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ABSTRA CT 
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e f fe c t ive re m e d i a l  a c t ions a re presented.  The au t hors 
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PREFACE 

T h i s  report has been prepared as a Swed i s h  cont ribu t ion 
to t he work w i t h i n  the Ener g y  Conservation i n  Building s  
and Community Sys tems Pro gramme, A n nex I X  " M i ni m u m 
Ven t i l a t ion Rates"  of the Interna t i onal Ene rgy Age ncy 
{!EA ) .  The pu rpose of  this report i s  to present a s tate 
o f  the a r t re v i e w  of p re s e n t  k n o w l e d g e  o n  i nd o or 
i o n i z i n g  r a d i u t i o n  w it h  � p e c i a l  e mp h a s i s  o n  the 

___ Q_Q_s�J.b i).ti.y __ t;_Q_pre ve nt e x c e s sive conce n t rat ion o.f radon 
in n e w  c o n s t ru c t i o n s  a nd c o s t  e f fec t i ve re m e d i e s  f o r  
p r e s e n t  b u i l d i n g s . T h e  re p o r t  a l s o  i n c l u d e s  t h e  
au t h o r s' v i e w  o n  t h e  i s s u e s  o f  o p t i m a l  s t rate g i e s  a n d  
cos t-be ne f i t  conside ra t i on s .  

T his re po r t  has be e n  a p p r o v e d  f o r  publication hy t h e  
S w e d i s h  C o u nc i l  f o r  Bu i l d i ng R e s e ar c h. A p p r o v al d o e s 
not s i g n i fy t h a t t h e  co n t e nts n e c e s s ari ly re f l e ct t h e  
v i e w s  a n d  p o l i cy o f  t h e  Co u n cil o r  o f  ot he r S w e di s h  
agenc ies , nor does me ntion o f  trade na mes , c o m m e rcia l  
p r o d u c ts ,  o r  m e t h o d s  c o n sti t u t e e n dors e m ent or 
reco m m e ndat i on for u s e. 

The a u t hors are solely re s9onsihlP fn � conclusions 
a n d  s tatement s in t h e  r e p o r t .  V a luab l e  co m m e nts h ave 
bee n receiv ed fl.'"om Dr Raus Eltd w a l l , D r  Niels Jonassen, 
D r  Gor a n  P e r s h a ge n, Dr 8 rli ng S tra nde n, Dr Gu n A str i 
Swed j ema r k ,  a nd Or H�kan Wahren. 
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Thomas Lindva l l  
Ka ro l i ns ka Inst itute a nd Na t i onal Ins t i tu te 
of E n v i ronme ntal Med i c i ne ,  Stockho l m ,  Sweden 

Lars-Goran Mansson 
Swed i s h  Counc i l  for Bu i l d i ng Research , 

Stockhol m ,  Sweden 
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l. INTRODUCTION 

Tox ic or othe rw ise pote n t i a l l y  ha r m fu l  substances a re 
natural  a n d  i ne v i ta b l e  com ponents of ou r e n v i ron m e n t .  
M a n y  o f  t he s e  s u b s t a n c e s ,  i e s o m e  t r a c e  e l e m e n t s  a n d 
v i ta m i n s ,  a re esse n t i a l  to l i fe i n  t race quan t i t i e s  a nd 
h a r m f u l  or e ve n  le thal i n  h ig h e r  conce ntra t ions .  Othe rs 
a r e o n l y  tox i c  w i t hou t a ny k no w n  b e ne f i c i a l  fu n c t io n .  
T h e  tox i c  p rope r t i e s  a re s om e t i m e s  r e l a ted to t h e  
a r r a n g e m e n t  o f  h a r m l e s s  e l e m e n t s  i n to a b iolog i c a l l y  
a c t ive c h e m ical com pou nd , e x a m p l e s  of w h i c h  are tox i n s  
p ro d uce d b y  b a c t e r i a  a n d  t h e  a r ra n g e m e n t  o f  o x y g e n ,  
c a rbon a nd hydrogen i n to a l cohol. T he tox ic e ffect c a n  
a l so b e  c a r r i e d  b y  t h e  a to m  i t s el f , i e tox i c  h e a vy 
m e t a ls s u c h  a s  m e r c u r y  a n d  c a d m i u m. R a d i o a c t i v e  
nuc l ides can cause hea l t h e f fec ts t h rough the e m i t ted 
rad i a t ion . 

Tra c e  a mo u n t s  o f  n a t u r a l l y  rad ioa c t i v e  nu c l i d e s  a re 
p r e s e n t  i n  s o i l ,  roc k  a n d  bu i l d i n g  m a t e r i a l s ,  a s  w e l l  
a s  i n  l i vi n g  orga n i s m s  includ i ng hu m a n  be ings.  Throug h  
t he e m i t t e d  r a d i a t io n  t h e s e  nu c l i d e s  c a n  c a u s e  h a r m  
w h e n  p re s e n t  i n  co n c e n t ra t i o n s  s o  low t h a t  e v e n t h e  
s t rongest po i son wou ld be com plete ly h a r m l e s s .  L i v i ng 
o r g a n i s m s  a l so re c e i ve som e rad i a t io n ,  co s m i c  ray s ,  
f rom sou rces ou t s i d e  the e a r t h .  The com b i ned e f fe c t  of 
all n a t u ra l  rad ioa c t i v i ty con t r i bu tes more to the total 
r a d i a t io n  bu rd e n  t han do a l l  a r t i fic i a l  sou r c e s  o f  
rad i a t ion inc lud i ng m e d i c a l  d i agnos t ics , nuclear e ne rgy 
a nd f a l l  ou t f ro m  nu c l e a r  w e a po n  t e s t i n g .  I t  is  not 
surpr i s i n g  that na tura l  rad i a t ion has bee n a t t ract i n g  
i n c re a s i n g  a t te n t io n  f ro m  t h e  ra d i a t i o n  pro t e c t io n  
c o m m u n i t y .  T h e  mos t i m po r t a n t  f a c tor co n t r i bu t i ng to 
t h e  to t a l  dose bu rd e n  f ro m  n a t u r a l  rad ioac t i v i t y i s  
r a d o n  a n d  i t s s ho r t - l i v e d  d e c a y p rod u c t s  pre s e n t  i n  
i ndoor a i r. 

T a b l e  1 i l l u s t ra t e s  t h e  con t r i bu t ion f ro m  v a r ious 
sou rces to the col l e c t i ve e f fe c t i ve dose equ ivalent to 
the Swed i s h  popu l a t ion /25/.  

T h e  t a b l e  s ho w s  t h a t  in  S w e d e n  radon in  d w e l l i ng s  i s  
not o n l y  t h e  s i n g la mos t i m po r t a n t  con t r i b u to r  to 
rad i a t i o n  dose b u rd e n ,  b u t  is e v e n t w i c e as i m po r t a n t  
a s  t h e  s u m  o f  a l l  o t h e r sou rc e s ,  nu c l e a r  e ne rg y  a n d  
m e d i ca l  d i a g no s t i c s  i n c l u d e d .  I n  t h e  t a b l e  t h e  dos e s  
fro m  radon dau g h t e rs i n  indoor a i r  have peen ca lcula ted 
accord i ng to the Uni ted Nat ions Sc i e n t i f i c Com m i ttee on 
E f f e c t s  o f  A t o m i c  Rad i a t io n  ( UN SCEA R )  / 8 9 /  as 0.08 
m Svy-1 pe r Bqm-3 . The r e la t ionships i n  Table 1 are not 
u n ique for Swede n bu t repre s e n t a t i v e  a lso for F i n l a nd 
a n d  Nor w a y  a n d  som e a r e a s  i n  o t h er cou n t r i e s .  O n e  
e x a m p l e  i s  Sou t h-e a s t e r n G r a u bU n d e n  i n  S w i t z e r l a nd , 
whe re c r i s ta l l i n e  pre c a m b r i a n  rock wit h a h igh ura n i u m  
a n d  t ho r i u m  con t e n t  r e a c h e s  t h e  s u r f a c e .  In t h i s  a re a  
m e a sure m e n t s  ind i c a t e  a geom e t r i c  m e a n  radon conc e n t ra ­
t ion i n  the l iv i ng qua rters o f  2 5 5  Bq/m 3 ( appro x i m a t e l y  
1 0  m S vy- 1 a s su m i ng e qu i l i b r i u m  f a c to r  e qu a l  t o  0. 5 )  
/ 19/ . 
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Table 1. Collective effective dose equivalents from 
different sources of radiation to the Swedish population, 
personSieverts and year; absolute an� relative numbers (%) 
/25/. 

Sources of radiation personSv/year 

Cosmic rays 
Natural radioactivity in the body 
Ra�ldllon from the ground _(4000 personSv/ 
year corrected for 20% occupancy outdoors) 
Nuclear energy, dose to the public 
Nuclear energy, occupational dose 
Nuclear weapons fall out 
Radon in dwellings 
Gamma radiation indoors, (80% occupancy) 
Consumer articles, watches, fire alarms, 
TV, screens etc 
Other industry, occupatlu11dl dose 
Research and education 
Dental X-ray, patients 

" , occupational 
Radiation therapy, patients 

" , occupational 
Medical X-ray, patients 

, occupational 
Medical isotope examination, patients 

, occupational 
Veterinary X-ray, owner of animal 

, occupational 

2400 
3500 

800 
0.3 

15 
100 

34000 
4000 

l 
2.� 

10 
600 

0.3 

4.7 
6.9 

l.6 
0.0006 
0.03 
0.2 

67 
7.8 
0.002 
0.005 
0.02 
1 
0.0006 

irrelevant 
1 0.002 

5000 10 
2.3 0.005 

580 1 
2.2 0.004 
0.4 0.0008 
0.3 0.0006 

In most c ount r i e s , howev e r ,  radon in indoor a i r  cont ri­
but e s  l e s s  t h an 5 0% o f  t h e  t ot a l  d os e  bu r d e n .  For 
ex ample, in the United Kingd om radon decay prod u c ts in 
indovi: ait lie::; a mean concent ration o f  1 2  Bq/m 3 and i s  
t h e  most important cont ribut ing factor respon s ible for 
3 3% o f  the t ot a l  dose burden / 6 5/ .  The s i tuat i on in the 
F e dera l Republ ic of G e rmany i s  sim il a r  wit h a m e an 
ind o� r ai r c on c ent rat i on o f  r a d on d a ug h t e rs o f  1 7  
Bq/m • ON S C EAR / 4 /  h a s  e stimat e d  t h a t  t he ave� age 
indoor concen t ra t ion of radon d aught e rs is 1 5  Bq/m in 
t h e  tempe rate reg i ons of t he world. 

Th roug h radi at ion prot ect ion activities the total dos e  
bu rden f rom a rt i fi c i a l  s o u r c e s  o f  r a di a t i on h a s  b e en 
reduced or remained c onstant . H oweve r, d os e s  from radon 
in indoor a i r  have incr eased c on s i d e rably during recen t  
d ec a d e s. M e a surem ent s o f  r a d on in Sweden 3 0  y e a r s  ago 
ind i cale 011 average c oncent ration of radon daug hters of 
12 Bqm- 3 ( t h e  a v e rage pot ent i a l  a l p h a  ene rg y  c on c e n ­
t rat i on c o r re s p on d ing t o  an e q ui l i b r i u m  e q uiv a l ent 
c on cen t ra t i on ( E E C ) of r a d on d a ug ht e r s ). Re cent r a d on 
m e a s u rement s in r an d om ly s am p l e d  dwe l l ing s ind i c at3 t h at t h e  c o r r e s p on d ing f ig u re t o d a y  i s  5 3  + 1 6  Bqm ­
/ 5 8 / , / 6 9 / , / 8 3 /, equ iva l ent t o  a fou r t o- f iv e f o l d  
inc rease i n  t h e  potent i a l  a l pha ene rgy c on cent rat i on in 
3 0  yea rs . But t h i s  m ay be an ov e re s t im a t e  be c a use t h e  
measu remen ts d i d  n ot cover t he same a re a s .  
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2. SOME FACTS ABOUT RADON 

U raniu m -238 a nd t hor ium- 2 3 2  are raiioac t ive w ith ve ry 
long h a l f-l ive s ,  4 . 5" 10 9 a nd l . 4" 10 1 ye ars re spect ive­
l y .  The se e l e m e n ts a re slowly transformed i n to stable 
l ead- 206 a nd lead-20 8  re spect ive ly.  The transform a t ion 
t akes place by consecut ive de cays in a cha i n  of seve ral 
u ns t a b l e  i n t e r m e d i a t e nu c l i d e s .  At e qu i l i b r i u m  t h e  
re l a t ive amou n t  of e a c h  nu cl ide is  inversely proport io­
n a l  to i ts hal f-l i fe .  W i t h  one exce p t io n ,  the inte rme­
d i a te nuc l ides a re isotopes of m e t a l s  a nd thus i m mobi le 
in  the m a t r i x .  The o n e  ex c e pt io n  i s  radon , w h i c h  i s  
p roduced by decay o f  i t s  parent nu c l ide rad i u m .  I t  i s  a 
nob l e  g a s  a n d  t h u s  f r e e  to move by d i f fu s io n  a s  we l l  a s  
b y  conve c t io n , i f  n o t  t ra p p e d  b y  t h e  s u r rou nd i n g 
m a t r i x .  T h e  i s o tocf'e o f  radon p ro d u c e d  i n  t h e  t ho r i u m  
d e c a y  c h a i n ,  2 2  R n , h a s  a h a l f - l i f e o f  o n l y  5 4 . 5  
s e con d s. Du e to t h e  s ho rt h a l f - l i fe o n l y  a ve ry s m a l l  
f r a c t i o n  o f  t h i s  i s o t o p e  e m a n at e s f ro m  b u i l d i n g 
m at e r i a l s  or i n f i l trates from the grou nd subja c e nt to 
t h e  bu i l d i n g ,  a n d  m ixe s w it h  t h e  i n door a i r . I � t he 
u ra n i u m  decay cha i n  one i n te rmed iate nuc l ide is 22 Rn 
w i t h  a h a l f-l i fe o f  3 . 8  d a y s .  This t i m e  is long e no u g h  
t o  a l low for a pa r t i a l  re lease from bu i l d i ng mate r i a l s  
a n d  so i l .  The h a l f - l i fe i s  s ho r t  e nou g h  t o  re st r i c t  
t ra n s po r t  b y  pu re d i f fu s io n  to s ho r t  d i sta n c e s  o n l y ,  
b u t  o n c e  t h e  radon h a s  l e ft t h e  sol id m a t e r i a l  a n d 
become m ixed w i t h  a i r, convec tive transport ove r longe r  
d i s t a n c e s  ( s e v e r a l  m e t e r s ) f rom t h e  s o i l i n to a 
bu i l d i n g  i s  pos s i b l e .  

F ro m  t h e  h a l f -l i fe o f  a nu c l i d e  i t  is  pos s i b l e  to 
c a l cu l a t e  how m a ny a toms it take s to get one decay pe r 
l!le co n d , w h i c h  io t h e  def i n i t io n  o f  o ne b e qu e r e l  (Sq ) .  
4 7 6 000 a to m s  a re n e e d e d  to g e t  o n e  b e qu e re l  o f  2 2 2 R n .  
A d e c a y  o f  o n e  a to m  o f  radon i s  fo l lo w e d  w it h i n  a s ho r t  
t i m e b y  t h e  co n s e c u t ive d e c ay o f  t h e  s ho rt l ive d r a d o n  
d au g h t e rs ,  polo n i u m - 2 1 8  w i t h  a h a l f - l i fe o f  3 m i n a nd 
2 60 a to m s /S q ,  l e a d - 2 1 4  w it h  2 7  m i n  a nd 2 300 ato m s /Sq , 
b i s m u t h - 2 1 4 w i t h  20 m i n a n d  1 70 0  a t o m s / B q ,  a n d 
p o l o n i u m - 2 1 4  w i t h 2· 10 - 4  s e c .  O n e  Bq o f  rado n  
daugh t e rs ( EE C )  is  thus a ltoge t h e r  only approx i m ate ly 
4 300 a to m s .  

I n  a i r  t h e  nuc l ides ori g i na t i ng f rom radon a re pre s e n t  
i n  v a ry i ng p ropo r t i o n s. A n  exa c t  c h a r a cte r i s at io n  i s  
com plex a nd m u s t  involve quant i fica t ion of t h e i r  i nd i ­
v i d u a l  conce n t ra t ions. As a s i m p l i fi c a t io n ,  the concept 
o f  pot e n t ia l  a l pha e n e rgy conce n t ra t ion or equ i l i b r i u m  
equ iva l e n t  conc e n t ra t ion o f  radon ( EE C )  is u s e d  for any 
comb i n a t ion of these nucl ides hav i ng the same pote n t i a l  
o f  e m i t t i ng e n e rg y  a s  a l p h a  pa r t i c l e s  u nd e r  com p l e t e  
d e c a y  t o  l e ad - 2 1 0  a s  i f  t h e y  w e re a l l  p re s e n t  i n  t h e  
s a m e  a c t iv i t y  conce n t ra t ion ( S q m 3 ) .  T h u s  o n e  B q / m 3 o f  
radon daugh t e rs ( EE C )  re fers to a ny com b i na t ion o f  the 
i nd iv i d u a l  radon daug h t e rs hav ing the same pot e nt i a l  of 
e m i t t i ng a l p h a  pa r t i c l e s  a s  o n e  B q / m 3 o f  e a c h  of t h e  
nuc l ides . 

A f ra c t ion o f  t he radon d a u g h t e r s c a n  oc c u r  a s  f r e e  
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ions or s ma l l  neu t ra l  c l u s te rs of ato m s  ( a pprox i m a t e l y  
5 n m ) i n  t h e  a i r . I n  no r m a l  cond i t io n s , h o w e ve r ,  t h e  
m ajo r i t y i s  a t t a c h e d  t o  pa r t i c l e s  i n  t h e  a i r . Th i s  i s  
u s u a l l y  refe rred t o  as the a t tached a nd t h e  u na t tached 
f r a c t i o n s .  Howe ve r ,  the a i rbo r n e  radon d a u g h t e rs m a y  
ex i s t  i n  a s i ze con t i nuum from s m a l l  c l u s te rs o f  a toms 
u p  to the s ize of the indoor aerosol /44/ , /70/. 

Expe r i m e n t s  have s hown that mod e ra te conce n t r a t ions of 
radon dau g h t e rs i ndoors can i n c rease con s i d e rably and 
e v e n  more t h a n dou b l e  i n  the p re s e n c e  of c i g a r e t t e  
smoke / 104 / .  

In outdvor air a typical conc e n tratio n of radon i s 5 
Bq/m 3, corre s pond i n g t o  an a ve ra g e  d i sta nce o f  7 m m  
b e twe e n  a to ms of r a don. In a ve ra g e  indoo r a i r  w i th 20 
Bq/m3 the average int e rdistance i s  4 mm. In the m in ori ­

ty of dwellings wit h >1000 Bq/m 3 the distance be tween 
r a d o n  a to m s  is l e s s  t h a n  1 m m .  Th is co r re s po n d s  to a n  
a l mos t i n c r e d i b l y  low f ra c t ion o f  t h e  a to m s  be i �� 
rado n .  Fo r e a c h  a to m  o f  r a d o n  t h e r e  a re 2·1016, 3•10 
and 6·10 1 3 a toms respect ive ly of other e l e m e nt s .  

A t  a bo u t 400 Bq / m 3 o f  rado n d au g h t e r s i n  i n doo r a i r  t h e  
r i s k  for h u m a n  adve rse e f fects com mo n l y  c a l l s  for t h e  
i n t e rve n t ion o f_ soc i e ty. Th is _conce n t r a tj9n corresponds 
to o n l y  l . 7·10° a to m s  p e r m� o r  6·10-�0 g ra m / m� . No 
chem i ca l  com pou nd or e le m e n t  wou l d  s how tox ic e f fects 
at  such a low conce n t ra t ion.  

The rad ioa c t ive n u c l ides in  t he decay c h a i n s  o f  u ra n iu m  
a n d  thorium e m i t  d i f f e re n t  types o f  rad i a t io n ,  o f  wh ich 
g a m m a  a nd a l p h a  rad i a t ion a re the m o s t i m po r t a n t .  The 
t wo types of rad i a t ion have ve ry d i f fe re n t  prope r t i e s .  
Ga m m a  rad i a t ion i s  pe ne t rat ive a nd made u p  o f  e n e rge t ic 
photons.  Th i s type o f  rad i a t io n ,  e m i t ted by n u c l ides i n  
t h e  bu i l d i n g  m a t e r i a l s ,  r e s u l t s i n  a f i e l d  o f  g a m m a  
.t'c::id.idt.ion .in the dwe l l i ng a nd a n  a l mos t u n i form dose to 
t h e  w ho l e  bod y .  A l p h a  rad i a t io n  i s  m a d e  u p  o f  p a r ­
t i c l e s ,  i . e . ,  n u c l ei o f  h e l i u m  c o n s i s t i n g o f  t wo 
neutrons and two protons. This type of radiation pene ­
trates a few ce n t i m e t res throug h  a i r  a nd on l y  40 to 70 
m i c ro m e t re s  t h rou g h  t i s s u e s .  T h u s  t h i s  t ype o f  r a d i a ­
t io n  c a n  o n l y  r e a c h  l i v i n g  c e l l s  t h ro u g h  d e c a y  o f  
rad ioa c t i ve n u c l i d e s  w i th i n  o r  o n  t h e  body. The hea l t h  
haz ard d e r i ved f ro m  the resu l ta n t  e ff e c t i ve dos e e qu i ­
v a l e n t  i s  g e n e ra l l y  a s s u m e d  t o  b e  a f a c to r  o f  20 h i g h e r  
t h a n  f rom the s a m e  e ne rgy absorbed a s  g a m m a  rad i a t ion 
i n  t i s s u e s .  T h e  b a s i c  re ason fo r t h i s i s  t h a t  a l p h a  
rad i a t ion h a s  a h i g h  l i ne a r  e ne rgy t ra ns f e r  ( h i g h  LET­
r a d  i a  t ion ) ,  g i v i n g  a n  i n t e n s e  i m p a c t  o n  t h e  s m a l l  
vo lu m e  o f  t i s s u e  a f f e c t e d .  W h e n g a m m a  r a d i a t i o n  
pe n e t ra t e s  t i s s u e s  t h e  e n e rg y  i n  t h e g a m m a  p h o t o n  i s  
d i s t r i b u t e d  a l o n g  i t s l o n g  p a t h  o f  p e n e t ra t io n  ( low 
LET-rad ia t ion ) .  
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3. RISK ANA LYSIS AND HEALTH EFFECTS 

Exposu re to radiati on is g e ne ra l ly assumed to resu lt in 
a li n e a r  i n c r e a s e  i n  t h e  p r o b a bi lity o f  d e v e l o p i n g  
fatal cancer.  

Di f f e re nt t y p e s  of radi ati o n  a nd d o s e s  re c e i v e d  by 
di f fe re nt pa rts o f  the body can be compared only a fter 
transformation i nto a c o m m on di me nsion , the e f fective 
d o s e  e quiva l e nt wit h S I  u nit Sie ve rt (Sv ) .  The i nte r ­
nationa l l y adopted weighting facto rs for this trans for­
m ati o n  for di f f e re nt typ e s  of r a di ati o n  a nd v a ri o u s  
or gans are c o ntinously s u b j e ct t o  re vision in the light 
o f  new data evaluated by the I nternational Com mission 
on Radiol ogical P rotection ,  ICRP. 

The a m o u nt o f  radi ati o n  e ne rg y ,  SI u nit Gray ( Gy ) ,  
j ou l e /kg , a b s o r bed i n  a ti s s u e  i s  t ra n s f o r m e d  t o  d o s e  
e qu i v a l e nt ,  u nit Si e ve rt ,  to t h at ti s s u e  by a q u a lit y  
f a ct o r  s pe c i fi c  to the t y p e  o f  radiati o n .  F o r  g a m m a  
radiati o n  this factor is o n e  and for a l pha radiati o n  it 
i s  2 O. 

The dose equiv a l e nts for a speci fic o rgan are tra n s f e r­
r e d  to e f f e cti ve d o s e  e qu i v a l e nts by i nte r n ati o n a l l y 
a d o pt e d  weig hti ng f a ct o r s  f o r  e a c h  o r g a n .  A ft e r  t h e s e  
tra n s f o r m ations it i s  possible t o  compa re consiste ntly 
h e a lt h  h aza rds f r o m  a l p h a  radi ati o n  to t h e  l u n g s  with 
gam m a  radiation to the whole body. It is the n ge ne ra l l y  
a s s u m e d  t h at t h e  d o s e  e qui v a l e nt 1 S v  to t h e  l u n g s  
corresponds t o  0 . 1 2  S v  e f fective dose equivalent o r  to 
a u niform dose o f  0 . 1 2  Sv to the e ntire body. 

A c c o rdi n g  to t h e  I C R P it is c o m m o n l y  a s s u m e d  t h a t  t h e  
e f f e cti ve d o s e  e q uiva l e nts c a n  b e  i ndi c at o r s  o f  t h e  
p r o b a bi lity o f  d e ve l o pi ng f at a l  c a n c e r  i n d u c e d  b y  
radiati o n .  The probability i s  o ften quantified as about 
2 fata l cancers per 100 p e rsonSie ve rt. 

Pre s e nt esti m ates o f  the re lationship betwee n ex posu re 
to rad on dau ghte rs in indoor ai r a nd the added ris k  o f  
d e ve l o pi ng l u ng c a n c e r  a re d e ri ve d  f r om d o si m et ri c  
m ode l ling o r  by a na logies o r  from e xtrapo l ations f ro m  
e pid e m i o l og i c a l studies o n  t h e  ex ces s pre v a l e n c e  o f  
l u ng c a n ce r a m o ng mine rs. The d o si m et ric m od e l s  c a l ­
c u l ate the distribution a nd m ove m e nt of radon daughters 
i n  the body. From this the doses received by di f fe re nt 
tissues are c a l c u lated a nd subsequently the e f f e ctive 
d o s e  e q uiv a l e nt m o d e l l e d .  Su c h  m o de l li n g  i n e vit a b l y  
i nvolves seve ral assumptions and a considerable u nc e r ­
tai nty . Se ve r a l  e pid e mi o l o gi c a l  stu di e s  h a v e  b e en 
reported / 1/ , / 2/ ,  / 15/ ,  / 26/ , /53/ , /59/ , /75/ , re sul­
ti n g  i n  a f ai r  c o n s e n s u s  o n  t h e  re l ati o n s hi p  betwe en 
i n c r e a s e d  l u n g c a n c e r  i n ci d e n c e  a nd e x po s u re t o  r a d on 
daughters in mi nes • 

W h e n a p p l yi n g  r e s u lts f ro m  mi ne rs to t h e  g e ne ra l  
popu latio n  some di f fe re nces can be compe nsated f o r ,  i e 
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b re a t h i n g r a t e  a nd du ra t i o n  o f  e x po su re .  O t h e r  d i f f e ­
re n c e s  c a n  b e  c o m p e n s a t e d  f o r  o n ly w i t h a s su m p t i o n s  
w h ich result i n  c o n siderable unce rta i n ty. Among these 
d i f fe rences a re: 

mi n e rs a re h e a l t h y  a du l t  m a l e s  w h e r e a s  in dwel­
l i ngs the w h o l e  population i s  exposed , 

- the higher breathing rate dur i ng w ork in m i nes can 
resu l t  i n  a d i s t r ibu tion o f  t he rad o n  daughte rs in 
t he re s p i ra t ory t ra c t  di f f e re n t  f rom the d i s t r ibu­
tinn �fte r t h e  s l ower b rea t h i n g r a te i n  dwe l ­
l i ngs , 

- t h e  e x po s u re s i n  m i ne s  a re c h a ra c te r i z e d  by h i g h  
conce n t rat i o n  o f  ohort du r a t i o n lirnlLe� Lo 4 0  hou rs 
a w e e k  f o r  4 0  y e a r s; i n  dwe l l i n g s  t h e  e x p o s u r e  i s  
e x tended ove r l o nge r t i mes bu t a t  l ow e r  concen tra­
tions. 

Duri n g  re c e n t  y e a r s  s e v e r a l  s c i e n t i f i c b o d i e s  h a ve 
e va l u a t e d  t h e  r e su l t s f r o m  d o s i m e t r i c  m o d e l l i n g  a n d  
epidem io logical s tudie s a t t e m pting t o  reach conse nsus 
on an acceptab l e  re lat ions h ip b e twee n  exposure to radon 
d a u g h t e r s  in dw e l l i n g s ,  e x p r e s s ed as a c o nve rs i o n  
factor be twee n  e x posur e ,  conce nt ra t i o n  and t he resu l ­
t a n t  e f fe c t ive d o s e  e quiva le nt. UNSCEAR g a v e  a s  a re fe­
re nce conve rsi o n  f a c t or 0.061  mSv/vear p e r  Ba/m3, assu­
ming that 80% o f  t h e  time was s pe n t  i�door s

-
/89/. This 

t";or sponds to 0.08 mSv / y c.:i r  p e r Dq / m  , assum ing 1 00% 
i ndoo r  occupancy. The ra nge o f  unce rta i n ty was e x p re s­
sed a s  0. 04 - 0. 1. The OECD gssumed a c o nv e r s i o n  fac tor 
o f  0. 0 6 5  mS v / y e a r  per B q / m  o f  rad o n  E E C  i n  bu i l d i ng s  
w i t h l ow v e n t i l a t i on ra t e s ,  a n d  o f  0. 09 5  m S v / ye a r  pe r 
Bq/m 3 i n  bu i l d i ngs wi th ave rage ve n t i l a t i on rates /63/. 
T h e  Na t i o n a l R a d i o l og i ca� P r o te c t i o n  B o a r d  i n  t he UK 
h a s  a d o p t e d  0. 0 5  m S v / ye a r  p e r B q / m 3 ( 5  mSv/ W L M ) a s  a 
re fe re nce c o n ve rs i o n  factor be twee n e xposure u nd e r  7 5 %  
o c cu pa n c y  / 6 5 /. I n  t h e  USA t h e  Na t i o nal C o m m i s s i on o n  
Rad i a t i o n  Pi:ott:!cLlu11 an·a Measu re m e n t  (NCHP) e s t i m a ted 
t h e  li f e ti m e  e x c e s s  r i s k  f o r  d o m e s t i c e x p o su re as 
e qu i v a l e n t  to a conve rs i o n  coe f f i c ie n t  of 0. 13 mSv/year 
""""""'- n-1-3 ,, ., _,.. __ , ,  .. "'Yo ••' ' """' '  t-'C"- "-'�/lll \.1.L IU�V/nLrJJ /Li.L./. 

In i t s  pre l i m i na ry re port the Swe d i s h  Rad o n  Com m i ss ion 
(SRC ) used 0. 13 5 mSv/yea r  pe r Bq/m3 equi l ib rium equiva­
l e n t  c o n c e nt ra t i o n  of radon a s  a r e f e re n c e  v a l u e  f o r  
1 0 0 %  i n d o o r  o c cu p a n c y  / 6 8 /. I n  i t s  f ina l re p o r t , t h e  
SRC did n o t . t a ke a n y s t a nd , re f e r r i n g  o n l y  t o  t h e  
figu r e s  gi v e n  b y  t h e  I CR P ,  U NS C E AR a nd O E C D. T h e  SRC 
sLre s s e d  t h a t  o n  t h e  p r e s e n t  s c i e n t i fi c  b a s e  e v e ry 
qua n t i f i cat i o n  o f  the re l a t i onship be twee n  e xposure and 
r i s k  must be d e e m e d  v e ry unce rta i n  / 6 9 / .  

The good a g re e me n t  be twee n t h e  conve r s i o n  fac tors g i ve n  
by t h e  d i f f e re n t  g rou p s  p r o b a b l y  r e f l e c t s  a f ai r  
conse nsus o n  reas o n a b l e  assumptions i n  the process o f  
al l o c a ting resources t o  t h is f i e l d  i n  c o m pe ti t i on w i t h  
o t h e r  d e m a nds for hea l t h prote c t i o n .  T h e  unce r t a i n t y  i n  
t h e  s c i e n t i f i c  database is  p robabl y  w i d e r  t h a n  i l lus t ­
rated by t h e  s m a l l  d i f fe re nce i n  conve rsi o n  f a c tors.  
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It i s, ho weve r, rat h e r  a ru l e  t h a n  a n  e x c e pt i o n  t h at 
est imates of exposu re - r i s k  re l at i onsh ips a re u n c e rt a i n .  
A lt h o u g h  t h e  e st imat e s  s om e t im e s  a re v e ry u n c e rt a i n  
t he y  p r o b a b l y  a re bett e r  t ha n  n ot h i ng w h e n  s ett i ng 
p r i o r it ies i n  e nv i ronme nt and health prote ct ion.  

In  t h e  f o l l o w i n� t h e  c o nv e r s i o n f a ct o r  of  0 . 0 6 1  
m Sv/year pe r Bq/m for 80% i ndo or occupancy i s  u s e d  i n  
com b i nat ion w it h  t he r i s k  est imate 0.02 fat a l  cancers 
pe r personSv g ive n by the ICRP.  Thus one Bq/m 3 o f  radon 
daughters i s  as sumed t o  result in  0.06 1 m Sv/year o r  in 
the r i s k  0 . 0 6 lx l 0 - 3 x 0 . 02 = l .2·1 0- 6  f at a l  c a n c e r s p e � 
y e a r, o r  i n  t h e  l i f et i m e  r i s k  ov e r  7 0  y e a r s  o f  9 " 1 0-
f at a l  c a n c e r s .  I f  t h i s  r i s k  e st im at e i s  c o r re ct it 
w o u l d  m e a n  t h at 400 out o f  t h e  p r e s e nt 2 5 0 0 c a s e s  o f  
l u n g  c a n c e r p e r ye a r  i n  S w e d e n  a r e re l at e d  t o  
i nh a l at i on of  radon dau ght e rs i n  i ndoor a i r. E f fe ct ive 
dose equ iv a l e nt f ig u re s  a nd l i fet ime r i s k  est imat e s  for 
r e p r e s e nt at ive c o n c e nt rat i o n s  of radon d a u g ht e r s  i n  
indoor a i r  are presented i n  Table 2 .  

Table 2 Effective dose equivalent and lifetime risk for 
representative concentrations of radon daughters (equilibrium 
equivalent concentrations of radon) in indoor air. 

Indoor radon daughter concentration mSv/years 

Estimated indoo� mean for temperate 
regions 15 Bq/m /UNSCEAR 82/ 0.9 

Finnish, Norwegian and Swe�ish 
indoor mean, about 50 Bq/m 3 

Swedish action level 400 Bq/m3 24 

Swedish action level 2000 Bq/m3, 
remedial action recommended within 
one year 120 

lifetime risk 

0.1% 

0.4% 

3.4% 

17% 

The r i s k  est im ates of l i fe l ong e x posu re t o  2 000 Bq/m 3, 
Ta b l e  2 ,  m i g ht ov e re st im at e t h e  t ru e  r i s k, s i n c e  t h e  
l i near relat i o n s h i p  bet w e e n  e x posu re and r i s k  cannot be 
ext rapolated t o  v e ry h ig h  leve l s  o f  i nd iv idual r i s k .  

A l l  r i s k  est imat e s  re fe rred t o  i n  Table 2 are based on 
the so-cal led absolute r i s k  concept .  Th i s  concept con­
s i ders only the e xcess rad i at i o n  r i sk as a funct ion of 
t h e  c um u l at ive d o s e  or e x p o s u re . H o w ev e r, a n a l ys i s  o f  
t h e  i n c re a s e  w it h  t im e  o f  t h e  l u n g  c a n c e r d e at h  r at e s  
i n  e x p o s e d  p o pu l at i o n s  s u g g e st s  t h at a re l at ive r i s k  
mode l m ay apply. Accord ing t o  t h i s  model the inc idence 
o f  l u ng cance r i n  e xposed popu lat ions, a ft e r  a n  i n it ia l  
l at e n c y  pe r i od, f o l l o w s  t hat o f  n o n -e x p o s e d  p o pu l a­
t i o n s, but at a h i g h e r  l ev e l by a f a c t o r  c o n s t a nt i n  
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t i me a fter e xpos u re .  The m odel i m p l i c i t l y  accoun ts for 
an in f l u en c e  o f  s m o k in g  p r o vi d e d  the r e  is a m u l t i­
pl i cat i ve in t e ra c t i on w i th e xposu re to radon daughters.  
W i th the re lat i ve r i s k  mode l i t  has been e s t i ma ted that 
abou t 1 0+5 % o f  the lung cance r death ra t e s  a�ong people 
l i v in g  rn "n o r m a l "  a reas w i th 8 - 25 Bq/ m 3 of rad on 
da u gh t e rs in the in d o o r  a i r m i ght be at t r i bu ta b l e t o  
rad on dau gh t e r s  e x p o s u re . F o r  ch r on i c  e x po s u r e s  a t  
abou t 3 00-5 00 Bq/m 3 the lung cancer death ra te m igh t be 
t w i c e  as h i gh as i t  w o u l d  b e  in the s a m e  p o p u l a t i on 
w i th n o  e x c e s s  e x p o su re t o  radon . A c c o rd i n g  t o  the 
re lat i ve r i s k - m o d e l ,  e x p o s u re to ra d on in a b s o l u t e  
te r m s w ou l d  b e  m u ch m o re dan g e rou s f o r  s m o k e rs o r  
people w i th othe r w i se enhanced r i s k  o f  d e ve l op ing lung 
cance r  /39/,  / 40/. 

A working g roup of  the World Hea l th Organ izat i on ( W HO )  
ha s e va l u a t e d  ra d on i n  i n d o o r  a i r  a n d  c on c l u de d ,  in 
a c c o r dan ce w i th the re la t i ve r i s k  c on c e p t ,  " tha t 
e s t i mated r isk o f  lung cance r ,  a t t ri bu table t o  inhaled 
radon daughte r concen tra t ions indoors, is a s i gni fican t 
f ra c t i on of the tota l  l ung cancer r i s k .  It is e s t i mated 
tha t a t  the obse rved m ean l e ve l s  indoo rs , abou t 10% of  
a l l  l un g  can c e r  c a s e s  m i gh t  be c a u s e d  b y  ra d on 
dau gh t e rs • ••• A t  the h i gh end o f  the c on c e n t ra t i on 
d istr i bution , the risk is of the o rde r ot tha t cau s e d  
b y  c i g a r e tte s m o kin g. --- Reducin g exp o s u re to radon 
dau gh t e rs i s  an e f f e c t i ve a p p r oa ch t o  re d u c in g  l u n g  
cancer ri sks " / 98/. 

A m ore accu rate e s t i mate of the t rue re la t i on sh i p  be t­
ween e xposu re t o  radon daughters in indoor a i r  and lung 
can c e r  in c i d e n c e  i s  u rg en t l y n e e d e d  and c an on l y  b e  
e s t a b l i sh e d  b y  e p i de m i o l og i c a l  s t u d i e s  i n  d we l l in g s .  
Res ea rch in th i s  f i e l d  i s  d i f f ic u l t  because o f :  

- l on g  l a t ency t i me: 1 0  - 3 0  y e a r s  b e t w e e n  e x p o s u r e  
and man i fe s ted l u n g  cance r, 

- s e ve ral fac to rs o the r than radon can re su l t  in lung 
cance r ,. and 

- e xcept in the s ma l l  n u m be r  of dwe l l in g s  w i th e x tre­
m e l y  h i gh c on c e n t ra t i on of ra d on dau gh t e rs the 
expec ted inc reas e  in m o rb id i ty is s ma l l ,  s o  that a 
very large sa m p l e  i s  requ i red to g i ve a s ta t i s t ic­
a l ly s i gn i f i cant resu l t .  

In Sweden , e p i d e m iolog i s ts have been inve s t iga t ing the 
h e a l th e f fe c t s o f  in d o o r  ra d on f o r  s o m e  yea r s .  P u b­
lished r e s u l t s o f  a f e w  p i l o t  s t u d i e s  in d i c a t e  a 
s t a t i s t ica l l y  s ign i f i can t assoc iat ion be t ween bronchial 
can c e r  and e s t i ma t e d  e x po s u re t o  rad on in d w e l l in g s  
/2 / .  I n  on e s tu d y  5 3  ca s e s  o f  lun g can c e r  a n d  an e qua l 
num b e r  of con t ro l s , ma tched for s e x ,  yea r o f  b i rth and 
s m o k i n g  hab i t s, w e re e x t ra c t e d  f r o m  the S we d i s h  t w in 
reg is t ry ,  and f ro m  a mate r ial of lung cance r cas e s  and 
c on t r o l s  in N o r th e rn S w e d en. E x p o s u re w a s  e s t i ma t e d  
f ro m  d a ta o n  h o u s e  cha ra c te r i s t i c s  o f  r e l e van c e  f o r  
ind o o r  rad on l e ve l s ,  e .  g .  bu i l d in g  m a t e r i a l  a n d  t y p e  
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o f  ve n ti lation. The resu l t s  i ndica ted a higher e xposu re 
t o  r ad o n  f o r  t h e  l u n g  c a n c e r  c a s e s  t h a n  f o r  t h e  
c o n t ro l s  among s mo ke rs bu t not among non-s m okers / 6 6 / .  

R e c e n t l y ,  a c a s e - r e f e r e n t  s t u d y  o n  t h e  p o s s i b l e  
associa tion between radon e manating from the ground a nd 
b r o n c hi a l  c a n ce r h a s  b e e n  pe r f o r m ed a m o n g  2 9 2  f e m a l e  
l u ng cancer cases a nd 5 8 4  m a t ched popu l a tion re f e re n t s .  
B o t h  g roups had lived a t  l e a s t  3 0  ye a rs i n  t h e  Ci t y  o f  
S to ckhol m .  Indoor radon a nd radon daugh t e r  measu re m e n ts 
we re made i n  a 1 0% s a mp l e  o f  t h e  d w e l l i n g s  w he re t he 
c a s e s  a nd re f e re n t s h a d  l i ve d .  A re l a tive ri s k  o f  2. 2 
(p=0 . 0 1 )  w a s  f o u nd f o r  l u ng c a n c e r a s s o cia ted w i t h  
l i vi n g  i n  d w e l li n g s  c l os e  t o  g rou nd i n  a reas wi t h  a n  
inc reased ris k  o f  radon e m anation / 84/. 

Larg e r  s tudies with pote ntial to quantify any re l a tion­
s hip b e t w e e n  e xp o s u r e  to rad o n  in ind,. o o r  air a nd l u n g  
c a n c e r  with s t a tis tica l  significance a re bein g  p l a nned 
in S w ede n a nd in N o r w a y .  A pi l o t  s tudy in N o r w a y  h a s  
s h o w n  t h a t  i t  i s  f e a si b l e  t o  c o ndu c t  epide m i o l o gi c a l 
s tudi e s  in t h e  N o r w e g i a n  p opu l a ti o n  s i n c e  t he re a re a 
reliable lung c a ncer incidence database , l a rge regiona l 
variations in indoor radon conce n t rations , a reliabl e  
da tabase on bui lding s to c k ,  a nd a reliable database o n  
s m o king habits a m ong di ffe re nt parts o f  t he popu l a tion 
/ 8 0/ . 
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4 SOURCES OF INDOOR RADON 

Radon e n te rs a building 
- f ro m  s oi l ,  fil l  o r  capil lari ty breaking laye r, 

by e x h a l a ti o n  of a f r a c ti o n  of t h e  rad o n  w hi c h  is 
p rodu c ed by d e c a y  of radiu m in the bui ldi n g  ma t e ­
ria l s ,  
wit h  drinking wat e r ,  a nd 
wit h  supply ai r o r  i n fi l trating ambie nt ai r. 

I n  d e t a c h ed h o u s e s  a nd i n  f l a ts at g r o u nd l e v e l ,  
i n fi l tration o f  soi l  g a s  can ac t as a ca rrier for radon 
f r o m  s u b j a c e n t  s oi l ,  fi l l  or t h e  c api l l a ri t y  b rea ki n g  
l aye r.  T hi s  is t h e  m o s t  i m p o r t a n t  a nd p ro b l e m a t i c  o f  
the di f fe re n t  sources be cau se i t  can resu l t  i n  e x t re me ­
ly high indoor conce n t ra ti o n  of  radon. Infi l t ration by 
t his rou te gives radon dau g h t e r  conce n t rations an o rder 
o f  m a g ni tude highe r t han by usi ng Swedish ae ra ted a l u m  
s ha l e  c o n c re t e i n  e f fi ci e n t ly w e a t h e r -s t ripp ed b ui l ­
di n g s .  I n fi l t ra ti o n  o f  s oi l  rad o n  ca n o c c u r  o n  s oi l  
wi t h  qui t e  " n o rm a l "  radi u m  a c tivi ty i f  t h e  s oi l  is 
permeab l e ,  like g rave l .  

T he e x h a l a ti o n  f ro m  bui ldi n g m a t e ria ls f o r  p rac tical 
pu rp o s e s  can be r e ga rded as c o ns t a n t  ove r ti m e .  T h us 
the c o n t ribu tion from bui lding m a t e rials to the concen­
t r a tion o f  radon i n  the i ndoor ai r is inve rsely re la ted 
to t he ve n ti lation ra t e .  In fla t s  wi th no c o n t a c t  wit h  
t h e  g ro u nd e x halatio n f rom building materia l is typi ­
c a l ly the m a j o r  sou rce of i ndoor radon .  

Sig nifi c a n t  c o n t ribu tio ns t o  the indoor conce n t ration 
of rad o n  c a n  be re l e a s ed f ro m  d ri n ki n g  wa t e r  if t his is 
t a ke n f r o m  a w e l l  d ri l l ed i n  ce r tai n typ e s  o f  r o c k ,  f o r  
exa mple grani t e .  

I t  i s  g e ne ra l ly a c c ep t ed t ha t  type o f  bui ldi n g  a nd 
b a s i c  desi g n  has a g re a t  i n f l u e n ce o n  i nd o o r  r a d o n  
c o n c e n t ra t i o n .  F l a t s  w i t h o u t g r o u nd c o n t a c t  a n d 
de t a c hed h o u s e s  o n  s p o t  f o o t i n gs a re resi s t e n t  t o  
i nfil t ra tion of  soi l  radon . Dwe l lings wi t h  ope n c o n tac t 
t o  a b a s e m e n t ,  o n  t h e  o t he r  h a nd ,  a re m os t  p r o n e  to 
i n fi l t ra tion o f  soi l  radon .  Fou ndation wal ls m ade of in 
si t u  c o n c re t e  a re n o r m a l l y  tig h t  w hi l e  w a l l s  made o f  
concre te blocks c a n  p re s e n t  a rou te o f  e n t ry for radon .  
Monoli tic rei n forced base m e n t  slabs can be made tig h t  
e noug h  w hi l e  fou nda tion o n  footings and separate s labs 
i n  e a c h  r o o m  i n  t h e  b a s e m e n t  is a c o m m o n desi g n  i n  
houses wit h  excessive i n fi l t ration of  soil radon. 

4.1 Radon from the soil 

The p rodu c ti o n  ra t e  o f  r a d o n  i n  roc ks a nd s oi l  va ri e s  
wi t h  t h e  c o n c e n t ra ti o n  o f  radi u m .  Ea c h  b e q u e re l o f  
r adi u m  gi ves o n e  a t o m  o f  r ad o n  p e r  s e c o nd.  A nd a s  o ne 
bequ e re l  of radon e qu a ls 4 7 6  000 atoms one beque re l o f  
r adi u m  p rodu c e s  3 6 0 0/ 4 7 6  0 0 0  = 0 . 0 076 b e q u e re l  o f  
rad o n  pe r h o u r .  M o s t  o f  t h e  rad o n  is p r od u c e d  i n  t h e  
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solid grains of soil o r  i n  the i n t e rior o f  c ryst a ls in 
r o c k  a nd is i m m o bi l e .  A f ra c t i o n ,  h o w e ve r ,  e n t e rs t he 
g as - fi l led p o res i n  t h e  r o c k  o r  s oi l .  T his f r a c ti o n ,  
typi c a l l y  5 - 3 0% bu t sometimes in c lay up to 60 % /69/,  
c a n  be produced by the decay o f  radiu m pre cipi t a t ed in 
c racks or e xpe l led f ro m  c rystals by the rec oi l  f ro m  the 
alpha particle e mi t t ed when the radium atom decayed. 

The resu lting conce ntration of radon in the i n t e rs tices 
b e t w e e n  p a r ti c l es i n  s oi l  o r  i n  c ra c ks o f  a r o c k  a l w ays 
is o f  o rde rs o f  m a g nitude hi g h e r t h a n c a n  b e  a c c ep t ed 
i n  a �wel l i ng .  The reaso n  for t his is that 

- the su rface to vo l u m e  ratio i n  s oi l  is much higher 
t h a n  in dwe l lings , 

- t h e re is m u c h  m o re mi n e r a l  m a t t e r  p e r  u ni t  o f  g a s  
vo l u m e ,  a nd 

- the excha nge rate wilh Lhe dlmu::spliere l::s lower. 

The conce ntrati o n  is a fun c ti on of 
- radiu m conte n t ,  
- f raction of  f ree radon e manating f rom t h e  part i c les 

i n t o  the soil gas ,  
- t h e  pore vo l u m e , 
- fraction of pore volume fi l led wit h  w a t e r ,  a nd 
- air exchange rate with the atmosphere. 

The fol l owi ng e x amp le i l lustra tes the si tua tion: Assu­
ming 1 600 kg of soi l  per cubic m e t re ,  3 0% pore volum e ,  
1 0% o f  rad o n  e m a na ti n g f ro m  p a r ti c l es t o  t h e  p o res , 
radioa c tive equi lib riu m between radiu m a nd rad o n ,  a nd 
w o r l d  a ve r a g e  c o n c e n t ra t i o n  of radi u m  i n  t h e  s oil , 2 5  
Bq/kg /89/,  the conce n t ration of radon in t h e  soi l  gas 
would be 1 600/ 0. 3 x 0. lx 2 5  = 13 000 Bq/m 3. 

I n  S w ede n ,  c o n c e n t r a ti o ns i n  s oi l  g as o f  2 0  0 0 0  B q / m 3 
a re reg a rded as " n o rmal " .  A t  a dep t h  o f  1 m e t re i n  
eske rs the conce n t ra tion o f  radon is o f t e n  7 0  000 - 1 20 
000 Bq/m 3 i ndicating t h a t  2 5% o f  the radon is f ree and 
e!!l;:i.nates to the soil gas / 69/. 

The c o n c e n t ra ti o n  o f  radon i n  t h e  s oi l  g as is n o t  
c o ns t a n t .  A t  t he S w e dis h Ge o t e c h ni ca l  I ns ti tu t e  t h e  
conce n t ration of  radon i n  soi l  gas was moni t o red o ve r  a 
pe riod o f  1 9  m o n t hs i n  si x l o c a li ties i n  c l a y ,  s a nd ,  
a nd g ra ve l  ove r g ra ni t e  a nd a l u m  s h a l e  / 5 6/ , / 57 / .  T h e  
m e asu red c o n c e n t ra t i o n  o f  radon w as c o r re l a t ed to 
g e o h yd r o l o g i c a l  a nd m e t e o ro l o gi c a l  p a ra m e t e rs .  I n  
win te rtime f roze n  s oil a nd snow a c ts as a tigh t  cove r ,  
resu l ti ng i n  hig h  conce n t ra tions .  Heavy rai n fa l l ls c a n  
s e a l  t h e s u r f a c e  t e mp o r a ri l y  resu l ti ng i n  a p e a k  i n  
conce n t ration .  Unde r dry condi tions in permeable soi l  
t he e ma na tion f ro m  the soil partic les is reduced a nd a t  
t he same time t he ai r e x change rate with the a t mospe re 
is i n c r e as e d .  T h e  c o m bi ned e f fe c t  is u nusu a l l y  l o w  
conce n t ra tions o f  radon .  I n  c lay,  dry pe riods c a n  have 
t he opp osi t e  e f f e c t  on c o n c e n t ra ti o n  o f  rad o n, g i v i n g  
u n usu a l l y  hig h  c o n c e n t ra ti o ns . A s m a l l  r e du c t i o n  i n  
w a t e r  conte n t  c a n  i n c rease the pe rmeabi lity d ra m a t i cal­
l y  by c reation of cracks .  
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Simi l a r  re s u l t s  h a v e  b e e n  o b t ai ned i n  Fi n l and , w h e re 
t h e  r a d o n  c o n c e n t r a t i o n  i n  a n  e s ke r w a s  f o u nd t o  be 
seve ral tim e s  hig h e r  in winte rtime than du ring sp ring 
a nd s u m m e r  / 8 5 / .  In t hi s  c a s e ,  the c o n c e n t ra ti o n  of 
i ndoor radon s howed seasonal variations simi l a r  to the 
s oi l  g a s .  As a n  a ve r a g e , t h e  c o n c e n t ra ti o n  in t h e  s oi l  
w a s  abou t twenty times higher than indoor s ,  indicating 
that 5% of t he l e a kage of the building was towards the 
s oi l  a nd t h u s  5% of t h e ai r e x c h a nge w a s  by i nfi l t­
rating soi l  g a s .  The s tudy a l s o  de m o ns t ra ted the effect 
of t he v a ri a b l e  s t ru c t u re of an e s k e r  c o n s i s t i n g  of 
l aye rs , and t h e  i n h o m o g e n e o u s  a c ti vi t y  of t h e  g r o u nd .  
I n  o n e  l o c a tio n  t he c o n c e n t ra ti o n  of rado n w a s  m u c h  
hig h e r a nd s h ow e d  m u c h  s t r o n g e r  s e a s o n a l  v a ri a ti o n s  
u nde r a l ayer of c .lay than above this l ayer. 

The re i s  by n o w  s uffi ci e n t  e vide n c e  to c o n c l ud e  t h a t  
seasonal variations a nd possib le inhomogenities in the 
soil must be taken into conside ration when the ris k  of 
i nfi l t ra ti o n  of r a d o n  i n t o  fu tu re c o n s t ru c ti o n s  i s  
eva l u ated . 

I t  i s  g e ne ra l l y  a c c e p t ed t h a t  radon e n te rs a bui l di n g  
from t he sub j acent s oi l ,  being carried b y  a conve c tive 
flow �f soi l  gas i nfi l t ra ting t h rough cracks , h o l e s  or 
other ope nings be t w e e n  the soi l  a nd the i n t e rior of the 
bui ldi n g .  T r a nsp o r t  by diffu s i o n  is n e a r l y  a l w a y s  i n ­
sig nifi c a n t .  On l y  w h e n  t h e  c o n c e n t r a ti o n  of r ad o n  
u nde r a concrete s lab is e x t re mely hig h  c a n  t he t rans­
port by diff u si o n  throu g h  t h e  c o nc re t e  e x c e e d  the 
e x h a l a tion from normal conc re te / 13 / ,  /93/.  

The diffu si o n  of rad o n  t h rou g h  a n  op e n  c o n n e c ti o n  i s  
m u c h  s trong e r  t h a n  the diffu sion th rou gh the s a m e  a rea 
of c o n c re t e  s l a b  / 9 2 / .  Fo r e x a mp l e ,  if t he re is o n e  
c r a c k  of o n e  c m  wid t h  f o r  e a c h  m e t re o f  s l a b  t h e  i nf l u x  
of rad o n  by diffu si o n  wi l l  be 2 5% of t h e  i nf l u x  wi t h ou t 
the s la b .  This is a 2 5 -fold increase i n  inf l u x  compared 
to a tight concrete s lab / 5 4/ .The possible t ra nsport of 
r ad o n  t h ro u g h  a n  ope ni n g ,  h o w e ve r ,  i s  s ti l l  m u c h  
g re a t e r if t he re i s  a c o n ve c tive f l o w d ri ve n  by a 
pre s s u re differe n c e .  

T h e re a re i n  g e n e r a l  t h r e e  requi si t e s  n e c e s s a ry f o r  
e xcessive bui lding infi l t ration of radon f r o m  t h e  s oil: 

- t h e re m u s t  be a n  ope n  connection for conve c tive gas 
t ra n sport i n t o  the building,  

- t h e re m u s t  be a dri vi n g  fo rce supporting a c o nvec ­
t i v e  f l o w t h r o u g h  t h e  ope ni n g ,  i . e .  a p re s s u re 
g radi e n t  wi t h  n e g a ti ve p re s s u re i n  t h e  bui ldi n g  
re l a tive to t he soi l ,  a nd 

- t h e re m u s t  be a l a rg e  e n ou g h  v o l u m e  of p e r m e a b l e  
s oi l  s u b j a c e n t  to t h e  building. 

Si n c e  t he c o n c e n t ra ti o n  of radon in i nfi l t ra ti n g  s oi l  
g a s  i s  v e r y  hig h, e ve n  a s m a l l  f r a c ti o n  of t h e  t o t a l 
u n tigh tness of a bui lding e nve l ope facing the s oi l  wil l  
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Table 3 Infiltration of soil gas (m3/h) with 1, 5, 10, 
51i""aild-500 kBq/3 radon contributing 10, 50, 200 and 1000 
Bq/m3 to indoor radon. 

Indoor radon concentration from soil gas 
infiltration, 

Radon con­
centration 
in so�l get:-;, 
kBq/m 

10 Bq/m3 50 Bq/m3 200 liq/m3 1000 Bq/m3 

I 
5 

10 
50 

500 

I m3/h 
0.2 
0.1 
n.n� 

0.002 

5 m3/h 
1 
o.s 
0.1 
0.01 

20 m3/h 100 m3/h 
4 20 
2 10 
0. 4 2 
0.04 0.2 

r e s u l t  i n  a s i g n i f i c a n t  i n c re a s e  i n  i nd o o r  r a d o n  
conce n t ra t i o n .  Table 3 i l l u s t rates the i n f i l t r a t i o n  o f  
s o i l  a a s  w h i c h will nive a certa in contribution in a 

d we l ling ven t i l ated by 100 m 3/ h .  

Table 3 s h o w s  t h a t  on a normal so i l  w i t h  5 - 1 0  kBq/m 3 
o f  r a d o n  i n  t he � o i l, s o i l  gas i n f i l t r a t i o n  w i l l  c on ­
t r i bu t e  5 0  B q / m  t o  t h e  i n d o o r  r a d o n c o n c e n t ra t i o n  i f  
0.5 - 1% o f  t h e  ai r e x c h a n g e  i s  i n f i l t ra t i ng s o i l  g a s .  
T o  a v o i d  s i g n i f i c a n t  s o i l  g a s  c o n t r i bu t i o n s  o n  s o i l  
w i t h  u nu s u a l l y  h i g h  c o n c e n t r a t i o n s  o f  rad o n  i t  i s  
n e c e s s a ry f o r  l e s s  t h a n  0 . 1% o f  t h e  a i r  e x c ha n g e  t o  be 
by in f i l t ra te d  s o i l  g a s .  Conseque n t l y, 0 . 1% at the m o s t  
o f  t h e  t o t a l  u n t i g h t n e s s  o f  t h e  bu i l d i ng e n ve l o pe 
should relate to s u rfaces in  contact w i th s o i l .  

I n s i d e  bu i l d i n g s  t h e  a i r  p re s s u re i s  o f t e n  l o w e r  t h a n  
outd o o r s  o r  i n  the s o il. T h i s  p re s s u re d i f fe re n c e  i s  
the net e ffec t  of te mpe ra tu re d i ffere nces , w i nd p re s­
s u re , a n d a n y m e c h a n i c al e x t ra c t i o n  o f  a i r  b y  e x h a u s t  
ve n t i l a t ion f ro m  the bui l d i ng. The pre s s u re d i fference 
ove r  the s lab between the i n te rior of the bu i l d i ng a nd 
t h e  s u b j a ce n t  s o i l  c a n  a l s o  b e  i n f l u e n c e d  by a s ta c k  
e f fe c t  i n  the s o i l .  T h i s  phe nomenon has bee n  s tu d i ed o n  
a n  e s ke r  /74/ a nd i n  a c l i f f  / 9 1 / .  

Red u c i ng ve n t i l at i on rate b y  weathe rstripping and o t h e r  
t ig h te n i ng measu res h a s  du r i n g  t h e  l a t e s t  decade been a 
ve r y  c o s t-eff ect i v e  a nd wid e l y  a p p l i e d  e n e r g y  
c o n s e rva t ion m ea su re . Here by the i n f i l t ra t io n  o f  radon 
f r o m  t h e s o i l  h a s  i n c r e a e d  u n l e s s  w h e n  d u e  
c o n s i d e ra t i o n  t o  u n t ig h t n e s s e s  t o  t h e  g rou n d  h a s  be e n  
t a ke n . 



4.2 Radon from bu i ld ing materials 

The m obi l e  fra c ti o n  o f  rado n ,  o f t e n  c a l l ed e m a n a ti n g  
radi u m ,  i n  t h e  p ore s o f  b ui ldi n g  m a teri a l  migr a t e s  b y  
di f fu sion to t h e  l ower conce ntration at the surface of  
the ma terial where s o m e  is exha led to the surroundi ng 
air. The e x h a la tion fro m  the surface is reduced by any 
tig h t  covering. 

The e x h a l a ti o n  r a t e  of radon from bui ldi n g  m a t eri a l s  
h a s  b e e n s tudied e x t e n sive l y .  H o w e ve r ,  t h e  v a l u e s  
obtai ned are n o t  a l ways consis tent a nd l arge variations 
are fou nd for t he same materia l  a nd surface.  There are 
obvious l y  great e xperimental di fficu l ties a nd the fac­
t or s  i n f l u e nci n g  t h e  e x h a l a ti o n  are n o t  fu l l y u nder ­
s tood . 

The e x h a la tion is s trongly influe nced by the m ois ture 
c o n te n t  o f  t h e  m a t e ri a l .  Very dry m a teri a l  h a s  a l o w  
e x h a l a ti o n  a nd w h e n  i t  i s  s oa ked w e t  a s  w e ll.  T h e  
e x h a la tion h a s  a m a xi m u m  between t h e s e ,  for buildings , 
e x tre m e  c o ndi ti o n s . T h e  e x h a l a t i o n  from c o n cre t e  w a s  
s h o w n  t o  i n cre a s e  m a n y  tim e s  o ver w h e n  t he m oi s ture 
content was i ncrea s ed to 2% of  the dry weig h t .  Be tween 
2% a nd 4% m oi s ture c o n t e n t  the e x h a l a ti o n  was a l m o s t  
c o n s t a n t ,  a b o u t  2 0% .  A fur t h er i n cre a s e  i n  w a ter 
c o n t e n t  r e s u l t e d  in i n cre a s ed e x h a l a ti o n  / 67 / .  The 
m a x i m a l  e x h a l a t i o n  i s  o f t e n  2-5  tim e s  t h e e x h a l a ti o n  
fro m  dry m ateria l ,  bu t c a n  b e  as  hig h  as 30 times / 57/. 

For concre te , e x h a l a tions corresponding to 1 - 3 5% o f  the 
a m o u n t  prod u c ed h a ve b e e n  repor t ed / 3 6 / ,  / 9 0/ .  T h e  
m a j o ri t y  o f  m e a s u r e m e n t s r e p o r t e d i n  l i t e r a t u r e  
i ndi c a te e x h a l a ti o n  o f  1 - 1 0  B q / m 2 , h  from n or m a l  
b u i l di n g  m a t eri a l s .  E x h a l a ti o n s  e x c eedi n g  2 0  B q / m 2 , h  
are very u n c o m m o n .  A c o n cre t e  w a l l  2 0  c m  t hi c k  wi t h  
a v er a g e  radi u m  a c ti vi t y  ( 2 5 Bq/kg ) c a n  b e  t a ke n  a s  
represen tative. Exhal a tion o f  10% o f  the radon content 
i s  4 Bq/m 2 , h,  w h i c h  can c o n tri b u t e  15  Bq/m 3 t o  t he 
i nd o or rad o n  c o n c e n tr a ti o n  o n l y  i f  t h e  air e x c ha n g e  
r a t e  i s  0 . 5 / h .  

There are some e x a mp l e s  o f  building materia l s  wi th u n ­
u su a l l y  high radiu m a c tivities a nd corre spondingly high 
e x h a l a ti o n s  o f  rado n .  T h e  m o s t  w e l l  k n o w n  are mi l l  
tai lings used a s  c oncre te ba l l as t ,  for exa mple i n  Grand 
Junction, Colorado / 14/ , a nd aerated concrete based o n  
a l u m  s h a l e  w hi c h  w a s  wide ly u s ed in Swede n u n til 197 5 .  
O ther e xa mp l e s  are granite s tones in some parts o f  the 
UK / 1 1 / ,  p h o sp h a t e  s l a g  in A l a b a m a  / 4/ ,  a nd b yprodu c t  
gypsum from produ c tion o f  phosphoric a cid / 64/. Swedis h  
a e r a t e d c o n c r e t e  b a s e d o n  a l u m  s h a l e  h a s  r a d i u m  
a c tivi t y  r a n g i n g  u p  t o  27 0 0  Bq/kg wi t h  1 3 0 0 a s  a n  
average / 6 1 / .  The e x h a la tion o f  radon i s  a fu nction o f  
t he r adi u m  a c ti vi t y ,  e . g . ,  a s a mp l e  w i t h  2 5 0 0 B q / k g  
e x h a l ed 200 Bq/m 2 , h  / 6 9 / .  

G e n e r a l l y t h e  e x h a l a t i o n  o f  r a d o n f r o m  b u i ldi n g  
m a t eria l s  c a n  b e  r e g arded a s  c o n s t a n t  o ver tim e .  The 
contribution from t his e x h a l a tion to the i ndoor radon 
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conce n t ration is inve rsel y  proportional to t he amount 
of ai r passing t h r o u g h  the bui l ding as i n te n ti o n a l  
ve n t i l a tion a nd a s  infi l t ra ti o n  t h rough l e a k a g es.  A 
d ou b l i n g  of t h e  ai r e x c ha n g e  r a t e  wi l l  t hus resu l t  i n  a 
50% reduction in t h e  radon concentration emanating from 
building mate rials. 

The m ost cost-effec tive measu re for e ne rgy conservation 
in e xis ting buil dings is probab l y  t h e  re d u c ti o n  of 
u ni n t e n ti o n a l  air infi l t ra tion ac hieved by w e a t he r  
s t ripping a nd o t h e r  s e a l i n g  m e asu res. Bu t su c c ess ful 
sea l i ng wi l l  t��ulL in an i n c reased rado n co n c e n ­
t ra ti o n . Wi t h p rese n t  e ne rg y  c os ts i t  h as b e e n  s h o w n, 
h o w ev e r, t h a t  f o r  c o m m o n  b u i l di n g  m a t e ri a l s t h e 
m a rgi n a l  c osts f o r  i n c re ase d e ne rgy de m a n d  c a n n o t  
j ustify any inc rease i n  ve ntilation rate simply because 
of i ts ef f e c t  on rad o n  c o n c e n t ra ti o n , e x c e p t  in c ases 
w hen t h e  v e n t i l a ti o n  rate is be l o w  o r  e q u a ls 0 . 3  air 
changes pe r hour / 1 6/.  In "normal "buildings, the refore, 
other aspects of the indoor air quality wil l  d e te rmine 
the recomme ndations on minimum air change rates. 

4.3 Radon f rom d rinking water 

I n  cities the municipal water supply syste ms norm a l l y  
use su rf a c e  w a t e r  f ro m  l a kes a n d  rive rs w hi c h  h av e  a 
ve ry low conce ntration of radon.  As a rule, �a t e rs from 
aquife rs in sand and g rave l a lso have l o w  c o n c e n ­
t r a ti o ns of ra d o n. Ve ry hig h c o n c e n t ra t i o n  of ra d o n  
h ave b e e n  m e asu red i n  w a t e rs f ro m  w e l ls d ri l l e d  i n  
solid r o c k .  Grou n d w a te r i n  g ra nites i n  Fin l a nd / 46 / ,  
/ 7/, S w e d e n  / 48/, a nd M ai n e  ( US )  / 2 2 /, / 3 1 /, / 3 2/ c a n  
so m e ti m es c o n tai n  e x t re m e l y hig h c o n c e n t r a t i o ns o f  
radon . 

The radon i n w a t e r is re l e ase d t o  t h e  ai r  w h e n  t he 
w a t e r is h e a t ed o r  is dispe rse d in t h e  ai r .  Rad o n  i n  
d rinking water seemingly c o n t ribu tes to t h e  l ong-te rm 
ave rage conce ntration in indoor air with io-4 times its 
c o n c e n t ra tion i n  t h e  w a t e r .  E a c h  1 0  Bq of rad o n  p e r  
lit re of water wil l  thus inc rease the concen t rat�o n  o f  
r a d o n  i n  t h e  i nd o o r  air b y  a p p r o xi m a t e l y  l B q / m  / 6/ ,  
/ 2 2 /, / 3 0/, / 9 4 / .  

The conce ntration in a bath room c a n  b e  very high aft e r  
a s h o w e r, fo r e x a m p l e .  I n  C a n a d a  6 7 0 0  Bq/ m 3 rad o n  w as 
m e as u r e d  i n  t he b a t h r o o m  i m m e diate l y  af t e r  a s h o w e r  
with 2 000 000 Bq of radon pe r litre o f  water /94/. For 
e x a m p l e  a house wife c a n  be su b j e c t  to sig nific a n t  
e x p osu re, wal l  above t h e  l o n g  time ave rage f o r  t h e  
dwel ling, while doing h e r  house hold c hores /6 / .  O n  the 
o t he r ha nd, i t  has b e e n  s h o w n  t h a t  a slig h t  c h a n g e  i n  
habits can reduce the e mission o f  radon from water /6/. 
If the b a t h r o o m  d o o r  is kept c l ose d t he r a d o n  wi l l  
m ostly leave the building t h rough the air in the bat h ­
room e x haust. I t  is ve ry like ly t h a t  mechanical e x haust 
ve n t i l a ti o n  f ro m  spaces w h e re w a t e r  is u s e d  wi l l  
e x t ra c t  m ost of t he ra d o n  re l e ased f ro m  w a t e r and 
reduce the contribution to the ave rage concen t ration in 
the d we l ling. 



5. OVERVIEW OF RADIATION LEVELS IN DWELL INGS 

5.1 . Radon in indoor air 

L a r g e - s c a l e  s u rve y s  o f  i nd o o r  r ad o n  c o n c e n t ra ti o n ,  
involvi n g  more than 100 dwe l ling s ,  have rec e n t ly been 
c omp le ted or a re in p rogress in seve ra l  c o u n t ries.  The 
p u rp o s e  o f  t h e s e  s u r v e y s  is to d e s c ri b e  t he di s t ribu ­
t i o n  o f  p opu l a ti o n  e xp o s u re s ,  t o  ide n ti f y  p r ob l e m  
a re a s , o r  t o  s t udy t h e  e f f e c t s  o f  r.e m edi a l  a c ti o n s  o f  
m a n m ade contamination a nd o f  cases o f  excessive radon 
i n fi l t ra ti o n  f r o m  s oi l  g a s .  T h e  rad o n  a nd r a d o n  d e c a y  
p r od u c t  c o n c e n t ra ti o n s  i n  a l l  c a s e s  s e e m  t o  be w e l l  
rep re s e n ted b y  a l o g  n o r m a l  di s t ri b u ti o n .  T h e  m e a n  
i n d o o r  e quili b ri u m  e q ui v a l e n t  c o n c e n t ra ti o n  (EEC) o f  
r ad o n  h a s  b e e n  e s t i m a t e d  t o  b e  1 5  B q m - 3  i n  t h e 
t e m pe ra t e  r e gi o n s  o f  t he w o rld / 8 9 / . T h e re a re s om e  
a re a s  w h e re t he di s t ri b u ti o n  d e vi a t e s  si g ni fic a n tly 
f ro m  t hi s  m e a n ,  s o m e  wi t h  e x t re me-l y h i gh c o n c e n t ­
r a ti o n s .  The c o m m o n e s t  r e a s o n  i s  i n fi l t ra ti o n  o f  s oi l  
gas from permea b l e  s oi l .  Building m a t e ri a l s  wit h  hig h  
radium a c tivity c o n t ribute signi fi c a n t l y  in s o m e  cases.  

In  S w ede n ,  the c o m bi n a ti o n  o f  i n fi l t r a ti o n  o f  radon 
from t he soil a nd the u s e  o f  aerated c on c rete based on 
alum s h a l e  has resul ted i n  a m e a n  indoor c o n c e n t ra tion 
of  radon dau g h ters e s tim a ted to be 5 3  + 16 Bq/m 3 /69/.  
The popu l a tion e xposure dis t ribution h as been e s ti m ated 
as: 

> 0 Bq/m 3 8 200 000 persons 
> 100 II 800 000 II 

> 200 II 300 000 II 

> 400 It 9 0  000 II 

As a n  e f fect o f  the l og -normal concent ration dis t ribu ­
tio n ,  t he m ain c o n t ribu tion to the c o l l e c tive e ffec tive 
dose equiva l e n t  to the whole popu l a tion i s  not from t he 
s m a l l  fraction o f  hou s e s  wi th e l evated radon c once n t ra­
tio n s .  In Swede n ,  the one pe rce nt of  the building s tock 
wi t h> 400 Bq/ m 3  h a s  b e e n e s ti m a t e d  t o  c a u s e  1 6% of t he 
c o l l e c tive e xp o s u re ,  w h i l e  9 0% o f  t he d w e l li n g s  wi t h  
< 1 0 0  B q / m 3 de t e r m i n e  a l m o s t  5 0% o f  t h e  c o l l e c ti v e  
exposure . 

U n t i l  Ju ne 1 9 8 2  l o c a l  c o m m u ni ti e s  had m ade s c re e ni ng 
measure m e n t s  i n  3 2  000 dwe l lings s e l e c ted because t hey 
cou ld be expected to h ave hig h  conce n t ra tions of  i ndoor 
r ad o n .  App r o xi m a t e l y  1 0% o f  the m e a s u re m e n t s s h o w e d  
m o re t h a n  400 Bq/m 3 o f  radon dau g h t e r s .  M o re t h a n  2.000 
Bq/ 3 was measu red i n  0 . 3% o f  the dwe l lings / 1 05/ . 

I n  Fi n l a nd, the p re s e n t  e s timate f o r  the na tional m e a n  
i nd o o r  r a d o n  c o n c e n t ra ti o n  i s  9 0  Bq / m 3 .  I n  a p r o b l e m  
are a i n  S ou t h e rn Fi n l a n d ,  t h e  m e a n  f o r  7 5 4  m e a s u red 
houses was 370 Bq/ m 3  whi l e  in the m o s t  e x t re m e  subarea 
the m e a n  radon conce n t ra tion was 1 . 200 /8/.  
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_ L_ 

In Norway, the m e a n  i ndoor radon conce n t ra t ion has bee n 
e s t i m a t ed a s  8 0  B q / m 3 . A b o u t 3% o f  t he d w e l l i n g s  i n  
Norway a re be l ieved t o  have radon daughte r conce n t ra ­
t i o n s  a bove 2 0 0  B q / m 3 a nd f o r  a bou t 1 %  o f  t h e  d w e l l i n g s  
the c o n c e n t ra t ion i s  be l ieved t o  exceed 400 Bq/m 3 . The 
h i g h e s t  i nd o o r  c o nc e n t ra t i o n s  of rad o n  o c c u r i n  a re a s  
w i th a l u m  shale i n  the grou nd.  I n  one m u n i c ipa l i ty w i th 
s u c h  g ro u nd ,  3 8% o f  t he m e a s u red d w e l l i n g s  h ad > 4 0 0  
Bq/m 3 o f  radon /79/.  

I n  the UK,  a b o u t 8 0 0  m e a s u re m e nt s  h ave b e e n  m ade i n  
srsas w i th i gnoou� geology and uranium m inera l i�ation5. 
The re su l ts i ndicate the e x is tence of s m a l l  a reas w h e re 
t h e m e a n  r ad o n  c on c e n t r a t i o n  i s  o f  a n  o rd e r o f  
m a g n i tude above the na t iona l a verage. A few houses have 
be e n  ide n t i f i ed w i t h app ro x i m a t e l y  2 0 0 0  Bq/ m 3  r ad o n  
dau g h t e r  E E C  / 1 2/ .  

I n  the USA h igh i ndoor conce n t ra t ions•have b e e n  repor­
ted f rom a part of Eastern Pe nnsylva n i a  a nd from M a i n e .  
I n  s i x e l e c t r i c a l l y  h e a t ed h o m e s  i n  Pe n n s y l va n i a ,  t h e  
c o n c e n t r a t i o n o f  rad o n  in t h e  l i v i n g  a re a  r a n ge d  f ro m  
1 6 0  t o  1 8 0 0 Bq/ m 3  / 9 6 / .  I n  1 2 2  P i t t sbu rgh a r e a  h o u s e s  
m e a s u r e m e n t s  o n  t h e  f i rs t  ..f �o o  g a v e  a n  a v e ra g e  r a d o n  
co n c e ntra ti on o f  9 0  B q / m  . T h e  h i g h e s t m e a s u r e d  
co c�nt ation was 900 Bq/rn 3 /102/. !n � national survey 
in the U SA rad on c o n cen t ra t i ons have b e e n  m e a su red i n  
4 5 3  houses of phys ics profes s o rs from 101 u n i ve rs it i e s  
i n  4 2  s t a t e s  / 1 0 3 / .  T h e  g e o m e t r i c  m e a n  w a s  3 8  B q / m 3 a nd 
the a r i t me t ic average was 5 4  Bq/m3. 
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5 . 2 .  Gamma rad i a t ion in dwellings 

There a re t hree major com pone nts dete r m i n i ng t he gamma 
rad iat ion in a dwe l l i ng: 

- gam ma rad iat ion f rom bu i l d i ng mate rial s ,  w h i c h  i s  
t h e  s ingle mos t i m portant con t r i bu t ing fac tor, 

- cos m i c  ray s ,  the i n t e n s i t y of w h i c h  is a f u n c t i on 
of la t i t u d e , a l t i t u d e  above s ea l e ve l  and an y 
s h ie l d ing e f fect f rom heavy bu i l d i ng mate r ia l s  s u c h  
as con c re t e ,  and 

- gam ma rad iat ion from the ground , te rre s t r ial rad ia­
t ion , w h i c h  i s  a fu n c t io n  o f  ac t i v i t y  o f  na tu ra l  
rad ioa c t i ve nuc l ides i n  the grou nd u nder the hou se 
an d s h i e l d i n g by b u i l d i n g  ma t e r i a l s  s u c h  a s  
con c rete s lab. 

O u t d o o r s ,  a t  s e a  l e v e l ,  t h e  c o s m i c  r a d i a t i on 
co n t r i bu t e s  0 . 3  m Sv/yea r / 8 9/ . T h e  wo r l d  a v e ra g e  for 
e f fec t i ve dose equ i va l e n t  from gamma te rre s t r ial rad ia­
t io n  has b e en e s t i m a t e d  to be 0. 3 m S v/yea r / 8 9/ . T h e  
ave ra g e  f o r  i n d i v i d ua l cou n t r i e s  d e v i a t e s  f ro m  t h i s  
f i g u r e .  Fo r S w e d e n  t h e  ave rage has b e en e s t i ma t e d  as 
0 . 5  mSv/year / 68/. 

S in c e  heavy b u i l d in g  ma t e r i a l s  a c t  as a s h i e l d  for 
rad i a t i o n  f ro m  t h e  g round a n d  cos m i c  ray s ,  it i s  
pos s i b l e  to f i nd s i t u a t i o n s  w h e re t h e  i n t e n s i t y o f  
g a m ma ra d i a t i on i n s i d e  a d w e l l in g  i s  lowe r t ha n  ou t­
s ide . The pre requ i s i te for such a s i tuat ion i s  t he use 
of wood as t he ma in bu i l d i n g m a t e r i a l  and o f  co n c re t e 
w i t h  l o w  a c t i v i t y c on c e n t ra t i o n  o f  r a d i oa c t i v e  
nuc l id e s .  Th i s  i s  the bas i s  for con s t ru c t ion o f  s torage 
roo m s  for X-ray f i l m  a n d laborator i e s  for m e a s u r i n g 
e x t re me l y  low con cen t rat ions of rad ionuc l ide s ,  i e in 
h u m an s ,  w h e re e f f i c i e n t  s h i e l d in g  o f  rad i a t ion i s  
e s s en t ia l . Su c h  roo m s  a r e  bu i l t  w i t h  t h i c k  wa l l s  o f  a 
m a t e r i a l  w i t h  unu su a l l y  low ac t i v i t y o f  na t u ra l l y 
rad ioa c t i ve nu c l ide s .  

On t h e  other hand , i t  i s  normal for bu i ld i ng mat e r ials 
l i ke o r d inary con c re t e p rod u c e d  f ro m  l o c a l  g ra v e l  to 
re s u l t  in a s m a l l  i n c re a s e  in t h e  f i e l d  of g a m ma ra d ia ­
t ion in s i d e  d w e l l in g s .  I f  t h e  bu i l d in g  ma t e r i a l s have 
t he sam e  ac t i v i ty con c e n t rat ion of na tura l l y  rad ioac­
t i ve n u c l ides as t h e  su rrou nd ing so i l ,  a nor mal repre­
s e n t a t ion o f  bu i l d in g  m a t e r i a l s  ( wood , b r i c k  a nd 
con c re t e )  g i v e s  an ave ra g e  i n doo r to ou t doo r ra t io o f  
1 . 2  i n  absorbed dos e /89/. 

The re lat ion s h i p  be t w e e n  ac t iv i ty of na tura l l y  rad ioac ­
t i ve n u c l ides i n  t h e  bu i l d ing mate ria l s  and t he resul­
tant con t ribut ion to gam ma rad iat ion indoors have been 
s t u d i e d  by s e ve ral inve s t i gators /3/ ,  / 3 3/ ,  / 4 7/ ,  /49/ , 
/ 5 0/ ,  / 5 1/ ,  / 5 2/ ,  / 6 0/ ,  / 6 2/ ,  / 7 6/ ,  / 7 7/ ,  / 7 8/ ,  / 8 2/ ,  
/ 8 7/ ,  / 8 8/ .  T h i s  d a t a ba s e  can be co n s i d e re d  a fa i r  
con s en s u s  o f  t h e  con c l u s ion s  rea c h e d  b y  d i f f e ren t 
r e s ea r c h e r s .  In n o r m a l  hou s e s  w i t h  a c o m b i n a t ion o f  
d i f f e r en t b u i l d i n g  m a t e r i a l s ,  t h e  a c t i v i t y  o f  

23 



p o t as s iu m , rad ium a n d  t h o r i u m  i n  t he m a i n  m a t e r i a l s  
w i l l  re s u l t  i n  0 . 2 - 0 . 3 ,  2 - 3  a n d  3 - 4  u Sv/ye a r  r e s pe c ­
t i ve l y  pe r Bq /kg.  I n  t h e  e x t re m e ,  m o re t h e o re t i c a l  
s i tu a t i o n whe re f l o o r ,  c e i l i n g  a n d  a l l  fou r w a l l s  a re 
m a d e  o f  2 0  c m  t h i c k  c o n c re t e t h e  i nc re a s e  i n  t h e  
e f fe c t i ve d o s e  e q u i v a l e n t  w i l l  b e  0 . 6  u S vi{yea r pe r 
Bq/kg f o r  40 K ,  7 u sv /�e a r  p e r  Bq/kg f o r  2 6 Ra a nd 8 
u Sv/ye a r  pe r Bq/kg for 3 2Th. Based on these f igures i t  
i s  poss ible to e s t imate t h e  dose com m i t me n t  following 
t h e  i n c o r p o ra t i o n  o f  40 K ,  2 2 6 Ra 1 a nd 2 3 2 Th i n  the 
s t ru c tu re s  o f  d w e l l i n g s  R R  0 . 6 ,  7 a n d  8 m sv pe r M B q  
respec t i ve l y .  

A e r a t e d  c o n c re t e b a s e d  o n  a l u m  s ha l e , w i d e l y  u s e d  i n  
Swede n from 1930 to 1 9 7 5 ,  i s  pe rhaps the most outstan­
d i ng e x a m p l e  of a bu i l d i n g m a t e r i a l  w i t h  ve ry h i g h  
a c t i v i t y c o n c e n t r a t i o n o f  n a t u r a l l y  r a d i oa c L i v e 
nuc l ides.  In bu i l d i ngs m ade o f  t h i s  material the e f fe c ­
t i ve d o s e  e qu i v a l e n t  f r o m  i n d o o r  g a m m a  rad i a t i o n  i n  
rare c a s e s  can reach 4 m Sv/ye a r  / 68/. Thus, t he c o n t r i ­
bu t ion f rom g a m m a  rad iat ion f r o m  bu ild ing mate r i a l s  to 
t n e  e f fe c t i ve d o s e  equ i va l e n t  c a n  ra nge f ro m  a s m a l l  
nega t i ve value to approx i m a te l y  4 mSv/yea r. The a ve rage 
can be e s t i m ated to be not far f rom 0. 1 mSv/year.  

Changes i n  ven t i l a t i o n  rate , i n f i l t ra t i on rate or other 
energy cunse rva t ion measures can neve r have a ny i mpact 
o n  g a m m a  rad i a t io n  i ns ide dwe l l i ngs.  
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6. REMEDIAL ACTIONS 

Me thods for re med ial actions aga i ns t  e xcess ive concen­
t r a t i on o f  radon i n  indoor air have bee n  de ve loped and 
a p p l i ed ,  i . a .  in C a n a d a , S we d e n  a nd t h e  USA. W h e n  
s e l e c t i ng a re m e d i a l  a c t i o n  m e t h o d  su i t a b l e  f o r  a 
s p e c i f i c bu i l d i ng s e ve ra l f a c t o r s  h a ve t o  be c o n ­
s ide red. The m o s t  i mportant ones a re :  

- the sou rce ( so i l ,  bu i ld i ng materials o r  wate r ) , 
- the rou te o f  e n try,  
- the type o f  bu i ld i ng, a nd 

t h e  requ i re d  r e du c t i o n  ( i s 5 0% e n ou g h  o r  i s  > 9 0% 
requ i red ? ) .  

The m o s t  c o m m o n  s ou r c e s  a nd r ou t e s  o f  e n t ry f o r  r a d o n  
i n t o  a bu i l d i n g a re i l l u s t ra t e d  i n  f i g u r e  1 .  The s a m e  
b u i l d i n g  a f t e r  p o s s i b l e  re m e d i a l  a c t i o n s  h a v e  b e e n  
take n  is prese nted in figure 2 .  

6.1 .  Radon from t he soil 

As s t a t ed a b o v e , the s o i l  s u b j a c e n t  to bu i l d i n g s  i s  
p r o ba b l y  t h e  m o s t i m po r t a n t  c o n t r i b u t o r  t o  i nd oo r  
radon. N o  other s ou rce c a n  res u l t  in  a s  ex t remely h igh 
conce n t rat ions a s  radon from the s o i l .  

O n l y  i ns i g n i f i c a n t  a m o u n t s o f  r a d o n  c a n  e n t e r  a bu i l ­
d i ng by d i ffusion through bu i l d ing mate rials.  I n f i l tra­
t i ng s o i l  gas a c t s  a s  a c a r r i e r f o r  r a d o n  f r o m  t h e  
subso i l  i n t o  bu i l d i ngs. Thus there a re three esse nt ia l  
pre requ is ites for i n f i l t ra t ion of radon f r o m  t h e  so i l :  

- t h e  s u bs o i l  m u s t  b e  p e r m e a b l e ,  a l l o w i ng a c o n vec ­
t ive f l o w  o f  a i r ,  

- t h e re m u s t  b e  s o m e  l e akage be t w e e n  t h e  s o i l  a nd 
the i n t e r i o r  o f  the bu ilding,  and 

- t h e re m u s t  be a d r i v i ng f o rce , i . e . ,  a p re s s u re 
g ra d i e n t  sucking a i r  through u n t ightnesses into the 
bu i ld ing 

The t h ree parame t e rs g ive n above a re poss ible t a rgets 
for re med ial a c t i ons against i n f i l t ra t i on of soil gas. 
It i s ,  h o w e ve r ,  n o t  p os s i b l e  to c h a n g e  t h e  p rope r t i e s  
o f  t h e  s o i l  u n d e r t he h o u s e  a n d  by t h i s  m e a n s  p re ve n t  
i n f i l t ra t ion o f  s o i l  gas.  It  is  also necessary t o  have 
a pe r m e a b l e  m a t e r i a l  as c ap i l l a r i t y b r e a k i n g  l aye r 
under a ny concrete slab. 

If t h e  u n t i g h t ne s  w h e re r a d o n  e n te rs t h e  bu i l d i n g  c a n  
b e  ide n t i f ied and sealed this can b e  a ve ry cost e f fec­
t i ve re m e d i a l  a c t i o n .  Fo r e x a m p l e ,  i n d o o r s  i n  a g roup 
of te r ra c e -h ou s e s  bu i l t  o n  y o u n g  u ra n i fe ro u s  g ra n i t e 
and b l a s t  d e b r i s  a n  a ve ra g e  o f  5 0 0  B q / m 3 o f  r a d o n  w a s  
f o u n d .  The bu i l d i ng m a te r i a l  w a s  c o nc re te w i t h  a 
p r o ba b l e  e x ha l a t i o n  o f  1 0  - 1 5  Bq/ m 2 , h . A l t ho u g h  t h e  
a i r  e xchange ra te w a s  low ( we l l  be low 0 . 5  a i r  exchanges 
pe r hou r ) ,  the bu i ld i ng materials cou ld not be e xpected 
to c o n t r i b u t e  m o re t h a n  1 0 0  Bq/ m 3 • I t  w a s  f o u n d  t h a t  
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Det hiir iir ett radonhus . . ..  ------

F i gu re l .  I l l u s t ra t i o n  o f  t h e  m o s t  c o m m o n  s ou rc e s  o f  
i nd o o r  r a d o n  ( s o i l ,  bu i l d i n g  m a t e r i a l s  a n d  w a t e r )  a nd 
its normal routes o f  entry. ( Reproduced w i t h  pe rm ission 
f rom A I B  Consu l t i ng Eng i neers , Sol n a ,  Swede n )  
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-------• . . .  och det hiir har varit ett 

Figu re 2. I l l u s t r a t i o n  of  norma l l y  succes fu l  remedial 
a c t i o n s  in e x i s t i n g  bu i l d i ng s  w i t h  i nd o o r  radon f ro m  
s o i l ,  bu i ld i ng m a te r i a l s  a nd wate r ;  s ea l i ng o f  u n t ight­
ne s s e s  i n  t h e  b a s e m e n t ,  d ep r e s s u r i z a t i o n  o f  t h e  
c ap i l l a r i t y b re a k i ng l a ye r  a nd i n s t a l l a t i o n  o f  a 
b a l a n c e d  v e n t i l a t i o n  s y s t e m .  ( Re p r o d u c e d  w i t h 
pe rm i s s i o n  f ro m  A I B  C o n su l t i ng E ng i ne e r s ,  S o l na , 
Swede n )  
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the m a i n  waterpipe entered t he hou ses through a hole i n  
the conc re t e  w i th a diameter s o m e  40 m m  w ider than the 
w a t e r  p i pe . The a i r  w h i c h  i n f i l t ra t e d  t h i s rou t e  h a d  
a n  a v e r a g e  r a d o n  c o n c e n t ra t i o n  o f  2 0  0 0 0  Bq/ m 3 . F r o m  
t h e  s o i l  g a s  c o n t r i bu t i on t o  t he c o n c e n t ra t i o n  o f  i n ­
d o o r  r ad o n  i t  fo l l o w s  t h a t t he s o i l g a s  w a s  d i l u t ed 5 0  
t imes a nd that 2 % o f  the a i r pass i ng t h rough the bu i l ­
d i ng w a s  s o i l  g a s .  The w a t e r p i pe e n t ra n c e  w a s  s e a l e d  
w i t h  a p l a s t i c  c a u l k  a t  n e g l i g i b l e  c o s t .  He reby t h e  
concentration o f  i ndoor radon was s hown t o  be reduced 
to norm a l  levels / 17/. 

It is  c o n c l u d e d t ha t , as a g e ne ra l  p r i n c i p l e ,  i n f i l ­
t ra t i o n  o f  s o i l  g a s  i n  n e w  c o n s t ru c t i o n m u s t  be pre ­
v e n t e d  by d e s i g n i ng a s  t i g h t  a c o ns t ru c t i o n  a s  p os s i ­
ble. Norma l  concrete w i th n o  c ra c ks and holes is t ig h t  
e n ou g h ,  a nd a c o n c re t e  s l a b  o f  c o n ve n t i o n a l  qu a l i t y  
p r e s e n t s s u f f i c i e n t  r e a la t a n c e  to a d o n  v e n  i f  L h e  
conce n t r a t i o n  i s  3 0 0  000 Bq/m3 i n  t h e  s o i l  g a s  immed ia­
tely be neath the slab / 20/. 

O f t e n  t he u n t i g h t n e s s  o f  a bu i ld i n g  to t h e  g ro u n d  i s  
i na c c e s s i b l e  o r  d i f fu s e .  A t te m p t s  h a ve b e e n  m a d e  to 
s e a l  a l l  t h e  i n t e r i o r  s u r fa c e s  of c o n c re te f l oo r s  a n d  
base ment founda tion walls w i th seve ral l ayers o f  epoxy 
sea lants. A l t hough epoxy sealants provide an i mpe rvious 
laye r the e f fect is not norm a l l y  pe rmanent.  Th.e sealant 
t e nds t o  c ra c k  ove r c ra c k s  in the c o n c re te s l a b  / 1 4 / .  
Th is phenomenon cou ld probably b e  counte rac ted b y  u s i ng 
a pe rmane n t ly e l a s t i c  su rface sealant such as rubbe r­
i z e d  a s p h a l t ,  w h i c h  has be e n  e v a l u a t e d  a s  a po s s i b l e  
su rface cove r for dumps o f  u ra n i u m  m i l l  t a i l i ngs i n  the 
USA / 2 8 / , / 2 9 / .  I n  a f u r n i s h e d  b a s e m e n t ,  t h e  c o s t  o f  
re storing pane l l ing a nd floor m akes the method rather 
e xpens ive . 

The m o s t  c o m m o n l y a pp l ied w a y  o f  c o p i n g w i t h  i n f i l t ­
r a t i o n  o f  s o i l  g a s  h a s  bee n t o  e l i m i na t e  the p re s s u re 
g radient between the s o i l  a nd t he bu i ld i ng. This c a n  be 
a c h i e ve d  by b a l a nc i ng t he ne g a t i ve p re s s u re c au s e d  by 
t h e  s t a c k  e f f e c t  by p re s s u r i s i ng t h e  bu i l d i ng .  T h i s  
method , howeve r ,  cannot be recommended. I t  would have 
t h e  d e s i re d  e f f e c t  o n  i n f i l t ra t i o n  o f  s o i l  g a s  bu t 
wou ld s i m u l taneously press warm hum id indoor a i r  i nto 
the cold parts o f  the walls w i t h  water vapou r conde nsa­
t ion and poss ibly deve lopment o f  mould as adverse s id e  
e f f e c t s .  I n s t e a d , i t  i s  re c o m m e nded t h a t  t he p re s s u re 
g ra d i e n t  ove r t h e  s l a b  be c h a n g e d  by s u c k i ng a i r  f r o m  
t h e  s o i l  u nd e r t h e  s l a b ,  t h u s  m a i n t a i n i ng a s t ro ng e r 
ne g a t i ve p re s s u re u n d e r  t h e  s l a b  re l a t i ve to t h e  
i n t e r i o r  o f  t h e  bu i l d i n g .  T h i s  t e c h n i qu e  h a s  be e n  
s u c c e s s f u l l y  a pp l i e d  i n  C a n a d a  / 9 4/ ,  i n  t he re m e d i a l  
a c t i o n  p ro g r a m  i n  G r a n d  Ju n c t i o n ,  C o l o ra d o  a nd i n  
Sweden . 

I n  Sw e d e n ,  3 9  i n s t a l l a t i o n s  f o r  c re a t i ng a n e g a t i ve 
s u b -s l a b  p re s s u re h a ve be e n  e v a l u a t e d .  The a v e r a g e  
reduct ion i n  radon concentration i n  i ndoor a i r  w a s  88% 
or 2 6 0 0  B q / m 3 . A l i m i te d  f l o w  o f  g a s  is e x t ra c t e d , 
just e nough to prevent i n f i l t ra t ion t h rough any c ra cks.  

'l O  
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Som e t im e s  i t  i s  s u f f i c i e n t  t o  a p p l y  s u c t i o n  i n  one 
po i n t  o n l y ,  bu t i f  t h e  c ap i l l a r i t y  b r e a k i n g  l aye r i s  
s e c t i o ne d  b y  f o o t i ng s ,  s u c t i on i n  e ve ry s e c t i o n  i s  
recomme nded. I t  is  esse ntial t o  apply the suc t ion i n  a 
sm a l l  c a v i t y u nd e r  t h e  s l a b .  W i t h  n o  s u c h  c a v i t y  the 
pre s s u re d rop w i l l  o f t e n  be t o o  h i g h  c l o s e  t o  t h e  p o i n t  
o f  suc t io n ,  p reven t i ng horisontal sprea d i ng o f  nega t i ve 
pressu re under the slab / 1 7/.  

Appl icat ion o f  s t rong suct ion a t  one point in  an eske r  
has been demons t rated as a poss ible remedy for a g roup 
of ad j a c e n t  bu i l d i ngs (personal commu nicat ion from Dr 
Be n g t  E r i k s s o n , N a t i o n a l  I n s t i t u t e f o r  Bu i l d i n g  
Research , Gavl e , Swede n ,  / 1 0/ ) .  

I n  c e r t a i n  c o n d i t i o n s  i t  i s  a l s o  p o s s i b l e  t o  p re ve n t  
i n f i l t r a t i o n  o f  s o i l  r a d o n  by b l o w i ng a i r  d o w n  u nd e r  
the slab.  Such an installat ion w i l l  b e  e f fect ive i f  the 
c o n c e n t ra t i o n  o f  r a d o n  u nd e r  t he s l a b  is r e d u c e d  t o  a 
l o w  v a l u e  by t h i s  ve n t i l a t i o n .  O p t i m a l  a l te r na t i ve s  
m u s t  b e  s e l e c t e d  w i t h  d u e  c o n s i d e ra t i o n  t o  bu i l d i ng 
phys i c s  and local cond i t i ons. 

I n c re a s e d  i nd o o r  ve n t i l a t i o n  is u a u a l l y n o t  a n  e f fe c ­
t i ve remed ia l  act ion against i n f i l t rat ion of s o i l  gas. 
If s o i l  g a s  . i n f i l t ra t e s  t h e  bu i l d i ng ,  t h e  re s u l a n t  
indoor a i r  conce n t rat ion may be come e x t remely high.  The 
s o u r c e  t e rm e m i s s i o n  t he n  h a s  to be redu c e d ,  s i n c e  no 
real i s t i c  vent i l at ion rate will su f f ice to d i lute the 
rad o n  to a n  a c c e p t a b l e  c o n c e n t ra t i o n .  M e c h a n i c a l  
e xhau s t  a i r  ve n t i la t i on of the bu i l d i ng w i l l increase 
t h e  n e g a t i ve p r e s s u re i n  t h e  bu i l d i ng a n d  po s s i b l y  
i nc re a s e  t h e  i n f i l t ra t i o n  o f  rad o n  f rom t h e  s o i l .  I n  
o ne h ou s e ,  o p e r a t i o n  o f  t h e  e x h au s t  f a n  o ve r t he 
k i t c he n  s t o ve w a s  s h o w n  t o  i n c re a s e  t he ve n t i l a t i o n  
rate o f  t he house cons iderably,  bu t so d id t h e  f l o w  o f  
a i r  f r o m  t h e  c r a w l  s p a c e  i n t o  t h e  k i t c h e n .  Th i s  
re s u l t e d  i n  a s e ve ra l - f o l d  i n c re a s e  i n  r a d o n  c o n c e n t ­
rat i o n  / 9 / .  Ope r a t i o n  o f  a n  e x hau s t  a i r  ve n t i l a t i o n  
sys tem i n  a . house w i t h  s lab on grade has had a s im i la r  
e f fe c t  / 2 0/ .  Whene ve r  mechanical ve n t i l a t i o n  is appl ied 
i n  a h o u s e  w i t h  s u s p e c ted i n f i l t r a t i o n  of radon f rom 
t h e  s o i l  t h e  sys t e m  s h ou l d  be o f  t h e  b a l a nced s u p p l y ­
e x h a u s t t y p e . B a l a n c i n g t h e s y s t e m  t o  a n e u t ra l 
p re s s u re , a nd regu l a r  m a i n t e n a nc e ,  w i l l  be e s s e n t i a l .  
Con s i d e r i ng t h e s e  d e m a nds , ve n t i l a t i o n c a n  b e  a g ood 
supplem e n t a ry remedial too l ,  espec i a l ly in cases w here 
the bu i l d i ng materials contribu te s ig n i f icantly to the 
rem a i n i ng c o nc e n t r a t i o n  of rad o n .  I n s t a l l a t i o n  o f  
m e c ha n i c a l  b a l a nc e d  ve n t i l a t i o n  i n  1 0  d w e l l i ng s  w i t h  
i n f i l t r a t i o n o f  s o i l  r a d o n  re s u l t e d  i n  4 0  - 9 0 %  
redu c t i on i n  i ndoor conce ntrat ion / 2 0/.  

6.2 Radon from bu i ldi ng materials 

Bu i ld i ng m a terials can be rega rded , by and large,  as a 
cons tant sou rce te rm for indoor radon. Common bu i l d ing 
mate r i a l s  have such low exhalat ion rat e s ,  less than 2 0  
Bq/ (m 2 1 h ) ,  t h a t  re t ro f i t t i ng w i t h  a mechanical vent i la -
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t i o n  s y s t e m  w i l l  n o t  be c o s t -e f f e c t i v e .  The m o s t w e l l  
k n o w n  bu i l d i ng m a te r i a l  w i t h e x c e s s i ve e x h a l a t i o n  o f  
r a d o n  i s  p ro b a b l y  a type o f  S w e d i s h  a e ra t e d  c o n c r e t e  
w i t h a l u m  s h a l e .  T h e  tyf i c a l  e x ha l a t i o n  f r o m  t h i s  
m a t e r i a l  i s  5 0- 2 0 0  Bq/ ( m  , h ) .  I n  h o u s e s  w h e re a e r a t e d  
a l u m  s h a l e  c o n c re t e  i s  t he m a i n  bu i l d i n g  m a t e r i a l ,  

w e a t h e r  s t r i pp i n g  c a n  re s u l t  i n  a r i s e  o f  t h e  r a d o n  
c o n ce n t r a t i o n  u p  t o  1 0 00 B q / m 3 . I n  s u c h  s i tu a t i o n s  
re t ro f i t t i n g  w i t h  a m e c ha n i c a l  b a l a n c e d  ve n t i l a t i o n  
s y s t e m  i s  t h e  b e s t  r e m e d i a l  a c t i o n .  T h e  a d e q u a t e  a i r  
excha nge ra te� can not be a c h i eved & i mply by i ncr&as i ng 
t h e  ge ne r a l  u n t i g h t n e s s o f t h e bu i l d i n g  e n ve l op e .  I n  
c o l d  c l i m a t e s  t h e  re s u l t  w o u l d  b e  a n  u nc o m f o r t a b l e  
i ndoor the rmal c l i mate and e x ce s s i ve heat i ng cos t s .  I n  
S w e d e n ,  t h e  i n s t a l l a t i o n  c o s t o f  a re t r o f i t t e d  
ve n t i l a t i o n  sys t e m  is appro x i ma t e l y  5 %  o f  that o f  a new 
cons truc t ion . 

The e ff e c t  of a re t ro f i t ted bal anced ven t i lat ion sys t e m  
o n  indoor radon conce n t rat i o n s  o f t e n  d e v i a tes f r o m  w h a t  
i s  c a l cu la ted a s su m i ng c o m p l e te a i r  m i x ing a n d  d i lu t i o n  
o f  a cons t a n t  sou rce for radon. 

Imprope rly d e s i g ned o r  loc a ted a i r  i n le ts a nd outle t s  
may c a u se t h e  ve n t il a t ion a i r  t o  pass s t r a i g h t  f r o m  a i r  
i n l e t  to a i r  ou t l e t ,  not m i x i ng w i t h t h e  room a i r. T h i s  
c a n  r e s u l t  i n  a s u rp r i s i ng l y  s m a l l  r e d u c t i o n  i n  rad o n  
conce n t ra t i o n . 

C l e a n  a i r  i s  o f t e n  s u pp l i e d  t o  " c l e a n  ro o m s " w h e re 
p e o p l e  s p e n d  m o s t  o f  t h e i r  t i m e ,  a n d  t h e n p a s s e s  
t h rou g h  t r a n s f e r  a i r  d e v i c e s  i n t o  o t h e r  p a r t s  o f  t he 
h o u s e  w h e re t h e  a i r  ou t l e t s a re l o c a t e d .  The d i l u t i o n  
rate w i t h  non-pol lu ted a i r  i n  the " c l e a n  rooms " w i l l  be 
h i g h e r  t h a n  t he a ve r a g e  f o r  t h e w h o l e  bu i l d i n g  a n d  
c o ns e q u e n t l y  i n  t h e s e  r o o m s  t he r e du c t i o n  i n  r a d o n  
conce ntrat i o n  w i l l  be l a rge r t h a n  expected.  

The i ncreased a i r  move ments in a house w i t h  mecha n i c a l  
vent i l a t ion m ay increase the a d s o rb t ion of  radon dau g ­
h te rs to su rface s ,  p l a t e  ou t .  

A r e d u c e d  d we l l  t i m e  o f  t h e  r a d o n  i n  i nd o o r  a i r  t e n d s  
t o  r e d u c e  t h e  e q u i l i b r i u m  f a c t o r .  W h e n  t h e  e f f e c t  o f  
ve n t i l a t i o n  i s  c ha ra c te r i z e d  by m e a s u r i ng t he c o n ­
c e  n t  r a t  i o n  o f  r a d o n  d a u g h t e r s ,  t h i s  a d d s  t o  t h e  
reduc t i on i n  conce n t ra t ion o f  rad o n .  

I f  t h e  ve n t i la t ion s y s t e m s  a re equ ipped w i th e f f i c i e n t  
a i r - t o -a i r  h e a t  e x c h a n g e r s  o r  t h e  h e a t  i n  t h e  e x h a u s t  
a i r  i s  re c o v e red w i t h a h e a t  pu m p ,  t h e  ve n t i l a t i o n  
syste m s  ne i the r i nc rease nor d e c rease the e ne rgy d e m a nd 
i n  the bu i l d i ng .  W i t h  re t ro f i t ted m e c ha n i c a l  a nd b a l a n ­
c e d  ve n t i l a t i o n  s y s te m s ,  h o u s e s  bu i l t  f r o m  a e ra t e d  
concre te based on a l u m  s h a l e  c a n  b e  re med ied e f f ic ie n t ­
l y .  In 7 d w e l l i ng s  the conce n t r a t i o n  of  radon d au g h te rs 
w a s  r e d u c e d  by 9 5 %  d o w n  t o  1 6  - 6 0  B q / m  3 / 1 8 / .  
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6.3 A i r  cleaning 

W h e n  a i r  p a s s e s  t h r o u g h  a m e c h a n i c a l  f i l t e r  o r  a n  
e l e c t ro s t a t i c  p re c i p i t a t o r ,  pa r t i cu l a te s  w i t h  part i c l e ­
bound rad o n  d au g h te rs , a s  we l l  a s  t h e  u na t t a c hed f ra c ­
t i o n  o f  t h e  r a d o n  d a u g h t e r s ,  a re r e m o v e d  e f f i c i e n t l y .  
Th e s e  f i l t e r s , h o w e v e r ,  d o  n o t  re m o v e  a n y r a d o n  f r o m  
t h e  a i r  a n d t h u s  t h e  p r o d u c t i o n  o f  r a d o n  d a u g h t e r s  
t h rou g h  t h e  d e c a y  o f  radon i s  n o t  a f f e c t e d .  The rad i o ­
a c t i v e h a l f - l i v e s  o f  t h e r a d o n  d a u g h t e r s a r e f a i r l y  
s h o r t  a n d  l i m i t  t h e  d u r a t i o n  o f  t h e  e f f e c t  o f  f i l t r a ­
t i o n .  A d r a s t i c  r e d u c t i o n  i n  c o n c e n t r a t i o n o f  r a d o n  
dau g h t e rs t h e re f o re requ i re s  a h i g h  v o l u me t r i c  c a pac i ty 
i n  t h e  f i l t e r ,  w i t h  m o re than one t u rnove r h - 1 • A l owe r 
f i l t ra t i o n  ra t e  w i l l  re su l t  i n  a n o n -s i g n i f i c a n t  d os e  
redu c t i on o n l y  / 7 3 / .  

F i l t ra t i o n  re move s radon d a u g h t e rs f rom t he a i r  b y  t w o  
more me c h a n i s ms ove r a n d  a b o v e  the re m ov a l  i n  the f i l ­
t e  r i t s e l f .  T h e  r a d o n  d a u g h t e r s  p r o d u c e d  b y  r a d o n  
d e c a y  i n  f i l te re d  a i r ,  w h i c h  h a s  a l o w  c o nce n t ra t i o n o f  
p a r t i c u l a t e s , w i l l  h a v e  l e s s  c h a n c e  t o  a t t a c h  t o  p a r ­
t i c u l a t e s ,  l e a v i n g  a l a r g e  f r a c t i o n o f  t h e  r a d o n  
d a u g h t e r s i n  t h e  u n a t t a c h e d  f o r m .  U n a t t a c h e d  r a d o n  
d a u g h t e rs a re more mob i l e  a nd more l i ke l y  t o  p l a t e  o u t  
on w a l l s  a n d  o t h e r  su r f ac e s .  The f o r c e d  c i rcu l a t i o n  o f  
a i r  w h i c h  i s  a s i d e -e f f e c t  o f  f i l t r a t i o n  a l s o  i n c re a s e s  
t h e  p l a t e  ou t o n  s u rf a c e s .  

T h e  ove r a l l  redu c t i o n  i n  c o n c e n t ra t i o n  o f  radon daug h t ­
e r s b y  a i r  c l e a n i n g  i s  p a r t l y  o u t w e i g h e d  b y  t h e  f a c t  
t h a t  t h e u n a t t a c h e d  f ra c t i o n  o f  r a d o n  d a u g h t e r s  i s  
i nc re a s e d .  T h e  u n a t t a c h e d  f ra c t i o n  i s  g e n e ra l l y  a s su me d  
t o  be more h a r m f u l  a nd t o  g i ve a h i g h e r  rad i a t i o n  d o s e  
p e r  i n h a l e d  u n i t  o f  a c t i v i t y / 4 4 / , / 7 3  /.  R a d i a t i o n  
d o s e s  f r o m  i n h a l a t i o n  o f  radon a n d  rad o n  d a u g h t e r s  a re 
c a l cu l a t e d  by mode l s  i n c o r p o r a t i n g  s e ve r a l  a s s u mp t i o ns .  
The mos t  f re q u e n t l y  u s e d  mod e l s  a re t h e  H a r l e y-Pa s te r ­
n a k  / 2 7 / , t h e  J a me s - B i r c h a l l  / 4 1 / ,  a n d  t'h e  J a c o b i ­
E i s f e l d  / 3 7/ ,  / 3 8 /  m o d e l s .  T h e s e  m o d e l s  d i f f e r ,  i . a . ,  
by t h e  d i f f e re n t  w e i g h t i n g  fac t o rs g i ve n the u na t ta c hed 
f ra c t i o n  of t h e  radon dau g h t e rs .  

The e f f i c i e n c y  o f  e l e c t r o s t a t i c  p re c i p i t a t o rs l a rge l y  
d e p e n d s  o n  w h i c h  c o m b i n a t i o n s  o f  a g e  a n d d o s e  m o d e l s  
a re be i n g u s e d  i n  t h e  i n te r-equ i pme n t  c o mpa r i s ons /43/,  
/ 4 4 / 1 / 4 5 / ,  / 7 1 / .  T h e  a c t i v i t y c o n c e n t ra t i o n  o f  r a d o n  
d a u g h t e r s  w a s  f o u n d  t o  b e  r e d u c e d  b y  5 0  - 7 5 %  i n  a i r  
w i t h  a l o w a nd b y  3 1  - 6 5 %  i n  a i r  w i t h a h i g h  i n i t i a l  
c o n ce n t r a t i o n  o f  p a r t i cu l a t e s .  The redu c t i o n  i n  c a l cu ­
l a t e d  d o s e , h o w e v e r ,  w a s  l i m i t e d  t o  3 0  - 4 0 %  o f  t h e  
v a l u e  o f  u n f i l t e re d  a i r . S i m i l a r  r e s u l t s  h a ve b e e n 
obt a i ne d  i n  o t he r i nve s t i g a t i o n s  o f  e l e c t ro s t a t i c  f i l ­
t e r s  / 24/ , / 8 6 / .  A l l  the mod e l s  s ho w e d  s o me redu c t i o n  
o f  d o s e  d u r i n g f i l t e r  u s e .  I t  i s  c a l c u l a t e d  t h a t  f i l ­
t r a t i o n  a t  a t u r n o ve r r a t e  o f  4 h - 1 w i l l  r e s u l t  i n  5 0 %  
r e d u c t i o n  o f  t h e  e f fe c t ive d o s e  e q u i va l e n t  /73/.  

A s  t h e  m o re h a r m f u l  u n a t ta c h e d  f ra c t i o n  i s  i nc re a s e d  by 
f i l t ra t i o n ,  i t  h a s  b e e n  a r g u e d  t h a t  f i l t ra t i o n  m i g h t  
e v e n  i n c re a s e  t h e  d o s e .  F r o m  t h e  s t u d i e s  r e f e r r e d  t o  
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above t h i s  s e e m s  n o t  to be t h e  c a s e , a l t h ou g h  t h e  
r e d u c t i o n  i n  rad i a t i o n  d o s e  i s  l e s s  t h a n  i s  i nd i c a t e d  
by t h'e o ve ra l l  reduc t i on i n  a c t i v i ty c o n c e n t ra t i o n  o f  
radon daughters. 

I n t he USA t h e  EPA a s s u m e d  a i r c l e a n e rs t o  be one of a 
few e conom ' a l l y  feas ible remedial a c t ions for e x i s t i ng 
structures on phosphate land i n  Florida / 23/.  For HEPA 
f i l te rs , t h e  c a p i t a l  c o s t  w a s  e s t i m a t e d  at $ 4 0 0  a n d  
a ve rage a n n u a l  o p e r a t i ng c o s t  a t  $ 1 0 0 .  Fo r e l e c t ro ­
s t a t i c  pre c i p i t a t o r s ,  t h e  c a p i t a l  c o s t  a nd t h e  a n nua l 
ope ra ti ng cog t w � r �  � � L i m a ted a t  $ 3 5 0  e nd > $ 3 5  re spe c -
t i ve l y .  

-

I n  c o n c lu s i o n ,  i t  s e e m s  t h a t  a i r  f i l t ra t i o n  w o u l d  
res u l t  i n  only a s m a l l  reduc t ion i n  dose. The techn ique 
c a n  n o t  be re c o m m e nded as a r e m e d i a l  a c t i o n  a ga i n s t  
exce.s .s ive concentra t i ons o f  radon daughter& e xcept in 
comb inat ion w i th other more e f f ic ie n t  actions. In cases 
of moderately enhanced conce n t rat i ons o f  radon daugh­
ters,  f i l t rat ion can re sul t  i n  a n  acceptable a i r  qua l i ­
t y .  The a b s o l u t e  d o se redu c t i o n ,  h ow e ve r ,  w i l l  n o t  b e  
su f f ic ient to j u s t i fy t h e  costs i nvolved. The reduc t ion 
of t h e  rad i a t i o n dose from radon d a u g h t e rs can n e v e r ­
t h e l e s s  be a pos i t i ve s i d e  e f f e c t  w h e n  f i l te rs a re 
i n s t_a l l e d t o  c ope w i t h  s o me o t he r i ndeo r a i r  q-Ya l i ty 
problem . 
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7 .  STRATEGY 

An opt i m a l  s t ra tegy for coping w i th radon i n  i ndoor a i r  
shou ld 

- m i n i m ize coa t ,  
- provide a level o f  ambit ion compa t ible w i th other 

f i e l d s  o f  r a d i a t i o n  p r o t e c t i o n a n d o f  p u b l i c  
heal t h ,  and 

- g i ve spec ial cons idera t ion to the s m a l l  m i nority of 
the popu l a t i on poss ibly exposed to e x t remely h ig h  
c on c e n t ra t i o n s  p o s i n g  a n  u na c c e p t a b l e  i nd i v i du a l  
r i s k . 

The Inte rna t ional Com m iss ion on Rad iological Prote c t ion 
/ 3 5/ has g i ven ge ne ral advice on fundamental princ iples 
in rad i a t i o n  p r o te c t i o n  to na t u r a l  s ou rc e s  of rad i a ­
t i o n .  R a d o n  i n  d we l l i ngs h a s ,  a s  t h e  m o s t  i m p o r t a n t  
expos u re to natural rad iat ion , bee n  u s e d  f o r  i l lu s tra­
t ion o f  the ge neral recommendations.  

The t ra d i t i o n  in rad i a t i o n  p r o te c t i o n  h a s  bee n t o  s e t  
very s t r i ngent l i m its o n  doses from a rt i f i c ial sources 
of rad i a t i o n .  N a t u r a l  rad i a t i o n ,  i n c l u d i n g rad o n  i n  
i nd o o r  a i r ,  h a s  t rad i t i o na l l y n o t  be e n  c o ve re d  b y  a n y  
regu lat i ons . 

The d o s e  l i m i t  f o r  o c c u pa t i o n a l  e x pos u re h a s  be e n  s e t  
a t  5 0  m S v  i n  o n e  y e a r .  Th i s  l i m i t  i s  a pp l i c a b l e  f o r  a 
s i ng l e  y e a r ,  b u t  ye a r l y  d o s e s  o f  5 0  m S v  w o u l d  n o t  be 
a c c e p t a b l e  ove r a l on g  pe r i od of the w o rk i n g  l i fe of a n  
i nd ividual.  W i t h  the l i m i t  o f  5 0  m Sv/year per year for 
40 years' w o rk i ng l i f e ,  the indiv idual w ou l d  accu m u late 
2 S v .  Us i ng t h e  a s s u m p t i o n  of I C RP t h a t  e a c h  p e r s o n s v  
corresponds s t a t i s t ically to 0 . 0 2  fata l i t ies induced by 
rad ia t i on ,  t h i s  is equivalent to a 4 % individual r isk. 
This f i g u re is regarded as the u ppe r l i m i t o f  i nd i vidu­
al risk that t he individual gene ral ly w i l l  accept. W i t h  
n o  r e g a r d  t o  t he c o s t s  i n v o l ve d , e a c h  i n d i v i d u a l  i s  
guaranteed n o t  to re ce ive h igher doses f rom occupat ion­
al exposure. 

For the g e ne ra l  pu b l i c  the I C RP has re c o m m e nded t h a t  
the com m i tted e f fect ive dose equ ivale n t  f rom exposure 
to a r t i f i c i a l  s o u r c e s  of rad i a t i o n  i n  a ny yea r be 
l i m ited to 5 m Sv. For repea ted e xposu res the Com m ission 
h a s  s t a t e d  t h a t  5 m Sv/ye a r  i s  a b i t  h ig h  a nd that it  
w ou l d  be p ru d e n t  t o  res t r i c t  t h e  dose f u r t h e r  t o  1 
m Sv/ye a r  f rom l i fe l ong exposure .  This would l i m i t  the 
d o s e  f r o m  a r t i f i c i a l  s o u r c e s  to e a c h  m e m b e r  of t h e  
pub l ic to 70 m Sv ,  w h i c h  s tat i s t ic a l l y  wou ld correspond 
to a n  i n d i v idual risk o f  0 . 1 4%. 

The s e t t i ng o f  u ppe r l i m i t s of a c c e p t e d  d o s e s  is one o f  
t h re e  p r i n c i p l e s  f o r  rad i a t i o n  p r o t e c t i on .  A n o t h e r  
p r i n c i p l e  i s  t h a t  a p r a c t i c e  w h i c h  c a u s e s  e xposu re t o  
rad i a t i o n  s h o u l d  be j u s t i f i e d  by p r o v i d i n g a pos i t i ve 
n e t b e n e f i t  t o  m a n k i nd .  T h e  t h i rd p r i nc i p l e  d i s c u s s e d  
b y  I C RP / 3 5 / i s  t h e  ru l e  o f  A L ARA . A L A R A  s t a n d s  f o r  A s  
!OV !_s !!,easonably !_ch ievable,  econo m i c  a n d  social 
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f a c t o r s  be i n g t a k e n  i n to a c c o u n t .  T h e  m e a n i ng o f  t h i s 
p r i n c i p l e  i s  o p t i m i s a t i o n o f  t h e  u s e  o f  re s o u r c e s  
a l l o c a t e d  t o  f u r t h e r  r e d u c e  t h e  d o s e s  be l o w  t he u p p e r 
l i m i t s .  T h e  u n d e r l y i n g p h i l o s o p h y  i s  t h a t  e v e ry 
i n c re m e nt i n  dose is equ a l l y  u rg e n t  to reduce . Thu s ,  i t  
w ou l d  b e  c o n t ra ry t o  t h i s  ru l e  t o  t a k e  a c t i o n  a t  a ve ry 
h i g h  c o s t  p e r  u n j t o f  d o s e  r e du c t i o n  i f  a t  t h e  s a m e  
t i me m o re c o s t -e f fe c t ive a c t i o ns a re neglected.  

T h e  A L ARA p r i nc i p l e  i s  not i n t e nd e d  t o  p r o t e c t  a n y  
s i ng l e  ide n t i f ied i n d i v idual bu t to b e  used a s  a gu ide­
l l m�  f o r  w h a t a re a nd a re n o t re a s o n a b l e  c o s t s i n  
a l l o c a t i o n  o f  re s ou rc e s .  I n S w e d e n , t h e  l i m i t  o f  
r e a s o n a b l e  c o s t h a s  b e e n  s u g g e s t e d  a s  S E K  1 0 0  0 0 0  p e r  
pe rsonSv o f  c o l l e c t ive dose redu c t ion / 5 5/.  Th is f i g u re 
i s  n o t  m e a n t  a s  a s t r i c t  v a l u e  t o  b e  u s e d  i n  a m a t h e ­
m a t i c a l  c a l c u l a t i o n  o f  t h e  c o s t -e f f i c i e n c y ,  e . g .  i n  
a n a l ogy w i t h t he a c c e p t e d  p ay -o f f  t i m e i n  i n v e s t m e n t  
c a l c u l a t i o n s .  The f igu re i s  rathe r t o  b e  s e e n  a s  one o f  
seve ral i nd i ca tors used i n  a l loca t i ng re sources ava i ­
l a b l e  for rad i a t ion prote c t i on .  Th e f i gu re i s  g i ve n  a s  
a n  i n t e rv a l  r a n g i n g  f rom S E K  1 0  0 0 0  t o  S E K  5 0 0  0 0 0  p e r  
pe r s o n s v .  T h e  l i m i t  o f  re a s o n a b l e  c o s t  c a n  b e  t ra n s ­
f o r m e d  i n t o  a f i g u re o n  t h e  w i l l i ng n e s s  o f  s o c i e t y t o  

�=� i���o�1�e 
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for one fata l i ty. This m ay be com pared w i t h  the f igure 
o f  SEK 4 . 3 · 1 06 per l i fe saved w h i ch c a n  be deduced f rom 
the pol icy in t ra f f i c  accident preve n t ion.  It m ight be 
a rg u ed t h a t  t h e re is a h i g h e r a m b i t i o n  in rad i a t i o n  
prote c t i on t h a n  i n  tra f f i c  a c c ident preve n t i on, s i nce 
eve ry fatal i ty in  tra f f i c  a c c i d e n t s  i s  accompanied by a 
l a rge r nu m b e r  o f  non-fatal i n j u r i e s , some o f  w h i ch a re 
d i s a b l i n g  f o r  a ve ry l o n g  p e r i o d  o f  t i m e .  T ra f f i c  
acc idents a l s o  i nvolve the you ng port i on o f  the popu l a ­
t io n ,  i n  con trast t o  lung c a n c e r  f rom rad o n .  

T h e  cos t l i m i ts ment ioned above re fe r to t h e  marg i na l  
c o s t ,  i m p l y i ng t h a t  u rg e n t  p ro g ra m s  g e n e ra l l y  s t a r t  
w i t h  the m o s t  cos t-e f fe c t ive a c t ions and stop a t  a m ore 
o r  l e s s  o u t s p oke n i n c r e a s e  i n  m a rg i na l c o s t .  The 
a ve r a g e  c o s t  t o  s o c i e t y w i l l  t hu s  b e  l o w e r t h a n  t h e  
" l i m i t f o r  reasonable c o s t s "  e xa m p l i f ied above. 

U n t i l  r e c e n t l y  t h e  a n n u a l  " w h o l e  b o d y "  e f f e c t i v e  d o s e  
equ ivalent f rom natural sou rce s o f  rad i a t ion was e s t i ­
m a te d  t o  be approx i m ately 1 m Sv as  a worldwide ave rage.  
In the 1 9 8 2  UNSCEAR report /89/,  howeve r, this  e s t i mate 
was d ou b l e d  t o  2 m S v .  The c h a n g e  was c a u s e d  m a i n l y  b y  
a n  i ncrease i n  the e s t imated e f f e c t i ve d o s e  equ iva l e n t  
re f e r r i n g  t o  t h e d o s e  t o  t h e l u n g o f  r a d o n  d e c a y  p r o ­
d u c t s ,  m a i nl y  i n  indoor a i r. 

An i m portant re cent d iscove ry i s  t h a t  s o i l  gas i n f i l t ­
ra t i ng i n t o a b u i l d i n g  c a n  a c t  a s  a c a r r i e r  f o r  r a d o n  
resu l t i ng i n  e x t re me l y  h ig h  conce n t ra t i ons o f  radon i n  
t h e  i nd o o r  a i r  / 7 2 / ,  / 9 5 / .  Ve ry h i g h  c o n c e n t ra t i o n s  
i ndoors have bee n measured o n  g round where the a c t i v i ty 
o f  rad ium i s  not ve ry d i f fe r e n t  f rom the world ave rag e .  
T h e  c o m b i n a t i o n o f  a ve ry p e r m e a b l e  s o i l ,  s u c h  a s  
g ra ve l ,  a l l o w i ng s o i l  g a s  t o  m o v e  f re e l y  t o  t h e  bu i l -
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d i n g  e n ve l ope , a nd ope n c o n t a c t  b e t w e e n  t h e  s o i l  a n d  
t h e  i n t e r i o r  o f  t h e  bu i l d i n g ,  h a s  b e e n  p rove n t o  be a 
su f f i c i e n t  cause of u nacceptably h ig h  conce n trat ions of  
i ndoor radon .  The resu l ta n t  e f fec t ive dose equ ival e n t s  
may be very h i g h ,  rang i ng u p  t o  1 S v  each yea r .  Th i s  i s  
a t  l e a s t 2 0  t i m e s  t h e  u p p e r l i m i t  f o r  p e r m i t t e d  
o c c u p a t i o n a l  e x p o s u re a nd c o n s t i tu t e s  a n  i nd i v i d u a l  
r i s k  n o t  l i ke l y  t o  be a c c e p t e d , e i t h e r  by t he e x p o s e d  
i n d i v i d u a l s  o r  by s o c i e t y .  L i f e - l o n g  e x po s u re w ou l d ,  
a c c o rd i n g  t o  r i s k  e s t i m a t e s  p r e s e n t e d  b y  t h e  I C R P  a n d  
o t h e r s , re s u l t  i n  a p ro b a b i l i t y o f  d e ve l o p i ng l u ng 
cance r w h i c h  i s  h ighe r than from tobacco s m o k i n g .  

I t  has b e e n  shown t h a t  many s o i l  g a s  i n f i l t ra ted bu i l ­
d i ngs c a n  b e  re med ied in  a cos t -e f f e c t ive m a nner / 1 7/.  
The c o s t s  i n v o l ve d  c a n  be as  l o w  as a f a c t o r  of  100 
b e l o w  w h a t  w o u l d  be r e g a rd e d  a s  j u s t i f i a b l e  if  t h e  
source o f  t h e  rad i a t ion w a s  a r t i f i c i a l .  · 

D i s c u s s i o n s  h a ve b e e n  g o i n g o n  a s  t o  w h e t he r  i t  i s  
p ru d e n t  t o  d i s t i n gu i s h  b e t w e e n  p u r e l y  u n a f fe c t e d  
n a t u r a l  rad i a t i o n  a n d  n a tu ra l  r a d i a t i o n  e n ha n c e d  by 
some a c t i o n  of  m a n ,  Te c h n o l og i c a l l y  E n ha n c e d  N a t u r a l  
Rad i a t i o n  ( TENR ) .  The ICRP, howeve r ,  recogn i sed bac k  i n  
1 9 7 7  t h a t  i t  i s  ve ry d i f f ic u l t  t o  m ake such a d i s t inc­
t i on / 3 4/ .  The I C RP s t a te d  / 3 5 / :  "The C o m m i s s i o n  h a d  
a l re a d y  d r a w n  a t t e n t i o n  t o  t h e  d i f f i c u l ty o f  d i s t i n ­
g u i s h i n g b e t w e e n  n o r m a l  a n d  e n h a n c e d  l e v e l s  o f  
expos u re . I t  has now concluded t h a t  t h i s  d i s t inct ion i s  
u n he l p f u l  a n d  b a s e s  i t s  n e w  a d v i c e  o n  a d i f f e re n t  
a pp r o a c h  i n  w h i c h  t h e  e m p h a s i s  i s  o n  t h e  e x te n t  t o  
w h i c h  t he exposure to t h e  source i s  c o n t ro l lable " .  

T h e  p a ra m e t e r  o f  i n t e re s t  i s  t he l o n g - t e rm a v e r a g e  
conce n t ra t i o n  of  radon daughte r s .  Th i s  para m e te r, how­
eve r, i s  ve ry hard to de te rm i ne as the conce n t ra t ion is 
not at all constant bu t varies cons ide rably. The varia­
t i o n s  a re the ne t c o m b i ne d  e f f e c t  of  s e v e r a l  f a c t o r s .  
Some o f  these factors have short t i me consta n t s ,  a mong 
t h e m  t h e  e f f e c t  of i n s t a n t  a i r i n g of a r o o m  by w i nd o w  
o pe n i n g ,  w h i l e  o t he rs a c t s l o w l y ,  s u c h  a s  s e a s o n a l  
vari a t ions o r  e f fects o f  hu m id i ty l i nked t o  t h e  i n i t ia l  
d rying i n  a new s t ru c tu re .  I n  prac t i ce i t  i s  imposs ible 
to de term i ne w i t h  a h ig h  deg ree o f  a c c u racy a repre sen­
t a t i ve l ong-term ave rage for radon daughter conce n tra ­
t i o n  i n  a bu i l d i n g .  A v a i l a b l e  m e t h o d s  m e a s u re e i t h e r  
t h e c o n c e n t ra t i o n  a t  a c e r t a i n  m o m e n t  o f  s a m p l i n g  o r  
the ave rage conce n t ra t ion du r i n g  the t ime the detector 
is e x po s e d  i n  the bu i l d i n g .  A l o n g e r i n t e g r a t i o n  t i m e  
g i v e s  a m o re re p re s e n t a t i ve v a l u e ,  bu t t h e  d e v i c e s  
w h i c h  c a n  m e a s u re f o r  6 m o n t h s  t o  o n e  ye a r  t e n d  t o  b e  
l e s s  a c c u ra te than m e a s u re me n t s  based on g rab sampl ing 
te chn iqu e s .  Eve n a hypothe t i c a l l y  pe rfect measurement 
w i l l  l e a ve s o m  u n c e r t a i n t y re g a rd i n g  l i f e - t i m e  e x p o ­
s u re .  I t  i s  p o s s i b l e ,  f o r  e x a m p l e ,  t h a t  n e w  i n s t a l l a ­
t i o n s  o r  re t ro f i t t i ng s  i n  a bu i l d i n g  w i l l  l e a d  t o  t h e  
ope n i n g  o r  s e a l i n g  of  conne c t i ons between s o i l  a nd the 
bu i ld i ng i nt e r i o r ,  or a ffect the ve n t i la t ion rate.  

As the c once n t ra t ion o f  radon in i ndoor air ranges over 
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m o re t h a n  t h re e  powe rs o f  t e n ,  a m o d e r a t e  u nc e r t a i n t y  
i n  t h e  c h a ra c te r i z a t i o n o f  a s p e c i f i c  h ou s e  s h ou l d  be 
accepted. It would seem pract i cal to regard the action 
l e v e l  i m p l e m e n t ed by soc i e t y  a s  a gu i d e  t o  t he range 
w h i t h i n  w h i c h  re m e d i a l  a c t i o n s  c o m m o n l y  b e c o m e  
j u s t i f iable f r o m  a cost a n d  hea l t h  prote c t i on po i n t  o f  
v i e w .  The es t i mat ion o f  radon daughter concentrat ion i s  
o n l y  pa r t  o f  t h e  b a s i s  f o r  a d e c i s i o n  on re m e d i a l  
act ion. Other factors t o  be cons idered a re the need for 
a redu c t i o n  of t h e  c o l l e c t i v e  dose i n  the p o pu l a t i o n ,  
the nature o f  the re med ial act ions i n  que s t i o n ,  and t he 
att i tude and w i l l ingness/ab i l i ty o f  the i nhabi tant� Lo 
pay f o r  t h e  c o s t s .  For c a s e s  w h e re f a i rl y  s i m p l e  
re m e d i a l  a c t i o n s  c a n  b e  t a ke n t h e  I C RP s u g ge s t s  / 3 5/ 
that an a c t ion leve l  for equ i l ib r i u m  egu i valent radon 
conce ntrat i o n  in the region o f  200 Bq/m 3 ( a nnual e ffe ­
c t ive dose equ i valent of abou t 1 2  m Sv )  m ight be cons i ­
d e re d .  F o r  s e v e re a n d  d i s ru p t i ng re m e d i a l  a c t i o n ,  a 
value seve ral t imes h ighe r m ight be m o re appropri a t e ,  
t h e  Comm i s s i on says. 

In S w ed e n ,  t h e re h a ve be e n  regu l a t i o n s  in f o rc e  f o r  
some years w h i c h  s t i pulate that a n  ave rage concentra­
t i on of 400 B q / m 3 and m o re of r a d o n  d a u g h t e rs in t h e  
i n h a b i t e d  s p a c e  s h a l l  b e  r e g a r d e d  a s  a s a n i t a r y  
nu i s a n ce / 9 9 / ,  / 1 00/ . I n  t h e o r y ,  t h i s m a ke s  r e m e d i a l  
act i ons mandat o ry. Th i s  action level w a s  i ntroduced a s  
a tempora ry l i m i t ,  g iv i ng priority to t h e  f e w  bu i ld i ngs 
w i t h ve ry h i g h  c o nce n t ra t i on s .  The l i m i t was d e d u c e d  
f r o m  t h e  re c o m m e nd a t i on g i v e n  b y  t h e  S w e d i s h  Ra d o n  
Com m is s i on t h a t  the e xposu re du r i ng t h e  ne x t  f i ve years 
s ho u l d  be l i m i t e d  to 2 000 Bqye a r s / m 3 / 6 8 / .  M e a s u re ­
ments were recommended to be made i n  two rooms i n  the 
d we l l i n g ,  o ne o f  w h i c h  t he b e d r o o m ,  w h e re t h e  h ig h e s t  
c o n c e n t ra t i o n w a s  e x pe c t e d .  I n  t h e  c a l c u l a t i o n  o f  t h e  
ave rage , d o u b l e  we i g h t  w a s  g i ve n  t o  t he h i g h e r  o f  t h e  
t w o  m e a s u re m e n t  v a l u e s .  T h e  l i m i t w a s m e a n t  b o t h  a s  a 
tool for d i re c t i ng act ions to bu i ld i ngs w i th ve ry h igh 
c o n c e n t r a t i o n s  a nd a s  a l i m i t  b e t w e e n  c a s e s  w h e r e  
re medial a c t ions shou ld b e  taken o r  not.  

As h a s  a l re a d y  been e m pha s i s e d  in  t h i s  r e po r t ,  a m o re 
accurate e s t i mate o f  the prec ise re l a t ions h i p  be tween 
e xp o s u re t o  r a d o n  d a u g h t e r s  i n  i nd o o r  a i r  and l u n g  
c a n c e r i n c i d e n c e  i s  need e d ,  t h r o u g h  e p i de m i o l og i ca l  
s tudies i n  d we l l ings.  Al though conc lus i ve ev idence i s  
s t i l l  l a c k i n g f o r  re l i a b l e  j ud ge m e n t  o f  t h e  c r i t i c a l  
e f fe c t  l e ve l s ,  we be l i e v e  t h e  d a ta b a s e  pe r m i t s u s  t o  
m o u n t  a re a s o na b l y  a d e q u a t e  a c t i o n  p r o g ra m .  I n  o u r  
opi ni o n ,  a pra c t ical and cost-e f fe c t i ve act i on s t rategy 
based on both the statements i n  the ICRP publ ication No 
39 / 3 5 /  a n d  t h e  p r e s e n t  S w e d i s h  r e g u l a t i o n s  f o r  
e x i s t i n g  bu i l d i ngs / 6 8/ , / 9 9 / , / 1 0 0/ c o u l d  b e  f o r  
Swede n :  

- Measureme n t s  ind ica t i ng less than approximately 1 5 0  
Bq/m 3 o f  r a d o n  d a u g h t e r s  s u gg e s t  o n l y  s i m p l e  a n d  
l ow - c o s t  re m e d i a l  a c t i o ns s u c h  a s  m a i n t e na n c e  o f  
t h e  e x i s t i ng ve n t i l a t i o n  sys t e m  o r  s e a l i n g  o f  
o b v i ou s  a nd e a s i l y a c ce s s i b l e  r o u t e s  o f  e n t ry f o r  
s o i l  g a s .  



- W h e n  initial measureme nts indicate concentrations 
i n  t h e m i d d l e  r a n g e  1 5 0  - 5 0 0  B q / m 3 o f  r a d o n  
d a u g h t e rs ( t h e  l a t t e r  f ig u re c o r re s ponding t o  400 
B q / m 3 w i t h  a l l o w a n c e  f o r  a 2 5 %  v a r i a t i o n  i n  
s c re e n i n g  m e a s u reme n t  da t a )  rem e d i a l  a c t i o n s  a re 
re c o m m e nd e d , bu t t h e  d e c i s i o n  o n  t h e  spe c i fic 
remedial ac tions shou l d  be taken by the houseowne r. 
A reco.mme ndation on the a c tion o f  choice shou l d  be 
g i v e n b y  t h e  h e a l t h  o r  bu i l d i ng a u t ho ri t i e s  a f t e r  
having conside red the estimated cost and e f fec tive ­
n e s s  o f  p o s s i b l e  a c t i o n s , a n d  t h e  u n ce r tai n t i e s  
inhe re n t  i n  the measureme nts.  

- Measu rements in screening p rograms indicating con­
c e n t ra t i o n s  h i g he r t h a n  5 0 0 B�/m 3 , i.e.  s e v e r a l  
t im e s  h i g h e r  t h a n  2 0 0 B q / m  / 1 0 1 / , j u s t i f y  
immediate simple remedial ac tions without waiting 
f o r  c o n f i rm i n g  m e a s u rem e n t s .  I f  s im p l e  re m e d i a l  
a c tions cannot b e  take n ,  repeated measurements a re 
t o  be made , designed to ve rify the situation a nd to 
h e l p  d e s ig n t he rem e d i a l a c t i o n s .  I f  t h e  h i g h  
c o ncentrations are ve rified , even quite expensive 
rem e d i a l  a c t i o n s  m u s t  be a c c e p t e d .  If t h e  h o u s e ­
o w n e r c a n - n o t  a f f o rd t h e  a c t i o n  a nd i t  h a s  b e e n  
e s tablished that simpler ac tions a re not like ly to 
b e  e f f e c t i v e , pu b l i c  f i n a n c i a l  s u ppo r t  s h o u l d  b e  
conside red . 

I n  some situations remedia l ac tions s hou ld probably be 
m a n d a t o ry .  I n  o u r  opi n i o n ,  t h e  e x po s u re l im i t  a b o v e  
which s ociety m a y  presc ribe remedial actions should be 
h i g h  f o r  a d u l t  p e r s o n s  l i v i n g  in a h o u s e  o f '  t h e i r  o w n .  
I f  there a re children i n  the building, i n  our opinion,  
t h e  � a n d a t o ry limit s h o u l d  not be ve ry much a b o v e  4 0 0  
Bq/m radon daughters. If  t h e  d we l li ng is re nted , or i t  
i s  e.g.  a public day-care centre f o r  c hild re n ,  remedial 
actio n s ,  to be consistent with othe r sectors of public 
he a l t h  p r o te c t i o n , s hou l d  be m a n d a t o ry at eve n l o we r 
leve l s . 

A key p r o b l em i s  t h e  d e s i g n  o f  s c re e n i n g  p ro g r a m s  f o r  
ide n t i f y i n g  bu i l d i n g s  e l ig i b l e  f o r  rem e d i a l  a c t i o n s .  
The I CRP r e c om m e n d s  / 3 5/ t h a t  " c om p e t e n t  n a t i o n a l 
authorities establish investigation levels to separate 
exposu re s  that require investigation f rom those that do 
not" .  This procedu re is meant to separate, in the least 
c o s t l y  w a y ,  the m a j o r i t y  o f  b u i l d i n g s  w i t h  low r a d o n  
concentration f rom the f e w  w i t h  a n  e le vated concen tra­
tion of radon daug h te rs above o r  near the action leve l .  
The ICRP recommends that not every building be sub ject 
to measu rements bu t that characte ristics such as type 
o f  b u i l d i n g  m a te ria l ,  l o c a l  g e o l o g y ,  a n d  ve n t i l a ti o n  
pri n c i p l e  b e  u s e d  i n  a t tem p t s  t o  s e p a r a t e  t h e  s m a l l  
fraction o f  the building stock whe re the vast maj ority 
o f  bu i l d i n g s  w i t h  rad o n  d a u g h te r  c o n c e n t ra t i o n  a b o ve 
t he a c tion l e ve l  can be found. 

Mode rn detectors based o n  t rack techniques integrating 
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t h e  conce n t ra t i o n  ove r 3 m onths or m o re ,  g i ve a f a i rly 
e x a c t  f i g u re on the r a d o n  c o n c e n t ra t i o n  at f a i r l y  l o w  
c o s t .  I t  i s  o f t e n  m o re e x p e n s i ve t o  c h a r a c t e r i z e  a 
bu i l d i ng by i ns pe c t i o n  as to the s t a tu s  o f  the ve n t i la ­
t ion sys te m s  a nd the presence o f  ope n i ngs t o  the so i l .  
D i s t r i bu t i o n  o f  m od e r n  t ra c k  d e t e c t o r s , o r  o t he r l o w  
c o s t d o s e m e t e rs , b y  m a i l w i l l  p ro b a b l y p re s e n t  t h e  
least e xpens i ve and most accu rate dete r m i n a t i on of  the 
l o ng t e r m  a ve ra g e  c o n ce n t ra t i o n .  T h e  a c c u ra c y  of s u c h  
measurements i s  su f f i c j e n t  t o  separate the s m a l l  g rou p 
o f  bu i l d i ng s  w i t h e l e v a t e d  c o n c e n t r a t i o n s  f ro m  t h e  
m a j or i ty w i th "norma l "  conce n t ra t io n s ,  a nd w i l l  i n  m os t  
c a s e s  be s u f f i c i e n t  f o r  m a k i ng t he d c c i o i o n  a o  t o  
w h e t h e r o r  n o t  r e m e d i a l  a c t i o n s  a t  a r e a s o na b l e  c o s t  
a r e  i n d i c a t e d .  S o m e  p a r t s  o f  t h e  b u i l d i n g s t o c k ,  
h oweve r ,  c a n  be e x c l uded from m easu re me n ts a l ready a t  
t h e  p l a n n i n g s t a g e . In  a re a s  w h e re n o  h i g h  rad i u m  
a c t i v i t y b u i l d i n g  m a t e r i a l s  h a v e b e e n  u s e d , a l l  
apa rtments w i t h  no d i re c t  contac t  w i t h  the g round may 
b e  e x c l u d e d  f r o m  t he s c r e e n i n g .  W o o d e n  h o u s e s  a t  
l o c a t ions w he re the s o i l  i s  known t o  be i mpermeable or 
to have l o w  a c t i v i t y of rad i u m  m a y  a l s o  be e x c l u d e d .  

Fo r ne w bu i l d i ng s  t h e  I C R P  / 3 5/ s ta t e s  t h a t  t h e re a re 
m u c h  be t te r  p o s s i b i l i t i e s  t h a n  i n  o l d  bu i l d i ng s  to 
a c h i e ve a l o w  i ndoor radon conce n t ra t i o n .  I t  is  rec o m ­
m e nd e d  t h a t  " t he e x po s u r e  o f  t h e  m o s t  h i g h l y  e x po s e d  
i nd i v i d u a l s  s hou l d  b e  l i m i ted b y  the a pp l i c a t ion o f  a n  
u pp e r  b o u n d  o f  i n d i v i d u a l  d o s e  i n  t h e  o p t i m i z a t i o n 
a s s e s s m e n t " .  T h i s  u p p e r  b o u n d  s h o u l d  be e s t a b l i s h ed 
t a k i ng i n t o  c o n s i d e r a t i o n  the l o c a l  p o s s i b i l i t i e s  o f  
m i n i m i s i ng t he i n f i l tration o f  s o i l  gas and the poss i ­
b i l i t y  o f  a vo i d i n g  t h e  u s e  o f  bu i l d i ng m a t e r i a l s  w i t h  
e l e v a t e d  a c t i v i t y o f  r a d i u m .  A s  a r e s u l t  o f  t h e  
n e c e s s a ry m od i f i c a t i o ns be i ng e a s i e r  t o  i m p l e m e n t  i n  
new bu i ld i ngs ,  the u ppe r bound for these w i l l  be l o w e r  
t h a n  the a c t i o n  leve l  foe  e x is t ing s i tu a t i ons.  The ICRP 
b e l i e v e s  t h a t  a r e a s o n a b l e  u p p e r b o u n d  f o r  t h e  
e q u i l i b r i u m  e q u i v� l e n t  r a d o n  c o n c e n t r a t i o n  i s  o f  t h e  
o r d e r  o f  1 0 0  B q / m  • A p p l i c a t i o n  o f  a n  u ppe r bou nd o f  
1 0 0  Bq/m 3 to u s  a l s o  seems reasonable to comply w i th i n  
e ve ry k n o w n  s i t u a t i o n .  Th i s  i s  a l s o  i n  a g re c m a n t w i t h 
t he r e c o m m e nd a t i o n s  f r o m  a t a s k  g ro u p  o f  t h e  W o r l d  
Heal th Orga n i z a t i o n .  On t h e  most " radon d a nge rous"  s o i l  
t h i s  m ig h t  requ i re res t r i c t ions on type of  bu i l d i ng i f  
t h e  a d d e d  c o s t s  a re t o  be k e p t  l o w  e .g .  b y  avo i d i ng 
i n h a b i te d  b a s e m e n t s i n  ope n c o n t a c t  w i t h t he m a i n  
l iv i ng space . 

I n  S w e d e n ,  i t  i s  p re s c r i b e d  i n  t he Bu i l d i n g  C o d e  t h a t  
i n  new bu i l d i n g s  the l ong-term ave rage c once ntration o f  
r a d o n  E E C  m u s t  n o t  e x c e e d  7 0  B q / m 3 • I n  t h e  C o m m e n t s  t o  
t h e  C o d e  i t  i s  s t a t e d , h o w e ve r ,  t h a t  a s  a c o ns e q u e n c e  
o f  t he u nc e r t a i n t y  i n  measure m e n t s  i t  i s  reasonable t o  
a pp rove measu re m e nts u p  t o  140 Bq/m 3 • H i g he r  values can 
be app rove d  only if the re m e d i a l  measu re s  that wou ld be 
requ i red to reduce the conce n t ra t ion a re u n reasonably 
e xpens ive in re l a t i o n  to what can be g a i ne d  i n  reduced 
e x po s u re . It i s  b e l i e ved , the Co m m e n t s  r e a d , t h a t  t h e  
l i m i t  v a l u e  f o r  n e w  bu i l d i n g s ,  t og e t h e r  w i t h  t h e  
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r e m e d i a l  a c t i o n s  t a k e n  b a s e d  o n  t he a c t i o n  l e ve l f o r  
e x i s t i n g  bu i l d i ng s ,  w i l l  reduce t he c o l l e c t ive average 
p o p u l a t i o n  e x po s u re f ro m  t h e c u r r e n t  l e ve l  of a p p r o ­
x i m a t e l y  5 0  B q / m 3 t o  a pp r o x i m a t e l y  2 5  Bq/m 3 i n  1 00 
yea r s . 
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8 .  COST-BENEFIT CONSIDERATIONS 

I f  $ 1 0  000 pe r personSv is used as a c r i te rion for cost 
e f f i c i e ncy i n  rad iat ion protection ( see also sec t ion 
7 )  i t  f o l l ows tha t :  

- Common bu i ld i ng m a terials used i n  a rea l is t i c  bu i l ­
d i n g  d e s i g n  a n d  w i t h  comm o n  s u r fa c e  t r e a tm e n t s  
g i v e , o n  t h e  average , a n  e x ha l a t i o n  o f  radon o f  
less than 2 0  Bq/m , h. W i t h  present e ne rgy costs and 
i n  a c o l d  c l i m a t e  ( nu m b e r o f  d e g re e  days > 5 0 %  o f  
the Swed i s h  s i tu a t i o n )  o the r aspects o f  the

-
i ndoor 

a i r  qu a l i t y than t h e  rad o n  e m i s s i o n  f rom bu i l d i ng 
materials w i l l  set the l im its for energy conse rva ­
t i o n  by w e a t he r i s a t i o n  o f  t he bu i ld i ng / 1 6 / .  O n l y  
i n  e x c e p t i o n a l  s i t u a t i o n s  i s  i t  n e c e s s a ry t o  
re f ra i n  f rom e ne rgy conservat i on by weatherisat ion 
b e c au s e  of t he e x ha l a t i o n  of radon f rom bu i l d i n g  
m a t e rials.  Other aspe c ts o f  i ndoor a i r  qua l i ty a nd 
bu i l d i ng phys ics set the l im i t  for m i n imum recom ­
me ndable ve nt ilat ion ra te. Vent ilat ion rates below 
t h e  g e n e r a l l y  r e c o m m e n d e d  m i n i m u m  r a t e  w i l l 
obvi ously increase the radon conce ntrat ion as w i l l  
t h e  c o nce n t ra t i o n  o f  a num be r o f  o t h e r  po l lu t a n t s  
i n  the i ndoor a i r. 

- O n c e  a n  e x i s t i n g  s t ru c t u re w i t h  i n f i l t r a t i o n  o f  
radon from the ground has been ide n t i f i e d ,  remed i a l  
a c t i o ns s e e m  c o s t -e f fe c t i ve i f  t h e  c o n t r i bu t i o n  
f rom the s o i l  t o  the i ndoor radon conce ntration i s  
more than 5 0  - 1 0 0  Bq/m 3. I f  t h e  low -cos t remed i a l  
ac t i o n s  a r e  n o t  su c c e s s fu l t h e  c o s t  e f f i c i e n c y  o f  
m o re e xpe nsive remedial a c t ions should be evaluated 
on a c a s e  by case bas i s . 

- M o re e xpens ive remed i a l  a c t ions i n  e x i s t ing bu i l ­
d i n g s ,  s u c h  as re t ro f i t t i ng a m e c ha n i c a l  ba l a n ce d  
ve n t i l a t i o n  sys tem , s e em t o  be c o s t  e f f fe c t i ve b y  
i t s  s o l e  e f fe c t  o n  t he rad o n  c o n c e n t r a t i o n  i f  t h e  
expe c ted reduct ion is a bou t 2 00-400 Bq/m 3. 

- Rad o n  f rom t h e  s o i l  e n t e rs bu i l d i ngs by a c o n ve c ­
t i v e  f l o w  o f  a i r  d r i ve n  b y  a p re s s u re g rad i e n t .  
Tra n s p o r t  b y  d i f fu s i o n  i s  i n s i g n i f i c a n t .  Thu s t h e  
pre s s u re d i f fe re nce be tween i ndoor a i r  and s o i l  gas 
subjacent to the bu i l d i ng has a dec i s ive impact on 
the radon conce n t rat ion.  I n  bu i ld i ngs on pe rmeable 
s o i l ,  ve n t i l a t i o n  s y s t e m s  s ho u l d  be d e s i g n e d  to 
a v o i d  a n e g a t ive p re s s u re i nd o o r s  re l a t i v e  to t h e  
basement and the g rou nd. 

In new bu i l d i ngs small m od i f icat ions i n  the des ign 
w i l l  in m o s t  c a s e s  pre ve n t  i n f i l t r a t i o n  of s o i l  
g a s .  W h e n  bu i l d i ngs a re c o n s t ru c t e d  o n  " ra d o n  
d a n g e r o u s "  l a n d ,  i n f i l t ra t i on o f  r a d o n  f rom t he 
s o i l  c a n  be p re ve n t e d  b y  a d e q u a t e  bu i ld i ng d e s i g n  
and constru c t ion princ iples that a re e i the r inhe­
re n t l y r a d o n  s a fe or requ i re o n l y  m i n o r  m od i f i c a ­
t i o n s .  O t h e r types o f  b a s i c  bu i l d i n g  d e s i g n  w i l l  
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requ i re m ore e xpe ns ive mod i f icat ions. I f  inhabited 
base m e n t s  a re avoided , any g round can be bu i l t  upon 
w i t h s t r i c t  d e s i g n  l e ve l s  at an a d d e d  c o s t of n o t  
m o re t h a n  a p p ro x i m a t e l y  4 %  o f  t h e  b a s e  c o s t  f o r  a 
detached o ne -fam i ly house. 

- Ou r e x pe r i e nc e  s hows that the average cost w i l l  be 
m i n i m i s ed i f  t h e  o w n e r of the h o u s e  h a s  an i n c e n ­
t i ve t o  l o o k  f o r  t h e  m o s t  c o s t-e f f e c t i ve s o l u t i o n  
t o  a ny p ro b l e m  w i t h  rad o n .  I f  t he c o s t s  a re fu l l y 
c ov e re d  by s o c i e t y  t he o w ne r w i l l  n o t  h a ve t h i s  
i nce nt i ve a nd w j l l  o f t e n  a rgue for a m o re e xpe nsive 
ac t i on . 

Eve n i f  t h e  c o s t s  o f  re m e d i a l a c t i o n s  i n  a h o u s e  a re 
f u l l y  o r  p a r t i a l l y  c o ve red by t h e  o w ne r soc ie ty s t i l l  
has t o  ca rry the fu l l  respons i b i l i ty for o t h e r  paits o f  
t h e  p r o t e c t i o n  p r o g r a m  a g a i n s t  r a d o n  i n  i n d o o r  a i r .  
Local o r  c e n t ral agenc ies s hould pe rform research and 
su rveys conce r n i n g  

- adap t i o n  a nd d e m on s t ra t ion o f  re med i a l  a c t ions i n  
e x i s t i ng s t ru c tu re s ,  
a d a p t i o n ,  d e m o n s t ra t i o n ,  a nd v e r i f i c a t i o n  u nde r 
local c o nd i t ions of m od i f icat ions i n  des ign su i tab­
le for preve n t i ng i n f i l t ra t ion o f  radon f rom subja­
cent s o i l ,  and 

- docu m e n t a t i o n  o f  whe re geolog ical cond i t ions i nd i ­
cate a r i s k  f o r  i n f i l trat ion o f  s o i l  g a s .  

The s o c i e t y a l s o  m u s t  c a r ry t h e  r e s p o n s i b i l i t y f o r  
i n c lud i ng relevant i n form a t i on on rad o n  i n  t h e  t ra i n ing 
o f  bu i l d i ng e ng i ne e rs ,  geotechn ic ians , a nd health pro­
t e c t i o n i s t s . 

42 



9 .  REFERENCES 

1 A r c h e r ,  V . E . ,  J . D .  G i l l a m , a n d J . K .  W a g o n e r ,  

" Re sp i r a t o ry D i s e a s e M o r t a l i t y a m o n g  Uran i u m  
M i n e rs " ,  An n .  N . Y .  Acad . S c i . 2 7 1 : 2 8 0 - 2 9 3  ( 19 7 6 ) . 

2 A x e l s o n ,  o . ,  E d l i n g ,  c . ,  K l i n g ,  H ,  A n d e rs s o n ,  L . ,  
a nd R i g n er ,  A. ,  " L u n g  Ca n c e r  a nd Ra d on i n  
Dwe l l i ng s " ,  La nce t ,  1 9 8 1 ,  , 9 9 5 - 9 9 6 .  

3 Be c k ,  H . L . ,  " T h e  Phys i c s  o f  e nv i r o nm e n t al g a m m a  
r a d i a t i o n  f i el d s " ,  i n  The N a t u r a l Ra d i a t i o n  
E n v i r onm e n t  I I ,  p .  1 01 - 1 3 3 ,  Oak R i d ge , Un i ted S t a t e s  
Ato m i c  Ene r g y  Co m m i s s i o n ,  19 7 5  

4 Be l v i n ,  E . A . , Cha i r m a n , A s tudy of Phos p h a t e  S l a g  i n  
Bu i l d i ng M a te r i a l s ,  A r e po r t  o n  t he P ha s e I s u rvey , 
Re p o r t  of t he I n t e rage n c y  P ho s p h a t e  S l a g Ta sk Fo r c e ,  
J u n e  19 7 9  

5 Bu rka r t ,  w . ,  We r nl i ,  C . , a nd B ru n n e r  H. , "Rad i a t i o n  
E x p os u re s  a nd R i s ks d u e  to A i r t i g h te n i ng o f  Hom e s  i n  
a n  A l p i n e  A r e a  w i t h  H i g h  Ra d on E m a na t io n " , So z i a l ­
u n d  Prave n t iv m e d i z  i n ,  3 0( 1 9 8 5 ) 2 66 - 2 6 7 .  

6 Ca s t r en ,  o. e t  a l . ,  " H i g h  N a t u r al Ra d i o ac t i v i ty 
o f  Bo red We l l s  a s  a Ra d i a t i o n Hyg i e n i c Pro b l e m  i n  
F i n l a nd " ,  p r e se n te d  a t  t he 4 t h  :i: n t e r n a t i o n a l  
Cong re s s  o f  I R P A ,  Par i s ,  Apr i l  1 9 7 7 .  

7 Ca s t r en ,  o . ,  "The C o n t r i bu t io n  of Bo red We l l s  t o  
Re s p i r a to ry Rad o n  Daug h t e r  E x p os u re in Fi n l a nd " , 
N a t u r a l  Ra d i a t io n  En v i r o n m e n t  I I I , p . 1 3 64- 1 3 7 0 ,  
U . S .  Sy m po s i u m  S e r i e s  5 1 ,  Hou s t o n ,  Te xa s ,  Apr i l  
2 3 - 2 8 ,  1 9 7 8 ,  CONF- 7 8 0 4 2 2  v o l  2 ,  I S BN 0 - 8 7 0 7 9 - 1 1 9 -2 

8 Ca s t r en ,  o . ,  V o u t i l a i n e n ,  A . ,  W i n q v i s t ,  K . ,  a n d 
M a ke l a i n e n ,  I . ,  " S tud i e s  of H i g h  Ind o o r  Ra d on A re as 
i n  F i n l a nd " , t h e  S c i e n c e  of t he To t a l  Env i ro n m e n t ,  
4 5 ( 19 8 5 ) ,  3 1 1- 3 1 8 

9 C l a v e n s j o ,  B . ,  E r i c s o n ,  s -o ,  E r i k s s o n ,  B . E . ,  
Haka n s s o n ,  B ,  a nd Swe d j e m a r k ,  G . A . ,  " Ra d o n  i n  
Dwe l l i n g s  - rem ed i a l  a c t i o n s  a g a i n s t rad on i n  i n d oor 
a i r" ( Rad o n  in Bos t ad e r  - Byg g n a d s t e kn i s ka a t g a rd e r 
for a t t  m i n s ka r ad on ha l t e n  i i n o m h u s l u f t ) , Swed i s h 
Cou nc i l  f o r  Bu i l d i ng Re s e a r c h  R 2 8 : 1 9 8 2 , I S BN 9 1 - 5 4 0 -
3 65 8 - 5  ( In Swed i s h ) .  

1 0  C l a v e n s j o ,  B . ,  re p o rt t o  t he Swed i s h Bu i l d i ng 
Re s e a r c h  Cou nc i l  1 9 8 6 ,  i n  p r e pa r a t i o n .  

1 1  Cl i f f ,  K .D . ,  " A s se s s m e n t  o f  A i rb o rne Rad on Dau g h t e r 
C o nc e n t ra t i o n  i n  D w e l l i ng s  i n  G re a t  B r i t a i n " ,  P h ys . 
M e d . B i o l .  2 3 ( 1 9 7 8 ) 4 ,  p .  6 9 6 - 7 1 1 .  

1 2  C l i f f ,  K . D . ,  e t  a l . ,  " T h e  I n c i d e n c e  a n d Or i g i n  o f  
Ra d o n  a nd I t s  Dec ay P r odu c t s  i n  Bu i l d i ng s " ,  N a t i o na l  
Rad i o l ogh ic a l  Pro te c t i o n Bo a r d ,  NRP B-Rl 5 9 ,  I S BN 0 -
8 5 95 1- 2 19 -3 ,  Fe b ru a ry 19 84. 

43 



_j-_ 

13 Col l �  R .  e t  a l ,  " Radon Transport t h roug h  and 
E x ha l a t i o n  from Bu i ld i ng Mate r i a l s .  A re v i e w  and 
Asses s m e n t " ,  U.s.  Department of  C o m m e rce , Sept 1981 

14 U.S.  Depa r t m e n t  o f  Ene rgy, " Prog ress Rep o r t  on the 
Gra nd Junc t i on Ura n ium M i l l  Ta i l i ngs Re med i a l  Act ion 
Progra m , Feb 1 9 7 9 ,  DOE/EV-003 3 .  

1 5  Edl i ng c ,  " Lu ng c a ncer a nd Radon Dau g h te r  Exposure 
i n  m i nes and Dwe l l ings " ,  L i nk8p i ng : L i nk8ping 
Un ivers i t y ,  M e d i c a l  D i s se r t a t i o n s ,  S wede n ,  No 1 5 7 ,  
1 9 8 3  

16  Er icson , s -o . ,  "Cos t-be ne f i t  ana lys i s  of  decreased 
ve n t i l at ion rates and radon e xh a l a t i o n  f ro m  bu i l d i ng 
m a t e r i a l s " ,  v o l  5 p .  2 7 1 - 2 7 6  i n  B e rg l u n d ,  B .  e t  a l . ,  
Procee d i ngs o f  the 3rd I n t e r n a t i o n a l  Co i n fe re nce on 
I ndoor A i r  Qua l i ty and Cl i m a te ,  Stockholm Augu s t  20-
24, 1 9 8 4 ,  Swed i s h  Counc i l  for Bu i l d i ng Re searc h ,  
ISBN 9 1- 5 40-419 7-X.  

17 Ericson,  s -o ,  a nd S c h m i e d ,  H.,  " M od i f ied Te chnology 
in new cons t ru c t ions , and cos t e f fe c t i ve re m e d i a l  
ac t ion i n  e x i s t i n g  s t ru c tu re s ,  t o  p reve n t  
i n f i l t ra t i on o [  ::> o i l  g a ::>  c a r r y i m ;:J  L du o u " ,  v o l  5 ,  £,I •  
1 5 3- 1 5 8  i n  Be rq l u n d ,  B.  e t  a l . ,  Procee d i ngs of the 
3rd Interna t ional Confe rence on Indoor Air Qua l i ty 
and C l i m a t e ,  Stockholm Augu s t  20-24,  1 9 84,  Swed i s h  
Cou n c i l  for Bu i l d ing Resea rc h ,  ISBN 9 1-540-4 19 7-X. 

18  Ericson,  S-0., and Sc h m ied , H., " I n s t a l l a t ion of 
Supply/e x h a u s t  Ven t i lat ion as a Re m e d i a l  A c t i o n  
aga i n s t  Radon f rom s o i l  and/or Bu i l d i ng M a t e r i a l s " ,  
The Sc i e nce o f  t h e  Tot a l  Env i ronme n t ,  4 5 ( 1 9 8 5 ) , 499-
5 0 5  

1 9  E r i c s o n ,  S-0, and Sc hm i e d ,  H . ,  " The f i rst l ong t i me 
comparison o f  te c h n ique s  for pas s i ve i n t e g ra ted 
m e a su re m e n t  of ra d o n  a nd r a d o n  d a u g h ter 
conce n t r a t i o n  performed in  an occu p i ed d we l l i ng " ,  
The Sc ience o f  t he Tota l  Environ m e n t ,  4 5 ( 1 9 8 5 )  405-
4 1 5  

20 Ericson,  s-o . ,  a nd Sch m ied , H,  re port for t h e  
Swed i s h  Bu i l d i ng Research Cou nc i l  1 9 8 6 ,  
inprepara t ion ( In Swed i s h ) 

2 1  E r i c s o n ,  s-o, " Byggnads tekn iska Atg irde r - Kos t nader 
och Nyt ta f8r Fas t ighe t sig a re " ,  p re s e n ted a t  Nord i c  
Soc i e ty for Rad i a t ion Prote c t ion se m i na r  i n  He l s i n k i  
Febru a ry 1 3 - 1 4 ,  1 9 8 6  ( In Swed i s h )  

2 2  U.S.  Env i ro n m e n t a l  Prote c t i o n  Age ncy,  " Rad iolog i c a l  
Qua l i ty o f  t h e  Env i ron m e n t  i n  the U n i ted State s " ,  
1 9 7 7 ,  EPA 5 2 0/ 1 - 77-009 

23 Indoor Rad i a t ion E x posu re Due to Rad iu m - 2 2 6  i n  
Florida Phosphate Land s ,  U . S .  EPA 5 2 0/4-78-0 1 3 ,  
February 1 9 7 9  



2 4  R a j a l a ,  M . ,  J a n k a , L . ,  L e h t i m ak i ,  M . ,  Ku l m a l a ,  v . ,  
a n d  Grae f f e ,  G . , "On t he I n flue nce o f  a n  
E l e c t ros t a t i c  P re c i p i ta t o r  a nd a Me chan i c a l  F i l te r  
o n  Radon Decay Produ c t s " ,  s u b m i t ted for pub l i c a t ion 
i n  Heal t h  Phys i c s  

2 5  Grape ngiesse r ,  s . ,  "Re v i e w  o f  C o l l e c t ive E f f e c t ive 
Dose Equ ivale n ts to t he Swed i s h  Popu l a t ion"  
(6ve r s i kt ove r s venska ko l lekt i v s t raldos e r )  report 
to rthe Swed i s h  Cance r Com m i t te e ,  D s  S 1984 : 2  I S BN 
9 1-38-08 5 00-3 .  

26  Ham , J.M . ,  Report o f  the Roya l Com m i s s i o n  on t h e  
Heal th a n d  S a f e t y  o f  W o rkers i n  M i nes ,  Toron to 
M i n i s try of  t h e  A t torne y  Gene ra l ,  Provi nce o f  
O n t a r i o ,  1 9 7 6 . 

2 7  Ha rley,  N . H . ,  a nd Pasterna c k ,  B . S . ,  "Envi ro n m e n t a l  
Rad o n  Dau g h t e r A lpha D o s e  fac tors i n  a f ive l obed 
hum a n  l u n g " ,  He l t h  Phys i c s , 1 9 8 1  

28  H a r t l e y ,  J . N . , Koe h m s t e d t ,  P . L . ,  E s te r ! ,  D . J . , 
a nd Freem a n ,  H .D . ,  "Asph a l t  E m u l s ion Sea l i n g  o f  
U ra n i u m  M i l l  Ta i l i ngs 1 9 79 Annual Repor t " ,  Bat te l le 
Pac i f i c  North W e s t  Laboratory, for U.S.  Depa r t m e n t  
o f  E ne rgy Con t ra c t  DE-AC06-76RLO 1 8 3 0 1  PNL- 3 2 9 0  

29  H a r t l e y ,  J .N . ,  Koe h m s t e d t ,  P . L . ,  E s t e r ! , D . J . ,  
F re e m a n , H . D . ,  a n d  C l a r k ,  R . L . ,  " A p p l i c a t i o n o f  
Aspha l t  E m u l s ion Sea l s  to U ra n i u m  M i l l  Ta i l i ng s " ,  
Bat te l l e  Pac i f i c  Nor t h w e s t  Laboratory, pres e n t e d  a t  
t h e  Th i rd Sym pos iu m  o n  Ura n iu m  Ta i l i ng s  M a nage m e n t ,  
For t  Co l l i n s ,  Colorado,  Nove m be r  24- 2 5 ,  1980.  

30  He s s ,  C . T . ,  C a s p a r i u y s , R . E . ,  N o r t o n ,  S . A . ,  a nd 
B ru tsae rt ,  W . F . ,  " In ve s t ig a t ion o f  Natu ral Leve l s  
o f  Rado n - 2 2 2  i n  G roun d w a t e r  i n  M a i ne for Asse s s ­
m e n t  o f  related Hea l th E f fe c t s " ,  i n  Natural 
Rad i a t i o n  Env i ro n m e n t  I I I ,  Procee d i ngs o f  a 
sym pos i u m  he l d  a t  Hou s to n .  Apr i l  1 9 7 8 ,  CONF-
78 0 4 2 2 ,  vol 1 ,  p .  5 29 - 5 4 6 ,  I S BN 0-8707 9 - 1 1 9 - 2  

3 1  Hes s ,  C . T . ,  "Rad o n - 2 2 2  i n  P o t a b l e  Wate r Supp l i e s  
i n  M a i ne .  The Geo l ogy,  Hyd rology, Phys i c s  a n d  H e a l t h  
e f fe c ts " ,  Land a n d  W a t e r  Res ou rce Ce n t e r ,  Un i ve rs i ty 
o f  M a i ne a t  Orono, Sept 1 9 79. 

3 2  H e s s ,  C . T . ,  W e i f fe n b a c h ,  c . v . , N o r t o n ,  S . A . ,  
B r u t s a e r t ,  W . F . ,  a nd H e s s ,  A . L . ,  " Ra d o n - 2 2 2  i n  
Potable W a t e r  Supp l i e s  i n  M a i ne .  The Geo logy, 
Hyd rology,  Phys i c s  a nd Hea l t h  E f fe c t s " ,  in Natu ral 
Rad i a t i o n  Env i ron m e n t ,  Voh r a ,  K.G. e t  a l  Eds , 
Bombay, Janu a ry 1 9 - 2 3 ,  1 9 8 1 ,  p . 2 16-220.  

3 3  Hu l t qv i s t ,  B : ,  " Stud i e s  on n a t u ra l l y  occu rring 
i o n i z i ng rad i a t ions w i th s pe c i a l  re f e re nce to 
rad i a t i on d o s e s  i n  Swed i s h  h ou s e s  o f  va r i ou s  type s •  
Ku n g ! .  S v .  Ve t .  H a nd ! .  Se r 4 ,  V o l  6 ,  N : o  3 ,  1 9 5 6  

3 4  I n t e rna t i o n a l  Com m is s i o n  o n  Rad i o log i c a l  Prote c t ion 
Publ ic a t io n  No 2 6 ,  A n na l s  o f  the I CRP Vol 1 : 3  1977 

4 5  



3 5  I n t e rna t iona l Com m i ss ion on Rad iolog i c a l  Protec­
t i o n ,  I CRP Publ i c a t ion 39,  " Pr i n c i p l e s  f o r  L i m i ­
t i ng Exposu re o f  t h e  Publ i c  to Na tural Sources 
o f  Rad i a t ion " ,  1 9 8 4 , ISBN 0 08 031503 8 .  

3 6  Inge rsol l ,  J . G . ,  A Su rvey o f  Rad i o nu c l i d e  C o n t e n t s  
a nd Radon E m a na t i o n  Ra tes in Bu i ld in g  M a t e r i a l s  used 
in the u . s . , Hea l th Phys i c s  Vol 45 : 2  p 3 6 3- 368 , 1983 

37 Jacob i ,  w.,  a nd E i s fe l d , K . ,  " Internal d o s i m e t ry of  
radon-2 2 2 ,  radon - 2 2 0  a nd the i r  short-l i ved 
daughte r s " , GSF report S-626 ( 19 8 0 ) . 

38 Jacob i ,  w . ,  a nd E i s fe l d , K. , " Inte rna l d o s i m e t ry of  
i nhaled radon daugh te rs " ,  p 3 1- 3 5  i n :  Proceed i ngs o f  
I n te rna t io n a l  C o n f e re nce on Rad i a t io n  Haz a rd s  i n  
M i n i n g :  Control ,  M easu re m e n t  and Med i c a l  Aspec t s .  
Gol d e n ,  Col orad o ,  1 9 8 1 .  Soc i e ty of  M i n i n g  E ng i neers,  
New York,  1981.  

3 9  Jacob i ,  w . ,  "Expe c ted Lung Cance r Risk From Radon 
Dau gh te r Expos u re i n  Dwe l l i ngs " ,  p.  3 1-42 i n  
Be rg l u nd ,  B .  e t  a l  Eds I ndoor A i r ,  Proceed i ngs o f  
t h e  3rd I n te r n a t i o n a l  Confere nce on Indoor A i r  
Qua l i t y a nd C l i ma t e ,  S L ul; k.bu l m  Augua t 2 0 - 2 4 ,  1 9 8 4 ,  
Swe d i s h  Cou n c i l  f o r  Bu i l d ing Researc h ,  I S BN 9 1- 540-
419 1-0 

40 Jacob i ,  w . ,  a nd Pare t z ke ,  H.G. , " R i s k  A s s e s s m e n t  f o r  
Indoor Expos u re to Radon Dau g h t e rs " ,  T h e  S c i e nce of  
the Total E n v i ro n m e n t ,  4 5 ( 198 5 ) ,  p. 5 5 1- 5 6 2  

4 1  Ja m e s , A . c . , J a c o b i ,  w . ,  a n d  S t e i h au s l e r ,  · p . , 
" Re s p i ra tory t r a c t  dos i m e t ry of radon a nd t horon 
daughte rs .  The s ta te -o f -th e -art and i mp l i ca t i on s  f o r  
e p i d e m i o l ogy a nd r a n i oh i o l ogy , p. 4 2 - 5 4  i n :  
Procee d i n g s  o f  Inte rna t ional Confe re nce o n  Rad i a t ion 
haz a rds i n  M in i n g :  Contro l ,  Measru re m e n t  a nd Med ical 
Aspe c t s ,  Gol de n ,  Colorado,  198 1 ,  Soc ie ty of M i n i ng 
Eng i nee rs., New York, 1 9 8 1 .  

42  Jam e s ,  A.C. ,  " Dos i me t r i c  Approache s  t o  R i s k  
Ass e s s m e n t  f o r  Indoor Exposu re to Rda o n  Dau ghte rs " ,  
Rad i a t i o n  Prote c t i o n  Dos i m e t ry ,  7 (  198 4 ) N : o  1-4, p.  
3 5 3-366 . 

43 Jona s s e n ,  N i e l s ,  " Radon Daug h t e r  Leve l s  i n  I ndoor 
A i r :  E f fe c t s  of F i l tra t ion a nd C i rcu l a t i o n " ,  Pro­
g re s s re port V I I ,  Grant A M I - 5 2 189-0 f rom S t a t e n s  
Vatte n f a l l s ve rk ( St o c k h o l m ) ,  M a y  1 9 8 4 .  

44 Jona s se n ,  N i e l s ,  " Radon Dau g h t e r  Leve l s  i n  I ndoor 
A i r :  Effects o f  F i l t ra t ion and C i rcu l at i o n " ,  Pro­
g re s s report I X ,  Grant A M I - 5 2 189-0 f rom S t a t e n s  
Vattenfa l ls v e rk ( Stockholm ) ,  November 1 9 8 5 . 

45 Jonass e n ,  N . ,  a nd J.P. Mc Laug h l i n ,  " The Redu c t ion of  
Indoor Air Conce n t ra t i ons o f  Radon D au g h t e rs w i t hout 
t he Use o f  Vent i l a t i o n " ,  The S ie nce of t h e  Total 
Envi ronme nt 45 ( 19 8 5 ) 48 5 - 49 2 .  



46 Kah los , H .  and As i ka i ne n ,  M . , "Na tural Rad ioa c t i v i ty 
o f  Grou nd Water i n  the He l s i nk i  Area " ,  I ns t i tu te of 
Rad i a t ion Phys i c s ,  H e l s inki , report S FL-A l 9 ,  Nov 
1 9 73 

47 Ke l le r , G . ,  a nd Fo l ke r t s , K- H . ,  " A  s tu d y  o n  i nd o o r  
radon " ,  Vol 2 p .  149-154 i n  proceed i ngs o f  t h e  3 rd 
I nte rnat ional Conf e re nce on I ndoor A i r  Qua l i ty a nd 
C l i m a t e ,  Stockho l m  Augu s t  20-24,  1984,  Swed i s h  
Cou n c i l  f o r  Bu i ld i ng Resea rch,  I S BN 9 1-540- 4 1 9 3 - 7  

48 Knu tsson , G.,  "Radon conte n t  i n  variou s  types o f  
g rou ndwa te r i n  Sou t heastern Swede n.  A pre l i m i n a ry 
report " ,  S t r i a e  4 ( 1 9 7 7 )  p .  55-59,  I S BN 9 1- 7 3 8 8-003-5 

49 Kob l i nge r, L . ,  "Ca l c u l a t ions on t he gam m a  leve l s  i n  
roo m s  due t o  rad ioac t i ve sources i n  the wal l s " ,  
Pape r G 2 ,  3 r d  Eu ropean Cong ress of the Inte rnat ional 
Rad iolog ical P rotec t ion assoc i a t i o n ,  Amsterda m ,  M ay 
1 9 7 5 .  

5 0  Kob l i ng e r ,  L . ,  "Ca l c u lat ion of Expos u re Rates f rom 
Gam m a  Sou rces in W a l l s  o f  D we l l ing Roo m s " ,  Hea l t h  
P h ys i c s ,  V o l  3 4 ,  p .  4 5 9 - 4 6 3 ,  1 9 78 .  

51  Kol b ,  w . ,  a n d  Schie r ,  H. , " Bu i l d i ng Material induced 
rad i a t ion e xposu re o f  t he popu la t ion",  Pape r G3,  3rd 
European Con g ress o f  the I n t e rn a t i onal Rad iolog i cal 
Protec t ion assoc ia t i o n ,  A m s te rda m ,  May 1 9 7 5 .  

52 Kr i s iu k ,  E . M .  e t  a l . ,  "A s tudy o n  rad ioac t i v i ty i n  
bu i ld in g  m a t e r i al s " ,  L e n i n g rad Research Ins t i tu t e  
f o r  Rad i a t i o n  Hyg i e n e ,  1 9 7 1 .  

5 3  Ku n z , E ,  J .  S e v c , v .  P l a c e k ,  a n d  L H o r a c e k ,  " Lu n g  
Cance r i n  Man i n  Re l a t i on t o  D i f fe re n t  T i m e  
D i s t ri bu t ion o f  Rad i a t ion Expos u re " ,  Hea l t h  Phys ics 
3 6 : 699-706 ( 19 79 ) . 

54 L a nd m a n ,  K.A . ,  a n d  D .S .  C o h e n ,  " T r a n s p o r t  o f  Rad o n  
t h rough Cracks i n  a Concrete Slab",  Hea l t h  Phys i c s ,  
V o l  44 : 3 ,  p 249-25 7 ,  1 9 8 3  

55 L i nde l l ,  Bo, "Risk P h i losophy w i th i n  Rad i a t i on 
Prote c t ion"  ( Riskf i loso f i  i nom 
s t rAl skyddsve rksa m h e te n ) ,  S S I : l980-38 ( In Swed i s h )  

5 6  L i nd m a rk ,  A l f  a n d  Rosen , Be n g t ,  Radon i j ord , 
Swed i s h  Geotechnical I ns t i tu t e ,  Report No 24,  
1984,  I SSN 0 348-0 7 5 5  ( In Swed i s h ) .  

5 7  L i nd m a r k ,  A . ,  a n d  B .  Rose n ,  " Ra d o n  i n  S o i l  G a s  -
E x ha l a t ion Tes ts and i n  s it u  Measure me n t s " ,  The 
S c i e nce o f  the Tot a l  Envi ronme n t , 45 ( 19 8 5 ) 39 7-404 . 

58 M j one s ,  L ,  A Bur'e n ,  and G.A. Swedj e mark, 
"Conce n t r a t i o n  o f  radon in Swed ish Dwe l l ings• 
( Radonha l t e r  i sve nska bos t ade r ) ,  Swed i s h  Rad i a t ion 
Prote c t i on I n s t i t u te Docume nt a84- 2 3 , ( In Swed i s h ) .  

47 



� -

59 M u l l e r ,  J . ,  w . c .  W h e e l e r ,  J . F .  Ge n t l e m a n ,  G .  
Surang i ,  a n d  R.A. Ku s i ak, " Study o f  M o r ta l i ty o f  
Onta r i o  M i n e rs 1 9 5 5- 1 9 7 7  Part l " ,  Report O n t a r i o  
M i n i s t ry of  Labou r ,  Ato m i c Ene rgy C o n t r o l  Board o f  
Ca nada , May 19 8 3 .  

6 0  Mustone n ,  R . ,  "Natural Rad ioa c t i v i t y  i n  and Radon 
e x h a l a t i o n  from F i n n i s h  Bu i l d i ng M a t e r i al s " ,  Hea l t h  
Phys ics v o l  46,  N : o  6 p.  1 19 5 - 1 2 0 3 ,  1 9 8 4  

61  M 6re , Hans , " Ra d i oakt iva amnen i Byggnad s m ate r i al " 1  
SSI-rapport 8 5 - 0 8 ,  ISSN 02 8 2-4434 ( InSwed i s h ) .  

6 2  Nuc l e a r  Ene rgy Age ncy/DECO, "Exposure t o  rad i a t ion 
from the na t u ra l  radioac t iv i ty i n  bu i ld i ng 
m a te r i a l s " ,  May 1 9 79 

63 Nu c l e a r  Ene rgy Age ncy, Dos i m e t ry aspe c ts of expos u re 
to radon a nd thoron daughters " ,  report by a g roup o f  
experts , Pa r i s ,  OECD, 1 9 8 2  

64 O ' R i o rd a n ,  M . C . ,  e t  a l . ,  " T h e  R a d i o l og i c a l  
Impl i c a t ions o f  u s i ng by-produ ct Gypsu m  a s  a 
Bu i ld ing M a t e r ia l " ,  Na t ional Rad iolog i c a l  Protec t i on 
Boa rd , NRPB-R7,  Dec 1 9 7 2 .  

65 O'Riord a n ,  M .C.  e t  a l . ,  " Hu m a n  Exposu re to Radon 
De cay Produ c ts Ins ide Dwe l l i ngs in the U n i ted 
K i ngdom " ,  Na t i o n a l x  Rad i o l o g i c a l  Protec t ion Board , 
NRPB-R l 5 2 ,  Fe bru a ry 1 9 8 3 .  

66 P e r s h a g e n ,  G . , D a m be r ,  L . ,  a n d  Fa l k ,  R .  " E x p o s u re 
to Radon i n  Dwel l i ngs and Lungcance r :  A p i lo t  
S t u d y " ,  i n  B .  Be rg l u n d , T .  L i n d va l l ,  a nd J .  
Sunde l l ( Eds . )  Indoor A i r  Volume 2 :  Radon,  pass ive 
smoking , pa r t i c u l a t e s  and hous ing e p idemi ology , 
S t o c k hu l rn . Sw!::!d li:; li Cou nc i l  for Bu ild i ng R!::! ::l l::!d rc..: I i , 
0 1 7 : 1 9 8 4 ,  p .  73-78 . 

. 

07 Pe t t e rs s o o ,  HAkan : H i l a i ng s o n ,  Olov : S a m u e l s s o n ,  
Chris t e r ,  a nd Hedva l l ,  Robe r t ,  Radon E x ha l a t ion from 
Bu i l d i ng M a t e r i a l s  ( Radonexhalat ion friln Byggnads ­
m a t e r ia l ) ,  S t a t e n s  Prov n i ngsans t a l t  Tekn isk Rapport 
SOP-RAPP 19 8 2 : 3 2 ISSN 0280- 2 5 03. ( In Swed i s h )  

6 8  Swe d i s h  Rad o n  Com m i s s i o n ,  A tenta t i ve proposal for 
r e m e d i a l  a c t i o n s  a g a i n s t  r a d i a t i o n  h a z a rd s  i n  
d we l l i n g s "  ( P re l i m i n a r t  f 6 r s l a g  t i l l  a t g a rd e r  m ot 
s t ra l r i s ke r i b y g g n a d e r ) ,  D s J o  1 9 79 : 9 ,  I S BN 9 1 - 3 8 -
05010-2 ( InSwed i s h )  

6 9  S w e d i s h  R a d o n  Co m m i s s i o n ,  f i na l  re p o r t  " Ra d o n  i n  
d we l l i ngs " ,  ( Radon i bostade r ) ,  sou 198 3 : 6 ,  ISBN 9 1 -
3 8-0743 3-8 ( In S w e d i s h ) .  

7 0  R a e s ,  F . ,  A .  J a n s s e n s ,  a n d  H .  Va n m a rc k e , " A  c l o s e r  
Look a t  the Be haviour o f  Rad ioact ive Decay P roduc t s  
i n  A i r " ,  T h e  Sc ie nce o f  t h e  Tot a l  Env i ron m e n t ,  
45 ( 1985 ) ,  2 05-2 1 8 .  

48 



71 Ra j a l a ,  M . ,  K .  Ja n k a , M .  L e h t i m ak i , v .  Ku l m a l a ,  G .  
Grae f f e ,  and J.  Kesk i ne n ,  "The Control o f  Radon 
Proge ny by A i r  Treatment Dev i ces " ,  the Sc ie nce o f  
the Total Environmen t ,  4 5 ( 1985 ) 493-49 8 .  

7 2  Ru n d o ,  J . ,  M a rku n ,  F . ,  a nd P l o ndke , N .J . ,  O b s e r ­
vat i on o f  High Conce n t ra t i ons o f  Radon i n  Ce rtain 
Houses , Hea l th Phys ics 3 6 ( 1 9 79 ) 729-730 

73 Samue lsson,  Chr i s te r,  " F i l t re r i ng av Radondotter­
hal t ig l u ft " ,  Swed i s h  Cou n c i l  for Bu i ld i ng 
Research grant 8 10 0 5 3- 4 ,  ( In Swedish ) .  

74 Schm ied , H,  "Com b i ne d  Stack E f fect i n  Houses a nd 
Eskers Expl a i n ing t ransie nts i n  Radon Sou rce " ,  the 
Sc ie nce o f  the Total Envi ronment 45 ( 1985 ) 195-2 0 1 . 

75 Se v c , J . , E .  Ku n z , a nd v. P l a c e k ,  " Lu ng Ca n c e r  i n  
Ura n ium M ine rs and l ong-term Exposure to Radon 
Daughte r  Products " , Hea l t h  Phys ics 30 : 433-43 7 ,  1976 . 

49 

76 Sp ie rs , F.w. , "Ga m m -ray dose -rates to human t issues 
from natural e xternal sources i n  Great Brita in" , in 
The Hazards to man o f  nuclear and a l l ied rad i a t ions. A 
second report to the Medical Research Counc i l ,  London, 
He r M a j e s ty's Stat i o ne ry Office,  1960 

7 7  S t rande n ,  E . ,  "Some Aspe c ts on Rad ioac t i v i ty of 
bu i l d i ng materiual s " ,  Phys ica Norveg ica,  8 ,  p. 1 67-
1 7 3 ,  1976 

78 S t ra nde n ,  E.,  " Rad i oac t i v i ty o f  Bu ild i ng Materials and 
the gamma rad i a t i on in m d we l l ings " ,  Phys. Med.  B i o l .  
2 4 ( 1 9 7 9 )  p.  9 2 1-930 

79 S t ra n de n ,  E . ,  K o l s t a d ,  A . K . ,  a n d  L i nd , B . ,  Rad o n  i n  
Dwe l l i ngs ( Radon i bol ige r ) ,  Arbe idsdokument 1984 : 5 ,  
Na t ional Int i tu te o f  Rad iation Hygiene ,  Norway, 1 984. 
( In Norwegian ) .  

· 

8 0  Stra nde n ,  E r l i n g ,  " Radon i n  Norwegian D�e l l i ngs 
and t he Feas ib i l i ty of Epide m io log ical Stud ies" , 
Accepted for publ icat ion i n  Rad iation and 
Envi ronmental Biophys ics . 

8 1  S t rande n ,  E i l i n g ,  u 2 2 2Rn i n  Norwegian Dwe l l i ngs : 
Occu rre nce ,  Pr imary Sou rces and Poss ible Health 
Effects " ,  Subm i t ted to Hea l th Phys ics 1986 

82 Swed j e mark, G.A.,  "The Ioniz i ng rad i a t i o n  in dwe l l i ngs 
related to the bu i l d ing mate r i a l s " ,  SS I : l 9 7 7-004, 
Stockho l m ,  National Inst itu te o f  Rad iat ion P rotec t i on. 

83 Swed j e ma rk ,  G.A. " Radon and its Decay P roducts i n  
Hous i ng - E s t i m a t i on o f  the Radon Daughters E xposure 
to the Swed ish Popu l a t i o n  and Me thods for Evalua t ion 
of t h e  Unce rt a i n t i e s  in Annual A ve ra g e s "  Doc t o ra l  
D i s s e rta i t i o n ,  D e p a r t m e n t  o f  Rad i a t i o n  Phys i c s ,  
U n i ve rs i ty o f  S t o c kh o l m ,  S t o c k h o l m  1 9 8 5 ,  I S BN9 1-
7146-634-7 



84 S v e n s s o n ,  c . ,  E k l u nd , G . , a nd P e r s h a g e n ,  G ,  
" I ndoor Exposu re t o  Radon from the Ground and 
Bronc h i a l  Cancer Among Wome n " ,  Sub m i t ted for 
publ icat ion in Rad iotherapy and Oncol ogy , 1 9 8 5  

85 Tai pale ,  T.T. a n d  W i nq v i s t ,  K . ,  Seasonal 
Var i a t i ons in So i l  Gas Radon Conce n t ra t i on ,  The 
Sc ience o f  the Total Env i ronme n t ,  45( 19 8 5 ) 1 2 1- 1 2 6  

5 D  

86 Tappan ,  J . T . ,  Phase I I  demonstration o f  e l e c t rostatic 
f i l t ra t ion oyotc m e  as a u ra n iu m  m i l l  ta i l i ngs re med i a l  
act i on ,  Feb 9 ,  1 9 79 ,  report t o  Colorado depa rtment of 
Hea l th . 

8 7  Tot h ,  A . ,  "Na tural rad iat ion bu rden o f  the 
popu l a t i o n " ,  Akade m ia i  Kido , Budape s t ,  1 9 8 3 ,  ISBN 963 
0 5  3161 6 ( In Hu nga rian ) 

88 Nattirl iche Rad i oakt i v i t at i n  Baumate r i a l i e n : Z w ischen­
be richt zu Ergebnissen,  d e r  vom BMI m i t  WErhebungs ­
messu nge n bneau ftragte n I nst itut.  Um w e l t  Nr 3 2 ,  
5 . 6 .  7 4 ,  p .  1 4 - 1 8 .  

8 9  Ion i z i ng Rad i a t i on :  Sources and B iolog ical E f fe c t s ,  
1 9 8 2  Report o f  UNS CEAR t o  t h �  G� n� r� J ARR� m b ly. 

9 0  Wicke, A.,  "Un t e rsuchungen z u r  Frage der n� L iir l i � h e n  
Rad ioak t i v i t a t  der Lu f t  i n  Wehn- und Au fenthal tsraume n 
- Grundlagen z u r  Abschatzung der Stra h l e ne xpos i t ion 
durch Inha l a t i o n  von Radon- und Thoron-z e rfa l l spro­
dukte n " ,  D isse rtat ion der Justus-Lieb i g-Un i ve rs i t � t ,  
Giessen ,  1 9 79. 

91 W i lke n i ng ,  M . ,  " Radon Transport i n  So i l  and i ts 
Re lation to i ndoor Rad ioac t i v i ty",  the Sc ience o f  the 
Total E nv i ronme nt 4 5 ( 1985 ) 2 19-2 2 6 .  

9 2  W i lkinson,  P . ,  and P.J. D i mbylow,  "Radon D i f fu s i o n  
M ode l l i ng " ,  the Sc i e nce of t h e  Total Env i ronment 
45 ( 1985 ) 2 2 7-23 2 .  

93 Workshop on Radon and Radon Daughters i n  Urban 
Com mun i t ies Assoc iated w i th Ura n ium M i n ing and 
Process i ng ,  sponsored by The Ato m i c  Ene rgy Contro l  
Boa rd , E l l i o t  Lake , Onta rio,  M rach 7-8, 1 9 78 

94 2nd Workshop on Radon and Radon Daughters i n  U rba n 
Commun i t ies Assoc iated w i th Uranium M i n i ng a nd 
Proce s s i n g ,  Atom i c  Ene rgy Control Boa rd AECB-1 164, 
Bancro f t ,  Onta r i o ,  M a rch 1 2 - 1 4, 1 9 79 

9 5  Ake rblo m ,  Gu stav,  "Envi ronmental Radon I n ve s t i ­
gations i n  Swede n " ,  pape r presented at The 
Internat ional Meet ing on Radon-Radon P roge ny 
Measu reme n t s , Montgome ry , Alabama , Augu s t  2 7- 2 8 , 
1 98 1 .  

9 6  G e o r g e , A . C . ,  M .  Du n c a n ,  a n d  H .  Fran k l i n ,  
" Measure m e n ts o f  Radon i n  res ide ntial Bu i l d i ngs i n  
M a ry l a n d  a nd P e n n sy l v a n i a ,  U . S .A . " ,  Ra d .  P r o t .  D o s .  
Vol 7 N o  1-4 . p 29 1-294,  198 4 .  



9 7  Na t i onal Cou nc i l  o n  Rad i at ion Prote c t i on and 
Measu rements , "Evaluat i on o f  occupat i ona l and 
envi ronmental e xposure s  to radon and radon 
daug hters i n  the United States " ,  NCRP Report No 78,  
NCRP Be the sda Md 1 9 84. 

9 8  W o r l d  Hea l t h  O rg a n i z a t i o n  W H O ,  W o r k i n g G r o u p  on 
Indoor A i r  Qua l i t y : Radon and Formaldehyde . ICP/CEH 
002/m 70 ( S )  8649 1 ,  20  Septembe r 1985 . 

99 S w e d j e m a r k ,  Gu n As t r i ,  " L i m i t a t i o n  s c h e m e s  to 
d e c r e a s e  t h e  r a d o n  d a u g h t e r s i n  i n d o o r  a i r " ,  
N a t i na l  I ns t i tu t e o f  Rad i a t i on P r o t e c t i o n ,  B o x  
6 2 0 4 ,  S - 1 0 4  0 1  S t o c k h o l m ,  S S I - r a p p o r t  8 6 - 0 1 ,  I S SN 
0282-443 4 ,  1986.  

100 Na t i onal I nst i tu te of Rad iat ion Protect i o n :  "Radon 
in hous i n g ,  the d e l ibe ra t i ons of the Swe d i s h  Radon 
C o m m i s s s i o n :  I n t r o d u c t i o n ,  S u m m a r y a n d 
C o n s i d e ra t i o ns a n d  p ropo s a l s ,  C o m m e n t s  o n  t h e  
r e p o r t  p r o v i d e d  b y  t h e N a t i o n a l  I n s t i t u t e  o f  
Rad i a t i o n  P r o t e c t i o n .  Re p o r t  a 8 4- 1 0 ,  N a t i o n a l  
Ins t i tu te of Rad iat ion Protect ion , Stockholm , 1 9 8 4 .  

1 0 1  B o u v i l l e ,  A . ,  J . O .  S n i h s , a n d  M . C .  o ' R i o r d a n ,  
" P r i n c i p l e s  o f  p r o t e c t i o n  a g a i n s t  n a t u r a l  
rad i a t i o n " ,  T h e  Sc i e n c e  o f  t h e  To t a l  E n v i r o n m e n t ,  
45 ( 19 8 5 ) 5 6 5 -5 7 7 . 

102 C o h e n ,  Be r n h a r d  L . ,  " Su rvey o f  o ne -ye a r  a ve rage Rn 
l e ve l s  in P i t t s b u r g h  a r e a  h o m e s " , Hea l t h  P hy s i c s  
Vol 49 , N o  6 ,  pp 1 0 5 3 - 1059 , 1985 . 

103 C o h e n ,  B e r n h a r d  L . ,  D e p a r t m e n t  o f  P h y s i c s ,  
Un i ve rs i t y  o f  P i t t s bu rg h ,  P i t t s bu rg h ,  PA 1 5 2 6 0 ,  
pe rsonal commun icat ion.  

104 Be rg m a n ,  H a n s , C h r i s t e r  Ed l i ng ,  a n d  O l a v  A x e l s o n ,  
" Indoor radon daug h t e r  c 6n c e n t r a t i on s  a nd pa s s i ve 
s m o k i n g " ,  i n  P r o c e e d i ngs o f  t he 3 r d  I n t e r n a t i o n a l  
C o n f e re n c e  o n  I nd o o r  A i r  Qu a l i t y  a nd C l i m a t e ,  
Be rg l u n d ,  B . ,  e t  a l  e d s .  V o l  2 p 7 9 - 8 4 ,  I S B N  9 1 -
540-4193-7 , Stockh o l m , August 20-24,  1 9 8 4 .  

105 Swed jemark,  Gun A s t r i  and Lars M j 6nes ,  " E xposure 
the S w e d i s h  popu l a t i o n  to r a d o n  d a ug h t e r s " ,  
Be r g l u n d B .  e t  a l  e d s .  P ro ce e d i ng s  o f  t h e  
Inte rnat i o na l  Con fe rence on indoor A i r  Qua l ity 
Cl i m a t e ,  S t ockhol m ,  Augus t  20-24,  1984,  V o l  2 p 
44 , ISBN 9 1-540-4 1 9 3- 7 .  

o f  
i n  

3 rd 
and 
3 7 -

5 1  



r 
I 


