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Gontrol of lndoor Radon and Radon
Progény Concentrations
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- ;': . ' .rTheËg are:Ehree gener.al ca!,egorles of teéhniqueg for the contr.ol of r¡Eôàn and radon progeny con-
ceotratfqng 1n tndodt aÍr ¡È restrlcÈfior'f of radon entry, ,reduccíon of lndoor radon concentra-
lions by'ventflat*.gn oÈ alr cleanlng! âttd fenoyal cif af rboqne. tadon ptogeny. The pre.donlnanc
ra{ort eftry process ln nost resldences áppàaró to be prdðsure óiivèi ilrrof soil las chrough
graleks of gtheE'openi,ngs ln,ctre basenen!r, uiåU¡ ,o. subflåor. 8ça11ng these,oÞen.ings or ventila-tigq of,' tlTg çubslab ãr suËfloor space áie n úto¿s,of reduclng radoi entElirar,es¡ Indoor tadoá
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The health.risks^ggsociated wich radon are due Eo the âlphâ decay of two of -its short:lived
progeny, ZIöpo .rrd ¿r*po. These poloniun isocopês., and the l,éad and bisnuth lsoÈopes that con-
itiËgtå the irmedlace radon progeny, are shor¡n i.n tþe radon decay chqin 1n Figure l. These pro-
geny, _unLike .!he. chenically inert radon parentr..,are chemical.ly ac!íve and Can adhere Eo sur-
faces, such as airborne particles, roöÍf'.walIs, and'lung tissue. A nunber of rnodelg have been

ãäri"Ë¿,iã"e"ii*ãr",the lung dosimetry due ro chese raãioacÈive de'cays.r lrlhile a déltailed review
of theSè roodels'is beyond Ehe scop€ of this pâper,'the resulting dosfnetrlc calcul-ations_ indi-
cacq ì ih"a ttr. alphe ãose fron prðgeny noe atta'bhed to aerosols is 9 to 35 Éi¡nes larger than the
dosé esrinateg f,or.progeny,.ttrðheã tä aerosols, depending uPon Ehe'nodeling asqunpciôns (James

.. -jec a1. I98l).

Based on lung cancer incidence.aûong uraniuD minÞrs, esEÍmates have been made c;f. ihe 'lung

cancer incidence due to radon exposures among the general populatlon. Although there are a

number of uncertainties, Ehe expected lung canCet lncldence in'the U:.S.', 6ased on the average
radon ÇgncenÈ.rat1e¡s.¡ust discussed,.is betl¡eên 1000 and 20;000 per yfal (Nero 1983). Exposures

to hlgher radon concenE.ratÍons increase Ehe'r.rislc-'proporEionately..'':This 1s an fEPortant healÈh
Consetuence, and efforts t.o reduce or l,contÈql exceeslve exPosures to radon,and. iEs Progeny
deserve aEtenElon"

CONTROL - STRATEGTES

Before discussing various methöds of conÈroll1ng or rqducing and radon progeny concen-
EraCiQng lndoorsj it:;ls woÉ'th reviewlng;the poÈenEial sources of radon 1n residenÈi ãi'' envi ron-
oents afid no cing Chei contribr¡t ion' each Êource i cán. m'ke Eo lndoor còncentrations. The major
po tenti.al sources of radon 1n U.S' housing are the soil ad jacent to che'buildi ng substrucEure t

rdomeÉtlc vtat,er , suppl,f es 
'

aad'buiLding materialsu Ocher PossiË1e source s lñclude na Eural gas and

oútdosr' airborne, radon. These riarfous1'Sources are il lus cràced schemat, ically ln riþpre 2. The

average source, strength for radon from eaêþ of Ehese sourcè-s 13 sulDlllar iåed in Tabtre I;'ånd each
conciibtrtion to indoogource 1s d1çcussed in great er detail belor¡. The resul r tádon

:'côhôqnErati<tne can' be esEínaEed by dividf'ng
exchangê,,rate, which is typisally 0.5 to I

thÎ. souÉce
hr't. ':

A priinary source of radon:lndoors'irfs the soi1, where tt 1s próduci9 b{ the ladioac-

ting.gslgE"
streng,€hs 1ls ted'ln Table I bY the alr

racet (t. 1:)¡
v of radiirn found ln E quanr.i r I ln all crueEal ¡naterfals. Aver concen E fat ions

kel lp0ig wfth a range óf 8.5 to 160 Bq

1983).r the rádon gaê is then t ranepotted through the soil and into
homes via crackb aüd oÈher oPe nlngs rln Ehe buflding subsËrucEure. Mole cular diffuslon of radon

gas from. the soil through,' these €lacks or-:througti building maÉ'erials d'lÉeccly is a

tn soils are 4l Bq
(l'fyrf ck et al .

Eo 4.3

mechanisui for radon transporE inco'EtLé building¡r aTr
the cdntribution to indoor cóocé,h-tratlons doésr no ar fó be lsuf flci.enE E ccourit fcir the
levels of ten.f oun& indoors.l Anothé.rrp idcess, pressúre-dtlven flow of ð¿ir 'ié thou Etobe
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. molsture content of the soil and otl'rèr characterls!1cs of'che soil ti¡n"t which affect
t,he soil. perrneability. 'tlhus, whilê radiun content of the soil is important, so lacèd'fac-
tors that. aff,ect gas flow al.èo appear t,o be;key componentst. ' ; : !' i i

i

The cracks or. oEherj openingsl fnr:Ehe building substructure Ehrough which sol1 81Ç, : -flpw can
occur may be due'Eo the seitling,,or aging of ,Ehe bultrding or. sinply a produc! of tl¡e consÈruc-
Èion or design practices. us€d.. The importance of rhis flow carl be i'llusCrated by est-iElating che

flow needed E.o account for Ehe average Eocal enEry raEe for radon shown in Table l. At the
average soil gas concentration noCed above, if only 0.2% of Che typical building infiLEruEion
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rate Ís due Eo flow throrfgh.çhe soil,ithe incoäing radon gas entry raEe is sufficlent Eo'accouûE
for observed fndoor radon,levels.;,The radon entry rate could be much higher, due to. either
hlghe¡ goil gas flow ratée or higher rãdon concentrations ln soil gas, or boEh. In many cases'
the en¡ry_ of radop-beaçÍng soll gBs appears to be,-an lnport?nt, if noE predominant, ,,.source of
radon in'houseç. observêd to have high. indoor concentrations

ì11Building i{àterlals. Because radium is a Erace contaminant of crustal naterials, it is
present ln alfeaittr-Uased bullding materials. However, in the U.S. the emanation rate of radon
fro¡n these maEerlals 1s generally Coo snal1 tgr cause elevated lndoor radon concentrations.
Ingersoll (19S3) qreasured radon emn¡lation rates for a variet¡ of conpon_þuilding natëï1afs. f9I
conçrere, Ehe emanation,race ranged fron (2.Ç co,19.8.) x IO-o BC kg-i s-r (0.25. to 1.93 pCi kg-'
hr-r), v¡trh an average'of 7.7 x l0-o Bg"kg-t s]i <9rZS pCl kg-r trli'). 

-for 
gypsum, the average

eû¡anatlon rate was fourìd co be 6.3 x IO-o Bq kg-'s-t (0.61 pCi kg-r hr-t). other roaEerials,
such ag brick and rock, had 1or¡er emanaEfon taEes. ,The estinaEed source strength for lndoor
radon'from concreÈe ls shown ln Table l; :î-

In certaln locations ln Èhe U.S., naEerlals hlgh fn radium were used 1n bulldfng const,ruc-
tion or Ín the manufacture of bufldfng Eaterials, such as the incorporaÈ1on of uranium nf1l
tal1lngs in building roacerlals or as backfí11 1n areas of wescern Cglora$o, or the,, sinllar use
of phosphate slag fn areas of Florlda, ând lulontana. In fact, ic'was"Ehis use of uranium rhil1
tailings ln Grand Junction, Cglorado, EhaE led to one.of the flrst invesËlgatlons of indoor
radon concentratlons 1n iesldencfal and commercial tiùtldings in the nfd-1960's. In some cases'
high indoor radon concent,raElons were found (see, for example, USDOE Lg79), and ln othersr Par-
E,icularly when phospha'te slag ûas utilized, t,he radon enanation iiaqes were lor.r, although t.he

indoor ganma radlatlon Ìevels in buildings usingr. ¡1¡""" contaninated buildlng. naterials are
highêr than background (Kahn ec al . 1983; 

,Llsyd. 
1983) 

' ; . ì , ).t:.

Most of the elevaEéd indoor t"do. 
"o.rCenÈr4c,ions,.ç'bserved 

in che U.S. are noF assoeiated
with, "technologically ènhancedr'' sources. It i's- the óonrrol of indoor radon. leyels due Eo: t,hese
naÈural radiuo concentraclogs thac is the focus ,of EhåF p,?per . l

ia1 sot¡rce of indoor airborne i4donr.';, although
ng concentraÈfon ln aÍr to Che, concent{ation in
b) Thus, Ín order^Èo produce 40 Bq,n ' (-i pCi
c be 400,000-Bq n:r (-to,00o pci L-r). suirface

lmosE half the U.9. populat!on, contaln very
Bq..n-.r (28 pct L-t), A recen! .survey of puþllc

drinkine \raEer suDplies derived from groundwaËer atd"serving more, Èhan 1000 .pe_rsons gives.t an
average (AI,l) radon concenc,raÈion of 13,000 Bq o'(350 pCf L ^) (Ilorton L!83). .These public
groundwatei'sources supply r¡raEer Èo-327" of che po¡ulatton, nhlle l82 obtaln pótable,. ttatar fron
prfvace groundwaÈ.er sources. In some caseñ', prdvace gçgun{water 'supplies have beeÞ found wlth
iadon conãentraElofis exceqding 400,000 Bq r-s'liO,OOO pði,l-r), 

"" 
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Ì{here radon source elir¡ination is noL pracEical, such as when the source' fs soll-' gas or
where no low-radon-bearing substitutes are available, somè sou4ce control nethods are available.
In Che followfng section ãpecific radon entry poinEs are digcussed, followeil by a section on
source reductlon t.echnlques. A general revlew of indoor air quality controL techniques is pro-
vided by Físk, eÈ aI. (1984).

Radon Entry. Entry pointþ for Ehe pressure-drÍven flow of.. radon-bearlng soÍ1 gas depend on
a nunber of factgrsr. including the type of house substructu{.er the constúuction practices used,
and che age and structural integricy of t.hê house" Typfoal substructures tn U.S. housing
lnclude concrete slab-on-grade, basement (þarg,al or fult), crê.rll-space (usually topped by.-a
wooden floor), or sone coubinaÈion of chese chreê basic designs. The flr.si two of Ehese sub-
sE.¡uctures have slnilar potential ent,ry paEhs, including cracks or qCtier penetraElons beÈI^¡een

rhe condillonqC indoor space and the soil. these cracks'may resulB fçoin tþd aging and '' seÈtllng
of the buildfuig or oay be a design feature, such as the Jolnt fr,equehtly fóund between -Èhe foun-
dacion wal1s and the f1oor. Penetrations for plunblnþ or eiectrlc4J,connections are also 'poesl-
ble; often the hole surroundlng the pipe or wlring is not fllled of.dealed. i

'j
Ef f orts Eo evaluate rhe dlf f erences th fndoor rádon ¿oncåntiätÍ"ón i arirong hôuses wiih .. the

vari.ous subsÈructure types 'have only rece:ncly begun; thus'the,,dátä .r" noE conclusive. lthile
homes wlÈ,h basemenÈs apþear'to have the greaÈêst poEential for htgh radon levels, Ehe_daEa c.ol-
lected Èhus far suggêet Èhat, hlgh lndoor Èadon concentratlons ian also occur in houses viÈh
eit.her a crar¿l space or slab-on-grade substructure. the varÍabllfty in the sourqe Èerns for
radon, such as radium conEent and so1l perueabillÈI, My overwhelm any differêítces due Èo sub-
stiucture type. ln a survey of housing 1n the Paclflc NorthrùçsÈ, for example, the,average radon
concentracÍon ln çhe flrst'floor llvtng area was 47 Bq n-r (1.3 pCf L-r) for.[20 houses wiçh
basemenEs, 33 Bq r-3 (0.9 pci,L-l) for 93 houses wlth crar¡l spaçeg, ànd 43 Bq m-J (.1.2"þcr r-11
for 7. houses having slab-on-grade constrt¡ction (Thor I984).

. Wtrth regard tó house substructure, clearly the potential coupllng betr¿een 
-Ehe 

house,- öub-
.struct,ure'"ttd th. so1l 1s largest for.a basement siroply on the basls qf suifage area a1one. In

¿ny cases, concreEe bloélcs arÈirised fór basernenc walls.. -UnÈ.reated, thesê can be faiÈly þerne-
able to flulds, and chinklng of the ûortar beÈríeen þlocks can.plso ocður. ''In addiEiôn; tran-
sport of soll gases can take place through'che hollow core of the blocks.' Iri sone housesr oPÇn

sunpa åre part of lhe basemenE constructfon. These sump6 nay be connècteô to a ttweeping Eilett
sysÈen deslgned to remove waËer frou beneath the basement floor and Ûalls; ThÍs systeo can also
serve as an effectlve enEry pathway for soil gas when ic is not occluded by naÈer (Nazaroff ee

.al. 1985a) - '* ;" -irt

llouses built wlth crat{l spaces appear !o be less tlghtly coupled Eo the soi1, 'although
degree. of coupllng will depend upbn features of:'Èhe crawl spacg,¡ such as whether the lbpace is
venËed or unventetlr''and the núiúber and size of penetraEions beÈween the llving' space qnd. che
crawl space. Many crawl spaces have open soil floors, thus.radon enE.ri into the crar^¡l space is
uninpeded. A recent scudy of crawl-space homes suggested t,hac aboú.t half the radon Present in
Ehe crawl space éntered the home, êven wfÈh the crawl space vencg4. f{hèn the crawl-space venEs
were closed, Ehe radon concenEration fn both the crawl space, and .,the 1ív1ng gpqce iÀcreased
(Nazaroff and Doylq 1985). In a study of tweney-tr¡o homes ln ihe Chicaþô areà'r,¡lth unvente{
crawl spaceç alnost half of Ehe houses: rtêre lfouûd Èo have r.adon FoneçntraEions gþove 185 Bq n '
,(5 pCi L-t) and abour a quatrer had cóncenËraüfona above 170 Bq,q-: (!0 p91 l:r¡<*"¡iø eE al.
r979). ,, : J-

, Ilousing bullt using slab-on-grade conscruetion can also have hígh radon concenÈnaEions;
while .the surface area of che buflding-soil Ínteiface ls sma an a house wit,h a basemenE,

_ctre coupiing bet¡reen the houÈe'and thè ãö11 "rtt still'be subs.t -Sc;ort and F.l.ndlay (19e3)
f ound- that cracks 'and pènetratlons Èhrortgh Ehe slab filoors r¿er .'sources of ¡aaoh enrry.

..-'
..i

. As diqcussed prevfoqsly, veit,erìdoes nôE.appuã, ao Ue'â å¡ ""'nf ir,doo..r"ãà., f.or ruosÈ
housing iii t,he U.S.' Hijweverr'' 1n those..localized: ìslEuaEion the rãdon cóncentra.t.ion ln
rdaEer is high, donestlc srater use lndoorè''rnay be:Èhe'najoq squrce of radon. Woc'à-ff r^rater' uses
are , equally effective at produclng afrborne radon, sfnce the transfer process betsreen waÈer and
ai.r is dependent upon the degree of aeraclon of the waE.er and the.rtater tempera!.ure. Thug the
use-speciiic tranåfer coefficlent. is highest for a shower.and lor¡est f-or cold'waEer use as:inr,a
Èoilet tank (Gesell and Prichard l98O)" l'leasures to reduce lndooç airborne radon concenÈraÈloos
due Eo water use could include locallzed ventl-laEion fn areas wheie hoÈ, water use is,[igh (e.g.,
shower, laundry - roorn) , changing sources of watijr, aeråÈión of the \.raEer bef qr,e enEry into the

"bu1lding, charioãl filtrâ,cion of che.vatçr, or provlding a large enough r,qater sEorage capaclty
"so t,h¡rÈ radon concentraEions would be reduced by radloactive decay durii<rg the storage time.

\
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Source Reãuctlon Techniques. Reduct.lon of radon entry from the soil into buildfng interlors
has genera ved (l) sealfng specific leakage pathetays, such as cracks, jolnÈs or oÈher
peneEraclons, (2) appllcaclon of a more general surface seâlant and/or (3) sub-slab or subfloor
venliLatÍon. An important el.enent. in Ehese procedures ls. the ldentification of, 1ike1y enÈry
poincs for sotl gas; this 1s especially t.rue for renedlal work.

Yr
tlhen Ehe lnner surfaces of the,building foundaEion are flnished with floor or wall covering'i:oacerials, as is virtually always che case wlEh slabron-grade constructLon, identificatÍon and

access to radon enEry p.otnE,s rnay be partlcularly difficult. The task nay be less coupllcated', for an unf,inlshed baspnent (though å larger surface area nay be involved). Although the effec-
EÍveness of finding and sealing these en!,ry path\ùays ls dependent upon a number of factors,
there is growlng evldence frou a variety of renediaL projects uo indica*ce thaE signlficant
reducÈions ln lndoor radon concentraËions can result (see for example, Scoct and Ftndlay 1983;
DSMA ACRES 1979; and DSMA ACRES 1980). This is,not always Ehe case, however, and measurement,s. t,o assess the effectlveness of reuedlal tgchni.que.s are usually neceÉ¡sary.

.:.r , i '

cÈed çp a sub-slab dralnage systen, as deÉcribed
re is,.no v¡ater trap to lsolate the lncònlng draln
g or,,.rebuíIding the sunp Eo accomuodaE.e a Erap
dogr radon conce.ntratlons¡ often by a facEor.of 4

Cracks or joints at chê floor-q¡all interface èân be'sealed uslng epoxy paEch naterial or.f1ex1ble caulklng that 1s then uechanlcally prolected. Penelratlons, 1n wà!l__or fl_oo1s for
plunbing or electrÍcál service can be sealed in a sinllar fasþlon; often a flexible caulking
naterlal ls used to accor¡nodaÈe thermal expanslon òr contractLon (DSMA ACRES 1979; Keith I980;
Nazaroff and Doyle i985; Erlcson eÈ aI.. 1984). As nofed above, however, findfng .or: havlng
acce6s Eo a1l such peneErationb can be problenaÈlcal ln certaln sltuations, and in some cases,

. iE ruay ¡^rot be clear whether cracks or chlnks in mortar acgually rprovide a paEhway becween Ehe
'inEerfor of che house and ihe soil through,Çhe,.cenent r¡al1 of flgor. The long-term lneegriuy:6¡

, ''varlous nechòds,of seallng cracks and other peñetrat,lons¡l.s not well documenEed. : i .,. "

:' sealfng enÈire'ôurfaces 
"an äake, 

" 
.r"ri.åty á, ,o.r"l"froo painEed-on .natertals ao .rr.*iur"

.sheets gr.rð rtgfd barrfers. For such gealant,s to.þe effectiver.lthey nus.t have a low radon per-
neabfllty and be abie -to srlthsÈand..uechanfcal or cheplcal dêgradation. A general revieç¡ of :che
effectiveness of-.gurface barrlçrs is glven,.in Ketchan¡(1983). There are lÍnl,t,ed daÈa ön-Ëhe
perfoiuance of tÈeèe varfous suËface techr_rtrqueso although 1n sone caaêe; the average radôn cön-
cencraElon hàs been reduced by a factor oi 6 (feftn 1980)., one lrequenGly nentlened appllcaElon
of a surface barrler is che use of plastfc sheetfng to cover Ehe open sol1 floor of a crawl

. space. This.'Èechnfque has been use{ È.o rç{uce moisture concentrations fn crawl dpao-es. A

recent but very llniEed experlnencal,lnvestigation of this techuique for radon reduction has
. shòwri such a bþrrier to have.only liurfted eff3ctiveness, possibly due Eó pressure-driven flow of' radon-beartng åo11 gas around.çbe ptastie strepç (Nazaroff and Doyle 1985). :r.

' f: ': i'Substruct,ufe veqEilatlon is another Èechn-ique to reduce radon.entry inEo the 11ving space.
rawl spacq., v¡hich can be used in conjuncÈion wiÈh
g space f-lqgrl¡g' and/or use of a radon , barrier
ng crawf spaqe venEll,aclon has, been examined in a
the crrawl spacel and' che l1vlng, space lncrea-s'ed
al teakage pathways :wa'e found l.o reduce Ehe flow

of-f and Doyle 1985). ¡!f,r¡;some , ia*es, mecha.nioãl
Fd .Ëo .çeduce bull.dup ofÌ,radori '(&ef th 1980).r' .,

| . '. .ilr' --'- 
"; 

'' 
jJ :':- ^ t i 'J ' -:' i '

AnoÉher type qf- veri-tllaE.ion:.t.hgt hqe \a( f.!mit'ed .Ê.ppllcarclon "f;s sub-slah; venbfliatiotr, wtti:ch
can be 'accodilished in séveral ways. The use ,gf e.;fa,n co drawr,aiÍ,r, f¡cjn sn exlstingi "wee.fl{hg
Eilett and sump systeo and exhausE fÈ outslde has been shown Èo be effectlve, and in general, iÈs

{ons to .Çhe ,*lab or substructune are,-EroÈ!,required

' venElkrtion ,systeu coutd be lnsta!--ledr benea'Ehi'iän
e expensi.ve. A ¡¡hird ne.tþqd th'ae has 'been deroòn-
eal a pipe. 9r pipes Ebrough a"peneEration,nade'in
gas from thj.s system produces -a .slight depressúr-
essure-driven flows of soil-: gas ,.Ehrough ot.her
low of alr fron the b¡¡ilding inco..ebe surroundlng
helps d1lut.e the r,ado-n concentraÈ{on in Ehe 'soilgas adjacenE 'to the buildi¡g. Reductions in dverage radon concentraqlon. of norE.than.?0%jhave

been reported (Ericsofi e,t atr. 1984; Vivyurka L9.79). ,, ì 1 ;t,¡ :.,1r: .l
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Removal of Indoor Radon

' In sooe cases source reduction û¡easures nay not be'feaslble or rtrgy noÈ .sufffclently reduce
radon coûcentraËions. Véntilacion of indoor spaces iè wÍdelyiused,ior conÈrol of indoor po11u-
tants generally, though in sonè cases Ehe energy and economlc costs can be suÈstantial. Anocher
technlque for reductlon of indoor concentrations is Ehe use of' a polluEant-speclffc rènoval
technique;'one such method thaÈ has been suggiested for radon'fs Èhe use of ah activaËed'charcoal
adsorbenE. The effects of ventilatlon and chârcoal adsorpElon on radón cóncenErations are dis-
cussed in nore detall below. The effect of ventllatlon on radon progeny concenEratlons is
revlewed in the next secÈ1on.

I I f i. ,i IÌ

Ventflaclou. The effects of ventllation are generally described using' a- fairly''straighcfor-
ate concentràÈions of the pollucant of interest.
ConcenErêt1óh, ç,, ls equal' to Che varlous-1

ÌJ

ward; well-nlxed box nodel to estinate steady st
In such a naSs-balance model, the average indoor
source terms dlvided by the removal Eerms:

where

$=

P=

,_ s * Àurco (l )C. -
1 + K + Ào'+ Àr

Source streúgth per unit indoor úolune (Bq n-3 hr-l),

Penetracion fraction for outdoor afrborne pollutants
radon) , '

i¡

for an inert gas such as

Co = outdoor. conéenEraclon, 'ì '

Iy : a1r exchange rate (= ven¡ilatidn ra¡e; ú'f-lj,

l( - chemfcal or physlcai transforma'Ëíon raÈe (hr-l),

Àg - r"ro.ral rate.due t,o radtoãèËtvé d.cay of'tradón (- 0.00758 ¡¡-l¡; and i:

"t À, 1 poilutant'removal rate due co äperatíón of an air cl'åanfng devtce.Cttr-l).
. 

In the case .of ràdon, severàl of Ehese pai'ameters have a neglfgfble effect on f.r¿ðo. éoncen-
ÈraÉfons. The outdoor airborne concentra'tlorï, Co,,is usually sua1l conpared wlth tyþicål indoor
IevèIs. The chemlcal or physical reactlon conscänd, K, ls also zero, since radon ii- ähentàally
inert (except under extrene clrcumstances not llkêly co be found 1n a residenttal enùftonnent)
and is noÈ signlficantly adsoibed'on mô'éE;building sürfaces. The removal ''iare, Ào, due to
operaEi.on of 'äh alr cleaneris álso zero, fox eãsenrfally the sane reaso¡r (."ciu^råå ctrãr"o"f
filtracion appéars to be ineffect,ive, as di.scusséd,in the next subsectÍon). Aná 

'finally, 
'Ehe

radioáctive' decay consÈant for radonr 0"00758 hr-r, Íé quÍte small conpare^d wfEh cypical tienti-
lacion rates. Thus Equation I essent.lally reduces to Ehe ratlo of"Ehe source strèngth co t.he
ventilacion ra:e. ' 

,,.' I ;

Use of thls equatlon fnvolves a number'of sinplifying'assumptl.ons, particularly the assump-
tion of perfect nixing of the lndoor air. Th
betr^¡een vencilation ra.ce áná radon source stren
drlven fló¡¡ Ís Èhduéhd'j Eo lbe resiénsible
Several recenE stüdiès 'traVe friaicaEed rhaÈ ''che'
tioÍl rate and that entry raÈes'assoclaÈed r¡í
.diffusiveitransport âtóne. In seiue.caaes, it îp'cart resulg,in frrrther dept'eìsèurizati'on of thet'ü
Ëion, for example. In a detailed study of the entry of radon ln a house near ChÍcago, it qras
observéd that operation of the flreplace resulÈed in an increase ln ventilatj.on raÈe, as meas-
ured using a tracer gas. At the same time, Ehe radon entry race increased .-substancially,apparently because the fireplace use resuleed in addiEional depressurizatloriof:therbuildlng
shell, which 1n Èurn, increased leakage of .soil
lvfecharilcal exhausL ventilaciôn nay have a si
proVided' to adni! ouÈdoor'afr. Coupitng betwee
entiy, as dfscussed by Nazaroff etral. (198f
ehaC'wind and Ehe EheruaL stack effict drive bo
also been done using iesldential eir-Eo-air'heaE exchangers, whlch provlde nore.balanced venÈi-
lation flows. No increase ln radon enEry raEes was obseived, presunably because .lhere iúas no

(- 1
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net increase in'b¡riÍtÍfng depresstiÉi.zation wlt,h use,gf the alr-to-air heaE exchangers, which sup-
ply lnconing air nechanlcally to nâke up for.the mechanically vented,exhaust air (Nazaroff eÈ

al. l98la; Offermann, et a1. 1982).

The effect of venÈilatiori rate on indoor radon concentration is shor¿n as'ä short áashed 11ne
in, Flgure 3, where'seve'ial'robsèrûatlons can be nade. In-order to,achieve.a reduction in radon
concentration equivalenE to Ehose sèen frou appllcaEÍon gf'sone source conËrol-measures, â fac-
Èor of 5 co I0, for example, the ventilaEion rate r¡ould have to increase by the same factor
.(neglecting any coupllng becr¡ei¡n source strength and ventilatlon raEe). A five-to-ten-fold
lncçease.1n vencllätíon rate ls substantla:l. A-t 1ow lniElal a1r exchange rat,es, below about 0.5

-lhr-r,.such an l4crèase ûáy be feasïble. If the lnitial air exchange rate is about average,''frorn
.0.6 to 1.2 hr-I, a ÊacCôi of 5 to I0 increase is.,,nuch less practical. For exauple, mosÈ air [o
air heaç exchangers ùsed ÍT,resr'denÉ,i'at applications r¿ilL increase che a1r exqhange rate 0.4 co
0.9 hr-I (Fisk ãna ruriel'td$). .i' . ; ) i 

1 :
: ,r ., : !. 2

pn Èhe ocher handr^as lllusÈraEed,by Flgure 3, Ehe indoor radon-concent'rati.on rises sceeply
for ventilation. ra!èë belori Ö.5 trr-r. -Wþfle 1t ls dlfflcu1t co achleve ventilatfon rates this
low on g retrofit Ëäåis, nåw ñones can be construc!êd r¡iÈh natural vqnEllatlon ràtes close to
0.1 hr-l. In doing so¡ tt uay-1be üseful Eo provfde fop addltional rnec\ênlcal "éintí1¿cion 

(using
an air-t,g-air heat eÎchangerr'for example) co,brtngi,the venEilatlon raié of the strLcÈure up 'Eo
-0.5 hr-r if n-ecesslËäced b!:lndoor air qual{ty problens. E.. .:. :''- r

Charcoal Adsorptfon. The adsorption of fadon r bv actívated charcoal is a well-kno!,m

-

phenomenon, and Lt,s use for cleanslng mine.,retmogpheres of. radon gas has been suggesEed by a
nur¡ber of authors (see, -for exatiple, llopke et aJ-. L984, and referenceb therein). Charcoal has
also been suggested for conErol of lndoor radon, alÈhoug\ few,.evaluations of iEs use have been

n actÍvaÈed charcoal filtraclon unit produced
Nlrtschke et¡ 9.1 . 

'1,?84; 
Sextro et al . 1985 ) . Both

were redr¡ced by_-use of È.he charcoal fil'tration
'Ene particle cããcenclatlons were å1so redücè<f by
ed in greaEer decal1 in the foflowing secÈ1dn,

removal of particlþs cófrtrfUuËes to..Elê,."aodgion fn progeny concegtration. . i ," :;

'l .*1
Radon Progeny Control

Radon progeny, the radloacÈ1ve products of che radloactfve decay of radon, are ' the 'r¡aln
source of Ehe radiologlcal rlsks of expæure to radon. Becauee ¡hese elements, unllke Eheir
lnert radon parent, are chemicålly active and can Eherefore attêch Eo surfaces, such as alrborne
parttcle's, rooû surfaces, or'''hrng Ej.ssue, control of progeny co{rcenErationd',présents a dlfferent
set of considerations. In tÌíÏs sectlon, equatÍons describing progeny behavlor and Ehe associ-
ated _ health' risks aré'first présented;'follor¿ed by discusslons of the effects of radon progeny
conc,rol. Iil"lly, edtinacés of the reLative alpha radlatlon {ose .to Ehe }n.g." under various
cgnErol çondiCiöns are discussed.' -)t -. r. ,

. ,v :. f)kr.,
L - " .. :

ggç,l..gfounå,1 A óoriritlÊIÍ;'üs66tuèEhod of paraneter.izfng the airborne froniàntration of radon
progeny wlth rèsþëct có Èhþ1t{afpha deêay properties,,¡9 Çhe Potgqtial A+B[t1 Energy-ConcentraEion
(PAEC), which 1s glven by pi,

',., 
, ,, .', .,. 

n.,:r, 
,. 1', 

pTc - ktAl ,+ w*i i .. t
't;t, : 1,i. t;í .)? ..r-.- ,._ "..1'

.the sub,scpi¡t-{l to-''3:'tefU¡ -Èb 2l8po, zl!pa,',..r* 2 
-tire 

tcqe-tiicien,cà, 
re

ã runcciän- ït Énä r potêrrÈial--alphá,.decay-'.bnerns{ -!r¡ ¡ttä'îtüclide'bÍ; t.
For proger-ry çoncencratÍons¡ 4,. tr€âsrlred in Bo r=3 are k, - Z.tg¿ x iO
,l .39 x: 1g-4, and k. '.Y'T,OJ ix l0-4, rth1ch gtves ,.of wofking lev.el ( ne

ïfrfing leùel ls dçfÅlid*C'si"an/rcontinacfon rof qad ifter of alr sifch he
ultinaEe decay to o'"Pb w1lf^resulÈ'in l.3 x l0' M energy.

Anocher usçfr¡I concepË is the equilibrium factor, F, which
equillbrlun es|ablished Lecween raaOc and its decay products:

is a measure of Ëhe degree of.i

whe re (3)
' -ì ri,.

is che,'radolr coneent,ration fn,Bq m-3. if tt. tadon progeny conöentraÊion5 i¿ere' chose,, esta-
ished solely by secular,radioactive equllibriun (i.e., no ot,hetrlieruovál nèàhaäi5ns e&i.st ochertr

+



than radioactive decay) F v¡ould be unity. Slnce radon progeny,.are chenically acÈ1ve and can
aËtach E.o room surfaces, the airborne concenÈratlons are typically lower Èhan expected from siro-
ple seculär radloacEiúe equtllbriuo; F ls usual-1y ln the range of 0.3 to. 0.7,,,for'; moat lndoor
situatlons, depending upon the airborne particle concentraEion.

j .:: :

' The behavlor of radon progeny fs llluscraEed in Figure 4, where -Ehe"various process-es con-
tributlng to Èh¿ reduct.lon of airborne concentrationq are shown". The rate constanE for each
process is shown in þarenthesis; radioacÈ,ive decay as a rgmoval process for each progeny nucllde
ls not ÍndlcaEed. While qadon has two reEoval processes, ventilatlon and radloactive decay,
progeny remôval can occur in four lrays: vgstilaËion, air cleanlng, deposltion. on nacro surfaces'
and radloáctive decay. The'progeny can also attach to..lhe sgrfaces of indoor airborne parti-
cles, which, in turn, can be rengyçd by ventilation, deposlEionr.and afr cleaning. As sholrn',in
Flgure .4, the alpha decay of ¿röPo c4n produce sufficlent recoiL momentup co detach the decay
prodúct from the particle¡ this detachment probabilfty, denoced r 1n the flgure, has been
estinated to be 0.83 (oost of Èhls background discussfon ls based on SexÈro et al. 1984a and
Offermann et al. 1984 and references thereln, unless oqberwlsej noted). The raÈe of Progeny
aetachoent to particles, which ls usually assumed to be independent of the chemical iaEure of
Ehe progeny, is dependent upon,the particle._çonceptratlon and sizçl_$fstríbutlon. The mean
attachnent rare coefflclent fs 4:3 x l0-r hr-r x (partlcles 

"r-')-t 
for partÍc1es typically

found ln indoor a1r.

The overall progeny removal rate (excludlng radioacEfve decay, wtrictr:. i.s accounEed for
separately), \, is the sum of Ehe varfous removal terga:

A, = Àu * À, * rrlf + (r-rr)0;) (4)

where the removal !,erms are ventilatlonr:.)rrr; dlrece.renoval by aB aÍr cleanfng devlce, Ào; and
deposiclon on roon surfaces by progeny,leicller unat.tached, I¡+, or atEached, ÀD', to airborne
particles. The ,Parameter f* ls the fÉaccien of progeny - not äctached to aifbðrne particles
(unattached fractlon). Baseä on the steady-state masÊ-balance equaEfons derived by Jacobl (1972)
and Porstendoerfer et a1. (1978) for the various radon progeny removal nodes, Ehe overall Pro-
geny renoval r.te, \, can be also determfned by direct measurement.'of.-the Progeny actfvitles,
Ait

^ A.-t
\ - À* t:*:+ - ll ¡vhere (5)

"1

I. fs the progeny half life. Taken gogether, EquaËlons 4 and 5 provide a means 'of estluaElng
tÈe deposilion rete . of unaËtached progeny. In a recenE ,serles of experiments in a roon-sized
chamber, the number-weîghced parÈicle deposition rate was found.eo be 0.16 hn'; thfs raEe i.s
'ässuned t,o also be.the average deposlE,ion rate of a-Èta-c-hed progeny. In thç sane seE of experi-
ments, the deposltlon race of unattached,progen I was es!-ln¿rted.qo be 15 hr ', .a-Lmost 4 fac!,or of
I00 greater than fo'r aÈt-ached progeny (Qffernann eE al . 1984). ,:, :.,.

Thè vario,r" .".rpy.i rales dlscus.s-ed thus far can.be cqaparäd,. i,At a partìcle., ionce.ncration
otf'-" 10,O00 p'articGs' .cD-3, . .whlch f s t.vpical f or'rhornes'w.ic.hogt heavy clgaretÈe soolcing, the

hr-r , 
- v.rhlle the deposi Ei,on raCe f ot unattached

eposÍÈ,ion of a1.rùorne'partlcles, (and of any pro-
h a,depoaiElon raÈe o$r0. 16 hr.¡.r. At lower par-
example, the attachment rate to particles is 4.3
d ra4o¡ progeny. b,ec-oilnes'.''a' mòre xiim-po. -r-!a!fÈ, pro-
ons, .t.he attachmen¡..-r aEe: Eo partilcles f s higher,
r4ç,-! attached toi partl,e.les. ì r:ì 'i\ 

":

:- -; ":' ' '': I ;: ir'ì':: Partille.Reiuctlog. The ,concentraElonr of alrborne particles'.ls, an lnpot:cant. decerninant of
- indoor radon pfogeny concenÈraËions. Removal of ,parcicles',by active alr cleanit¡B (i.e., opera-

tion of a nechanical or electrosEatlc flltratlon syster¡) has Èwo general effects on airbornet radon progeny concencraEiona. First, air cleanlng can remove iadon progeny directly, eiEher
those actached to alrborne particles which are captured by Ehe air-cLeaning systen, or Ehe unaE-
tached radon progeny which are also trapped by chê air=öleaning device. Second, alr cleaning
êlso contrlbut,es to the reducÈion of radon progeny concenÈrations by reducing Che particle con-
centraEion so t.hat deposfElon of unat,tached progeny on lndoor surfaces -becomes a predoninant
renoval mechanism.

(



There are. a variety of a1r-cleaning devices avállable, lncluding portable unducted devices

EhaË night be used for one or tlro roons and devices Ehat are tnstalled in a forced-a1r space

coûdÍEÍoning system. Although aÍr-cleaning devices are also used in commerclal , and industrlal
applicat.ions, as part o.f ,heating, ventilating, and alr condit.loning (ItvAc) systèxûs, f or exanple,

,,thts dlscusslon fgcuses on resi.dentiel-systerns"since radon and radon.progeny probleros generally
.årlse in residentlal bulldlngs. 

,

There are ttro broad caEegorles of alr-cleaning sysEems: mechanical fan-fllters in which

impaction, lnterceptlon ôL diffusion are the nà¡or particle removal nechanisns and electrosÈaÈ1c
filte¡s, which rely on'electrosEatic fôrces between the particles and the òOllection surface'

' The effecc of air ' cleaner operaclon can be parameterized ln tÛo \.tays ' the effective cleaning
rate (ECR) and the cleaning systeq efflciency. The ECR i5 lhe net Partfcle reüoval'rate' deEer-

'¡ltned as che dffference in] partlcle contentraElirn decay rate as observed in a room wlth and

rri¡hout the alr-cl-eanlng devlcê operacing, nultiplled by the room volume. Thus the ECR is Ehe

effective flor¡ of parÈicle-free alr inEo the roorû that would produce Èhe observed reducÈion in
particle concentraglån. 'Ttre sysÈen efficiency is uhe ECR dtvided by the air flow rate through
the device itself ' ít a'

The effectfveness of varloug ducE,ed and unducced afr' cleaning systems was exaulned in a

series of experlments using bôbâeco snoke ås the test aerosol (0ffernann et al. 1984; Sextro et
,,af. 1985). The results fot parrlcle'Éemoval are displaié¿ in F1lures 5 and 6 for unducted and

ducted devices, respectfvely. As can be seen in these fi$ures' there is a r¿lde range in che

effectiveness of air cleaners; extended surface filters, such as a hlgh efflciency Particle alr
(HEPA) ftlter or a bag filCer yielded the highest reEoval rates, wh1le tyPfcal-"furnace ffltersl
or rrany of che,snallr portable fan-filtei sysÈems avaflable"produced essentially-ho reducÈion in
particle concentraclons for particles up to 3 ¡rm in dlameter.

Changes tn radon progeny concentrations as a resulÈ of alr cleanlng show similar resulËs'
Air-cleanÍng devfces EhaE removed particles effectively had a conmensurate effect on aírborne

,radon prog"ñy. The effect of particle concentraclon on thê equillbrfum factor, F' is shown in
Flgure 7, where che solld circles represedË data'-froùrexpërimenEs wiEh the unducEed air-cleaning
deilces. As^can been'seen, the equillbrfuc.fact.or dêcreades with decreasing particle concentra-

-tion. , ,. -., 
.' 

-" 
,i,_ 

' 
, .t r

By coroblning Equati:,õris 2, 3r;4r-'and'5r. ar¡ equatloa,for fhe êquilfbriun factor can be derived
Ín lerEa of the varlous removal or decay races dlscussed previously.

À, À" Àq
F -\ä; rkl +fr(kz+k3ffitt (ó)

, The,ço,l,id llne laù.eled Totaf in Figure 7 is the calculaÈed equillbrlum factor using Ehis " equa-

Eion.. In order to.* calculate the overall removal raEes''./\, tor use in EquaEion 6, the unaE-
t.ached fraction, fl;, must-tie e"stlmaÈêd as a function'of partiðle concentration.,, Figure I .s.hows
values of -f. Ínferied fron'Èherhass balancÞ'equaElons (Offer¡iann'ët, al . t984).'' The equilibriuur
faccor due Êo urÈattached progeny g!¿ cän also
are firsE, nultípl1ed by the resPecÈive unattêc
E,or values for unaËtached progeny are shown ln
partlcle .concentr-atlons below 500 IÞarticles
ent.ire.J;y..assoclaced, wf ttÉ unattactrêd ptoger$.
d'e.clinss nf th dnc'reastrng . påttiëIe conbent
.han{, insresses 'rapidlp witfh pratticle rèoncent'i
qn:3, .a ,concentfä¡1on. ranþê tyþieal'ofÉ iirttbor '

r : l:-' ,-,,' '. '':tl'- : ' i ')-
Vqnti;Iôùfon. Jùe har¡ë:¡rõllsù'ussed,:the e.ftect ôf ùèitilatioh'tonj: íâU¿! cohåenriacilns indoofs.

However, tradon- progeny i,ÞrèrserrÈs à nore ''comþl.ri';i;itã;i"A,i¡i""å:.n. t59g¡ny'arise. from''Èhe
' radloactlve decay of .r,adon,.¡and'becaùse -lndoot eðtrc¿nira,tfbns'áreräet".ii"åä;"'in'part, by dèpô-

sition on surfaces and inÈeracÈions q¡lEh alrborne partlcles. Rearranglng Equation 3- co solve for
¡he pA-EÇ;.and u¡ûLiz{,ng Equac4ons: I and.ó, thedf0'11öwing equaE,lonc't.t1tl5. ¿8?fved"t:whieh;descrlbes
the,. concentrat,lon of radon.progeny (ln terns öf, ÈherÉAEi).as ¿ funetibn öf cnétvari8us removal-

processes: " ; i ''

PAEC =
lÀ0,*. fvl(Àl + /\i,)

' s\r
tkr +¡fr. (br + t<, ft,',

ti

,where S is the radon sourcer sErerigÈhr as in EquatTon I.

I

(7 )



ResulEs using Ehis equaEion for ti¿ó choices of lndoor'pà'rtÍcle concentration'' a're shown in
Figure 3. In thã case oi no cigarettê smoking, indoor parttclê's are assumed Èo arÍse from other
unvenEed combustlon sources and 'from infrttiáting ouldoor . air. At år. smoking rå'Èe of 4

cigarectes per hout, tobâcco 'smoke¿ is the predomlnant partlcle source., At .each.ventilatiorl
raIe,,the equilibrlum particle concenEracion is calculated usi,ng Equatlon l-o follow-ed by use of
Equaúíon 7 to esÈimaEe the corrçspondLng progeny concentrêtÍ'on. As tþe vençllation raEe

decrease6, the pAEC increases nore, r.pidJ.y when part-lcle con-cerlr.rations are hlgh (eq in the' case

of cÍga.rette snoklng). As before, these ca.1clr¡Iatlons di' not Eake into .aecountj any coupl.ing

beÈween thþ radon gource strengEh and' the venEllallon rate' :: '

Air CllSqlglE:þg. AJ.r cfrcr¡lation h'as been suggesEed as a control neasure for ¿ndoor radon
progeny concentraÏions, and a nuuber of authors have repor,ted observing a 'reductLon in progeny

concentration with lncreased alr circulatlon (Nazaroff eÈ al. 1981a; Windham et a1. 1978; Rud-

nick et rå:1" f9B3)" In Eost of these studies, however,r,the particle concenÈration r,taa nof, Eeas-
ured-duríag the eourse of,the experlüenfg. Recent Þxperimental evidence sr¡ggests that.Èhe crit-
ical pdtaneter in the effrectivenesa of alt c.irculatd,on ln redr¡cl.ng pro$enf.,concentrtEfror¡s is -che

indooi particle êoncenträÈion. At hlgh:'Þart.tc1e'level.sr'above'40i000 partlqles cID -r'no qeasur-
able .decrease i¡l' PAEC'was obserrved with- increased ai'r: ci¡rculatidn' :and no reduc"t,lon lrr Particle
concen¡ration for partfcles less Ehan 3 pm was seen (Offeruann et al. 1984). lt appears thac as

the partièle coneentratlon decreases¡ air ei'rcu1'atlon'w111.beg1n Eo have an eff:gcc. on PAEC'

This.pelatlonship between the effects .o.f air circuJ.aElon aft4 the lndoor ParÈ191e concenLra¡
tion is,€on6lstent ;ith the. previous dfseussioR regardfng the qffects,,of Partlcle air cleaners.
AÈ high partlcle:concentratlonÉr, mo8t of Che air.borne Progeny are aÈtached Eo partlcles, -which
deposlt 

-on 
s.urfaces at a lor¡ rate. Increased air,.circulation,hap'a.negligible effect on the

deposltton rate of partÍcles less Ehan 3 Þ¡o ln dlaueter. As the particle concenEration
detreases, Ehe fraction of airborne progeny that renaln unattached increases. Since deposiEion
of progeny depends on their transport t,o surfaces, the deposition rale of Ehese unaÈtached

species is enhanced by air uovemenE, which assfsts in clrculatlng the unaEtached Progeny close
to the walls and increaåes the probabiffty of deposftlon. j. :..= ì'

Luns Dose and Particle Concentra¡lons. As noted earlier, t,he radlological effects of radon

"*po# 
ãã -F"eñTã tt'ü-õc"yãf 'Ehe progeny ãnd, ,based on doelûetric nodels, Ehe unaE-

:tached progeny produce a signif,lcantly,larger lung doee than Progeny a:tÈached to aÍrborne parti-
i, cle6. Ef-f.eogive alr..cleanln[ reaults 1n both partlcle and:'pro$en] reqoval, and as can be seen in

Figure 7, t,he fracÈÍon of unattached progeny specles lncreases wlth.deereasing.'par.tle.te. concen-
tratlon. The lung dose expected fros the resultlng mfxÈure of attached and unaÈlached progèny

can be estÍnated reiati.)e to Èhe dose ca-lculated assuning no unattached pçogeny, (llarley ' and
pasternák L972, as adapge( by Jonassen 1982)¡,;- Resul.bs from Ehese'calculaÈlons a'Ee shown in Flg-
urò 7, where the rela¡ive dose curves are sho¡tn as'solid lines. The relative dose curves, both
of r¿hÍch refer to Che rtght axis, are based on Ewo dosimetríc cases; children undergoing llghc
activity (Eop curve) and aãults aE rest (botton curve). These tl.to curves are reasonable
represenCations of- Che llniEing câses; more realistÍc'assúmptlons,regarding behavior PâtEerns'

- bråathing raie, alr vòlume, ecc", are llkely to faIl bet!¡een Èhese Ëwo lines. As these estl-
.EaEes il-1usÈ,raee ¡ . !hè: ..qadÍologicaI - ef f ects of Ee4u.çg4- , Pa-r-ticle and: progeny concencrâEions
(wft,hoút a ccimensuÉate reducÈ1on ln rádeq corlcent,r.at,lori lndoors) are.nirt signlficantly sua1ler,
even though the total radon progeny concenEraÈlon (at a constant radon concenCration) does

- dêèrease wf ch educed ,patti.ctre concencracion: .j ': : ': ' [ ]l

SUMMARY A¡¡D CONCLUSIONS

Methods of conÈrol or reduction of lndoor radon and radon progeny conçentraCiong'..,have been

revlewed" These lechnlques måy be caËegorized as radon source reductlon, radon removal, and
r,râdoä.progeny reuovbl . .There âre â.nurnbér-of .poteriEial':sourêes of-:,,,¡:adirn ,ln ' U.S., . housing,
including-:i;èàiL:, .:,.poLable w.áceri:-â¡.ií- Þuil4-f-U*ttaterlals,;; -I0..-¡r-q-gt':.cþses, 

iE aPPears thac' flow of
radon-beãrlng soil gas lnto houseôr'dtiven bi a.sJ.ight negat:i.ve"ptessure dffferènEial actoss the
buildlng shell, ls a najor source of indoor radon; Èh1s pressuie-drlven flow appears Eo be the
nos!'litely source of radon thâl can àceounE for thë-,élevàted rädon,concentrâ't1ôns obse.rved in
sof,re houses. There are a number of radon source bont.rol tecþ¡rÍgg--ç:g;'È.helr efféctiveness will-
depend upon characÈeristics of the house substructure and the details of the specÍfic applica-
Ei;h.i {"lhile' the resulEb of suctr rêílreö1à.l.iineasuiàs have varled and. trhe dãE.a base from.:which Co

generallze ls smal1, fi-ve-to-Èen-fold redrrcttons itf radon conçeqErat,;lgn have been'reported.

\o



(:,In cases r¡th€re sourcei reductfon ls not posslble or ls not enÈire1y effectlve, concentration
'reduct.fon ûeasures: cran be enploye-d,r,lncludlng ventllation or.,air cleaning. l,lhile, in principle,

' I:rrge changes -lnr,ventilatÍon, rate a,a,n be made, signiflcant i¡rcreases-may noÈ Þe,-eco$onica1ly or
physically prâctical if the,ínfËlaiL air exchange rate is in the 0.8 to 1.2 h-r range (typical of

'much of Èhe-eì(isting U.S.rhouslng stock). In urany casesr!reductions in indgor radon or radon
': progeny.--c$ncentrraEions bY¡ a'ifaetor of 2i to 3 are possfble through increased ventllation,

although utfbalanèed exhaust velltLlä'Lion procedures thaË; lead,to addiÈional depressurizaElon of
È,hei'bdfldiirg shellr.are not lIlte1y'Eo ptod¡¡ce Ehe expeeted rsduction in rad"on concençratlon due
to coupllng beElteen the addlÈfonal alr exchange and infilcration- of soi:l gas bea¡lng radon. In
very tlght houses r¡rith natural ventflation rates -0.1 to 0.2 hr-l additional nechanÍcal ventila-
!ion, as nighÈ be'produced, ùy.an.âlr-to-ai,r heatr exchanger, can be used to increase.,the ventila-
t-ion."cu 

"i 
the.siruccu.re.,Ë; -O.5 hr:I r¡ith a oinimal ã.e.gy.pena1ty. ' , ':--

: " .1. I ., .l'' Progeny concenBrnatlon rsducti.ons may'also,rbe achieved by alr clqanlng, wh_ieh regoves progeny
by filtracion of Èbe. unaÈta-ched or at.eached a¿r.bqrne r-adqn progeny'and also þ.y reduc{¡g particle
concenuråtfons,r .there'by.dncreasiing, the- progeny dep.osf!J.on rate on" indoor surf,4pes. .,llor¡c.ver, che
health ri.'slcr: frou rhe alpha .radloactlvlty of .Èhg.rremainlng rnixtlrre of airborne radon progeny
(both unatEaihed and aÈteched): uay not be signlflcanEly- reduced- aÊ. a: result oJ a1r cle4ning.'

..i ' ',i ! ;.:;-., '-!:

It is clþari-that whl1e ¡an"utfdg"rstat¡dÍng of . Èhe 'efficagy,.cf varlous,.radon ard radon pr.ogeny
cont,rol rûethods 1s emerglng, subetantial work remalns in developing nore general and sysEematic

:'gource contt'ûl'tectinlquês. Bedause a large number.¡yf .homes 1n i-he"l}.S.)rappeari,to exceed guide-
llne levels :for 'lndoor: r'aêon,ì concentratloTrs, "rge<r.êral lndírator.s of the.potsnEr-al for high
indooË=radon.concentraÉ,iotrH'né.êd tfo be ldentffLed and LnvestigÂted: in qrder to,.Jo.cêqq geographi-

,cal areas where ei,ther rëmediâtr:-or:prever$Eivd, conErol'me,thods Lmight be requined.,"
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TABLE I

Typical R.adon Source Contributlons
for a Single-story Resldence

Source
Average Source SErêngth'-
Bq r-3 tr-l (pci L-I i,-I) Reference

OuEdoor air
Potable water

ConcreEe floor
Soil - dlffusion through floor
Soil - uncovered, sC.f-C i

"t0
r.0
2.3

1.3

32

52

(0.3 )

(0.03 )

( 0.06 )

(o.o4)
(0.e)

(1;4) ::

T

Gessel 1983.

a.

b"

Nero ¿nd Nazaroff

Nero and Nazaroff

Ira

:i-
1984.

1984.

Total EntÊy Rate:

a Potable hraEer derlved
ar. 1985b).

fron pûblfc groundwater supplles (Nazaroff et

Assumes half the flux fron a I00 .2, 20 cn-Èhi'ck concrete floor
eoÈers the house (Ingersoll 19'83). ,'

b

ArlEhneElc mean indoor rado
venEtlati.on raEe of 0.9 hr-

cenceûtratlon dlvided by an average
(Nero et al ... I984) .
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n
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