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ABSTRACT 

We have developed a model which allows us to use indoor radon 
measurements in assessing the radon availability of soil and rock in 
construction sites. The effect of the geological nature of the con­
struction site on indoor radon is distinguished from the construction 
effects of the house. The purpose is to divide the investigated area 
into more or less homogeneous subareas and calculate the percentages of 
houses exceeding 200 and 800 Bqjm3 in future homes where no precautions 
have been taken against radon. 

In this study we used 867 indoor radon measurements from the city 
of !ampere {population 171.000). They were two-month-average con­
centrations measured in winter. The soil and rock type for each house 
was determined on the basis of geological maps, the structure of the 
buildings according to questionnaire responses. 

A radon prognosis was made for four different construction sites. 
For each group of contruction sites, Tampere was divided into 1-2 dif­
ferent subareas. Within each subarea, the assessments were also made 
for different foundation and rock types. 

IIi 



INTRODUCTION ' . ~ 

n: f . ; ; 

In Finland, most indoor radon measurements are performed by the 
Finnish Centre for Radiation and Nuclear Safety (STUK). We keep the 
local authorities up to date and help ·them find affected areas. The 
means offered by the STUK are .. <}l'l alfa track measurement service, 
measurement plans and prognosis maps,.-"We also collect information about 
houses where the radon level mas been measured. To date we have col­
lected a database of more than 23,000 indoor radon .measurements in 
houses with known coordinates. F;igure 1 shows the geographical dis­
tribution of indoor radon conc~ntrat:,ioq1 in Finland.-! 

We have constructed a model which allows us to use these measure­
ments in assessing the radon availability of soil and rock in the 
contruction site. So far we haye used this model for six regions. 
Tampere is an .. example of a location with wide range of indoor radon 
levels in a rather small area. The study area is shown in Figure 1. 

MATERIALS 

.. 
Since 1983 we have measured indoor radon concentrations in Tampe­

re. Most of the measurements were made according to STt!K's measurement 
plan. For >this study we used dat~ pertaining to 867 houses. All the 
measurements were performed in the· .,lowest residential story of houses 
during a two-month period in winter.' ·The measured radon concentrations 
were corrected to annual me~s (1). 

Because the main purpose Lof our measurements was to determine 
which areas were affected most of the measurements were made in areas 
where we expec.ted a high risk of radon. The most radon-critical areas 
in Finland are usus ally eskers. 'They are long and narr.ow, steep-sided 
ridges formed by glaciai' · rivers:·Their compbsition of stratified sand 
and gravel makes them permeable •. ~9. water and air,. The esker running 
through the center of tampere : has thus . been investigated almost 
completely. We have made fewer measurements in other parts of Tampere. ' .... . . 
but we think that the findings r e present the population distribution 
and different c6nstruction s i tes f airly J ell . 

• ~:r~ c .:.·~\i. ,;•;,; :'~ ~ -: < .,, ;~· · I : · - r ·, • ..0,. • 

Data concerning ·4the '9uilding "stu~ture ·,w'ere ·.c61:lec ted f rom ques­
tionnaires filled out by t 'ne residen t s. "Ther<s oil yarn:l r ock types of the 
COnS ,tj:'U~ti,Ofl Site were determined' '·f ·aQat maps 0 f gravel and sand re­
sources on a -scale -"i:20,000 and fr'o · ·O't her geoldgi ca l maps on a scale 

.1:100 ;-(;o·o:· Tiiformafion-aficiu·t -wfiethei; or nat· the- hous-e was built on rock 
W.as :cci.ti~·c:t:~a rro1D' tl:'le _que sti onrtili:tE!s. ' ·14% · a·r t:rie hbu.ses were"· Built on 
rock~ £f ott m'd't'aine ," 17% 6rt -tlAy - and · s:ii t ·;· 53%. 6ri ~ eske'rs. and 8% on 
other s:a:ng. :cffi·a ·:gr<av~r · ro'rm1itions. : = · ~ ·. -- ·, •. ~ ,. _r ' ~: · · ·· · 

.. - .... -... ·r t : .;, .... ·:. ·· ... ~1 ·~ _: :,:'!:' .._ ; .· .. T:..;!... . .. ~ ...... -: ' · 'Jr •. 
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METHODS~ ·?·; 

; ::. ~. 

The .factors affecting ,:ithe~ indoor . radon:. concentraticm"' are: the 
uranium concentration of the ground, the permeability of the ground, 
the leakage of air from the soil through the building structure, and 
the ventilation rate. Because these factors were not measured, we 
replaced them by known class .. parameters·~ The factors were . considered 
multiplicative and by logarithmizing them made it possible to use a 
linear model. To "determine the innuence o·f: the' building site on the 
~!idoor r .adon· consentration, : ·the effect of the" buildi'ng · structure was 
adjus.~~5!:: · for by means <ofL a tst.atistical model ::: (2 ;-3). .,. : 

• · \;:. ,r r·"'~ 

' .. . • • ..;, _ : • ~ .. .. ~· . A _ O; I' o oO 

:~The resistance. of the~ building structure to the leakage of::-:soil 
air depends on the ,foundation t~e. The foundations of the houses under 
study were classified into four different groups. The t§:ype with the 
most leakage, which is also. the most .common typ·e in Fi'hland, is a slab­
on-grade laid inside the foundation walls. Air from the soil can easily 
penetrate 1;:hrough the joints between the· floor and the~ .-walls . The foun­
dations wh~ch leak least are _those • in houses with a crawl' space and 
those buil.t on a slab . with :: thickened edges.:, The .latter r ts quite radon 
safe, becaus~ the slab usual.ly:.has not . join.ts or openings. The fourth 
-.~~undation type is a house w.·ith a . basement. ~!.:· .. :.< .. • ' '.:· . 

The year of construction is correlated, among other things, with 
the ventilation and with the type of construction.: In modern houses. 
the air exchange rate is lowest and therefore the indoor radon concen­
tr_ation; -is ~ highes:t;. The yea.r of . construction is also: · associated with 
the type: of foundation. The: -houses were ~ divided ·into t'hree classes: 
houses built befqre )950. - those _ built in 1950~1969 and those bu:i!H in 
1970 or after. , . _ .. __ _ 

. . - J ;:;_._ • I 
.- .. . , ., -
-~ i ' • • . J t <::- ~-. ' • 

The type of soil at the construction site describes the permea-
bility of the ground. Esker _{gravel and sand) ·is ·the most · pe,rmeable and 
clay and unbroken: ro_G_k are the least permeable. ·. , sc:r .. ' : ~<-' '1 

... 
The .. parameters correlating with the uranium concentration' ar-e the 

geographical area and the rock type. The rock types ·_, were c!l't:l.sS:i.fied 
into three groups on the basis of their uranium concentration and the 
meas\]red indoqr; radon concentrations;:·group. 1. being lowi·-group 2 inter­
mediate em~ group .3 11igh. M.ost of ·the rocks .in .Tampere bel·ong,"to •group 

·~.- 2." t!"le inter.~~i~-te .grp1,.1p.; ,._ •,:,--:·: · ··::,. - ·- . _ c;. • · ·-· 

. >~ .. ,- - ;_ : c ~ :~. ,. ! -· r: . :; ( ~~ J :. ,:· .. -: . ~ 

After t~sting .:E;_evera:l. combinations ·• of: .par-ame·tei-s; we·- :r:Ourtd it 
practical to make three different models concerning houses built on 

'- ~ !:• J'tJ -~k~ ,· ~ -~~sk.ars- 1 ::: and ~ p~)1er~ _so ;U . types<;-·: .To draw ·: the ::boundaries of the 
-- ~, su.bare;as. t{l.e . model ,w~s \;l.se.Q ··to-:- ·ass~ss.t.:the 'Cons·truction : f.n~tors. The 

• c ·,H.~l~~tecl_ - ~s~C:entratio11s ·: were · i-d~:awn :o.n :a: . map·• and· they •,,·e·re 'used: t o 

I -~ <_, 



divide Tampere in to more or · ·less homogeneous subareas. When using an 
assumption of a lognormal distribution, the percentages of houses 
exceeding 200 and 800 8qjm3 in future homes where no precautions have 
been ta,ken· ·.against radon can be assessed for each ·subarea. 

RESULTS AND DISCUSSION 

" 

; ·.:J'I;IE PARAMETER ESTUtATES OF .. THE · MODELS (~ ~ · . ;;·, c 
; ~. 

In -the _ model :concerning the houses .built: on rock, the subarea, 
the ·rock typ~. ~d the year of '·construction proved .. to be -S'tatistically 
significant. In the .. model:: concerning llouS'es built :on ·. claY( silt~ mo­
rai ne, and sand and gr avel f ormations other t han e ske rs. the subarea, 
the foundation type. ~ and·::. the year of . construction· .. proved to be statis­
tically- significant., :: .In· the esker model, .only ,:thel subarea· and the 
foundation ,type proved to be statistically sigrii.ficartt. ~·The parameter 
~s tim a tes f.or. ·:the tm-ee models are shown in -Table. 1 ; . :.. ;, · 

•·' f 

·. "' ·'"Application of the inodel - and -the parameters of Table 1 to a house 
with _a slab with_ thickened edges built in the 1980s .On clay· in the 

. _. lowest SUbarea .. 3 yields .a geometric :mean COncentration Of 1. 26 r X 1. 00 
- ~-.L~1 ·0.62 x 139:-.•Bq/m? =. 109 -l3qfm3. Simila:rly, a house built in 1950s on 

aplite granite rock in subarea :2 resuJ. t:ss :in a radon-· concentration of 
about 0.59 x 1.00 x 1.00 x 319 Bqjm3 = 188 Bqjm3. 

,_.._:. :; ; ..,'. . ..... .. 

:.. J~ADON · ·~ISK OF.: SUBAREAS·::: ~ ... t:: --

. s~ 

'~~:~.The <boundaries of .subareas· · artd the .. geOgraphic ali- dis-tribu c'ion of 
measurements ·.:.are .shown . in ·: figures 2-5:-~- ,._It. 'is wbrth :notirfg thal each 

.sJJ..b:are~ number U.ntlie:ates only a: certain •· soil · type in·· .:the o area in­
volved. Tables ·2-4 show the assessments, made according ' to these 
models, for the percentages of houses exceeding 200 Bqjm3 and 800 Bqjm3. 

i:~'; .. ~-:;J,t-EE.he ·highest :-risk for radon •in Tampere -is on= the ·top and or{ the 
upper slopes of the esker. ridges. ·"If conventf .. Q'naP·building structures 
were used there, about 90% of the houses would have an indoor air radon 

9 :con.cen-tration above 200 .Bqjm3 and in over -:so% of< thel:h&uses. it would 
· ~ ;-excee.d:~. Boo~ Bqfill~. · ~ :·.:. ·:- ~ -~ : ·~ · · . _ .. : - .. c ~ )s· 

- ·_:: .J :: ·• : The lowest -risk~; for::radon :occurs :• in houses built! on i'ock -'ih' the 
.. . : ·~t:lentral.:~,;_and: nur.thet'n rp-ar:ts.: mf ·Tamperer. and· :yn. ;·hous·es~fuuiH ori· c1ay or 

silt in the cent~r. In these areas and on :.trre~s:e <tbils~'riic"tlon sl"tes- the 
estimates are that 10-30% would exceed 200 Bqjm3, that radon levels ex­

-. C;~(ji:i:ng:. 80Q c:;8.q,/ll!'-l. .. wauld':be 'Ver_y_· :Tare:: {legg1 :t:ffan 8 ~f(! n·~· 'J c~ · : ., 
~~ -~ -~l l...L : . ~."::::. .... .:. :~ '? .... ..:..~""i~~~ .'1~..-:: ~, : ~~ !:.i~,n : .-:':3'.~ ·.~--:-~ ~:f-":. :' 1 -t f~~L:j!T . -: _t_ .:: ~;. £'::· : 

. ' The:.<esker.s -im Tampere: -a.re:=.perha-psl · <th~Sf!lost !radori.:.:c't-i't'ica:i>' es'kers 
· in , F.tn3:.and. · On· .the3:n:ther. ~ hand:;:; ·:th~ ' t'adon' fisk ieficother consthi'dion 

sri t,es in Tampere : YS only .. s ligh tlyc. hl'gherL' 'than - tfie'~ aver'a'ge ln "F':tnland. 

l J +-



TABLE 1.PARAMETER ESTIMATES AND THEIR 95% CONFIDENCE LIMITS, THE 
~IULTIPLE CORRELATION COEFFICIENT (R2 ) AND THE GEOMETRIC DEVIATIONS (crg) 

FOR THREE DIFFERENT MODELS. MODEL 1 CONCERNS HOUSES BUILT ON ROCK, 
MODEL 2 HOUSES ON CLAY, SIL'P-;· ··MORAINE ·AND OTHER SAND ·FORMATIONS NOT 

ESKERS, AND MODEL 3 HOUSES ON ESKERS (GRAVEL AND SAND) 

FACTOR MODEL 1 

R2 0.]7 
1.81 crg 

Constant (Bqjm3) 

Subareas: 
1 
2 
3 
4 
5 
6 
7 

319 (228,447) - ~ , .. ;.., 

0.64 (0.50,0.83) 
1.00 

Foundation --types: 
A 
AB 
8 
c 
0 
Rock groups: 
1 
2 
3 

0.50 (0.30,0.82). :· 
0. 61 ( 0. 4 3 '0. 86 )'"--
1.00 

MODEL 2 

0.34 . 
1.95 

139 (108,177) 

0.62 (0.49.0.78) 
0.97 (0.80,1.16) 
1.00 --
,. . 

i .-.... . -
1.64 (1;28,2.11) 

1.26 (0.96, 1.66) 
0.89 (0.52,1.51) 
1.00 

construction: : .. _ Year of 
<1950 
1950-1969 
>1969 

0.62 (0.44,0.86) 0.85 (0.63, 1 .16) 
0.59 (0.44.'0.8o) 0.51 (o.4o. 6 .64J 
1.00 . 1.00 

A = Slab-on-grade laid inside foundation walls 
8 = Slab with thickened edges .... __ __ .. _ . . ·· 
C = Crawl space 

MODEL 3 

0.29 
3-34 

183 (141,237) 

4.77 (3.73.6.10) 
1.00 

1.00 (0.76,1.30) 

0.64 (0.45,0.92) 
1.00 

0 = Baseme_nt_ _ ____ . _ .. _ __ _ ____ _ __ ~ -------- __ .. ------·-
Rock group 1 = peridotite, amphibolite, tuffite, graywacke, uralite 

porphyrite and conglornerite. 
:\uck g,roup _ 2 := _ gr~odip_ri te, grani t;:e ;-- g~bqro and. -ve;ined mien gnej,~~, 
Rock grau·p- 3 = p~ylli .te·:~ . micas chi~ t: acid ~ tuffi;te:;, q)Jg.rtz- feldspar 

s~hi~i - ~nd-apli~e g~anite. 
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CLAY AND SILT 
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MORAINE AND 
SAND FORMATIONS· 
OTHER THAN ESKERS 
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TABLE 2: THE RADON PROGNOSIS FOR HOUSES TO BE BUILT ON ROCK. 

Construction Subarea Rock >200 Bqjm3 >800 Bqjm3 
site type % % 

Rock 1 1 .. 13 0.03 
·-. 1 2 22 0.09 

-~ - _, 1 3 .. 55 1.4 
~-

: ~--=-~:r ~ 
' .. 

~·,· 2 1 35 0.3 
2 2 48 .. .. :'>,' 0.9 
2 ·: 3 . 79 

:.:~ 
6..1 - '--.···· .. 

'~~ ~ 

Rock type 1 = peridotite, amphibolite, tuffi!;e, graywacke, uralite 
porphyrite an~conglomerite. · 

Rock type 2 =~ -g·ranodiori te, granite, gabbro . and veined mica gneiss. 
Rock (type ~~3" = phyllite, micaschist, acid tuffite~ quartz-feldspar 

schist and aplite_granite. 

TABLE 3: THE RADON PROGNOSIS FOR HOUSES TO BE BUILT ON CLAY, SILT, 
MORAINE AND OTHER SAND AND GRAVEL FORMATIONS NOT 'ESKERS. 

Construction 
site 

. :~·ubarea . .F.ounda tion >200: Bq/mJ---->800 i3q-jm3 

_. ..... : :;~: ... ~;~="~r-,· __ %_· ______ % ______ _ 
. -~~~·· ~·~ 

Clay and 
silt 

-.. - ... 

Moraine and 
other sand 
formations 
not eskers 

3 A '· ··· 
3 B 
3 . D 

4 
4 
4 

5 
5 
5 

A 
8 
D 

A 
8 
D 

.· . 

30 
18 
10 

:-

56 
40 
27 

58 
42 
29 

A = Slab-on-grade laid inside foundation walls 
8 = Slab with thickened edges 
D = Basement 
Houses with a crawl space (only 7) are omitted. 

0.5 
0.1 

r • o·.o4 
~; 

... ;> -

2.7 
1.0 
0.4 

3.0 
1.2 
0.4 



TABLE ·4: THE RADON ·-PROGNosis Forr ·HauSEs To ElE. BUILT -OfF ESKERs. 
~ ' . .:. .:·:. ~ ! : . ,..., ~ , " ot 

:_ t 

.. ,_,, Construction 
site 

Esker 

Subarea.:::: 'Found.ation 
-·J ·type;_ r: c. 

6 
6 

P.··:a·.iF · 
c 

~3: .. 

89 
80 

. . ·· - - ...... ... - ... 

53 
38 

A,B,D 
c 

~ . .... . J ~= 47 2. .: t ~ r~. 7 ·u,, 
':f' . ~; ·: : : : .:.': f : :J 33 ·- .. ~ 

..... ~ 
· .. ,~ ... 

n1Ji ;:;·: 
s: 6" s l =.·.j· .. '(. , 

. '· 
A = Slab;,.on-grade laid inside foundadon walls 
8 = Slab with thickened edges 
c = 
D = 

Crawl space 
Basement 

THE:·PRACTIGE IN TAMPERE-': ':' 

L •. .:.--. 

: ·,: .: l.. -~ t'. 

The health authorities in Tampere received STUK's ~eport a year 
ago {4 )'/ -lil- acldftion eo the-:~ radon 'prognosis. the report- ai:'s'b included 
the 'boondarfi'es ·of 'the ·affectecFareas and a pia.n·::ro:r-:addi'tional indoor 
radofi~- meaS\:iremen ts~r .. -: ~~ ~-:. :r. : · ;;. .. ·':"··~ · .. c = '~ ~ ·. ~ ~ ; f'S 

,.. ~~ . :\ ~ ~ ' ~ ( f .. . - • .. ~ - ' · ... . ~ .... ... - . . 
The only areas where the health and building authorities have 

required radon-safe constructions are the top and upper slopes of the 
eskers (subarea · 5) . Elsewhere they have:· noti-fied· i.ndi vidual builders. 
buil'dinif ·companies : and geotechnical -planning coihp·anTes of the radon 
risk or<Bifferent t·sflbareas and- !Cc)ns:t'ruct'ion sites~ - The :-:authorities do 
not know-::: whether hr> not 'prec~u tions :· have·: been- take.n .. ?~iii~s t · radon in 
these(areas. 'The n~altn<authori ties: are: stil1·'--i:onsi'derirtgr whether they 
should require radon-safe constructions in some other subareas. too. In 
any case; tne -: pi?ognosi's-__ repor!=:. wlii_ch con:fa.tns ~ s~U,riimar-y " o f.. all pr-e-
vious ;· measufements; has ·proved ·usef-til.:-·; c r ': .-.:.-:.::;s ;;·t;c:, eo- <.'~ :..-:.!:. 

•' : ''· - -·~ .. . ... - j-; t0;~.:.. .. 1..c.. .··:: :·d:·. \. =~· : .E. ? ~!:' !: ..:._, , . : ..... l;S 

COST-EFFECTIVENESS 

The estimates of the radon availability of soil and rock in 
cons true tion sites can be based on field measurements or previous 
indoor radon measurements. Although it may be easy to make accurate 

f~:·: : fi:ela'': tme~stir'e'1netf-t's ;1 ' 3t-he : p-r'edfctfdii : 6f'=-9fu t'Ure '-i'ntloor radon concen­
~, ~=-trat:ielis'i.is bU.nceiltaitL :::'.:.::< : .. :;: o'. : l s:-: r. ::; :::::~": .c,:; • .: . 2 · :· 
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;. . Some 500-.1,000 measurements . are needed for -the radon prognosis, 
which is '· bas-ed~ on · indoor ~'radon concentrations. The total cost, in-

-- eluding· ·c-cmpil'S:tion·-af"" the- · t•epor't- and . making all "'the measurements 
needed·;·· is ... FIM 20, 000..;;30 ;··ooo .. ('USD s·.-ooo;;.T, 500}. The cost of the field 
investigations for only one planning .area may ,be as high. It .would make 
good sence to compi'le radon prognosis ; reports. for areas consisting of 
several municipalities. 

CONCLUSIONS 
' ' 

The radon prognosis - ~eport is an easy way of getting information 
about the radon risk of future construction areas~ The report is most 
reliable when it concerns construction near or within an existing 

-- ·-g·e't"tlement. The proolem is" that-there is no general practi6:~· concerning 
which kind of radon-saf~. structures l?,~o~~9 pe ~equired in areas dif-
fering as to radon risk. 
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