a n c e r  c a s e s  a c r o s s  t h e  
n a t i o n  a n n u a l l y  as a r e s u l t  o f  t h e  5-year program. T h i s  e s t i m a t e d  
i n c r e a s e  could  be  avoided i f ,  i n  t h e  cour se  of  t h e  program, areas where 
u n u s u a l l y  h igh  c o n c e n t r a t i o n s  occur  were t o  be  i d e n t i f i e d  and remedia l  
a c t  i o n  t aken . 

A t  t h e  o t h e r  ex t reme,  v e r y  s t r o n g  c o n s e r v a t i o n  measures cou ld  inco r -  
p o r a t e  s p e c i a l  f e a t u r e s ,  p a r t i c u l a r l y  i n  new houses ,  t o  reduce  i n f i l t r a -  
t i o n  ra tes  t o  t h e  v i c i n i t y  o f  0 .2  a i r  changes pe r  hour ,  a f r a c t i o n  of 
t h e  i n f i l t r a t i o n  r a t e  t y p i c a l  o f  a conven t iona l  house.  T h i s  r e d u c t i o n  
would r e s u l t  i n  s u b s t a n t i a l l y  h i g h e r  radon c o n c e n t r a t i o n s ,  as w e l l  a s  
radon daugh te r  exposures ,  u n l e s s  t h e  house h a s  Fea tu res  t h a t  p revent  
radon from e n t e r i n g  o r  t h a t  remove radon o r  i t s  d a u g h t e r s  from indoor  
a i r .  Energy performance s t a n d a r d s  p r e s e n t l y  proposed by Fede ra l  agen- 
c i e s  f o r  new b u i l d i n g s  do not  encourage such r e d u c t i o n s  i n  i n f i l t r a t i o n .  
Should t h e y  be modif ied t o  r educe  i n f i l t r a t i o n  s u b s t a n t i a l l y ,  as i s  
be ing  c o n s i d e r e d ,  such performance s t a n d a r d s  cou ld  a l s o  recommend meas- 
u r e s  t o  c o n t r o l  radon daugh te r  c o n c e n t r a t i o n s ,  as w e l l  a s  t o  avoid o t h e r  
indoor  a i r  q u a l i t y  d i f f i c u l t i e s .  
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One p o s s i b l e  radon c o n t r o l  s t r a t e g y  i s  t o  r educe  t h e  radon e n t r y  
r a t e  by s e a l i n g  c r a c k s ,  h o l e s ,  o r  b u i l d i n g  mater ia ls  from which radon 
emanates .  I n  new b u i l d i n g ,  c o n s t r u c t i o n  t echn iques  cou ld  be  chosen t o  
reduce  t r a n s p o r t  o f  radon i n t o  t h e  house .  An a c t i v e  c o n t r o l  t echn ique  
i s  t o  c l e a n  t h e  a i r  wi th  systems t h a t  use  f i l t r a t i o n ,  e l e c t r o s t a t i c  pre-  
c i p i t a t i o n ,  o r  a b s o r p t i o n  t o  remove a i r b o r n e  p a r t i c l e s  o r  gases .  An 
a l t e r n a t i v e  p o s s i b i l i t y ,  and one t h a t  would also c o n t r o l  t h e  l e v e l s  o f  
o t h e r  indoor  p o l l u t a n t s  t h a n  radon,  i s  t o  i n s t a l l  a mechanical  v e n t i l a -  
t i o n  sys tem t h a t  i n c o r p o r a t e s  a h e a t  exchanger ,  which r e c u p e r a t e s  most 
o f  t h e  h e a t  t h a t  would normal ly  be  t r a n s f e r r e d  wi th  t h e  v e n t i l a t i n g  a i r  
s t r e a m  . 5 

Some combina t ion  o f  t h e s e  measures seems c l e a r l y  warran ted  i n  two 
c l a s s e s  o f  e n e r g y - e f f i c i e n t  houses :  newly b u i l t  s u p e r - t i g h t  houses  where 
i n f i l t r a t i o n  ra tes  a r e  a f r a c t i o n  of  one a i r  change r a t e  pe r  h o u r ,  and 
e x i s t i n g  houses  t h a t  are s u b j e c t e d  t o  "super" r e t r o f i t s  t h a t  reduce  
i n f i l t r a t i o n  ra tes  t o  w e l l  below 0 .5  a i r  changes per  hour .  Another 
c l a s s  o f  houses  i n  which c o n t r o l  measures should  be  in t roduced  c o n s i s t s  
of  t h o s e  now having  unusua l ly  h i g h  radon c o n c e n t r a t i o n s .  It appears ,  
f o r  example,  t h a t  a s u b s t a n t i a l  f r a c t i o n  o f  t h e  g e n e r a l  p u b l i c ' s  t o t a l  
exposure  t o  radon daugh te r s  may be  o c c u r r i n g  i n  t h e  small  p o r t i o n  of  
houses  t h a t  have  v e r y  h igh  c o n c e n t r a t i o n s .  Many such houses  a p p e a r  t o  
c l u s t e r  g e o g r a p h i c a l l y ,  making i t  p o s s i b l e  t o  r e l y  on r e g i o n a l  su rveys  
t o  i d e n t i f y  areas where remedia l  measures  may be  needed.  Use of con- 
t r o l s  i n  u n u s u a l l y  t i g h t  houses  and proper  a t t e n t i o n  t o  a r e a s  needing  
remedia l  measures  would avo id ,  and even  r e v e r s e ,  t h e  t r e n d  t o  h i g h e r  
radon d a u g h t e r  exposures  t h a t  could  be  a s s o c i a t e d  wi th  d e c r e a s i n g  i n f i l -  
t r a t i o n  rates ( s e e  F igu re  2 ) .  

Evec b e f o r e  a l l  such areas wi th  h igher - than-average  radon concen t r a -  
t i o n s  are i d e n t i f i e d ,  e f f o r t s  such as t h e  R e s i d e n t i a l  Conse rva t ion  Ser-  
v i c e  program can  i n c l u d e  o r d i n a r y  i n f i l t r a t i o n - r e d u c t i o n  measures ,  
b r i n g i n g  i n f i l t r a t i o n  ra tes  t o  t h e  v i c i n i t y  o f  0 . 5  a i r  changes pe r  hour .  
I n  t h e  v a s t  m a j o r i t y  o f  houses ,  w i th  r e l a t i v e l y  low radon l e v e l s ,  
r adon- re l a t ed  r i s k s  w i l l  remain v e r y  low, no t  w a r r a n t i n g  c o n t r o l  meas- 
u r e s .  Those found t o  have such h igh  c o n c e n t r a t i o n s  as t o  c o n s t i t u t e  a 
s i g n i f i c a n t  r i s k  f o r  t h e  occupan t s  can  be improved by i n c o r p o r a t i o n  o f  
measures  t o  reduce  c o n c e n t r a t i o n s ,  t h e r e b y  d e c r e a s i n g  r adon- re l a t ed  
r i s k s .  

HEALTH COSTS AND BENEFITS OF REDUCED INFILTRATION 

Reducing r e s i d e n t i a l  v e n t i l a t i o n  ra tes  o f f e r s  t h e  c l e a r  b e n e f i t  of  
r educ ing  energy  use .  I n  o r d e r  t o  make a ' p u r e l y  economic d e c i s i o n  on 
whether  o r  no t  t o  i n c o r p o r a t e  i n f i l t r a t i o n - r e d u c i n g  measures i n  new o r  
e x i s t i n g  r e s i d e n c e s ,  t h e  c o s t  o f  r educ ing  v e n t i l a t i o n ,  s a y  by weather- 
s t r i p p i n g  o r  c a u l k i n g ,  would have t o  be compared wi th  t h e  monetary v a l u e  
o f  t h e  energy  saved .  However, a l t e r i n g  t h e  i n f i l t r a t i o n  r a t e  can  have 
h e a l t h  e f f e c t s ,  i n c l u d i n g  t h o s e  d i s c u s s e d  above, which must be  con- 
s i d e r e d  i n  weighing c o s t s  and b e n e f i t s .  Moreover, i n  a d d i t i o n  t o  
e f f e c t s  d i r e c t l y  a s s o c i a t e d  wi th  energy  use  o r  p r o d u c t i o n ,  r educ ing  
energy  use  a l s o  e n t a i l s  b roade r  s o c i e t a l  e f f e c t s ,  i n c l u d i n g  changes i n  
t h e  employment s t r u c t u r e ,  reduced dependence on f o r e i g n  o i l ,  and even 
changes i n  t h e  p r o b a b i l i t y  o f  war. Such s o c i e t a l  e f f e c t s  must be  

-9- 



beginning of substantial 
programs to reduce I 

residential infiltration rates 

1 measures 
L -I 

I 

past 
behavior 

I 
modest attention to 

I 
I 

radon daughter 
control , 

I 
I 
I I 

I 
I 
I 
1 I 

I 

I 

I 
I 

I I 

I 

I I I I 
1900 1920 1960 1980 2000 

I YEAR. 

Figure 2. Illustratiod of Possible Trends in Public Exposure 
to Radon Daughters. 

-10- 



b 

cons ide red  i n  themselves  and a l s o  have a d i f f e r e n t  range  o f  h e a l t h  
e f f e c t s  t h a n  t h o s e  a r i s i n g  d i r e c t l y  from changes i n  t h e  ene rgy  system 
i t s e l f .  

The h e a l t h  e f f e c t s  t h a t  may be s p e c i f i c a l l y  a s s o c i a t e d  wi th  reduced 
i n f i l t r a t i o n  i n c l u d e  t h o s e  o c c u r r i n g  as a r e s u l t  o f  d i r e c t  e f f e c t s  on 
indoor  a i r  q u a l i t y  and e f f e c t s  owing t o  changes i n  t h e  q u a l i t y  o f  ou t -  
door  a i r .  Inc reased  radon c o n c e n t r a t i o n s  are o n l y  one p o t e n t i a l  e f f e c t  
on indoor  a i r  q u a l i t y .  Indoor  c o n c e n t r a t i o n s  o f  o t h e r  p o l l u t a n t s  t h a t  
a r i se  from indoor  sou rces  may i n c r e a s e .  Indoor  p o l l u t a n t s  whose s i g n i -  
f i c a n c e  may be as g r e a t  as radon d a u g h t e r s  are  combust ion p roduc t s  
( i n c l u d i n g  carbon monoxide, n i t r o g e n  o x i d e s ,  and p a r t i c u l a t e s )  and 
o r g a n i c s  ( i n c l u d i n g  formaldehyde) .  I n  c o n t r a s t  t o  t h e s e ,  i ndoor  concen- 
t r a t i o n s  o f  p o l l u t a n t s  gene ra t ed  ou tdoor s  can  be  dec reased  by i n f i l t r a -  
t i o n  r e d u c t i o n s .  However, r e d u c t i o n  o f  indoor  p o l l u t a n t s  from e x t e r n a l  
s o u r c e s  i s  p robab ly  n o t  as impor tan t  as t h e  i n c r e a s e d  l e v e l s  o f  indoor-  
gene ra t ed  p o l l u t a n t s .  

On t h e  o t h e r  hand,  reduced ene rgy  use  o f  i t s e l f  would avoid  h e a l t h  
e f f e c t s  a s s o c i a t e d  wi th  t h e  development and use  of  ene rgy  r e s o u r c e s .  For 
example,  a n a t i o n a l  r e d u c t i o n  i n  ene rgy  use  due t o  r e d u c t i o n s  i n  i n f i l -  
t r a t i o n  due t o  t h e  RCS program could  be r e f l e c t e d  i n  a reduced demand 
f o r  e l e c t r i c a l  g e n e r a t i o n .  Based on t h e  l e v e l  of i n f i l t r a t i o n  r e d u c t i o n  
t h e  RCS program could  a c h i e v e ,  United S t a t e s  need f o r  e l e c t r i c i t y  gen- 
e r a t i o n  could  be reduced by s e v e r a l  g i g a w a t t s .  The h e a l t h  impact asso-  
c i a t e d  wi th  s e v e r a l  g i g a w a t t s  and avoided by t h e  RCS program i s  i n  t h e  
range  of  s e v e r a l  t o  hundreds of  d e a t h s  p e r  yea r ;  f o r  f o s s i l - f u e l e d  gen- 
e r a t o r s ,  many thousands  o f  cases o f  r e s p i r a t o r y  d i s e a s e  would a l s o  be  
a s s o c i a t e d  e v e r y  y e a r .  The annual  d e a t h  r a t e  avoided i s  a t  t h e  ve ry  
bottom o f  t h e  range  o f  , lung cance r  i nc idence  (200 t o  2000 p e r  y e a r )  
e s t i m a t e d  above f o r  t h e  RCS program, assuming c u r r e n t  exposures  o f  0 .2  
WLM p e r  y e a r  and no a t t e n t i o n  a t  a l l  t o  c o n t r o l l i n g  radon concen t r a -  
t i o n s .  A more impor tan t  c o n s i d e r a t i o n  may be t h e  p rospec t  o f  avo id ing  
t h e  much l a r g e r  i nc idence  o f  non- fa t a l  d i s e a s e s . 6  

A more r e a l i s t i c  p o s s i b i l i t y ,  i n  any c a s e ,  i s  t h a t  i n f i l t r a t i o n  
r e d u c t i o n ,  r a t h e r  t h a n  avo id ing  e l e c t r i c i t y  g e n e r a t i o n ,  would r e s u l t  i n  
reduced combustion o f  g a s  o r  o i l  f o r  h e a t i n g  i n d i v i d u a l  houses .  
Although l i t t l e  i s  known a b o u t . t h e  h e a l t h  impact of Loca l ly-genera ted  
combust ion p roduc t s  i n  outdoor  air,,  d i s p e r s e d  combustion i s  l i k e l y  t o  
r e s u l t  i n  a g r e a t e r  h e a l t h  impact p e r , u n i t  ene rgy  t h a n  c e n t r a l  s t a t i o n  
e l e c t r i c  g e n e r a t i o n .  The d i f f e r e n c e  i s , l i k e l y  t o  be widened by t h e  
e x i s t e n c e  i n  t h e  housing s t o c k  o f  a s i g n i f i c a n t  number o f  f a u l t y  and 
i n e f f i c i e n t  s y s t e m s .  On t h e  o t h e r  hand,  c r a c k s  i n  f u r n a c e s  and f l u e s  
could  cause  some f r a c t i o n  o f  combust ion p roduc t s  t o  be i n j e c t e d  d i r e c t l y  
i n t o  t h e  home, i n  which c a s e  i n f i l t r a t i o n  r e d u c t i o n  cou ld  e x a c e r b a t e  
a s s o c i a t e d  indoor  c o n c e n t r a t i o n s ,  perhaps  t o  a deg ree  t h a t  i s  more s i g -  
n i f i c a n t  t h a n  t h e  e s t i m a t e d  .hea l th  e f f e c t s  .of i n c r e a s e d  radon daugh te r  
exposures .  It i s  t h e r e f o r e  no t  known whether  r educ ing  i n f i l t r a t i o n ,  of  
i t s e l f ,  i n c r e a s e s  o r  r educes  n e t ' h e a l t h  r i sk . .  

There  are,  of  c o u r s e ,  o t h e r  c o n s i d e r a t i o n s ,  i n c l u d i n g  o t h e r  b e n e f i t s  
o f  i n f i l t r a t i o n  r e d u c t i o n  and o f  reduced o i l  u s e  i n  i t s e l f .  The non- 
monetary,  non-"health"' b e n e f i t  o f  reduced dependence on e x t r a n a t i o n a l  
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s o u r c e s  o f  o i l  supp ly  h a s  been a p r i n c i p a l  i n c e n t i v e  f o r  reduced o i l  
use .  Inc reased  pe r sona l  independence from supply  ( o r  p r i c e )  f l u c t u a -  
t i o n s  due t o  s u p p l i e r  ( o r  government) a c t i o n  i s  not  i n s i g n i f i c a n t .  An 
o r d i n a r i l y  pe rce ived  b e n e f i t  o f  i n f i l t r a t i o n  r e d u c t i o n  i s  t h e  h i g h e r  
deg ree  of  comfort  due t o  r e d u c t i o n  i n  d r a f t s  and t empera tu re  v a r i a t i o n s .  
These r e d u c t i o n s ,  i n  t u r n ,  make i t  more f e a s i b l e  t o  o p e r a t e  a house a t  a 
lower t empera tu re .  They may a l s o  improve h e a l t h  and wel l -being t o  a 
deg ree  t h a t  i s  no t  now qu'ant i f  i a b l e .  

Such c o n s i d e r a t i o n  o f  v a r i o u s  h e a l t h  e f f e c t s ,  i n c l u d i n g  t h o s e  due t o  
indoor  a i r  p o l l u t a n t s  o t h e r  t h a n  radon,  i n d i c a t e  t h a t  i t  i s  s imply  not  
now known whether ,  on t h e  ave rage ,  i n f i l t r a t i o n  r e d u c t i o n  and a s s o c i a t e d  
changes i n  t h e  ene rgy  system w i l l  have d e l e t e r i o u s  o r  b e n e f i c i a l  e f f e c t s  
on h e a l t h .  Rega rd le s s  o f  t h e  average  e f f e c t ,  i t  appea r s  t h a t ,  f o r  
houses  o r  communities found t o  have radon l e v e l s  s i g n i f i c a n t l y  g r e a t e r  
t h a n  t h e  t y p i c a l  range  o f  0 .2  t o  4 p C i / l ,  measures t h a t  could  c o n t r o l  
radon daugh te r  l e v e l s  should  be  cons ide red .  I n  houses  wi th  v e r y  h i g h  
l e v e l s  o f  radon,  remedia l  a c t i o n  should  be t aken  whether  o r  no t  
i n f i l t r a t i o n - r e d u c i n g  measures have been t aken ,  t h e r e b y  p rov id ing  a 
c l e a r  h e a l t h  b e n e f i t  f o r  t h e  a f f e c t e d  p o r t i o n  o f  t h e  popu la t ion .  

An i n t r i g u i n g  p o s s i b i l i t y  i s  t o  a s s o c i a t e  w i th  ene rgy  r e t r o f i t  pro- 
grams a s c r e e n i n g  element  whose purpose would be  t o  i d e n t i f y  a reas  w h e r e  
indoor  radon l e v e l s  are u n u s u a l l y  h i g h . 7  T h i s  may be  accomplished by 
sampling radon i n  a pe rcen tage  of houses  planned f o r  r e t r o f i t .  A l t e rna -  
t i v e l y ,  i t  may be  s u f f i c i e n t  s imply  t o  i d e n t i f y  areas whose s o i l  and and 
r e l a t e d  b u i l d i n g  ma te r i a l s  have s i g n i f i c a n t l y  h i g h e r  t h a n  ave rage  radium 
c o n t e n t .  Sc reen ing  o f  t h i s  kind would be p r a c t i c a l  i f  houses  wi th  h igh  
indoor  radon c o n c e n t r a t i o n s  indeed tend  t o  c l u s t e r  by geographic  area.  
The o b j e c t i v e  o f  such a s c r e e n i n g  element  would be t o  f i n d  a l a r g e  pro- 
p o r t i o n  o f  homes wi th  h igh  indoor  radon c o n c e n t r a t i o n s ,  t h e r e b y  permit-  
t i n g  c o n t r o l  and remedia l  e f f o r t s  t o  be  d i r e c t e d  t o  t h e  popu la t ion  a t  
s i g n i f i c a n t  n e t  r i s k .  

I n c l u d i n g  a s c r e e n i n g  element  would permi t  t h e  program of  sav ing  
energy  t o  proceed apace ,  a program t h a t  h a s  c l e a r l y  pe rce ived  and sub- 
s t a n t i a l  non-f fhea l th"  b e n e f i t s .  Converse ly ,  t h e  r e t r o f i t  program would 
s e r v e  as a v e h i c l e  € o r  more f u l l y  c h a r a c t e r i z i n g  t h e  indoor  r adon  prob- 
l e m .  And t h e  e f f o r t  devoted  t o  i d e n t i f y i n g  houses  o r  communities with 
h igh  radon l e v e l s  could  r e s u l t  i n  a n e t  d e c r e a s e  i n  ave rage  d a u g h t e r  
exposures  (and a s s o c i a t e d  lung cance r  i n c i d e n c e )  and could  i d e n t i f y  f o r  
remedia l  a c t  i o n  t h o s e  houses  t h a t  pose unaccep tab ly  h igh  i n d i v i d u a l  
r i s k s  f o r  occupan t s .  

STANDARDS FOR INDOOR RADON DAUGHTER EXPOSURES? 

The q u a l i t y  of indoor  a i r  can  be  a s su red  us ing  two d i s t i n c t  
approaches ,  which a r e  complementary i n  p r i n c i p l e .  T h e  f i r s t  i s  t o  regu-  
l a t e  a c t u a l  c o n c e n t r a t i o n s  of  indoor  p o l l u t a n t s ,  an  approach t h a t  
r e q u i r e s  fo rmula t ion  o f  indoor  a i r  q u a l i t y  s t a n d a r d s .  A'more i n d i r e c t  
approach i s  t o  c o n t r o l  t h e  major  f a c t o r s  t h a t  a f f e c t  indoor  concent ra -  
t i o n s ,  p r i m a r i l y  p o l l u t a n t  sou rce  magnitudes and v e n t i l a t i o n  r a t e s .  
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I n  t h e  absence of a c t u a l  indoor  a i r  q u a l i t y  s t a n d a r d s ,  a t t e n t i o n  
commonly t u r n s  t o  t h e  p o s s i b i l i t y  of s e l e c t i n g  a minimum v e n t i l a t i o n  
r a t e .  T h i s  approach s u f f e r s  from two d i f f i c u l t i e s ,  i n  a d d i t i o n  t o  t h e  
l a c k  of i n f o r m a t i o n  on c u r r e n t  v e n t i l a t i o n  r a t e s . 4  The f i r s t  i s  t h a t  
v a r i a t i o n s  i n  s o u r c e  magni tudes ,  e . g . ,  € o r  radon,  formaldehyde,  o r  
n i t r o g e n  d i o x i d e ,  appear  t o  be more r e s p o n s i b l e  f o r  v a r i a t i o n  i n  a i r -  
borne c o n c e n t r a t i o n s  t h a n  i s  t h e  v e n t i l a t i o n  r a t e .  Regu la to ry  e f f o r t s  
t o  a s s u r e  indoor  a i r  q u a l i t y  by p r e s c r i b i n g  hous ing  c h a r a c t e r i s t i c s  
ought  t h e r e f o r e  t o  devo te  adequate  a t t e n t i o n  t o  c o n t r o l l i n g  p o l l u t a n t  
s o u r c e s ,  perhaps  even more than  t o  t h e  v e n t i l a t i o n  r a t e ,  a t  l eas t  f o r  
conven t iona l  r e s i d e n c e s .  

The second c o n s i d e r a t i o n ,  o f t e n  over looked ,  i s  t h a t  any v e n t i l a t i o n  
s t a n d a r d  should  be  u t i l i z e d  as a d e s i g n  goa l  and no t  as a minimum. The 
v e n t i l a t i o n  ra te  s e l e c t e d  as a d e s i g n  goa l  would be chosen c o n s i d e r i n g  
many of t h e  f a c t o r s  d i s c u s s e d  above and would be achieved  by c a r e f u l  
f o r m u l a t i o n  o f  b u i l d i n g  s t a n d a r d s ,  t a k i n g  a i r  q u a l i t y ,  energy  e f f i -  
c i e n c y ,  and o t h e r  f a c t o r s  i n t o  c o n s i d e r a t i o n .  Choosing a g o a l  r a t h e r  
t h a n  a minimum would avoid t h e  danger  of o v e r d e s i g n ,  l e a d i n g  t o  exces-  
s i v e  v e n t i l a t i o n  rates t h a t  u n n e c e s s a r i l y  was te  e n e r g y ,  and would 
cor respond w e l l  w i th  indoor  a i r  q u a l i t y  s t a n d a r d s  t h a t ,  a s  one com- 
ponen t ,  s eek  t o  ach ieve  a c c e p t a b l e  average  indoor  c o n c e n t r a t i o n s .  Tak- 
i n g  t h i s  approach appea r s  p a r t i c u l a r l y  impor t an t  f o r  c o n t r o l l i n g  expo- 
sures t o  radon d a u g h t e r s ,  where bo th  average  c o n c e n t r a t i o n s  and t h e i r  
f requency  d i s t r i b u t i o n  a r e  of i n t e r e s t .  

Although a daugh te r  exposure  l i m i t  of 4 WLM p e r  y e a r  a p p l i e s  t o  
i n d i v i d u a l s  who a r e  o c c u p a t i o n a l l y  exposed ,  no s t a n d a r d  has  been e s t a -  
b l i s h e d  f o r  members o f  t h e  g e n e r a l  p u b l i c .  For  exposure  t o  man-made 
r a d i o a c t i v i t y  ( a s  w e l l  a s  a number of non- rad ioac t ive  a i r b o r n e  contam- 
i n a n t s ) ,  l i m i t s  f o r  t h e  g e n e r a l  p u b l i c  a r e  g e n e r a l l y  one- ten th  o f  t h e  
v a l u e s  e s t a b l i s h e d  f o r  .workers .  For  radon d a u g h t e r s ,  which a r e ,  of 
c o u r s e ,  no t  man-made, such a l i m i t  would be d i f f i c u l t  t o  implement s i n c e  
s u r v e y s  have shown t h a t  a s i g n i f i c a n t  number of houses  have concen t r a -  
t i o n s  y i e l d i n g  more t h a n  0 .4  WLM p e r  y e a r ,  and v a r i a b i l i t y  a l s o  e x i s t s  
from a r e a  t o  a r e a ,  house t o  house ,  and t ime t o  t i m e .  

I n  f a c t ,  i t  i s  because  o f  t h i s  v a r i a b i l i t y  t h a t  we need t o  de t e rmine  
a p h i l o s o p h i c a l  b a s i s  f o r  indoor  a i r  q u a l i t y  s t a n d a r d s  p r i o r  t o  des ign -  
i n g  a s t a n d a r d  f o r  i ndoor  exposures  . t o  radon d a u g h t e r s .  P r e s e n t  
"ambient" a i r  q u a l i t y  s t a n d a r d s  app ly ing  t o  t h e  g e n e r a l  p u b l i c  a r e  
des igned  € o r  outdoor  a i r  p o l l u t a n t s .  These s t a n d a r d s  a r e  implemented on 
t h e  b a s i s  of a few measurements t h a t  c h a r a c t e r i z e  t h e  exposure  of a 
p o p u l a t i o n  i n  an a i r  b a s i n .  Assuming t h a t  measured c o n c e n t r a t i o n s  of 
p o l l u t a n t s  c h a r a c t e r i z e  a i r  q u a l i t y  throughout  t h e  a i r  b a s i n ,  such s t a n -  
d a r d s  a l s o  p r o t e c t  each  i n d i v i d u a l  i n  t h e  b a s i n .  Such c o m p a t i b i l i t y  of 
l i m i t s  a p p l i c a b l e  t o  p o p u l a t i o n s  and t o  i n d i v i d u a l s  does  n o t  e x i s t  € o r  
indoor  a i r  q u a l i t y ,  no t  o n l y  because  i n t e r n a l  p o l l u t a n t  s o u r c e s  v a r y  
from one b u i l d i n g  t o  a n o t h e r ,  bu t  a l s o  because  p o l l u t a n t  l e v e l s  depend 
on how t h e  b u i l d i n g  i s  o p e r a t e d .  While indoor  l i m i t s  cou ld  be formu- 
l a t e d  f o r  a p p l i c a t i o n  t o  "worst-case1' s i t u a t i o n s ,  e . g .  , w i t h  windows 
c l o s e d ,  l i t t l e  wind, o r  high s o u r c e  s t r e n g t h ,  such an approach would not  
p rov ide  a b a s i s  f o r  r e a l i s t i c  e v a l u a t i o n  of a c t u a l  r i s k s  and c o n t r o l  
p o s s i b i l i t i e s .  
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A p r a c t i c a l  s o l u t i o n  t o  t h e  problem o f  deve lop ing  a s t a n d a r d  f o r  
indoor  radon daugh te r  exposures  may be  t o  c o n s t r u c t  a two-part  
standard--one p a r t  l i m i t i n g  t h e  exposure  f o r  i n d i v i d u a l s  and t h e  o t h e r  
p a r t  s e t t i n g  an a c c e p t a b l e  ave rage  v a l u e  f o r  popu la t ion  exposures .  A 
precedent  f o r  such a n  approach can  be  found i n  s t a n d a r d s  r e l a t e d  t o  
i n d i v i d u a l  and p o p u l a t i o n  exposure  t o  r a d i a t i o n  from n u c l e a r  power 
p l a n t s  and o t h e r  f a c i l i t i e s  d u r i n g  r o u t i n e  o p e r a t i o n .  I n  t h e  case o f  
radon d a u g h t e r s ,  a comparable approach could  be  des igned  t o  p r o t e c t  v i r -  
t u a l l y  e v e r y  i n d i v i d u a l  from e x c e s s i v e l y  h igh  exposures  and a l s o  t o  
m a i n t a i n  t h e  average  exposure  o f  t h e  popu la t ion  a t  a much lower l e v e l .  
The lower exposure ,  co r re spond ing  t o  an  a c c e p t a b l e  ave rage  r i s k  f o r  t h e  
p o p u l a t i o n ,  would be chosen  c o n s i d e r i n g  t h e  average  behav io r  of  b u i l d -  
i n g s  (pe rhaps  wi th  some v a r i a b i l i t y  by geograph ica l  a r e a ) ,  and would be 
implemented through o r d i n a r y  b u i l d i n g  s t a n d a r d s ,  p o s s i b l y  even  i n c l u d i n g  
q u a l i t y  c o n t r o l  on materials t h a t  e m i t  r adon  o r  o t h e r  p o l l u t a n t s .  The 
i n d i v i d u a l  would be  p r o t e c t e d  a g a i n s t  e x c e s s i v e  r i s k  by enforcement  o f  
t h e  h i g h e r  i n d i v i d u a l  l i m i t ,  which would be m e t  by v i r t u a l l y  e v e r y  
b u i l d i n g .  For  b u i l d i n g s  suspec ted  of exceeding  t h e  i n d i v i d u a l  l i m i t  , 
indoor  a i r  q u a l i t y  cou ld  be monitored t o  de t e rmine  whether  remedia l  
a c t i o n  i s  needed. (As a p r a c t i c a l  matter,  a " t r i g g e r "  l e v e l  f o r  such 
a c t i o n  could  be set  somewhat lower t h a n  t h e  i n d i v i d u a l  l i m i t ,  t h e r e f o r e  
t a k i n g  some account  o f  measurement u n c e r t a i n t i e s ,  v a r i a b i l i t y  i n  t h e  way 
each b u i l d i n g  i s  o p e r a t e d ,  and so on . )  

I n  d e v i s i n g  s t a n d a r d s  f o r  radon daugh te r  exposures ,  one way o f  
app ly ing  t h i s  approach i s  a p p a r e n t :  a n  i n d i v i d u a l  l i m i t  cou ld  be esta- 
b l i s h e d  i n  t h e  range  o f  0.4 t o  4 WLM p e r  y e a r ,  i . e . ,  10  t o  100 pe rcen t  
o f  t h e  o c c u p a t i o n a l  l i m i t ,  and t h e  gene ra l -popu la t ion  average  v a l u e  
cou ld  be  based on an a c c e p t a b l e  l e v e l  of  r i s k ,  c o n s i d e r i n g  t h e  c o s t s  and 
b e n e f i t s  of v a r i o u s  o p t i o n s .  I n d i v i d u a l s  would be  p r o t e c t e d  by a l i m i t  
t h a t  i s  a t  l e a s t  as s t r i c t  as t h a t  a p p l i e d  t o  workers .  Assur ing  a 
smaller r i s k  t o  t h e  ave rage  member of  t h e  popu la t ion  cou ld  be  accom- 
p l i s h e d  by c a r e f u l l y  formula ted  b u i l d i n g  s t a n d a r d s  that--among o t h e r  
th ings- - take  i n t o  account  b o t h  t h e  b u i l d i n g  t y p e  and l o c a l  radon source  
s t r e n g t h s .  

Such a two-part indoor  r adon  s t a n d a r d  would accommodate t h e  e x i s t i n g  
s i t u a t i o n .  On t h e  one hand,  i t  would r e q u i r e  remedia l  a c t i o n  t o  r educe  
t h e  r i s k  t o  t h a t  p o r t i o n  o f  t h e  popu la t ion  now exposed t o  h igh  l e v e l s  o f  
radon and,  on t h e  o t h e r  hand,  i t  would n o t  r e q u i r e  t h a t  i n d i v i d u a l  
houses  m e e t  s t a n d a r d s  dev i sed  t o  p r o t e c t  p o p u l a t i o n s .  For  t h e  p r e s e n t ,  
t h e  p o p u l a t i o n  r i s k  from radon daugh te r  exposure  would be  h e l d  essen-  
t i a l l y  c o n s t a n t  o r  even r educed ,  i n  s p i t e  of programs t o  r educe  i n f i l -  
t r a t i o n  ra tes  i n  b u i l d i n g s ,  because  remedia l  measures  t o  meet t h e  i n d i d  
v i d u a l  s t a n d a r d  would reduce  t h e  r i s k  of  t h o s e  who a r e  h i g h l y  exposed 
and p r e s e n t l y  a t  g r e a t e s t  r i s k .  

CONCLUSIONS 

The p r e s e n t  exposure  of  t h e  g e n e r a l  p u b l i c  t o  radon d a u g h t e r s  may 
account  f o r  a s u b s t a n t i a l  number of lung  cance r s  i n  t h e  United S t a t e s .  
Moreover, a s i g n i f i c a n t  number of  i n d i v i d u a l s  may s u f f e r  exposures  l a r g e  
enough t o  i n c r e a s e  t h e  r i s k  of  lung  c a n c e r  d u r i n g  t h e i r  l i f e t i m e  by a 
few pe rcen t  o r  g r e a t e r .  Enough i s  t h e r e f o r e  known about  exposure  o f  t h e  
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p u b l i c  t o  radon d a u g h t e r s  t o  war ran t  a v igo rous  program t o  unL2rstand 
more f u l l y  t h e  s i z e  and v a r i a b i l i t y  o f  exposures  and t o  i d e n t i f y  t h a t  
p o r t i o n  of  t h e  p o p u l a t i o n  exposed t o  e x c e s s i v e  c o n c e n t r a t i o n s  o f  radon 
daugh te r s .  I n  a d d i t i o n ,  programs t h a t  would reduce  b u i l d i n g  v e n t i l a t i o n  
rates s i g n i f i c a n t l y  below t h e  r ange  now t y p i c a l  o f  U.S. hous ing  should  
i n c o r p o r a t e  measures  t o  s a f e g u a r d ,  i f  no t  improve, i ndoor  a i r  q u a l i t y .  
Less v i g o r o u s  c o n s e r v a t i o n  programs--those t h a t  would have o n l y  modest 
e f f e c t s  on v e n t i l a t i o n  rates (and t h u s  indoor  a i r  q u a l i t y )  and ve ry  s i g -  
n i f i c a n t  e f f e c t s  on i n d i v i d u a l  and n a t i o n a l  energy  requirements--  could  
be  used as v e h i c l e s  f o r  mon i to r ing  radon c o n c e n t r a t i o n s  i n  t h e  hous ing  
s t o c k  and,  e s p e c i a l l y ,  f o r  i d e n t i f y i n g  houses  wi th  h igh  l e v e l s .  U l t i -  
ma te ly ,  i ndoor  a i r  q u a l i t y  s t a n d a r d s  should  be developed t o  p r o t e c t  
e v e r y  i n d i v i d u a l  from e x c e s s i v e  exposures  and ,  th rough b u i l d i n g  s t a n -  
d a r d s ,  t o  c o n t r o l  average  exposures  t o  an  even  lower l e v e l .  

T h i s  work was suppor ted  by t h e  A s s i s t a n t  S e c r e t a r y  f o r  Conserva t ion  
and Renewable Energy, O f f i c e  o f  Bu i ld ing  Energy Research  and Develop- 
ment, Bu i ld ing  Systems D i v i s i o n ,  and by t h e  D i r e c t o r ,  O f f i c e  o f  Energy 
Research ,  O f f i c e  of  Hea l th  and Environmental  Research ,  Human Hea l th  and 
Assessments D i v i s i o n  and P o l l u t a n t  C h a r a c t e r i z a t i o n  and S a f e t y  Research 
D i v i s i o n  o f  t h e  U.S. Department of Energy under Con t rac t  No. W-7405- 
ENG-48. 
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TECHNICAL NOTES 

1. Measured Indoor  C o n c e n t r a t i o n s  ---- of Radon and I t s  Daughters  

The t a b l e  ( adap ted  from Ne811 summarizes indoor  measurements of 
radon and daugh te r  c o n c e n t r a t i o n s  i n  U.S. r e s i d e n c e s .  (See  n o t e  2 f o r  
d i s c u s s i o n  of PAEC.) As i n d i c a t e d  i n  t h e  t a b l e ,  a v a r i e t y  o f  sampling 
approaches  were used i n  t h e s e  measurements, i n c l u d i n g  s i n g l e  g rab  sam- 
p l e s  and i n t e g r a t e d  year-round sampling.  Although it  i s  c l e a r  t h a t  l ev-  
e l s  g r e a t e r  t han  4 p C i / l  o c c u r ,  i t  is  no t  known how f r e q u e n t l y  they  
occur  o r  i n  how many c a s e s  annual  average  c o n c e n t r a t i o n s  exceed t h i s  
l e v e l .  Because h e a l t h  e f f e c t s  are thought  t o  be a s s o c i a t e d  wi th  cumula- 
t i v e  exposure  ( r a t h e r  t h a n  w i t h  peak c o n c e n t r a t i o n s ) ,  average  concen t r a -  
t i o n s  ( e . g . ,  averaged ove r  a y e a r )  are of g r e a t e s t  i n t e r e s t  f o r  h e a l t h  
r i s k  assessment  purposes  (see n o t e  3 ) .  
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L b 

Table. Selected radon and radon daughter measurements in U.S.  residences 
(residences are single family except where noted) 

Number of Type of 
Location Reference 222Rn (pCi/1la Daughter PAEC Residences Measurement 

ORDINARY AREAS: 

Tennessee Lo80 0.008(0.0008-0.03) 15 Grab 

Coments 

Shale area; mostly concrete 
construction 

Single family; air exchange 

Multiple family; air exchange 
rate: 1-6 h-1 

rate; 5-9 h-1 

17 single family; 3 multiple 
family; 1 apartment bldg. 

7 Grab and venti- 

0.09 (0.01-0.2) (up to 0.002) 3 Grab and Venti- 

Boston ' Ye72 0.07(0.005-0.2) (up to 0.002) 
lation 

lac ion 

Geo78 0.  ab (0.3-3.1) 0 .  004b (0.002-0.013) 21 Several integrated 
. .  measurements over 

NY/NJ 

f .  year 

New York F181 l.O(O.4-2.1) 
6.4(2.0-26) 

11 Integrated winter' 
7 Integrated winter' 

Conventional houses 
"Energy-Eff icient" houses; 
ventilation rate not measured 

Wood-frame construction, unpaved 
crawl spaces (windows closed) 

Air change rate: 0.02-1.2 h-1 
(windows closed) 

Bnergy-efficient houses; air change 
rate: 0.04-1.0 h-l(windows closed) 

Air change rate: 0.06-1.6 h-l 

I1 1 ino is Ru79 

San Francisco Be79 
area 

(0.3-33) 22 Grab 

-(O. 04-0.8) 26 Grab and venti- 
lation 

17 Grab and venti- 
la t ion 

U.S./Canada H080 (0.6-22) 

Maryland Mo81 (0.1-27) 

SPECIAL AREAS: 

Grand Junction Ba75 
Colorado 

(0.001-0.12) 53 Grab and venti- 
lation 

0. 006b 29 Integrated year 
round 

Controls for remedial action program 
(which has included houses in range 
0.02-1 WL) 

Controls on unmineralized soils 0.004(0.0007-0.014) 26 Integrated year 

0.014 (up to 0.10) 133 Integrated year 
round 

round 

Florida Gu78 

Gu78 ltouses on reclaimed phosphate 
lands 

Montana: Butte En80 

Anaconda ~ ~ 8 0  

0.02 

0.013 

Integrated year Intensive mining area 
round 

56 

l h  1ntegra:cd year Intensive mining area 
round 

aIndividual values are averages; values given in parentheses are ranges. 

bGeometric mean. 

'Limited sampling indicates summer concentrat ions are approximately 202 of winter. 

All measurements are in living space; values in basements are typically higher. 
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2. -- U n i t s  f o r  Measuring Radon Daughter C o n c e n t r a t i o n s  & Exposures  

Airborne  c o n c e n t r a t i o n s  of  radon d a u g h t e r s ,  l i k e  radon i t s e l f ,  can 
b e  s p e c i f i e d  i n  p i c o c u r i e s  p e r  l i t e r  ( p C i / l )  o r  e q u i v a l e n t  u n i t s .  For 
r a d i a t i o n  p r o t e c t i o n  pu rposes ,  i t  h a s  been u s e f u l  t o  c h a r a c t e r i z e  radon 
daugh te r  c o n c e n t r a t i o n s  i n  terms o f  t h e  t o t a l  a l p h a  energy  e m i t t e d  a s  a 
r e s u l t  of decay o f  t h e  s h o r t - l i v e d  d a u g h t e r s  (polonium 218 t o  polonium 
214) t o  l e a d  210, a long- l ived  r a d i o n u c l i d e .  T h i s  " p o t e n t i a l  a l p h a  
energy  c o n c e n t r a t i o n "  (PAEC) i s  an i n d i c a t o r  of p o t e n t i a l  dose  t o  t h e  
lung which, i n  t u r n ,  may be  a s s o c i a t e d  w i t h  inc reased  lung  cance r  
i n c i d e n c e  on t h e  b a s i s  of e p i d e m i o l o g i c a l  s t u d i e s  and o t h e r  ev idence  
( s e e  n o t e  3 ) .  

The c o n v e n t i o n a l  u n i t  f o r  PAEC i s  t h e  working l e v e l  (WL), which h a s  
a v a l u e  of 1 . 3  x l o 5  M e V / 1 ,  t h e  p o t e n t i a l  a l p h a  energy  p e r  u n i t  volume 
t h a t  would be a s s o c i a t e d  w i t h  a i r  c o n t a i n i n g  approximate ly  100 p C i / l  of 
each  of t h e  s h o r t - l i v e d  d a u g h t e r s .  For an a r b i t r a r y  mix tu re  w i t h  
polonium 218 Concen t r a t ion  IA, l e a d  214 c o n c e n t r a t i o n  IB, and bismuth 
214 c o n c e n t r a t i o n  IC, t h e  PAEC i s  approximate ly  e q u a l  t o  (0 .10  IA + 0.51 
IB + 0.37 I C )  WL/(lOO p C i / l ) .  The a s s o c i a t e d  exposure  u n i t ,  working 
l e v e l  month (WLM), i s  t h e  exposure  t h a t  an i n d i v i d u a l  would e x p e r i e n c e  
remaining i n  1 WL of d a u g h t e r s  f o r  173 hours  ( a n  ave rage  working month). 

Were a volume t o  have a c o n s t a n t  s o u r c e  of radon and no mechanisms 
( o t h e r  t h a n  r a d i o a c t i v e  decay)  f o r  removal of radon o r  i t s  d a u g h t e r s  
from t h e  enc losed  a i r ,  t h e  a c t i v i t y  c o n c e n t r a t i o n s  of each r a d i o n u c l i d e  
( g i v e n  p C i / l )  would e v e n t u a l l y  r each  a s t a t e  where a l l  were numeri- 
c a l l y  e q u a l .  Such a c o n d i t i o n  ( r e f e r r e d  t o  a s  "equ i l ib r ium")  i s  never  
achieved  i n  p r a c t i c e  because  of removal mechanisms such a s  v e n t i l a t i o n  
and daugh te r  " p l a t e o u t " .  V e n t i l a t i o n  bo th  r educes  t h e  radon concent ra -  
t i o n  and d e c r e a s e s  t h e  r a t i o  o f  d a u g h t e r s  t o  t h e i r  p a r e n t s  below one. 
P l a t e o u t ,  t h e  a t tachment  of d a u g h t e r s  t o  walls and o t h e r  s u r f a c e s ,  a l s o  
d e c r e a s e s  t h i s  r a t  i o .  

i n  
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The e q u i l i b r i u m  c o n d i t i o n  of  radon and i t s  d a u g h t e r s  i s  convent ion-  
a l l y  i n d i c a t e d  by a n  "equ i l ib r ium f a c t o r "  ( F )  t h a t  i s  t h e  r a t i o  o f  
a c t u a l  daugh te r  PAEC t o  t h e  PAEC were each daugh te r  t o  have t h e  same 
a c t i v i t y  c o n c e n t r a t i o n  as t h a t  o f  t h e  radon a c t u a l l y  p r e s e n t .  Thus F = 
PAEC/(radon concen t r a t ion / lOO) ,  where t h e  PAEC i s  g i v e n  i n  WL and t h e  
radon c o n c e n t r a t i o n  i n  p C i / l .  I n  spaces  wi th  low daughter-removal  
r a t e s ,  F i s  c l o s e  t o  one.  I n  houses ,  e q u i l i b r i u m  f a c t o r s  have u s u a l l y  
been found t o  l i e  i n  t h e  range  0.2 t o  0.8, a l though  f a c t o r s  above and 
below t h i s  r ange  have sometimes been found. (See r e f e r e n c e s  f o r  n o t e  
1.1 

Taking 0.5 as a t y p i c a l  e q u i l i b r i u m  f a c t o r ,  t h e  annual  exposure  
a s s o c i a t e d  wi th  a c o n s t a n t  radon c o n c e n t r a t i o n  o f  1 pCi / l  may be  ca l cu -  
l a t e d  as f o l l o w s :  

exposure  ra te  f o r  1 p C i / l  = 

1WL 1 WLM 8760 h r s  0*5 pci/l x-m] [1 WL x 173 h r s  

= 0.25 WLM/year. 

The WLM i s  not  a d i r e c t  i n d i c a t i o n  o f  dose  f o r  a v a r i e t y  o f  r e a s o n s ,  
such as :  t h e  deg ree  t o  which daugh te r s  are c o l l e c t e d  depends on p a r t i c l e  
s i z e ;  lung  mass and l i n i n g  area depend on age ;  b r e a t h i n g  ra tes  d i f f e r  
between workers  and t h e  g e n e r a l  popu la t ion .  I n  some c a s e s ,  i t  i s  s u i t -  
a b l e  t o  d e f i n e  a "working l e v e l  month e q u i v a l e n t "  (WLME). For  example,  
t h e  average  b r e a t h i n g  ra te  o f  t h e  g e n e r a l  p o p u l a t i o n  i s  thought  t o  be 
50% less t h a n  t h a t  f o r  uranium miners .  I f  uranium miners  are  t a k e n  t o  
be  t h e  s t a n d a r d  f o r  d e f i n i n g  t h e  WLME, t h e n  t h e  p u b l i c  would have t o  be 
exposed t o  1 WL f o r  about  350 hour s  t o  accumulate  an  exposure  o f  1 WLME. 

T h i s  d i s c u s s i o n  h a s  no t  expres sed  r a d i a t i o n  doses  i n  t h e  more o r d i -  
na ry  u n i t s  of r a d ,  r e m ,  o r  S i eve r t .  It i s  p o s s i b l e  t o  conve r t  WLM t o  
t h e s e  u n i t s  u s i n g  d e t a i l e d  models of b r e a t h i n g  r a t e ,  p a r t i c l e  s izes ,  and 
lung  d e p o s i t i o n  p a t t e r n s ,  b u t  i n L a n y c c a s e ,  i t  would be  n e c e s s a r y  t o  con- 
v e r t  t h e s e  r e s u l t s  back t.o WLMd t ' i 4 i ze  , t h e  ep idemologica l  d a t a  from 
mine r s .  L i t t l e  isr ga ined ,  t h e r e  r .purposes, o f  r i s k  assessment  o r  
radon daugh te r  ' c o n t r o l ;  by u t i d i z i n g  ,ither more * o r d i n a r y  u n i t s , ,  s i n c e  
dependence o f  r i s k  on doses  t o  s p e c i f i c  t i s s u e  i s  no t  a d e q u a t e l y  under- 
s t o o d .  

3. 

. . .  

. # (  . .  
Models - f o r  Hea l th  E f f e c t s  - from!+Exposur.e - t o  Airb,orne Radon Daughters  

The dose-response f a c t o r  'used .Sn.-this paper  'is taken ,  from - t h e  1977 
r e p o r t  o f  t he ,  United '  ,Na t ions  Scie-nt, if ic! Comm%ttee,.on t$e - E f f e c t s  o f  
Atomic R a d i a t i o n  i(Un778) , which rexiewed . .  r; a o f  ,*epidemiologica l  
d a t a  from uranium and o t h e r  miners .  T h i s  dose-resp0ns.e. f a c t o r  i s  g iven  
as a n  "absolu te"  r i s k  f a c t o r ,  i . e . ,  a r i s k  ( f rom radon daugh te r  expo- 
s u r e )  t h a t  o c c u r s  independen t ly  o f  and i n  a d d i t i o n  t o  r i s k s  from o t h e r  
causes .  The d a t a  c a n  a l s o  be i n t e r p r e t e d  i n  terms o f  " r e l a t i v e "  models ,  
which a s s i g n  an added r i s k  t h a t  i s  p r o p o r t i o n a l  t o  t h e  r i s k  t h a t  would 

v a r i e t y  
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o t h e r w i s e  occur .  E i t h e r  approach pe rmi t s  age - re l a t ed  f a c t o r s  ( age  a t  
exposure  o r  age  a t  o n s e t  o f  d i s e a s e )  t o  be accounted f o r  e x p l i c i t l y .  

The d i f f e r e n c e  i n  t h e  lung  cance r  r i s k  from radon d a u g h t e r  exposure  
as e s t i m a t e d  from an  a b s o l u t e  and a r e l a t i v e  r i s k  model can  be  s i g n i f i -  
c a n t ,  a l t hough  it  i s  n o t  n e c e s s a r i l y  a l a r g e  f a c t o r .  To some e x t e n t ,  
t h e  d i f f e r e n c e s  depend on how t h e  p o s s i b l e  synerg ism wi th  smoking i s  
t r e a t e d .  For example, estimates by t h e  U.S. Environmental  P r o t e c t i o n  
Agency (Gu79) u s e  a r e l a t i v e  r i s k  model t h a t  t r ea t s  smokers and nonsmok- 
ers t o g e t h e r  and, because  i t  a s s i g n s  t h e  same m u l t i p l i c a t i v e  r i s k  pe r  
WLM t o  e i t h e r  group,  i t  e f f e c t i v e l y  assumes synergism between smoking 
and exposure  t o  radon d a u g h t e r s .  None the le s s ,  t h e  EPA r i s k  estimates 
are a t  t h e  h igh  end o f  t h e  range  i n d i c a t e d  i n  t h e  t e x t  o f  t h i s  paper  
(p robab ly  because  t h e  p e r c e n t a g e  o f  smokers among t h e  p u b l i c  i s  assumed 
t o  be t h e  same as among m i n e r s ) .  T h i s  c o n t r a s t s  w i th  t h e  e s t i m a t e  i n  a 
r e c e n t  comment o f  t h e  Na t iona l  Counci l  on R a d i a t i o n  P r o t e c t i o n  and Meas- 
urements ,  which sugges t ed  t h a t  o n l y  "about 20% of t h e  spontaneous  
(nonsmoking) lung  cance r  i n c i d e n c e  of t h e  U.S. p o p u l a t i o n  could  be 
a t t r i b u t e d  t o  n a t u r a l  radon d a u g h t e r  exposure"  (Ra80).  The Counci l  used 
a r e c e n t l y  formula ted  model (Ha811 and ob ta ined  an estimate of about  1 5  
lung  c a n c e r s  p e r  m i l l i o n  p e r  y e a r  among t h e  g e n e r a l  p o p u l a t i o n  from 0.2 
WLM p e r  y e a r  exposures .  Thus, t h e i r  estimate, a l though  based on a sub- 
s t a n t i a l l y  d i f f e r e n t  approach from t h a t  o f  t h e  EPA and regarded  by  t h e  
a u t h o r s  t o  be  "conse rva t ive"  ( i .e . ,  more l i k e l y  t o  be an o v e r e s t i m a t e d  
t h a n  u n d e r e s t i m a t e d ) ,  i s  toward t h e  bot tom of t h e  10 t o  100 p e r  m i l l i o n  
p e r  y e a r  estimate employed i n  t h i s  paper .  Hence, e x p e r t  rev iews  of t h e  
a v a i l a b l e  d a t a  r e s u l t  i n  a wide range  o f  e s t i m a t e s ,  though a l l  assume 
t h e  i n c r e a s e d  p r o b a b i l i t y  o f  l ung  c a n c e r  t o  be p r o p o r t i o n a l  t o  t h e  expo- 
s u r e ,  and even  t h i s  assumpt ion  i s  a h y p o t h e s i s .  (A r e c e n t  rev iew (Na81) 
n o t e s  t h a t  t h e  maximum e f f e c t  p e r  W L M  appears t o  occur  f o r  cumula t ive  
exposures  o f  hundreds  o f  W L M ,  less t h a n  t h e  o c c u p a t i o n a l  exposures  some- 
times encountered  i n  t h e  p a s t ,  bu t  much l a r g e r  t h a n  t y p i c a l  exposures  of 
t h e  g e n e r a l  p o p u l a t i o n . )  
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, a t i o n  (UNSCEAR), 1977, Sources  and E f f e c t s  o f  I o n i z i n g  R a d i a t i o n ,  - - 

United Na t ions ,  New York. 

4. V e n t i l a t i o n  and I n f i l t r a t i o n  Rates i n  U.S. Homes - - - _ -  - 
There are few d a t a  a v a i l a b l e  on v e n t i l a t i o n  o r  i n f i l t r a t i o n  ra tes  i n  

r e s i d e n t i a l  b u i l d i n g s .  The few measurements t h a t  have .been  performed,  
however, sugges t  t h a t  most e x i s t i n g  r e s i d e n c e s  have i n f i l t r a t i o n  r a t e s  
(averaged  d u r i n g  t h e  h e a t i n g  season)  i n  t h e  range  o f  0 .5  t o  1.0 air  
changes p e r  hour  ( a c h ) .  But t h e  d i s t r i b u t i o n  ex tends  above and below 
t h i s  r ange :  a long  t a i l  ex tends  s u b s t a n t i a l l y  h i g h e r ,  w i t h  a few p e r c e n t  
o f  houses  g r e a t e r  t h a n  2 .0  ach ,  and a s i g n i f i c a n t  number of r e s i d e n c e s  
are i n  t h e  0.3 t o  0.5 ach range.  Because of  occupant  behavior--opening 
door s  , windows , and f i r e p l a c e  dampers-- t o t a l  v e n t i l a t i o n  ra tes  ave rage  
somewhat more t h a n  t h e  i n f i l t r a t i o n  ra tes  ( e . g . ,  20 pe rcen t  g r e a t e r  i n  a 
t y p i c a l  c a s e ) .  

I n f i l t r a t i o n  r a t e s  depend s t r o n g l y  on t h e  type  o f  house ,  t h e  c l i -  
mate, and ,  i ndeed ,  t h e  mic roc l ima te .  One might  e x p e c t ,  f o r  example,  
newer hous ing  t o  be  " t i g h t e r "  t h a n  o l d e r ,  and t h i s  appea r s  t o  be t h e  
case. Grimsrud e t  a1 (Gr81) p r e s e n t  e s t i m a t e s  o f  hea t ing-season  i n f i l -  
t r a t i o n  ra tes  based on measurements i n  o v e r  200 houses  d i s t r i b u t e d  
throughout  t h e  United S t a t e s  and Canada. For  t h e  e n t i r e  sample,  t h e  
ave rage  e s t i m a t e d  i n f i l t r a t i o n  ra te  w a s  0.67 ach but  f o r  t h e  h a l f  o f  t h e  
houses  b u i l t  w i t h i n  t h e  two years p r i o r  t o  measurement,  t h e  average  
estimate w a s  0.48 ach .  Even among 200 low-income, o f t e n  o l d e r ,  
r e s i d e n c e s  i n  U.S. c i t i e s ,  measured h e a t i n g  season  i n f i l t r a t i o n  rates- 
-be fo re  weatherization--averaged 1.1 ach ,  with most below 1 .0  ach:  18% 
less than  0.5 a c h y  39% between 0.5 ach and 1.0 ach ,  19% 1 .0  - 1 . 5  ach, 
10% 1 . 5  - 2 . 0  ach ,  and 10% > 2 .0  ach (Gr79).  

It t h u s  appea r s  t h a t  ave rage  i n f i l t r a t i o n  ra tes  i n  U.S. hous ing  are  
less t h a n  1 .0  a c h y  probably  i n  t h e  v i c i n i t y . o f  0.7 - 0.8 a c h y  and t h a t -  
- cons ide r ing  occupant  behavior--net v e n t i l a t i o n  ra tes  may ave rage  i n  t h e  
v i c i n i t y  o f r  1.0 ach i n  h e a t i n g l c o o l i n g  seasons .  Houses -with s i g n i f i -  
c a n t l y  higher- than-average i n f i l t r a t i o n  rates can  be t i g h t e n e d  subs tan-  
t i a l l y  by f i x i n g  broken window panes,  c a u l k i n g ,  w e a t h e r s t r i p p i n g ,  and 
p lugging  h o l e s .  To p o s t u l a t e  t h a t  even  a n  ex t r eme ly  v i g o r o u s  program 
could  ave rage  i n f i l t r a t i o n  ra tes  i n  t h e  e n t i r e  hous ing  s t o c k  by 
h a l f ,  as h a s  been s u g g e s t e d , , a p p e a r s  o p t i m i s t i c  and must be  cons ide red  a 
r a t h e r  f a r - f e t ched  upper  l i m i t  f o r  t h e  e f f e c t i v e n e s s  of  i n f i l t r a t i o n -  
r e d u c t i o n  programs; t o  ach ieve  t h i s  g o a l ,  v i r t u a l l y  e v e r y  house i n  t h e  
U.S. would have t o  b e t t e r  t h e  ene rgy  performance of we l l - cons t ruc t ed  
new hous ing  t h a t  uses w e a t h e r s t r i p p i n g  and c a u l k i n g ,  b u t  no t  unusua l  
c o n s t r u c t  i o n  f e a t u r e s .  

reduce  
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5. Cont ro l  Techniques f o r  Radon and I t s  Daughters  ---- 
The u l t i m a t e  purpose  of any radon c o n t r o l  t echn ique  i s  t o  r educe  

human exposure  t o  radon d a u g h t e r s .  Th i s  goa l  may be accomplished by 
c o n t r o l l i n g  t h e  radon s o u r c e  s t r e n g t h .  It may a l s o  be accomplished by 
c l e a n i n g  o r  r e f r e s h i n g  t h e  a i r  t o  remove t h e  d a u g h t e r s  d i r e c t l y  o r  to 
r educe  t h e  c o n c e n t r a t i o n  o f  r adon ,  from which t h e  d a u g h t e r s  ar ise .  

Radon can  e n t e r  a house from v a r i o u s  s o u r c e s  and by v a r i o u s  t r a n -  
s p o r t  mechanisms, so  t h a t  c o n t r o l  of sou rce  s t r e n g t h  can  t a k e  s e v e r a l  
forms. The two b a s i c  p o s s i b i l i t i e s  are t o  remove t h e  sou rce  m a t e r i a l  o r  
t o  o b s t r u c t  t r a n s p o r t  mechanisms. A s  remedia l  a c t i o n s  f o r  e x i s t i n g  
hous ing ,  t h e  f i r s t  p o s s i b i l i t y  i s  v e r y  c o s t l y ,  bu t  i t  does  have l i m i t e d  
p o t e n t i a l  f o r  a p p l i c a t i o n  i n  new hous ing .  T ranspor t  mechanisms i n c l u d e  
d i f f u s i o n  through s o l i d  m a t e r i a l  and c o n v e c t i v e  movement of a i r  th rough 
t h e  b u i l d i n g  s h e l l  o r  th rough s o u r c e  m a t e r i a l  t h a t  i s  w i t h i n  t h e  s h e l l .  
S e a l a n t s  and b a r r i e r s  can  r educe  d i f f u s i o n  and c l o s e  c o n v e c t i v e  r o u t e s .  
Assuming no change i n  t h e  e f f e c t i v e n e s s  of radon daugh te r  removal ,  t h e  
d a u g h t e r  c o n c e n t r a t i o n  i s  reduced by t h e  same p r o p o r t i o n  a s  t h e  radon 
s o u r c e  s t r e n g t h .  

Ac t ive  c o n t r o l  t e c h n i q u e s  have a more complex e f f e c t  on d a u g h t e r  
c o n c e n t r a t i o n s .  I n c r e a s i n g  v e n t i l a t i o n  of t h e  b u i l d i n g  r educes  t h e  
radon c o n c e n t r a t i o n  i n  a r e l a t i v e l y  s i m p l e  way. T h i s  of i t s e l f  c a u s e s  a 
co r re spond ing  d e c r e a s e  i n  d a u g h t e r s .  I n  a d d i t i o n ,  i n c r e a s e d  v e n t i l a t i o n  
can  reduce  t h e  r a t i o  o f  d a u g h t e r s  t o  r adon ,  t h e r e b y  c a u s i n g  an addi -  
t i o n a l  d e c r e a s e  i n  d a u g h t e r  c o n c e n t r a t i o n s .  The e f f e c t i v e n e s s  of 
reduced v e n t i l a t i o n  i n  r educ ing  t h i s  r a t i o ,  however, depends on t h e  
importance o f  o t h e r  mechanisms f o r  removing d a u g h t e r s ,  which a t t a c h  t o  
p a r t i c l e s ,  as w e l l  as wal l s ,  f a n  b l a d e s ,  and o t h e r  s u r f a c e s .  A s  a 
r e s u l t  t h e r e  i s  no s i m p l e  way t o  c h a r a c t e r i z e  t h e  daugh te r  c o n c e n t r a t i o n  
a s s o c i a t e d  wi th  a g iven  radon c o n c e n t r a t i o n  and v e n t i l a t i o n  r a t e  (see 
a l s o  n o t e  2 ) .  For  example, removal of a i r b o r n e  p a r t i c l e s  by f i l t r a t i o n  
removes d a u g h t e r s ,  bu t  a l s o  may a f f e c t  t h e  f r a c t i o n  of d a u g h t e r s  t h a t  
a r e  u n a t t a c h e d ,  which may a f f e c t  t h e  r a d i a t i o n  dose from a g iven  
daugh te r  c o n c e n t r a t i o n .  To compl i ca t e  m a t t e r s  even more, t h e  una t t ached  
d a u g h t e r s  may d e p o s i t  more r e a d i l y  on w a l l s ,  t h u s  d e c r e a s i n g  t h e i r  a i r -  
borne  c o n c e n t r a t i o n s .  C i r c u l a t i n g  a i r  w i t h i n  t h e  house (wi thou t  v e n t i -  
l a t i o n )  a l s o  can  i n c r e a s e  daugh te r  d e p o s i t i o n  s i g n i f i c a n t l y ,  t h e r e b y  
d e c r e a s i n g  a i r b o r n e  c o n c e n t r a t i o n s .  Depending on t h e  c i r c u m s t a n c e s ,  
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such d e p o s i t i o n  may be  a more e f f e c t i v e  removal mechanism t h a n  v e n t i l a -  
t i o n ;  t h u s  v e n t i l a t i o n  ra te  a l o n e  i s  not  a good i n d i c a t o r  of t h e  r a t i o  
of d a u g h t e r s  t o  radon.  Some of t h e  lowest  e q u i l i b r i u m  f a c t o r s  ( n o t e  2 )  
have been found i n  r e l a t i v e l y  t i g h t  houses .  For t h e s e  r e a s o n s ,  t h e  
e v a l u a t i o n  of a c t i v e  c o n t r o l  t echn iques  i s  a complex unde r t ak ing .  

Only modest e f f o r t s  have ,  t o  t h i s  d a t e ,  been devoted  t o  t e s t i n g  t h e  
e f f e c t i v e n e s s  of t h e  two b a s i c  approaches t o  c o n t r o l l i n g  radon d a u g h t e r  
exposures .  Exper ience  wi th  radon s o u r c e  c o n t r o l  t echn iques  has  been 
p r i m a r i l y  t h e  r e s u l t  of e f f o r t s  t o  reduce  indoor  exposures  t o  radon 
d a u g h t e r s  i n  U.S. and Canadian communities a s s o c i a t e d  w i t h  uranium min- 
ing  o p e r a t i o n s .  I n  some c a s e s ,  s t r u c t u r e s  have been b u i l t  on o r  w i th  
uranium t a i l i n g s ,  which have h igh  radium c o n c e n t r a t i o n s  and ,  when used 
i n  b u i l d i n g  m a t e r i a l s  o r  as l a n d f i l l  under s t r u c t u r e s ,  can  c o n t r i b u t e  
u n u s u a l l y  l a r g e  amounts of radon indoor s .  I n  some of t h e  communit ies ,  
h igh  'indoor c o n c e n t r a t i o n s  appear  t o  a r i s e  m e r e l y  because  t h e  s t r u c t u r e s  
a r e  b u i l t  i n  areas wi th  n a t u r a l l y  h igh  uranium c o n c e n t r a t i o n s .  S e v e r a l  
communities have faced  t h i s  problem, and i n t e n s i v e  remedia l  programs 
have been i n i t i a t e d  d u r i n g  t h e  l a s t  decade o r  s o .  The p r i n c i p a l  m e a s -  
u r e s  used have been t o  remove t h e  t a i l i n g s ,  o f t e n  a d i f f i c u l t  and expen- 
s i v e  p r o c e s s ,  and t o  s e a l  c r a c k s  and openings  by which radon e n t e r s  t h e  
house ,  an approach t h a t  has  m e t  w i th  s u c c e s s  i n  some c a s e s .  Many of t h e  
r e s u l t s  ach ieved  i n  such programs under taken  i n  Canada a r e  r e p o r t e d  i n  
r e c e n t  annual  workshops on t h i s  s u b j e c t  (At78-80). The e f f e c t i v e n e s s  of 
s e a l a n t s  as a radon b a r r i e r  have a l s o  been measured i n  l a b o r a t o r y  s t u -  
d i e s  (Au74, Cu78). 

Ac t ive  measures  t o  c l e a n  t h e  a i r ,  o r  r e f r e s h  i t ,  have begun t o  be 
i n v e s t i g a t e d .  Windham e t  a l .  (Wi781, Ho lub-e t  a1 (Ho791, C l i f f  (C1801, 
Nazaroff  e t  a 1  (Na80), and Jonassen  (J08O) have begun t o  s t u d y  t h e  
e f f e c t  of a i r  mixing ,  f u r n a c e  f a n  o p e r a t i o n ,  v e n t i l a t i o n ,  and f i l t r a t i o n  
on radon d a u g h t e r  c o n c e n t r a t i o n s .  More i n t e n s i v e  s t u d i e s  a r e  r e q u i r e d  
because  of t h e  complex e f f e c t  t h e s e  measures can  have on daugh te r  remo- 
v a l  p r o c e s s e s .  The e f f e c t i v e n e s s  o f  mechanical  v e n t i l a t o r s  w i th  a i r -  
t o - a i r  h e a t  exchangers  i n  c o n t r o l l i n g  radon c o n c e n t r a t i o n s  has  been 
demonst ra ted  i n  one energy  r e s e a r c h  house (Na81). During t h e  w i n t e r  of 
1980-81, a series of s t u d i e s ' b f  t h e  e f f e c t i v e n e s s  of a i r - t o - a i r  h e a t  
exchangers  a s  an  a i r  q u a l i t y  c o n t r o l  measure i n  conven t iona l  houses  wi th  
r e l a t i v e l y  low i n f i l t r a t i o n  ra tes  was conducted i n  t h e  e a s t e r n  United 
S t a t e s ;  r e s u l t s  a r e  now becoming a v a i l a b l e "  (Of81).  
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6. Hea l th  R i sk  Assessment - f o r  Energy Technologies .  

It i s  no t  p o s s i b l e  t o  make p r e c i s e  e s t i m a t e s  o f  h e a l t h  r i s k s  from 
f o s s i l - f u e l  u s e ,  energy  c o n s e r v a t i o n ,  o r  any o t h e r  ene rgy  t echno logy .  
Large  u n c e r t a i n t i e s  ar ise  from v a r i a b i l i t y  i n  t h e  mode of u s e ,  and i n  
t h e  type  and l e v e l  of emis s ions  o r  c o n c e n t r a t i o n s ,  a s  w e l l  as from com- 
p l e x i t i e s  i n  t h e  n a t u r e  o f  t h e  exposures ,  and l a c k  o f  knowledge of t h e  
h e a l t h  e f f e c t s  of s p e c i f i e d  exposures .  Perhaps  even more i m p o r t a n t ,  t h e  
e f f e c t s  of d i f f e r e n t  t e c h n o l o g i e s  o f t e n  are not d i r e c t l y  comparable .  
For  example, one cannot  compare t h e  added r i s k  from i n c r e a s e d  indoor  
exposures  w i t h  t h e  r i s k  from con t inued  dependence on  f o r e i g n  o i l ,  o r  t h e  
r i s k  o f  lung  cance r  from radon exposures  wi th  t h e  d i v e r s e  r e s p i r a t o r y  
i l l n e s s e s  a s s o c i a t e d  w i t h  b r e a t h i n g  emiss ions  from homes t h a t  burn  o i l  
( o r  from e l e c t r i c i t y  g e n e r a t i n g  p l a n t s  t h a t  burn  c o a l ) .  A t  t h e  same 
t i m e ,  t h e r e  i s  a n  u n f o r t u n a t e ,  and o f t e n  m i s l e a d i n g ,  tendency t o  compare 
what can  be compared and ignore  t h e  res t ,  a p r a c t i c e  t h a t  o f t e n  i g n o r e s  
t h e  most impor tan t  r i s k s .  

Note 3 d i s c u s s e s  t h e  q u a n t i f i a b l e  r i s k s  from exposure  t o  radon 
d a u g h t e r s .  The r i s k  e s t i m a t e  i n d i c a t e d  i n  t h e  t e x t  f o r  f o s s i l  f u e l s  
a r i s e s  from s t u d i e s  i n  t h e  U.S. p o p u l a t i o n  c o r r e l a t i n g  "premature dea th"  
and r e s p i r a t o r y  i l l n e s s  wi th  a i r b o r n e  c o n c e n t r a t i o n s  of p a r t i c l e s ,  s u l -  
f a t e s ,  and o t h e r  s u b s t a n c e s  t h a t  ar ise  from combust ion of  f o s s i l  f u e l s ,  
e s p e c i a l l y  c o a l .  The e f f e c t s  depend,  i n e v i t a b l y ,  on t h e  measures  t aken  
t o  c o n t r o l  emis s ions  a t  t h e  p l a n t ,  t h e  manner i n  which emiss ions  a r e  
t r a n s p o r t e d  and undergo c o n v e r s i o n ,  and t h e  p o p u l a t i o n s  exposed.  Actua l  
e s t i m a t e s  o f  t h e  e f f e c t s  are h i g h l y  u n c e r t a i n ,  even c o n t r o v e r s i a l ,  and 
sometimes s t a g g e r i n g .  For example, i t  has  been e s t i m a t e d  t h a t  U.S. mor- 
t a l i t y  from c o a l  burn ing  may be  up  t o  50,000 d e a t h s  p e r  y e a r  (Of79).  On 
t h e  o t h e r  hand, e s t i m a t e s  based on r easonab ly  w e l l - c o n t r o l l e d  c o a l - f i r e d  
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p l a n t s  y i e l d  annual  f a t a l i t i e s  on t h e  o r d e r  o f  t e n  p e r  g igawa t t  o f  elec- 
t r i c i t y  (which i n c l u d e s  d e a t h s  due t o  a c c i d e n t s  o r  b r e a t h i n g  c o a l  d u s t )  
and a much l a r g e r  number o f  a s s o c i a t e d  i l l n e s s e s  (Sc79) .  
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7. Moni tor ing  Radon and I ts  Daughters  --- 
A l a r g e  v a r i e t y  o f  t echn iques  i s  a v a i l a b l e  f o r  mon i to r ing  radon and 

i t s  d a u g h t e r s .  A l l  o f  t h e  t echn iques  t h a t  are p r a c t i c a l  f o r  measuring 
a i r b o r n e  c o n c e n t r a t i o n s  t h a t  occur  i n  t h e  g e n e r a l  envi ronment ,  i n c l u d i n g  
i n d o o r s ,  u s e  d e v i c e s  t h a t  d e t e c t  t h e  r a d i a t i o n  e m i t t e d  when radon or i t s  
d a u g h t e r s  decay .  Many such d e v i c e s  are s e n s i t i v e  t o  t h e  a l p h a  p a r t i c l e s  
e m i t t e d  ( t h e  same ones r e s p o n s i b l e  f o r  most o f  t h e  dose  t o  t h e  l u n g s ) ,  
bu t  a few d e t e c t  b e t a  o r  gamma r a d i a t i o n .  

No s i n g l e  mon i to r ing  ins t rument  s a t i s f i e s  t h e  r equ i r emen t s  a s s o c i -  
a t e d  wi th  a l l  a p p l i c a t i o n s .  In s t rumen t s  v a r y  wide ly  i n  c o s t  and type  o f  
measurement. P o s s i b l e  a p p l i c a t i o n s  o f  mon i to r ing  i n s t r u m e n t s  range  from 
d e t a i l e d  r e s e a r c h  s t u d i e s  o f  t h e  behav io r  of  radon d a u g h t e r s ,  r e q u i r i n g  
complex i n s t r u m e n t s  c o s t i n g  t e n s  o f  thousands  o f  d o l l a r s ,  t o  l a r g e - s c a l e  
su rveys ,  which may dep loy  f i f t e e n - d o l l a r  d e v i c e s  t h a t  are  used f o r  o n l y  
one measurement. Complex i n s t r u m e n t s  can  o f t e n  measure t h e  v a r i a t i o n s  
o f  radon o r  daugh te r  c o n c e n t r a t i o n s  wi th  t i m e ,  whereas s i m p l e r ,  less- 
expens ive  d e v i c e s  o f t e n  y i e l d  ave rage  c o n c e n t r a t i o n s  o v e r  a long  pe r iod  
of t i m e  o r  t h e  c o n c e n t r a t i o n  a t  a s i n g l e  t i m e .  The l ea s t  expens ive  dev- 
ices  a l s o  tend  t o  be r e l a t i v e l y  i n a c c u r a t e  a t  low c o n c e n t r a t i o n s ,  bu t  
t h i s  may be  acceptable  in a large-scale su rvey  whose purpose is t o  
de t e rmine  t h e  average  c o n c e n t r a t i o n  i n  t h e  houses  s e l e c t e d .  I n  c o n t r a s t  
t o  t h i s ,  g r e a t e r  accuracy  may be  r e q u i r e d  o f  a n  in s t rumen t  used i n  su r -  
veys  t o  de t e rmine  compliance o f  i n d i v i d u a l  houses  wi th  some s t a n d a r d .  A 
p a r t i c u l a r  d i f f i c u l t y  i s  t h a t  o f t e n  t h e  d e v i c e  t h a t  i s  most s a t i s f a c t o r y  
i n  terms o f  c o s t  o r  accu racy  i s  u n s a t i s f a c t o r y  i n  t h a t  i t  measures  the 
wrong parameter ,  e . g . ,  t h e  c o n c e n t r a t i o n  of  radon,  r a t h e r  t han  i t s  
daugh te r s .  

For  any su rvey ,  whether  t o  de t e rmine  c o n c e n t r a t i o n  ave rages  ( o r  f r e -  
quency d i s t r i b u t i o n )  o r  t o  check t h a t  c o n c e n t r a t  i o n s  i n  i n d i v i d u a l  
houses  do  no t  exceed some l i m i t ,  f o rmula t ion  of  t h e  program and selec- 
t i o n  o f  i n s t r u m e n t a t i o n  s t r o n g l y  a f f e c t  one a n o t h e r .  In s t rumen t s ,  meas- 
urement procedures ,  suppor t  l a b o r a t o r i e s ,  and d a t a  a n a l y s i s  t echn iques  
a l l  i n f l u e n c e  t h e  deg ree  t o  which s p e c i f i e d  mon i to r ing  o b j e c t i v e s  can  be  
ach ieved ,  and program o b j e c t i v e s  must be  chosen  wi th  a r e a l i s t i c  view o f  
t h e  c o s t s ,  c a p a b i l i t i e s ,  and l i m i t a t i o n s  of  v a r i o u s  measurements t ech -  
n iques .  
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A 1974 paper by Budnitz (Bu74) reviewed instrumentation for monitor- 
ing radon and its daughters. This review has recently been revised and 
updated (Ne8lb). George (Ge80) surveyed monitoring instruments, giving 
particular attention to calibration techniques. 
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