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INTROOUCTION 

Kecent concerns over h e a l t h  e f f e c t s  r e s u l t i n g  from long term exposures  t o  
radon i n  res idences  have n t imula ted  a g r e a t  d e a l  of i n t e r e s t  i n  radon. 
~ e s e a r c h e r s l  have measured indoor radon l e v e l s  i n  9999 homes i n  f o u r t e e n  

Canadian c i t i e s  and found t h a t  a  very broad range of c o n c e n t r a t i o n s  should  be 
expected. Regional v a r i a t i o n s  i n  b u i l d i n g  m a t e r i a l s  c o n t a i n i n g  radium. Local 
geology,* c o n s t r u c t i o n  techniques  and v e n t i l a t i o n  system d e s i g n s  a r e  

i n t e r a c t i n g  f a c t o r s  i n  t h e  a n a l y s i s .  
From a b u i l d i n g  s c i e n c e  approach, indoor  a i r  p o l l u t i o n  problems r e q u i r e  a  

knowledge of t h e  p o l l u t a n t  s o u r c e s  and p o t e n t i a l  removal mechanisms. Because 
of t h e  h igh ly  v a r i a b l e  n a t u r e  of radon s o u r c e s ,  d e t a i l e d  des ign  models3 may be 
d i f f i c u l t  t o  use. A more r e a l i s t i c  approach may be t o  deve lop  b u i l d i n g  
c o n s t r u c t i o n  d e t a i l s  and HVAC system o p e r a t i o n  s t r a t e g i e s  t h a t  minimize radon 
e n t r y .  Another p o s s i b l e  approach is t h e  u s e  of sub-slab v e n t i l a t i o n . '  This  
has  been shorn  t o  c o n t r o l  radon e n t r y  through t h e  basement f l o o r .  

The degree  of a p p l i c a t i o n  o f  c o n t r o l  s t r a t e g i e s  should be r e l a t e d  to t h e  
s e v e r i t y  o f  t h e  p o t e n t i a l  radon source.  I n  Sweden. one s tudy  has  a t tempted  t o  
map geographica l  a r e a s  w i t h  v a r i o u s  radon r i s k  l e v e l s S  i n  o r d e r  t o  de te rmine  
where var ioua  c o n t r o l  measures m y  be j u s t i f i e d .  

This  paper examines some of t h e  t h e o r e t t c a l  a s p e c t s  of radon e n t r y  i n t o  
houses and o u t l i n e s  t h e  r e s u l t s  of radon measurements i n  houses wi th  
mechanical v e n t i l a t i o n  systems. The s t u d y  involved moni tor ing  t h e  
mechanical ly suppl ied  and exhausted (by means of a  h e a t  recovery v e n t i l a t o r .  
HRV) v e n t i l a t i o n  a i r  f lows and t h e  basement radon gas  l e v e l s  i n  t h r e e  groups  
of houses loca ted  i n  Pinawa and Winnipeg, Manitoba. 

A i r t i g h t n e s s  t e s t  d a t a  were used t o  r e l a t e  t h e  n e t  a i r  supply  r a t e  (HRV 
supply minus HRV exhaus t )  t o  t h e  n e t  b u i l d i n g  envelope pressure .  The 

r e l a t i o n s h i p  between n e t  b u i l d i n g  envelope pressure ,  v e n t i l a t i o n  r a t e  and 
basement radon l e v e l  is explored.  

DESCRIPTION OF THE HOUSES 
A l l  of t h e  houses were new. wood-fraac, aingle-family r e s i d e n c e s  w i t h  

f u l l d e p t h  cas t - in -p lace  c o n c r e t e  basement wal l s .  The f l o o r  s l a b s  were 75-m 
c o n c r e t e ,  c a s t  over 150 mm of g r a v e l  p laced  on undis turbed  s o i l .  A l l  of t h e  
basements were i n s u l a t e d  on t h e  i n t e r i o r  u s i n g  ~ o d  s t u d s  w i t h  g l a n s  f i b r e  
b a t t  i n s u l a t i o n  between t h e  s tuds .  A continuous 150-a polye thylene  vapor 
b a r r i e r  was a p p l i e d  over  t h e  i n s i d e  f a c e  of t h e  s t u d s  and t h e  w a l l s  were 
shee ted  w i t h  12- gypsum board (F igure  I ) .  

The houses were grouped accord ing  t o  t h e  v e n t i l a t i o n  system t y p e  and 
l o c a t i o n .  

The houses i n  Croups 1 and 3 were l o c a t e d  i n  Pinawa. Manitoba and 
Winnipeg, Manitoba r e s p e c t i v e l y ,  and were b u i l t  by one c o n t r a c t o r  u s i n g  
s i m i l a r  c o n s t r u c t i o n  m a t e r i a l s  and techniques.  The above-grade w a l l s  were 
c o n s t r u c t e d  us ing  t h e  d o u b l e j t u d  technique.( Hcat recovery v e n t i l a t o r s  were 
used t o  supply o u t s i d e  a i r  and c i r c u l a t e  a i r  wi th in  t h e  houses. The u n i t s  had 



i n t e r l o c k e d  supply  and exhaus t  fans  wi th  t h e  ONIOFP o p e r a t i o n  c o n t r o l l e d  by a 
humidistat .  The exhaus t  a i r  was removed ( v i a  ductwork) from t h e  k i t c h e n  and 
hathroam. The o l ~ t s i d e  a i r  was suppl ied  i n t o  t h e  c e n t e r  of t h e  basement and 
.allowed t o  mlgra te  through t h e  house. Floor r e g i s t e r s  w r e  c u t  t h r o t ~ g h  t h e  
-in f l o o r  t o  f a c i l i t a t e  a i r  movement hetween t h e  main f l o o r  and basement. 
E l e c t r i c  baseboard h e a t e r s  (convec t ive)  were used f o r  s p a c e  hea t ing .  

The houses i n  Croup 2 v e r e  loca ted  i n  Pinava,  Manitoba but  were b u i l t  by 

a d i f f e r e n t  c o n t r a c t o r  than  t h e  houses i n  Croups 1 and 3. The above-grade 
w a l l s  were c o n v e n t i o n a l  s ingle-stud.  Al l  o t h e r  c o n s t r u c t i o n  m a t e r i a l s  and 

techniques v e r e  s i m i l a r  t o  those  used i n  t h e  Croup 1 and 3 houses. E l e c t r l c  
forced-air  h e a t i n g  systems (20-kU i n p u t )  w i t h  supply a i r  d u c t s  i n t o  every  room 
and two c e n t r a l i z e d  main f l o o r  r e t u r n  a i r  g r i l l e s  were used. Outdoor a i r  was 
suppl ied  by means of a  125- diameter  duc t  connected t o  t h e  r e t u r n  a i r  

plenua. The o p e r a t i o n  of t h e  s i n g l e s p e e d  furnace  Fan (=400 L f s )  war 

c o n t r o l l e d  by h e a t i n g  demand. 
D e t a i l s  of t h e  houses a r e  g iven  i n  Table I. 

EXPERIMENTAL METHODS 

A i r t i g h t n e s s  measurements7 were taken f o r  a l l  of t h e  house envelopes.  

This t e s t  involved  d e p r e s s u r i z i n g  t h e  house w i t h  a blower door  a p p a r a t u s  and 
measuring t h e  a i r  f low, Q(L/s) ,  and corresponding va lues  of t h e  d i f f e r e n t i a l  

p ressure  a c r o s s  che b u i l d i n g  envelope,  AP(Pa). Values f o r  t h e  f low 

coef F i c i e n t .  C ' ( L / S - P ~ " ) ,  and Flow exponent, n (d imens ionless ) ,  were then 
c a l c u l a t e d  u s i n g  t h e  expression:  

The Croup 1 and 3 houses w r e  extremely a i r t i g h t ,  hav ing  average  induced 
a i r  Leakages of 0.18 and 0.28 a i r  changes per  hour (ach)  @50 Pa. For t h e  
Croup 2 houses.  t h e  average  a i r  leakage v a s  1.67 ach @50 Pa. The t e s t s  were 
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done wi th  a l l  t h e  windovs and doors  c l o s e d  and t h e  HRV p o r t s  blocked. The 
f l o o r  d r a i n s  were l e f t  'as is'. Tes t  d a t a  f o r  t h e  houses a r e  g iven  i n  
Table 1. In comparison, one s t u d y  of 97 never Canadian h o ~ m e s ,  t e s t e d  under 

t h e  same c o n d i t t o n ~ , ~  found a n  a v e r a g e  a i r  l eakage  of 3.67 a c h  @50 Pa. 

Elapsed time w t e r s  v e r e  i n s t a l l e d  t o  monitor t h e  ON time of t h e  
i n t e r l o c k e d  HRV fans.  The HRV a i r  f l o v  r a t e s  (supply and e x h a u s t )  and t h e  

o u t s i d e  a i r  f l w s  t o  t h e  e l e c t r i c  f u r n a c e s  v e r e  measured us ing  a hea ted  probe 
anemmeter  t r a v e r s e .  A t  t h e  beginning  and end of t h e  measurement per iod ,  t h e  

indoor a i r  temperature and r e l a t i v e  humidity v e r e  measured us ing  an a s p i r a t i n g  
psychrometer. 

Radon l e v e l s  were monitored i n  t h e  house basements us ing  Terradex Type SF 
Minia ture  Track Etch ~ e t e c t o r s . ~  The manufacturer 's  l i t e r a t u r e  s t a t e s  t h a t  
t h e  c a l t b r a t l o n  p r e c i s i o n  is ' b e t t e r  than  5%'; however, t h e  t r u e  measurement 
accuracy  is r e l a t e d  t o  t h e  t o t a l  exposure  and t h e  a n a l y s i s  ~ e n s i t i v i t y . ~ ~  If 

t h e  exposure is s u f f i c i e n t l y  h igh  and t h e  lacast s e n s i t i v e  d e t e c t o r  a n a l y s i s  is 
performed, t h e  s y s t e m a t i c  e r r o r s  v i l l  be reduced t o  5%. A l l  t h e  d e t e c t o r s  
v e r e  analysed a t  t h e  h i g h e s t  s e n s i t i v i t y  ( 0 . 2  pCi/L month). Typica l ly ,  t h e  

Table I. General  House D e t a i l s  
-. - . . -- 

Fin ished  
F loor  Air  

House Area Tightness  
House Volume exe l .  bsmt. C 

Code (m3) (m2) ,L/s.,~) (Gh-) 
Croup 1 2 46 5 

3 4 6 5  
4 46 5 
5 465 
7 46 5 
8 46 5 

Group 2 1 0  452 
11 507 
12 545 

13  477 
1 4  545 
15 4 5 2  

Croup 3 17 
18 



manufac tu re r ' s  e s t i m a t e d  e r r o r  f o r  t h e s e  measurements was be lov  510% a l t h o u g h  
i n  s e v e r a l  c a s e s .  where t h e  measured radon c o n c e n t r a t i o n  was below I pCiIL,  
t h e  expec ted  e r r o r  Lncreased t o  approx imate ly  220%. A s i n g l e  d e t e c t o r  was 

suspended approx imate ly  0.75 m e t r e s  above t h e  basement f l o o r  n e a r  t h e  c e n t e r  
of  each house and exposed f o r  approx imate ly  90 days. The r e s u l t s  a r e  g i v e n  i n  
Tab les  11, LII and I V .  

Outdoor t empera tu re  and v i n d  speed  d a t a  were taken from Environment 
Canada summaries. 11 

Three s e t s  of measurenen t r  were conducted.  The moni to r ing  p e r i o d s  v e r e  
December 1983 t o  a r c h  1984, September t o  December 1984, and January  t o  
March 1985. 

The t a t s 1  v e n t i l a t i o n  r a t e  (VT) f o r  t h e  houses was c a l c u l a t e d  as :12  

where: VI = i n f i l t r a t i o n  f l o w  r a t e  ( L l s )  
Vy - time-averaged mechan ica l  v e n t i l a t i o n  f l o v  r a t e  ( L / s )  

Shaw s method13 v a s  used t o  c a l c u l a t e  t h e  i n f i l t r a t i o n  r a t e  (VI) u s i n g  
t h e  v a l u e s  from t h e  f a n  d e p r e r s u r t z a t i o n  test. 

The w i n t e r  va111es were c a l c u l a t e d  f o r  Type 1 i n f i l t r a t i o n  
( t e m p e r a t u r e - d r i v e n )  d a t a   sing t h e  e x p r e s s i o n :  

vhere :  V = house volume ( m 3 )  

AT = average  i n d o o r l o u t d o o r  t e m p e r a t u r e  d i f f e r e n c e  ( O C )  

The sulrrner v a l u e s  were c a l c u l a t e d  assuming Type 2 i n f i l t r a t i o n  
( v i n d - d r i v e n ) :  

where: v = wind speed (mls )  

For t h e  Group 1 and 3 houses ,  Vx v a s  c a l c u l a t e d  by d i v i d i n g  t h e  t o t a l  a i r  
f l w  volufae through t h e  HRV d u r i n g  t h e  test ( t o t a l  runn ing  t ime m u l t t p l i e d  by 
average  d u c t  a i r  volume f l o v  r a t e  by t h e  t o t a l  t e s t  tirne. In  most c a s e s ,  t h e  
U V  supply (VS) and e x h a u s t  (V ) a i r  f l o v s  were not  ba lanced ,  s o  t h e  l a r g e r  of 
t h e  two v a l u e s  was used. me s i f  f e r e n c e  i n  t h e  a i r  f lows  (VNk= Vs - VE) 
Would be made up by i n c r e a s e d  i n f i l t r a t i o n  o r  e x f i l t r a t i o n .  e v a l u e  of Vn 

f o r  t h e  Group 2 houses  v a s  c a l c u l a t e d  by r a r l t i p l y i n g  t h e  f u r n a c e  ON t ime  by 
t h e  ou tdoor  a i r  f l o v  r a t e  w i t h  t h e  f u r n a c e  f a n  ON and d i v i d i n g  by t h e  t o t a l  
t e s t  ti-. The f u r n a c e  ON time was approx imated  a s  t h e  t o t a l  measured f u r n a c e  
e l e c t r i c a l  energy consumption (k*) d i v i d e d  by t h e  r a t e d  h e a t  o u t p u t  (20 kU). 
The a i r  f low th rough  a HBV o r  f r e s h  a i r  i n t a k e  d u c t  was assumed t o  be I 

n e g l i g i b l e  vhen t h e  f a n s  v e r e  no t  o p e r a t i n g .  

The v a l u e s  f o r  VT a r e  g i v e n  i n  T a b l e s  11, 111 and I V .  
I 



Table 11. Daca from Test  1 (Dec. 8 3  - Nar. 84) 

Radon ( A P ~ > O )  (APN<O) 

House Conc. KVT AP3 ST ST 
Code ( ~ c I / L )  (LIB) (Pa) ( ~ C i l s )  ( ~ C i l s )  

Croup 1 2 

3 
4 

5 
7 
8 

Croup 2 LO 
11 
12 

13 
14 

15 

Uean 
Uedian 

Group 3 17 
18 
1 9 
2 1 

2 5 
26 
27 

28 
29 
30 

31 

3 2 
33 

*an 
Median 



Table 111. Data from T e s t  2 (Sept .  84 - Oec. 8 4 )  - 
Radon 

Conc. (APN>O) (APN'O) 
House K V ~  S S~ 
Code (pCl/L) (L/s) ) (PC:/.) ( P C ~ , . )  

Group 1 2 
3 
4 

5 
7 
8 

Mean 
Hedian 

Croup 2 10 
I I 
12 
1 3  
14 
15 

&an 
Median 

Group 3 17 
18 
19 
2 1 
2 5 

. 26 
27 
28 
29 
M 
31 
32 
33 

Mean 

Ued i a n  
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Table IV. Data from Test 3 (Jan. 85 - Har. 8 5 )  

Ihdon (AP,pO) (ApNc0) 
nouse Cone. K'fT heN S S~ 
Code (pCI/L) (L/s) (Pa) ( d / S )  (pCils) 

Group 1 2 

3 

%an 
Median 

Group 2 10 
11 
12 
13 
14 
15 

Croup 3 17 
18 
19 
21 

25 
26 
27 

28 
29 
30 

3 1 
32 
33 



HOOELLZNC 
The radon g a s  c o n c e n t r a t i o n  i n  a  lrouse may be d e s c r i b e d  by a stmple mass 

balance model of t h e  form: 

where: C  - t h e  indoor  radon gas  c o n c e n t r a t i o n  (pCi/L) 
= t h e  outdoor radon gas c o n c e n t r a t i o n  (pCi/L) 
= t h e  t o t a l  indoor radon source  s t r e n g t h  ( p C i / s )  
= t h e  indoor radon decay r a t e  ( p C i / s )  

K = mixing f a c t o r  (K = 1 p e r f e c t  mixing) 
VT = t o t a l  v e n t i l a t i o n  a i r  flow r a t e  ( L / s )  

Anx e n e r g y - e f f i c i e n t  radon c o n t r o l  s t r a t e g y  should minimize t h e  
v e n t i l a t i o n  a i r  f low h e a t  l o s s  by us ing  h e a t  recovery on t h e  v e n t i l a t i o n  a i r .  
l n  a d d i t i o n .  c o n t r o l  methods t o  reduce t h e  radon sources  and i n c r e a s e  che 
s i n k s  should he incorpora ted .  

The t o t a l  indoor  radon source  is composed of two major components: 

"here: Ss = b u i l d i n g  source  s t r e n g t h  ( p C i / s )  

= s o i l  g a s  source  s t r e n g t h  ( p C i / s )  
The L i l d i n g  source  t e n  would be componed of radon emissions from 

b u i l d i n g  m a t e r i a l s  c o n t a i n i n g  radium 226 and t h e  domer t ic  water  supply. 
P o t e n t i a l  lnajor b u i l d i n g  m a t e r i a l  s o u r c e s  could i n c l ~ ~ d e  gypsum va l lboard  and 

concre te .  
The s o i l  gas  source  term would r e s u l t  from a i r  migra t ing  through the  

sur rounding  s o i l  and e n t e r i n g  t h e  basement v i a  c r a c k s  and plumbing 
p e n e t r a t i o n s  whenever t h e  indoor p r e s s u r e  was l o v e r  than t h e  e x t e r i o r  
p ressure .  In  p a r t i c u l a r .  foundat ion  c r a c k s  and foundat ion  dra inage  systems 
which d r a i n  i n t o  basement f l o o r  d r a i n s  may be major pathways f o r  a i r  t o  flow 
from t h e  s o i l  i n t o  t h e  basement (F igure  I ) .  To q u a n t i f y  t h e  a i r  flow i n t o  t h e  
basement i t  is f i r s t  necessary t o  c a l c u l a t e  t h e  a i r  flow inducing pressure  
d i f f e r e n t i a l  a c t i n g  on t h e  basement f l o o r .  The n e t  b u i l d i n g  envelope pressure  
a t  t h e  basement f l o o r ,  APx, can be c a l c u l a t e d  as :  

Using t h e  a i r t i g h t n e s s  t e s t  d a t a  f o r  t h e  houses,  t h e  mechanical ly induced 
b u i l d i n g  envelope p r e s s u r e  d i f i e r e n c e  (APM) can be c a l c u l a t e d  by rear ranging  
Equation 1: 

1 - I 

A - - when vm < 0 (8a)  

and 



Also a c t i n g  on t h e  b u i l d i n g  envelope a r e  t h e  p r e s s u r e s  c r e a t e d  by wind and 
tempera ture  g r a d i e n t s .  Equation I can  be used t o  c a l c ~ r l a t e  t h e  approximate 
envelope d i f f e r e n t i a l  p r e s s u r e  induced by wind and t h e r a a l  f o r c e s  (APUT) by 

uning  t h e  c a l c u l a t e d  i n f i l t r n t i o n  f low r a t e :  

Equations 8 and 9 r e f e r  t o  a 'whole house' p r e s s u r e  and a r e  assumed t o  a c t  a t  
t h e  n e u t r a l  p r e s s u r e  a x i s  of t h e  house (approximate ly  mld-height i n  t h e  
house ). 

For a l l  t h e  t e s t  c o n d i t i o n s ,  t h e  indoor a i r  temperature exceeded t h e  
outdoor tempera ture ,  t h u s  t h e  r e s u l t i n g  thermal ly  induced n e g a t i v e  p r e s s u r e  
(&pH) can be c a l c u l a t e d  a s : l r  

where: pi i n s i d e  a i r  d e n s i t y  (kg/n3) 
g - g r a v i t a t i o n a l  c o m t a n t  (9.81 m/s2) 
h = h e i g h t  of  n e u t r a l  p r e s s u r e  p l a n e  above t h e  basement f l o o r  (a) 

Ti - indoor  a i r  temperature (K) 

To = outdoor temperature (K) 
P o s i t i v e  basement p r e s s u r e s  (APN>O) w i l l  p revent  a i r  i n f i l t r a t i o n  and t h e  

cor responding  t r a n s p o r t  of radon gas ,  thus  t h e  radon source  w i l l  only be t h e  
b u i l d i n g  s o u r c e  s t r e n g t h .  Uhen t h e  basement is  under n e g a t i v e  p r e s s u r e  
(APN<O), a i r  i n f i l t r a t i o n  w i l l  o c c u r  and t h e  s o i l  gas  source  s t r e n g t h  w i l l  be 

r e l a t e d  t o  t h e  r a t e  of a i r  flow. 
The c a l c u l a t e d  house envelope d i f f e r e n t i a l  p r e s s u r e s  f o r  some of t h e  

t e s t s  appear  t o  be unreasonably high. Given t h e  p r e s s u r e / f l o w  c h a r a c t e r i s t i c s  
of t h e  HRV f a n s .  mechanical ly induced enwelope d i f f e r e n t i a l  p r e s s u r e s  over 
50-75 Pa could  n o t  be obtained.  Thus, a d d i t i o n a l  a i r  l eakage  pathways n o t  
measured d u r t n g  t h e  fan  d e p r e s s u r i z a t i o n  enve lope  leakage t e s t  mst have 
e x i s t e d  d u r i n g  t h e  n o r m 1  house o p e r a t i o n  t o  a l l o w  t h e  h i g h  measured a i r  f low 
r a t e s  t o  occur.  These pathways could  i n c l u d e  c r a c k s  r e s u l t i n g  from t h e  
d e t e r i o r a t i o n  of w e a t h e r s t r i p p i n g  on d o o r s  and windous. 

S i n c e  t h e  d i s t r i b u t i o n  of the a i r  l eakage  s i t e s  cannot  be determined from 
t h e  air  l eakage  t e s t ,  t h e  amount of a i r  i n f i l t r a t i o n  through t h e  b e l o w g r a d e  
p o r t i o n  of t h e  envelope ( s o i l  g a s  source)  cannot  be s e p a r a t e d  from t h a t  
o c c u r r i n g  above grade. Therefore. whiLe t h e  g e n e r a l  r e l a t i o n s h i p  between t h e  
degree  of p r e s s u r i z a t i o n  and t h e  basement a i r  i n f i l t r a t i o n  is knwn.  t h e  
~ g n i t u d e  i 8  not .  

The radon s o i l  gas  source  s t r e n g t h  can  be e s t i m a t e d  as :  

S, B C, (Vm + VI) when APN < 0 (11a) 

and S, - 0 when APN 0 (lib) 

where: B - c o e f f i c i e n t  t o  account  f o r  t h e  p o r t i o n  of  t h e  t o t a l  v e n t i l a t i o n  
t h a t  e n t e r e d  belov grade  

C, - c o n c e n t r a t i o n  of radon i n  t he  v e n t i l a t i o n  t h a t  e n t e r e d  below g r a d e  

(pCi/L) 



Deta i led  measurements of t h e  a i r  l eakage  d t s t r i b u t t o n  for  each house 
envelope were no t  made; hence,  a  v a l u e  of B could  no t  be determined. An 

. i l t e r n a t i v e  approach is t o  c a l c u l a t e  t h e  n e t  s o i l  gas  source  s t r e n g t h  as :  

where: D exper imenta l ly  determtned c o e f f i c i e n t  which accounts f o r  t h e  a i r  

i n €  i l t r a t  i o n  d i s t r i b u t i o n  and s o i l  g a s  c o n c e n t r a t i o n  (4) 
s Pa 

The t o t a l  radon source  s t r e n g t h  can be w r i t t e n  a s :  

The primary wchanlsm of radon g a s  removal from a house (excluding d i l u t i o n )  
is through nuc lear  d i s i n t e g r a t i o n ,  t h u s  t h e  t o t a l  radon s i n k  race  can be 

c a l c t t l a t e d  a s :  

where: A r  = radon decay c o n s t a n t  - 2.11 x 10-615 

ANbLYSIS 

Pleasured va lues  of C. Co and c a l c u l a t e d  v a l u e s  of VT were input  i n t o  
Equation 5 t o  s o l v e  f o r  t h e  va lues  of %. Although t h e  K va lues  were not 

measured i n  t h i s  s t u d y ,  p rev ious  formaldehyde c o n c e n t r a t i o n  t e s t  da ta16  f o r  
t h e s e  houses i n d i c a t e d  a r a t i o  of t h e  K v a l u e s  f o r  t h e  Croup 1 and 3 houses t o  
t h e  Group 2 houses of approximately 0.5. The v a l u e  of K is highly  dependent 
upon t h e  a i r  d i s t r i b u t i o n  system l a y o u t  and a i r  flow r a t e ;  however. va lues  of  

between 0.6 and 1.0 a r e  sugges ted  f o r  w e l l  mixed r ~ o m s . ~ '  Since t h e  Croup 2 
houses had f u l l y  ducced supply and r e t u r n  a i r  systems.  a  va lue  of K = 0.8 was 

a r b i t r a r i l y  s e l e c t e d .  Conseql~ent ly ,  t h e  K v a l u e  f o r  t h e  Group 1 and 3 houses 
v a s  s e t  a t  0.4. F u r t h e r ,  e r r o r s  i n  t h e  e s t i m a t i o n  of t h e  K va lues  w i l l  a f f e c t  
t h e  magnitude of t h e  v a l u e  of ST but  should  n o t  i n t r o d u c e  s i g n i f i c a n t  r e l a t i v e  

e r r o r s .  
For t h e  t e s t  c o n d i t i o n s  where APN>O, t h e  v a l u e  of ST SB. When 

A P ~ c O .  t h e  i n d i v i d u a l  va lues  of SB and Ss could  no t  be i s o l a t e d  from ST. The 

c a l c u l a t e d  va lues  f o r  ST a r e  g iven  i n  Tables  11-LV.  
The frequency d i s t r i b u t i o n s  of t h e  s o u r c e  s t r e n g t h s  f o r  t h e  var ious  house 

groups a r e  shown i n  F igures  2-4. 

RESULTS 

The comparison of radon source  s t r e n g t h s  e n a b l e s  t h e  bu i ld ing  s c i e n t i s t  

t o  e v a l u a t e  indoor radon c o n c e n t r a t i o n  d a t a  from v a r i o u s  houses where a i r  
i n f i l t r a t i o n  and v e n t i l a t i o n ,  ou tdoor  c o n c e n t r a t i o n ,  p r e s s u r i z a t i o n  and 

b u i l d i n g  c o n r t ~ c t i o n  d e t a i l s  m y  be confounding o r  interacting v a r i a b l e s .  
T y p i c a l l y ,  i n ~ e s c i g a t o r s ~ ~  s l9 have focused on measuring e x i s t i n g  radon 
l e v e l s  wi thout  c o n s i d e r a t i o n  of t h e s e  v a r i a b l e s .  Ihis can c r e a t e  problems 
when c o n t r o l  s t r a t e g i e s  a r e  considered.  a i n c e  t h e  d e s i g n  engineer  cannot 
de te rmine  which combination of variables c o u l d  be producing t h e  radon l e v e l .  

The r e s u l t s  i n  Tables  11-1'4 f o r  houses 2, 4,  7, 17, 26, 28-30, 33 (where 
APN>O f o r  a t  l e a s t  two t e s t s )  show t h a t  t h e  b u i l d i n g  r e l a t e d  source  terms vary 
g r e a t l y  between houses and v i t h  time. T y p i c a l l y ,  v a l u e s  f o r  ST f o r  i n d i v i d u a l  
houses v a r i e d  by a f a c t o r  of 3 whi le  v a l u e r  f o r  d i f f e r e n t  houses v a r i e d  by 
more than an o r d e r  of magnitude. 



SOURCE STREMOTH. PC, I* 

Figure 2. Frequency dis tr ibut ion of radon Figure 3. Frequency d i s t r i -  
source strengths for  Croup 1 houses bution of radon source 

s trengths  for  Group 2 houses 

Figure 4. Prequency dis tr ibut ion of radon source s trengths  f o r  Group 3 houses 



Because of t h e  v a r i a t i o n  of t h e  radon source  w i t h  t ime,  i t  is not 

reasonable  ( f o r  an i n d i v i d u a l  house) t o  t r y  t o  e s t i m a t e  a va lue  f o r  SB (from 

t h e  APy>O d a t a )  and u s e  i t  i n  Equation 13 t o  c a l c u l a t e  a v a l u e  f o r  S, (from 
t h e  AP;CO data) .  Therefore.  a l t h n t ~ g h  t h e  theory  s u g g e s t s  i t  shorlld e x i s t ,  a 
r e l a t i b n s h i p  h t w e e n  t h e  s o i l  source  and APy cannot  be determined from t h e s e  
da ta .  Consequently, t h e  apparent  overert im;t ion of t h e  magnitude of some of  
t h e  c a l c u l a t e d  house pressures  does no t  a f f e c t  t h i s  a n a l y s i s .  

In  more g e n e r a l  terms,  t h e  house groups  can be cons idered  t o  f a l l  i n t o  
t u o  broad c a t e g o r i e s ;  p r e s s u r i z e d  and d e p r e s s u r i z e d  ( F i g u r e s  2-01. In a l l  

c a s e s ,  t h e  median v a l u e s  f o r  ST f o r  t h e  depress r l r ized  houses were l o v e r  than  
f o r  t h e  pressur ized  houses. This  method of examining t h e  d a t a  i n c l u d e s  a 

s e l e c t i o +  b i a s  s i n c e  some houses were c o n s i s t e n t l y  p r e s s u r i z e d  o r  

depressur ized .  A t r u e  randomized t r i a l  s t u d y  would provide  f o r  a p r e s s u r e  

s t a t u s  randomly a l l o c a t e d  t o  each house. Therefore ,  some of t h e  d i f f e r e n c e  i n  

t h e  median va lues  of ST is due t o  t h e  house a l l o c a t i o n  and some f s  due t o  t h e  

p r e s s u r e  e f f e c t .  
The horlses i n  Croups I and 2 v e r e  a l l  l o c a t e d  u i t h i n  1 km of each o t h e r  

y e t  t h e  v a r i a t i o n s  i n  ST betveen houses were very l a r g e .  The p r e s s u r i z e d  

Croup 1 houses a l s o  had higher median va lues  of ST than  t h e  depressur ized  

Croup 2 houses. S ince  t h e  houses i n  Croups 1 and 2 were of very s i m i l a r  
c o n s t r u c t i o n  and were l o c a t e d  i n  s i m i l a r  s i t e s ,  no e x p l a n a t i o n  f o r  t h e  
d i f f e r e n c e  i n  t h e  median ST va lues  can be proposed. The only  s i g n i f i c a n t  
d i f f e r e n c e  i n  t h e  houses was t h e  type of h e a t i n g  and v e n t i l a t i n g  system, and 

t h e  c a l c u l a t i o n  of ST should c o r r e c t  f o r  KVT. 

Higher median v a l u e s  of ST f o r  t h e  Croup 1 houses a s  compared t o  t h e  
Group 3 houses a r e  c o n s i s t e n t  wi th  t h e  g e o l o g i c a l  s i t i n g .  The Croup 1 houses 

a r e  l o c a t e d  i n  a n r r a l  a r e a  approximately 100 km n o r t h  of t h e  Croup 3 houses. 
This  a r e a  is i n  t h e  f r i n g e  of t h e  Canadian S h i e l d ,  a rocky reg ion  c o n t a i n i n g  

!rranium hear ing  rock. The Croup 3 houses a r e  l o c a t e d  i n  Winnipeg, a l a r g e  
urban c e n t e r  i n  a farming a rea .  

Although t h e  focus  of t h i s  s tudy  has  been t o  examine t h e  mechanisms by 
which radon e n t e r s  and is removed from a b u i l d i n g ,  a n o t h e r  impor tan t  a s p e c t  i s  

t h e  magnit~rde of t h e  indoor radon concent ra t ion .  While b u i l d i n g  s c i e n t i s t s  
r e q u i r e  knowledge of radon sources  and t r a n s p o r t  mechanisms s o  t h a t  c o n t r o l  
s t r a t e g i e s  can be developed and implemented. t h e  e x i s t i n g  indoor radon l e v e l s  

a r e  of concern t o  h e a l t h  o f f i c i a l s  who m s t  a s s e s s  t h e  r i s k  t o  t h e  exposed 

populat ion.  S ince  p o t e n t i a l  h e a l t h  e f f e c t s  a r e  a s s o c i a t e d  w i t h  long t a m  

exposures  t o  radon, h e a l t h ' o f f i c i a l s  m s t  be a b l e  t o  make a c c u r a t e  exposure 
e s t i m a t e s .  The wide v a r i a t i o n s  i n  c a l c u l a t e d  radon s o u r c e  s t r e n g t h s  (wi th  
t ime  and l o c a t i o n ) ,  coupled w i t h  t h e  s e a s o n a l  and occupant  c o n t r o l l e d  
v a r i a t i o n s  i n  t h e  v e n t i l a t i o n  r a t e .  make e s t i m a t i o n s  of long term exposure 
from s h o r t  term measurements of t h e  radon c o n c e n t r a t i o n  d i f f i c u l t .  Dssp i te  

t h e s e  p r o b l e m ,  s h o r t  term lneasuremente of radon c o n c e n t r a t i o n s  a r e  most o f t e n  
used i n  h e a l t h  e f f e c t  s t u d i e s .  

Frequency d i s t r i b u t i o n s  of t h e  radon g a r  c o n c e n t r a t i o n s  a r e  shown i n  
F igures  5-7. A t  t h e  p r e s e n t  time, t h e r e  a r e  no  Canadian g u i d e l i n e s  f o r  indoor  

radon l e v e l s  i n  homes. For t h e  ptrrpose of t h i s  d i s c u s s i o n .  t h e  Atomic Energy 

Cont ro l  Board of Canada i n v e s t i g a t i o n  l e v e l  of  3 p ~ i / ~ 2 0  v i l l  be used. For 

T e s t  1, a l l  of t h e  Croup 1. 67% of t h e  Croup 2 and 54% of t h e  Croup 3 houses 
exceeded t h e  i n v e s t i g a t i o n  l e v e l .  A s i m i l a r  p a t t e r n  v a s  observed i n  T e s t s  2 
and 3 (Table V),  a l though t h e  percentages  were s l i g h t l y  lover. L6tourneau 

e t  a l . l e  had p r e v i o u s l y  measured radon d a u g h t e r  l e v e l s  i n  Winnipeg houses and 
found t h a t  15.92 exceeded 0.02 UL. Using a v a l u e  of 0.3 f o r  an e q u i l i b r i u m  

f a c t o r , 2 0  0.02 UL would correspond t o  a radon g a s  l e v e l  of 7 pCi/L. h l y  one 



Croup 3 house dur ing  Tes t  1 exceeded 7 pCi/L. No houses i n  t h e  s l~bsequent  
t e s t s  exceeded 7 pCi/L. This  housing group a p p e a r s  t o  have a s i g n i f i c a n t l y  
l o v e r  inc idence  of e l e v a t e d  radon l e v e l s  t h a n  t h e  prev ious ly  measured Winnipeg 

houses. P o s s i b l e  e x p l a n a t i o n s  could be t h e  cont inuous  v e n t i l a t i o n  s u p p l i e d  by 
t h e  HRV s y s t e m  i n  t h e  Croup 3 houses a s  opposed t o  t h e  p a s s i v e  v e n t i l a t i o n  i n  
t h e  U t o u r n e a u  study.  Also, t h e  Croup 3 houses had i n s u l a t i o n  and vapor 
b a r r i e r s  on t h e  basement w a l l s  and r e l a t i v e l y  nev, cont inuous  concre te  
basement f l o o r  s l a b s .  It is more l i k e l y  t h a t  many of t h e  o l d e r  houses i n  t h e  
LCtourneau s tudy  would have unf in i shed  c o n c r e t e  basement w a l l s  and cracked 
basement f l o o r s .  Winnipeg i n  l o c a t e d  i n  an a r e a  of h i g h l y  expansive c l a y  s o l 1  
and basement w a l l  and f l o o r  c rack ing  is a w e l l  known problem t h a t  i n c r e a s e s  
wi th  t h e  age  of t h e  b ~ ~ i l d i n g .  

CONCLUSIONS 
The radon source  a t r e n g t h  can be h igh ly  v a r i a b l e ,  both wi th  time and 

l o c a t i o n .  Therefore.  g e n e r a l i z e d  conc lus ions  about  t h e  p o t e n t i a l  radon hazard 
i n  variotrs  geographica l  a r e a s  cannot be made. 

lRe v a r i a t i o n  of t h e  radon source  a t r e n g t h  w i t h  t ime can confuse t h e  

r e s u l t s  from radon c o n t r o l  measure s t u d i e s .  During t h e  long time i n t e r v a l  
requi red  f o r  t v o  consecut ive  Track Etch radon monitor  exposures ,  s u b s t a n t i a l  
source  s t r e n g t h  v a r i a t i o n s  may occur. 
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Figure  5. Frequency d i s t r i b u t i o n  of radon 
gas  c o n c e n t r a t i o n r  f o r  Group 1 
houses 
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Figure  6. Frequency d i s t r i b u -  
t i o n  of radon gas  c o n c e n t r a t i o n r  
f o r  Croup 2 houses 



The g roup  a v e r a g e  radon s o u r c e  s t r e n g t l i a  ( o r  i n d o o r  radon c o n c e n t r a t i o n )  

of t h e  p r e s s u r i z e d  h o u s e s  were  h i g h e r  t h a n  t h o s e  of  t h e  d e p r e s s u r i z e d  houses .  

Al toough t h e  s t a t e  of p r e s s u r i z a t i o n  v a s  n o t  d e l i b e r a t e l y  randomly a l l o c a t e d  

i n  t h e  s t u d y  p o p u l a t i o n ,  no obv ious  s e l e c t i o n  b t a s  is  a p p a r e n t .  D e s p i t e  t h e  

p o s i t i v e  c o r r e l a t  i o n  be tveen  n e g a t l v e  p r e s s u r e  and s o i l  g a s  s o u r c e  s t r e n g t h  
i n d i c a t e d  by t h e  p h y s i c a l  model, t h e  s t u d y  r e s u l t s  shoved a  n e g a t i v e  

c o r r e l a t i o n .  

I n d o o r  r adon  c o n c e n t r a e i o n s  o v e r  3 pCi lL  v e r e  found i n  many of t h e  
houses .  The h o u s e s  i n  P inava  had h i g h e r  l e v e l s  t h a n  t h o s e  i n  Winnipeg which 

is c o n s i s t e n t  w i t h  t h e  g e o l o g i c a l  s t r i n g .  

Tab le  V. P e r c e n t a g e  o f  l iouses  i n  Each House Croup 
v i t h  Indoor  Radon L e v e l s  Exceed ing  3 pCi/L 

House 

Croup T e s t  1 T e s t  2 T e s t  3 
- 

Group I LOO 8 3 7 5 

Croup 2 67 67 6 7 

Croup 3 50 38 46 

as 15 1.5 15 4 5  r s  6 s  7s as 95  

RAWN GAS CONCENTRATION. p C i l L  

F i g u r e  7. Frequency d i s t r i b u t i o n  o f  r adon  g a s  c o n c e n t r a t i o n s  f o r  Group 3 
houses  
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