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ABSTRA

The level of radon and ite daughters inside conventional builldings
is cften higher than the ambient backpround level. Interest In conserv-—
ing energy is wotivating home-cwners and buildere teo redure ventilation
and hence to dncrease the concentration of indoor pgenerated alr contam
inante, lacluding raden- It is unlikely that the current radiarion lev-
els in coonventional homes and buildings from radon daughtere could
sccount for a significant portien of the lung cancer rate in non-
smokars. Wowever, 1¢ 1s Eikely that some increased lung cancer risk
would result from inecreased redon exposures; hence, it is prudent not to
allow raden concentrations to rise signiffcantly. There are several
ways to implement energy counservation measures without idncrezsing risks.

Eeywords: air polluticon, energy conservetiomn, howses, indocor air
quality, infillecration, radom, ventilatlion



INTRODICT

Eeduced wentilation in buildings, a major energy conservation meas—
ure, can lead to slevated levels of indoor generated alr contaminants.
One such contaminant i3 radon=222, for which several fodoor ecurces have
been identified.

Rador and its decay producte have zalways been pregent as part of
man’2 natural radiation burden. Radon is presemt 1n eell, concrate, and
varicus building materiale. Since radon may emanste from indoor sources
pr ba trangported indoors fin high concentrations, reduced ventilation
could lead to higher indoor concemtratione of radon daughters and the
attendant ineresaed radiatien exposure of bullding occupants. The pog-
gible Increased risk of dizease, especially lung cancer, oust be con-
sidered vwhen adopting building epergy conservation standards. The risk
should be assessed 1n ethe context of the paturally occurring exposure to
radon daughters and the possible health {mpact of this exposure to the
general population. Measures are avallzble that woeuld limlt increases
of raden daughter concentrations indoors while still achleving energy
censervatien in bulldings.

S0URCES AND CONCEMTRATIONS

Radium-226, which is part of the uran{vm=238 decay chain, has a
hali-11fe of 1602 years. Its alpha decay produces a chemlcally imert,
recolling radon-222 atom having & half-life of 3.8 days. HRadon has four
short-1ived daughters, each with a half-1ife of less than 30 minutes.
The subsequent production of lead-210, with & 22 year half-life effec-
tively ends the sequence a3 far as discase risks are concerned. Flgure
! ahows the decay chaln of radium-226.

The four radioactive daughters of radon sre not imert. Most attach
themsalves by chemical or physlcal means to alrborme particulates. When
inhaled, these patticulates may be retained in the eracheshbronchial and
pulmonary regions. Subsequent decays to lead-210 result in a radiation
doae to those areas. The primary hazayd ds due co the alpha emissions
of polonium-218 and polonium—214. Since alpha particles have a very
short range (a few tens of microns in tissue}, essentfally 21l of the
anergy is deposited mear the surface of the lung tissue.

Becauwse radon 1tself ia inert, it 1z not the prineipel health hazard

in the decay chaln; however, its concentration® 1s a good fndicator of
exposure to the blologically Important radem daunghters.

*Radon concentrations can be expressed in nanocuries per cublc meter
{nﬂifm3}, which ig equivalent to the more commonly used unit, pilcocuries
per liter {pCifl}, or ir Becquerels per cubic meter {Bg/m”}; ! nCi
egquals 37 Bq-
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Any subatance contsicing radivm—226, the precurser of radon, 18 a
potential ewanatfon source. Since radium-2246 is a t{race element in most
rock and soll, sources of indeor radon Include building naterials, =such
as concrete or brick, and the soil under building foundations. The lof2
year half-1life of radiun-226 insures a contipuous eource of radon for
che 1life cf a bueilding.

There are at least three distinct physicazl wnechanisms by which
radon from soll or building materlals may te transported indoers. Radon
atoms which end thelr recoil 1 an interstitial {or pore) space of the
so0lid source materilal wmay diffuse to the surface and enter the zir.
Diffusfon through material i1s a result of the raden thermal motion of
gas molecules and occurs whenever a concentration gradient exists. Alr
infiltracion through the envelope of the house provides a second impor—
tant transport mechani sm. Infileration results primarily from wind
blowing against and over the house and from temperature differences
between indoor and outdoor air and can carry radonm in high concentra-
tion= from pore spacez of building materials and so0il into the house.
In addition, rvadon gas from soll and bullding materials can be forced
into the house by & drop in barcmetric pressute. The thitd potential
transport mechanism is wiz cap wacer takem from wells or underground
springs. This water may enter rhe homse with a high concentration of
radon, which fs then transferred to the indoor air.

Figure 2 illustrates the primary pathways by which radon ia building
materials and soil gas enters a building. The relative importance of
thase pathwaya depends on the specific locacion, deslign and censtruction
materizle and techniques uszed fn a given building.

Scatcered observations have shown that indoor concentrations of
radon are generally higher than local ambient concentrations {see Fipure
3)» The Envirenmental Measurements Laboratory measared radon concentra=
tions in 21 homes in the New York/New Jersey area [1]. The geometric
mean of the annual average radon concentration on cthe first floor of
these homes, 0.83 nEifm3, was five times the comparable ambient level of
0.18 nCiIm3. A study in Salzburg, Austria, measvured redon concentra-
tions 2t several hundred sites [2). The results are similar to che New
York study: geometrice mean radon concentracions were found to ba 0.42
nﬂifm3 indoors and 0.16 nCifm3 ontdoors.

In Florida, homes hullt on land reclaimed from phosphate strip oin=
ing show rtadon concentrarioms tmch higher than in other homes in the
state (3). These elevated radon levels are associated wich the high
radiwm concentration in Florida phogphate deposits.

DIZSEASE EFFECTS

Radon daughter concentrations may be expressed In terms of the Work-
ing .evel (ML), a umt designed ro indicate relatrive health hazard. One
WL is defined as any combination of radon dauphters in one liter of =zir
such that the decay to lead-210 will result in the ultimate eplssion of
1.2 = 1ﬁ5 Me¥ of alpha eéenergy. This unit is Iinsensitive fo the degrea
of radivacrive equilibrium exlsring zmomg the airhorne daoghters and



radon. If radon and its firat four deughters are 1n radicactive equili-
brive, 100 nGi/nd of radon implies 1 WL+ In well ventilated alr, where
the daughters have not reached secular equilibrium, somewbat more than
100 nCifm3 are necessery to generate 1 WL. An egquilibrium fraction* of
about 0.5 has been measuraed in both New York and Swedish homes [1.4].
For this discussion we will assume that 200 nCi/m? of radon yields 1 WL.

Radon daughter exposures ars usually expressed in terms of working
level months (WLM), where 1 WLM Is realized by exposure te | WL for a
working menth of 173 houre. Members of the generzl public are probably
expoged to concentrations which average less than a few percent of a WL,
S0 that annual exposures are fraccions of a WLM.*F

Experience with high levels of exposure to radon dawvghters clearly
suggest an increased risk of lung cancer. The principal evidence arises
from epidemiological studiés of vranium miners who worked underground in
poorly ventilated sreas before proper ccrupational healeh controls were
imposed. TFor example, Figure 4 shows the results of one study of excess
lung cancer morcality as s function of dose [53). 1In this study
increased incidence of lung cancer was cbserved at doses in the range of
hwndreds to thousands of WLM, much larger thae doses to the genaral pub-
lic.

Since epidemiclogical studies have not obgerved effzetes at doses
mich below 100 WLM, the limited high dose information must be used
together with other information, such as aniwal experiments, to predict
effeces at lower doges. A commonly used method for rough estimates is
based on the "linear hypothasis" that risk is direccly praportional to
doga. TFor example, 1% of 2 given dose would cause 1% as much rizk as
the risk at the full dose. The walidity of this hypothesis 1 not
knowm. Biolopgical defense mechaniems may repalr low dose damage, thereby
providing a threshold for exposure below which no adverse effects are
realized. It is aleo poesible thaet the linear hypothesis may underesti=-
mate the risk [6]. Even within the linesr hypothesis, rthere is
disapreement among the experts in interpreting any dose response dats,
including the inereased lung cencer incidence ameng miners. In "abso=
lute risk" models, an additional dose te a given pepulation causes

*The equilibrium fraceion, F, is defined as

VL
X =
100 radon concentration

where the radon concentratiom i in nCifmj.

**For example, expasure of the general public to 1 nCi/m3 for a full
BI60~hour vear would result in en anoual! evposure of about 0.25
VLM/year, derived as follows:

{1 I'I'Ci} . ( 1ML, } . ["'—" l!-J'LL-![_ :' - {B?ﬁﬂ hrs} nd ﬂ.25 VLK
m3 zﬂﬂnﬂifma ! WL % L73hre years vaar

Assuaing a 20 year larency period for lung cancer induction, a person
living a 70 year lifetime in an envirooment with such a concentration
would be axposed to about 1Z.5 WLM.

—ﬁ.—
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additional risk strictly proporticnal to that dose, but independent of
the norpally occurring disease rete. Relative risk models assign addi-
tional risk preporticnal te the normally occurtring diseaze rate for the
populacion group considered. For either scheool of cheought, risk esti-
mates in the literature vary, probably because of the differences in
populaticns under study, the duration of the follow-wp, the doses
recelved, the dose rates, and perhaps other factors.

Considering both types of models, the data and their analyses pro-
vide risk estimates that racge over an order of magnitude. For contfinp=
ous exposure to 1 nGifm3, corresponding to about 12.5 WLM, such esti=~
mates suggest an added aanval risk of lung cancer in the viecinity of 100
cases per million.h

In the United States, the 4564 year age group 1s at highesat risk te
ling cancer. Annual incidence rates during 1969=1971 for this age group
were 1200 cases per million for white mzles [9). Although precise quan-
tificatdon is diffieult, tobacco smoking 1s generally thowvght to be
causally associated wich 80X or more of the male lung cancer cases [10].
Based on che above estimates of risk due to exposure to 1 nCifw-, life-
time exposure to a few nCi/m> could yleld increased lung canrcer
incidence equal to the observed race for male non—-smokers.

These statements are not mesnt to imply that radon dsughter expo=
sures are the proper explmmation for approximately 100 annuzl cases of
lung cancer per million, because in pact it 1s unlikely that the average
person 1e exposed to radon at 1 nﬂifm3- Additiomally, the eticlogy of
lung cancer is undoubtedly more complicated than such a simple model
allows., As we do aot yet know encugh about the actusl dose-response
characteriscics of low-level radiation exposure, Wwe cannckt say with cer=
tainty whether there is any added risk from a lifetime exposure of 10 to
15 WLH. However, vge of the linear hypothesis fs considered prudent for
radiation protection purposeés vntil we do have a better understanding of
the dose~response characterisrics of radiarfon exposora.

CORTROL STRATEGIES

Rising energy prices have generated a financial inceptive to reduce
ventilation races end thereby reduce heating and cooling loss., This may
have the effect of increasing concentrations of Iindoor genarated contams=
inants. It is well known that molstnre accumulates on walles and windows
of poorly ventilated bulldings. Recenr studjes have shown that special
kitchen ventilation may be required ro prevent the buildup of combustian
products from gas stoves [§1]. Orpganiec chemfcals outgassing from

*For example, the recent CNSCEAR review of the uranium nmfner data arrives
at a risk of 200=450x10"% excesa cancers per WLM [7], which we convert
to 50110 cases per willion at owur nominal concentration of ! nci/m*.
Hosewer, wvaing this er other estimates [8) for a particular environmen—
tal concentration entalls other wuncertaintiez of a factor of two oar
more, arising from possible differences in exposure vange, manner of
deposition, age group, £CC.



building materials and plastics, as well as odors from cooking and from
accupante, wmay reach unacceptable levels 1f wvenrilation rates are
reduced. Increased concentratioms of indvor contaminants wmust be coo-
slderad in formulating bullding standerds. However, the increase in
radon levels and the rise in the sattendant risk of lwng cancer that
could occur s a result demand specific attention.

Two regulatory approaches are possible for limiting exposute to
radon and its daughtere. One 15 ta specify a maxhiwn permissible cop-
centration level and to accept the disease incidence, If any, that may
be associated with increases of radon levels to this limit. There iz a
precedent for selecting such a level In the Eeetting of occupatifonal
exposura standards* and standards for the general public are sometimes
selected by comparison with ocewpational atandarde. The other appreach
is to set standards based on an explicit comparisom of the discsse
incidence thar may be cansed by increaged radon concentratione with the
cost of preventing these increases. Suoch g comparisom would balance the
benefira of reduced enerpy usage with the adverse effectz of increassed
indoor pollutant levels.

Alrhough there 1= currently no standard specifically limitfng radon
dzughter cencentrations in the generzl heousing stock, the U.S. Environ-
mental Protection Apgency has recompended a guldeline** tn the stace of
Florida for houses on phosphate reclaimad lamd [13]. A similar standard
has bezn promulgated in Canada*** to limit radon daughter concenttatims
in houses in four communities assoelated with uranium mfning and pro-
cessing [14). At an equilibrijum fraction of 0.5, the EPA guideline of
P.02 UL is equivelent to & nCi/m® radon. In the Nordic countries (Den-
mark, Finland, Worway and Swedem), concern about high radon levelzs haz
led teo a recommended minimum ventilation rate standard of 0.5 airx
changes par hour {ach) in residential buildings [15]-

A plmple interim appreach to the radon question would be te svoid
increasing indoor concentrations. There are many ways to do this
without compromizing efforts to conserve energy in buildinge.

We may brosadly classify radon contrel straregies ag passive or
active. 1In passive systeme, the control mechaniem uswally blocks or
eliminates radon at the source, while active systams operate typically
by removing radon and {ts dauvghters from the indoory alr.

" Threahold Limit Values" (TLV) have been sstablished for several chemi=
cals and phyeical agents encountered in the occupational environment

(12].

**f].5. EPA Guideline: 0.01-0.02 WL remedial szction should be taken to
reduce such concentrations to as low as
reagsonably achievable.

above 0.02 W renedial action should be undertaken.

kkkCgnadian Standard: Prompt interfm action - greater than 0.15 VL.
Primary criteriom - greater than G.02 WL.
Invastigation level - greater than 0.01 WL.

-6-



The passive approach te radon econtrol reguitrss little or no mainte-
nance. Unfortunstely, this apprecach is not effeckive in raducing levals
of other pollutants which may be more important than radon. Active sys-
tems, conversely, require some stientiom by the occupants but can act on
other pollutanta in addition to radom.

The best pasgive controles are those chat eliminate the radon path-
ways into buildings. These pathways include the fleor wall joints, the
basement floor drain, loose fitting pipes, and cracks 4in the concrete.
Elfiminating these pathways requires some extra expense Iin new comstruc-
tion.

An example of an acclve radon control system is the recirculation of
indoor air through an electrostatic precipitator or ether cype of or
parcicle filecer. Such devices conld substantfally reduce the concentra-
tions of radon daughters as well as reducing other particulate contam=
Inants btut would nort be effectlive in reducing concentrations of gasecus
contaminants {inciuding radon gas). Units which cam waintain a reclrcu—
lation rate of about 5 house volumes per hour in a 150 m? home are com-
mercially available for 5200 [16].

A promlsing active pystem {s a mechanical ventilzbion aystem coupled
to an alr=co=zir heat exchanger. <Currently, most single famfly homes 1in
the 0.5. are ventilated by infilcration through cracks in the building
envelope. {One could construct the bullding much tighter and use &
mechapical system to maintain venrilation rates {and, therefore, radon
and other pollutant concentratioms) at current levela. A savings would
result from the reduced heat loss; however, more work is requlred to
determine the clrcumstances in which this is a cost=effective strategy.
Heat exchangers are already in use in larger tuildings and are being
marketed for homes in Burcpe and Japan [17].

The effectiveness and advisabilicy of control measures as described
above depend on various circumstances sach as the type of building, the
geopraphical location, and the costr of che control strategy. At this
time, we have insufficlent information to provide a hasis for a con-
sidered reguiatory decisfon. The effects of elevared radon levels are
highly wncertain, and the impact of building energy conservatlon meas-—
ures is not knowvn In dectail. Horeover, the reguvlatery authorities will
have to choose whecther or not to make an explicic risk-benefic cempari-
0N

A lopg term solucion requirese a cooprehensive appreach which bal-
ancesg factors such as the impact on human healch of radon and other con-
taminants and the need for energy conservaction. For radon, such an
approach demands substantial work to delineate more precisely its
sources, the effeccs of conservation measures on radon levels, and the
disease effects of such changes.
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Figure 3, Radon Concentrations in Alr.

The numbers for Wew York [1], Salzburg [2] and Florida [3] are geo-
metric means of the average for each site sampled. The wvalue above
oceans is a typleal number reported in one study [18]. The value
given as the uranium mines atandard is caleuwlated (assuning an equi-
librium fracelon of 0.5) from the apnnual dese limit for occupational
exposures of 4 WLM [19]. The health guidelines apply to houses built
on land reclaimed from phosphate strip mining in Florida [13], and
houszes in four communitiesz zssociated with wranium mining snd pro-
cessing in Canada [14].
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