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Airborne Radionuclides and Radiation in Buildings: A Review.

AV, Nero
Building Ventilation and Indoor Air Quality Program
| Energy and Environment Division
. Lawrence Befkeley Laboratory
Unfversit&iof California.

Berkeley, CA 94720
ABSTRACT

This paper reviews the literature on .sources aﬁd measurement of
natural airborne radioﬁuciides and - radiation in buildings. It also
briefly reviews control measures and suggests areas for further
research. The major emphasis ié given to radon 222 and its daughters,
since they ty?iéali& cauéevthe largést organ‘dose to the.één;f;i»popula-
tion, mést of which éfiges_ffom indoof éxposurés.rvThe indoor radiation
field from radionuclides‘fixed in buildiné matérials and soil 1s also
given suﬁstantial‘treatmeﬁt.r
Keywords: airborne radionuciides; control techniques, indoor radiation,

radon, radon daughters, radon sourceé, radibnuclide contents
1. INTRODUCTION

Radiation occurs naturally thréughout the biospheré, both because of
primordial ‘radioactive elements >and their decay prdducts ih.tbe earth
an&-bécauée of naturalzprocesses, primarily cosmic radiation;‘tha§ rpréF”
duce either fadionuglides“ or &irecﬁ réd{égionufields.. Thése n&furél
sources expose Buméﬁs toﬁrédiation'both oﬁtdoors and iﬁ'bﬁildihgs. The

purpose of this paper is to review information on airborne radionuclides



and radiation. in buildings, giving particular attention to radon and its
daughters, the concentrations of which are most strongly affected by

building design;_

ih theAdiscdssipp that folloﬁs,-we éﬁali'refer to radionuclide con-
;eﬁtrations and radiation fields and, by-inference; to ra@iation d§seé
from sources that are intérnal and extérnal to thé body. Rédioactivity
may ,bé given. in curies; 1 curie = 3.7 x 1010 becquerel, so that 1 pCi =
0.037 Bq. However, the conqentration of radon daughters in air is often
given as--"potenti31  alpha energy concentration" (PAEC), as discussed:
below. . Radiation fields can be specified in terms of particle/photon or
energy : flux, »but.itfié more conventional in the present context to use .
units ‘of dose rate; in which éase the type of radiation has to be .indi-
‘cated. We shall use rad as the unit of (absorbed) dose.when specifyiﬁg
gamma radia?ion-fields (1 rad=0.01 J/kg, so that 1 mrad=l X 10;5J/kg).
For gamma doses, the ~dose in rad is numerically equal:to the dose
equivalent, giv;n in rem. Note that é distinction must be drawn between
the "tissué“vdose, that actually received by tiSSué‘an& which therefore
includes self-shielding by the body,. and the "air'" dose, that deposited‘

in air in the space under consideration.:

AThe mégﬁitude of various contributioné to radiatioﬁ dose var& from
Placé’to blaée and from outdobrs to iﬁdoors, and thé naturé of.Lhe radi—
atioh.dése depenas_on the radiétioh souréé. A£ ohe extreme, the cosmic
rédiggign fieid delivéré a do;é\to the'entire body; 5ut this dose:is'ﬁot‘
éffécf?dbgreatly by the presence of a’buildiﬁg agdvmﬁy be characterized
primarily on fhe Ba#is .of' altitﬁdé. At the éfheriextreme, airborne

LN

. radionuclides may cause doses specifically to the lungs, and their con~



centration indoors - may be>strbng1y affected by the nature of building
materials and other sources and by building operafional features. tﬁé£3
clear the indoor air. - As an intermediate case, the gamma radiétibnv
field arisiﬁg from radionuclides that afe fixed 1in place ;ypicaily
exposes: the whole body ;nd is affectéd by rgdionucli&e concentfation,

 proximity, and shielding.

As one element in specifyiﬁgvthé indoor radiation enviromment, it is.
useful to summarize, based on previous-reviews,-the dose;rate contribu~
tion from natural radiation. Two recent ‘summaries afe - the _United‘
_Nations "UNSCEAR" report (Un77) and - fér the United States. - a report:
of 'the National Council on Radiation Protection and Measureﬁentsh(Na75)§ v
bothlldépend~3heavily on- Oakley .(0a72) for U.S. data. Table I, based on.
Un77, ‘indicates doses typical of normal areas.  External radiation, that: .
arising - from - sources external to the body, falls into two categ;riésgg
cosmic and terrestrial. The average tissue dose rate outdoofsf-from:-
cosmic radiation» is approximately 28 mrad/y; the dose réte indqors'isﬂ

slighfly reduced by overhead shielding (Na75 assumes 10’-pefcén;,¢réaﬁcr;;
‘tion' of, average exposures). This éontribution has a significgnt alti~:
tude dépendence; increasing from about 26-mrad/y_at sea level ftd.‘abéﬁtf
50 rmrad/y at 1600 m, the alti;ude of Dénver. The gVerage oﬁtdoor ‘
population-weighted tiQSUe dose rate from .terrestri#l radiogﬁclides,
' principally. &uev‘to gamﬁa rays from 40g, the 232Th'serie$,vaﬁd ﬁhe 2380‘
series,.is ;pbréxiﬁately 32 mrad/&. Thi; dose réfe varies Qubstantiall&
becaﬁsé .of. geograpﬁicmvariations‘in the diétriﬁution of:tﬁesé radionu-.
clides. in éétiﬁatiﬁé a;eragé téfré;trial raoge rages; Uﬁ77 used ‘an
in&oor tiésﬁé”ddse ratérépﬁfoximatgf§ve§uél tb the butdoorlratg; in con-

trast, Na75 assumed - for U.S. housing - that indoor dose rates were 20



percent  less.than outdoor rates. Internal radionuclides contribute sig~"

nificant beta and gamma doses to much of the body (about 20 mrad/y, pri- - .

marily from 40K) and a significant alpha dose tQ,specific organsviéVen
eXCldding that t§ the 1ungs~from radon and its daughters>. The alpha
dose arises priﬁarily from internally dépoéited 238,234y, 226,228Ra,.and"
210p5 and varies greatly with body organ. “One of the. lgrgerf‘contribu—
" tions,. about 3 mrad/y, is the 2_IOP_o.alphé dose to.the cells.lining the
bone surfaces. Alpha particles have a greater biological _effeqti#eﬁess
than gamma,_fays,' so that the alpha absorbed dose contributes-g dbse
' equivélent_-gn _order ofv magnitude greater than that of the same
(absérbed)..dose_ofigamma radiétion. Table 1 shows, for'various 6rgéﬁs,
es;imated<dose equivalent rages; in mrem/y, which are numerically-,equai
to tissue dose rates (inrmfad/y) for gamma and beta rédiation,’ For .cal-
culating.theidosevequiValént,from alpha radiation, a quality ‘féétOr of '
. '20. was. . assumed (based -on reléfive biological effectiveness),.in accor=
dance_with recent recommenda:ioné (In77).- The va}ue.given.fof lunquose ¢
from inhaled radionuclides assumed.‘a 222Rn‘cpncentration in air of 1
pCi/l (and half an equilibrium amount of its.daughﬁe;s); The resulting
dose equivaleht (600 mrem/y) dominates the do#e equivalent to the lung,
whiéhwh;é‘the largest value inithe table. Even withinv the' lﬁng, the
dosé fébm.radon daughters Qaries sﬁbétantiall&, wifh'ﬁhe largest'energy

deposition in tissues of the tracheobronchial tree.

. Although all inddér dose. rates from natural radia;ion sources. are
affected by -buildings, -those 'fme:inhaled-radionuélides are affected
most strongly. The énly nafural airﬁofne‘radionuclides of significance.
are’ radon. and its‘-daughters;‘ principallf' the series beginning with

'222Rn, the alpha decay product of 226Ra (a member of the 238U series).



Radon is a noble gas that can mer from the site of‘itS'fofmatiOh,rgiv-
ing it significaﬁt bpportunity,fof reaching ‘air - that is. inhaled by
humans. The shoft-lived decay products of radon, i.e.,'poloniuﬁ,»lead,.
and ‘bismuth, are chemicélly active and thus can be collected in the
lungs, éithef diréctly‘or via,particles-to which they attach. _The.most
significant dosefarises from alphﬁ decay of the poionipm isoﬁopes; | The
decay sequence'beginning Qith 22§Ra is shown in Figure 1, and, from the
biomedical point of.view,‘effeétively ends with‘ZIOPb, “because of its
half-life of 22 years. Because the alpﬁa energy associated with'decayé"
of the shorf—lived'daughters t0'210PB poses the main risk; daughter‘éon—
centrations--are-“often expfessed' as the ‘associated "potential. alpha
energy'qonceﬁtration" (PAEC) of the short-lived daughfers.in air. The
unit conventionally used for PAEC is the working level'(WL5;'defined as

~ 1.3 x 105 MeV/1, the PAEC. if épproximately iOO pCi/l of 222pq ‘were
-~ present with‘.equilibrium amounts of its -daughters. Dose (and dose .
equivalent) rates may be estimated from the:PAEC on the basis of :rela-
- tively :complicated .modeling, . provided that the'daughter_particlé size

distribution and other factors are prescribed. ' -

.'The character of a‘building.méy affect éééupaﬁé radiation é#posuté-
inkithree principal bways: (i) the buildiné serves‘aéva cohtaine£ for
indoor-éenerétéd radon and its aéséciated daughters, Qhethér froﬁ Bﬁi1d~'
ing materials, underlying soii; 6; wéfer‘and‘gas; (2) building magerigls-
may contain natural gamma emitters (40K, 2321y, series, 238U series); and
(3) the. building shields occupants from external cosmic or terrestrial
radiation. .The last two effects'tehd~to cancél-one'another.' The build-.
ing structure.may, in unusuai ci:cumétance$, also protect occupants from

outdoor radon daughter - concentrations. . However, the - indoor



concentration is ordinarily larger than the outdoorFValue,.and outdoor4g3~
generated radon usually contributeé a small additive term to indoor con-
centratiqﬁg. Ignoring thislterm, the sfeady-étate indoor radon con;en—
tration for a.fixed indoor radon source strengfh is inversel& prdﬁér-
tional to th;~.;ir éxchange rate,.the rate at which the indoor air is
e#changed.for outdoor air; Air exéhange rate;'for most U.S. ‘bﬁiidiﬁgs.
aré on thé srder.of 1/h, with 0.5 to 1.5/h typical for resiaences (win-
&owsyélééed); bﬁt lower rates aré desir#blé for'reduéing‘énergy use and
aré iﬁ factvtypiéalvin mény bﬁher éountrigs.‘ Thé air‘exéhange rate andv
ofhér.rerVal mechaniémé aléo affect the ratio; of the radon daughter
c&hceﬁtfationsvtoléhe raddn>éoncentration. Activity ratiés of oné‘cduid
.oniy‘occﬁr if.no removal mechanisms'weré active‘énd, és expectea, sub;
stantially loﬁer values have béenvoﬁserved; An.equilibrium facgor (ff
is ;ftén défined aélthe raﬁio df the actﬁal PAEC‘to'tHg PAEC that Qould'
be associated with the actual radon coﬁcentration if the daughters were

in equilibrium with this radon.

Possible sources of radon in buildings inqluag buildiqg _materials,
the so0il and rock underlying structures, and water or gas supplied to
the buildings. In many cases, éuéh as éinélé-family residences in the
United Stétes, the underlying.natbral'matefials-appear to constitute the
principal source of radon. In larger structures, the builqing materials -
may contribute a greater share of the séurce}stteﬁgth, But‘theiabsolute
contribution is usually small for most . materials. However, certain
materials have been found to constitute”unuéuqlly large séurces,of fadon
and»eveﬁ~of gamma radiation, alnotable example being fhe.alum-shaie con~

crete present in ten percent of Swedish houses. Largely because of such

cases, at least one international entity has recently . reviewed the



-

contribution of building materials to radiation exposures (Nu79);

This paper.characterizes sources of indeor_’airborne radionuclides
-and rediation, summarizes measurements of actual concentrations or radi-
ation fields, briefly indicates control measures, end suggesfs areas fer
fufther research. .The major emphasis is given Eo radon and its
daughters, since they typically ceuse the single laréeet organ 'doee;_
which arisee primarily from indoor exposures.A However, the indeqr redi-
aﬁion field from radionuclides fixed invbuildiné materials and soil is
) alee :given .substantial. t;eatmeet. This radia;ion,arises principally.
vfrem eeverai brimordial radionuciides Qith concentratiohs en the oreer
of .0 1 pCi/g or greater in rocks, so0il, and derlvatlve bu11d1ng materl-
als, i. e.; 40 and members of the 232Th and 238U decay series. | These
.are .also the‘ decay chains in whlch 2zoRn, 222Rn and their daughters:

occur.
2. SOURCES OF RADIONUCLIDES AND RADIATION

~a. Building materials

Radionuclide content

Surveys of theeradionuclide conteﬁt of building materials in Eurepe
are summarized in Un77 (p. 50, Table 8), which gives activity concentra-
tions ef 40g, 2vz'(;Ra,_and 232Th. Average values for the concrete lsample}
é;oupsf examined -range from 0.9 to 2.0 pCi/g for 226ra, 0.8 to 2.3 pCi/g
fof 232Th, and 9'to 19 pCi/g for 40K. By comparison, the rangee‘wfor
brick are .about SQ’percent'higher; those for cement are similar except:
for,40K (which is 50 percent less); and those for mnatural plaéter . are

lower by about a factor of five. Recent measurements (e:g., St80b) give.



similar results. Concentrations for building materials not deérived from

crustal components; e.g. wood, are much lower.

‘Recent U.s. déta (Table 2) show concenfratibns in the same range;
assumiﬁg ﬁhat_thé séfies radionuclides aré éuffiéiéntly.close go.equili-
brium to permit comparison. Radiumb226, in particulaf, is pérﬁ of thé
238ﬁ series. In a number of cases, ﬁ.S. workers havé examined the
radionuélide ééntents of csncrete.in'the course of seleéting..materials
fo;l low-béckgro;nd ‘fadiafion-countipg facilities (Li79); the values
obtained are con;isfent with the European data, althoﬁgh somewhét ibwer.
‘The Aobserved éoncenfrafiohs are also within‘the.réhge of values typical
for major rock.typés and soilé (see-below). vMeaéufement 'prog;ams have
fecently been 1initiated éo .chafaéterize the radionuclide conteﬁts of
U.S; building ma;erials as a »bésis for -understanding the 'fesulﬁing
éffect on tﬁe indoor radiétion'enQironﬁent. Kahn et al (Ei78, Ka7§)
have reported mgasﬁreménts of concentrations in.Various building materif
als - in the Atlanta area. Ingersoll (in81) surveyed concretes and other
materiais as bart of .a program on indoor airlquality; fadionuclide_‘coﬁ-
tents for‘concrete and rqék béd saméles from‘a.nuﬁber of area; are given

“in Table ‘2.

Certain natural materialg:‘have higher radionuclide concentration
than noted . for ~ordinary concretes. ‘Grénite often exceeds the ranges
given in Table 2.  Shales in the southeastern United States aré known t§
exceed avérage'cfustal 23§U concentrations by an Qrder of magnitude."Ai
substantial fraction of Swedish houses built during tﬁe period 1930-1975
used'_éeraCEd _éohcrete incoporating alum shale and having 226Ra concen-

trations in the vicinity of 40 pCi/g (Sw78).



Considerably greater radionuclide concentrations than given®in Table

2 may also be found in building materials using residues-from industrial

processes. Nu79 reviews use of such materials, examples being the

Federal Republic of Germany's-usevofv"red-mud" (from bauxite processing)

-

for bricks and ofrblast—furnace slag for blocks. A possibility with

wider implications, as noted in Nu79, is use of wastes from processing

sedimentary phosphate ore, which contain substantial concentrations of

the'238U series. Phosphogypsum, essentially calcium sulfate produced by -

treatment of phosphate ores w1th sulfuric ac1d may be used for bu11d1ng
materlals, partlcularly wallboard. In. thls treatment 226Ra follows the
calc1um, leadlng to tens of pCi/g 1n the gypsum Although the Unlted

States is the largest producer of phosphate rock, use of phosphogypsum

is most attractive for other countries having 11ttle natural gypsum

(Nu79) ‘The principal example of byproduct use in the United States is

concrete blocks 1ncorporat1ng phosphate slag (essentlally ca1c1um sili-

cate) which contains most of the'226Ra and 238y contained in the phos-

phate ore (Ro79) For the electric furnace process used in .Florida,
concentrat1ons in the ore are 1n ' the v1c1n1ty of 60 pC1/g, and the slag

has 31mllar concentrat1ons. Unt11 1978 a plant in Alabama (u51ng

Florida and Tennessee phosphate ores) sold slag to companies in Alabama,

Mississippi, Tennessee,‘Georgia, and Kentucky. The concrete produced by

these companies has 226Rs concentrations estimated (and, in some cases,

measured) to be about 20 pCi/g and may have been used in appfoximately

100,000 homes (Ka79). As a final example of potential importance for

the United States,;some fly ash from coal-fired power . plants ‘has been

used in cement production, and this use may continue. Heretofore it has

-10-

. not been thought to contribute sfgnificantly to the radionuclide content

€



of the resulting building material (Ka79). Emanation.measurements on

fly-ash concretes are now being performed (Sm81).

Radon emanation

- The effective 222Rn generétion rate in building materials depends on .
- the 226§a ‘cohtént, which varies widely as discussed above, and on the
percentage of radon formed théf does not remain lodged in the matrix of
the material. Rédon that is not fixed in place may move through the
matrix by diffusion or, if large air spaces exist in‘ thé matgrial, by
vcoﬂvection; biffuéive movement deéeﬁds.on the diffusion length of the
material in question aﬁd on'tﬁe material’s thickness. (Diffusion Qf.
radéﬁ. in. concreﬁe has ‘beeﬁ measured By Kr71; CuZGa, Jo78; St80b, and
2381}5 Tﬁe extent’to whiéh other'tfanspoft prééeéses occur dependé_‘not;
oniy on tge material ‘s characteristics, but also on environmental condi-

4

fibné: i.e., preséure, tempe:ature,'and moisturé content. A rule of
thumb sometimes .cited (é:g;,. Un77, p. 75) is that dhe bercent.of thé
222pp géﬁéfated:frqm materials in walls énd ceilings escapes into the
adiécent airspaée. Howéver, recent measurements have indicatéd that a
fconsiaerabiy pighér fraction can escapé: zStraﬁden .(StSOB) observed
escape-fd-ﬁréduct ratios up to 20 peréenﬁvfof concrete; Ingersoll (In81)

cites escape-to-production ratios of 8-25 percent for the concrete sam-

ple groups indicated in Table 2,

_ Of mostvdirect interest for indoor air quality is the actual émanaf
tion rate, often giveh-as pCi m~25~1 and sbmetimes as bCi g~1ls-l. Meas-
ureﬁenﬁs for va:ious materials give emanation rates o?er a wide rangg;
For.exaﬁple,_Eu;opeaﬁ gy§Sum Board aqd bricks yield, reépeétively;.abputv

0.3 x 1074 and 1 x 10~4 pCi ﬁ'zs'l'of 222Rn, while rates for European

-11--



concretes range from 0.001 to 0.2 pCi m‘zs‘1 (J6785, Measufémen£ of
222Rn ‘emanation rate per ﬁnitvmasé for sample groups of vconcrefe .from
U.S. metropolitan areas (Table 2) give averages that range from 0.4 to
1.2 pCi kg~ln~1; 0.8 pCi kgflh‘l yields approximately 0.03 pCi m—25-1
for 0.1 m thick concrete. .Several rock sgmples from'solaf storége beds
averaged 0.5 pCi kg~lh~1, although (as indicated in Table 2) 226Ra con~
tents were cohsiderably higher ;han thoéé for the concrefe samples

(1n81).

.The reéditing indoor 2228n contengrations depéndvon fheviamount of
' suchv material in the structure, the interior vv;1ume, and the air
“exchange rééef For an air exchange rate of 1.0 h~l ana an indoor
gmana;ing sufface to indoor volume ratio of 0.5 m2 per m3,'an gmanationr
rate 0% 6;03 pCiqﬁ”zsfl ;brresponds:to an 222Rn.con§entratioﬁ 6f aﬁout.
plé%ﬁ';ci/i.‘ Depéndiﬁg on the equiiibriﬁm factor, tbis Qould yieldia '
_?AEC 6f §b9ﬁt>0;Q¢O2_WL, bn fhe_other hand, the much -higher radionu;
}Fiidg”!poﬁtents. of Swedish alum-shale concrete yields much ‘higher air-
Po;ne»éoh;en;rations,’as discusse§ below. Direct measufeﬁent.of  ém;n§-
‘tioQ Lrates of materials madé with induétrial by4§roducts‘(sﬁcﬁ as:bh$é;
éﬁg;é.slag concrete) is underway. Considering that thesefmatérials-.ﬁay '
cqgtéin 100»>times as much 226Ra as the average for-concrefe,.contfibﬁf‘
tiéns of up to several pCi/1 of 222Rn and a cofrespondiﬁg incfease :in‘
the vPAEC could be expected if the séme emanation‘ratio pertained, but

preliminary results suggests a lower ratio (sm8l1).

In some cases, such as Swedish houses uéing alum-shale . concrete,
building materials are known to contribute substantially to indoor radon

concentrations. Such cases are to be -expected considering the wide

=12~



range Cin ;radionuclide concentrations that occur in ﬁuilding'ﬁatéfials.
However, because emanation rate per unit of “activity concenﬁraiion
véries by more than an order of magnitude (Un77), it is difficuit.to,use
radium confent to predict‘fhe cqntribution of a éartiqular materigll to
"indoor radon ievels. For this‘:eason, more coﬁprehensive'informatibn on
diffusible fraction, qiffusion length, etc., and their dependence on
material or environmehtal factors is required before we can characterize
building materials on the basis of radionuélide content.v Shoﬁld this
information become available, raéionuélide‘contents may then be helpful .
in characterizing indoorviévels on a broad scéle, e.g.,c by geographic
area. However, the fact that diffusion and»emanation»ra;es also depend
on environmentalifactors, such as pressure and-temperafﬁre, and on the
moisture épﬁtentv ofv the material may limit the possibility for éuchv

~characterization.

I

In some cases, 220Rn ("thoron") and its daughters, ordinarily
present at ‘much lower cqncéntrations than 2.22Rn and its daughters, may
aséumg iﬁportance,'particularly when mechanisms exis§- for tramsporting
emanating 220Rn rapidly into thevairspace‘df interest. In comparigon
with 222Rn, the much shorter,hélf-life of 220Rh, 55-s,.causes the - meas-—
ured‘-activity concentration to be a . parameter of secondary interest.
However, -the PAEC still_gives a useful indication of possible dose  to
the lung, assuming that a realistic model is used (see, for .example,
Ja72b). Oné WL of 222pnp daughters has the same PAEC as thét associated -
witﬁvdauéhters in equilibrium with 7.pCi/1 of-zzoRn-;va,the extent that

238y and 232Th; which have similar half-lives, have similar activities
in source materials (as.is typical in Table 2),‘the PAEC from their pro-

geny, the 220Rn and 222Rn daughters, can reach similar values if rapid

_13_ .



transport .mechanisms exist. This méy' occur, fdr'examplé; in .solar
buildings that sweep air through rock or .concrete thermal storage beds. -
Techniques have recently been developed to measure 220Rn emanation rates

(Mc180).

Gamma Radiation

The energies and intensities of 'photdns from- dec;y of - natural
radionuclides  have . been: weil charécteri;ed. The ;iternal'dose f;om
radionuclides in building‘materials arisesffrom the gaﬁma rays vemitted;
and - dépénds on the geometry of,the.structuré and éttenﬁation.byithe
materiéls; as well as on the gamma-ray energies. - A simple expression
may:. be derived for thgvgamma air dose rate (in Prad/h)'in a hole in an.

infinite uniform medium (Ka79):

Xa)'é 2.43“(EU CU + Eqy, CTh + Eg Cgys
Whgfe Cy, Cry» and Cg are the concéﬁtrations (in ﬁCi/g) of 238y and each
ofjaits . daughters, ?32Th gnd 'gééh of its daughters; andﬂaOK, respec- -
tively, and EU"ETh’ and'Exgre‘thetaverage gamma;ray' ene?gy‘ (in Mev)
per disintegration of the indicated radionuclide (including disintegra-
tion of the daughters, for the 238y and 232Th series). Using Ey = 1.72
MeV, Ep, = 2.36 MeV, and Eg = 0.156 MeV (Ka79), xw = 4.2 Cy + 5.7 ch
+ 0.38 Cy in Frad/h. The stated dose COntribution§ from the uranium and
thorium .series are slightly less than those cited elsewhere, e.g., by
Krisiuk et al (Kr71), who may have used older information on decay
schemes. . For the radionﬁclide contents cited in Table 2, the three
terms .in the expression for ia) contfibute comparable amounts. (An

analogous expression. for the dose from a flat plain is cited in the



section on -soil.)

vFot an actual structure, the geometry 1is Acomplex’ and varied; in
addition, the bullding materials may attenuate the externai radiation
dose.ftom other sources. Moreover, 222%n  and its daughters may be
present in the material at less than -equilibrium values, thereby
decrea51ng the correspondlng gamma dose. The 222Rn escape—to-preduetiOn
ratio is most often in the few to 25 percent range; causing only a smallr
reduction in the.value of X . The effects of geometry and ‘attenuatlep
eannbt be so simply characterized. Dose rate expressions from varioes
workers, pertaining to a variety»of structures, have been summarized
(Nu79).  Some of these expressions account for reduction of the dose
rate from outdoot eoetceé._ Moeller et al (Mo78) describe a computer

program suitable for analysis of varied geometries.

The infinite'geometry case yields air dose rates in the vicinity of
-8 Prad/h for - a %0k concentration of 83pCi/g and 238y/232Th- gseries
radionuclide concentrations of 0.5 pCl/g A thick slab of such material
would. contribute about half th1s .dose rate at its eurface. As discussed
earlier, a typical outdoor tiseue dose rate' from terrestrialr radionu-

‘clides is 32 mréq/y or 4 brad/h.
b. Soil

’ Radionuclide content

Radionuclide concentrat1ons for major rock types and soil have been
summarized. The UNSCEAR report (Un77) cites world-average soil values
of 0.7, 0.7, and 10 pCi/g for 2380 232Th and 4OK respectively, with a

typical range of roughly a factor of six in each case.  These average
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values ére‘similar to those'baséd on 200 measurements of gamma dose rate
cited by " Lowder ét‘ al (Lob4). Values for crustal rocks (Na’5, Un77)
tyﬁically lie in fhe vicinity of these-conéentrations, but cerﬁain 'fdf;
'mations have cohsiderably elevatea'values.. For’examﬁle, the phospﬁate
rocks of Florida contaiﬁ'the.238U_series at tens of ﬁCi/g; but with nor-
mall amOunt; of 232Tﬁ; commercial lﬁraniﬁm ore bpdies in the ﬁ.S. an&
elsewhereVHQQé 238y concentrations of. huﬁdreds of pCi/g and ‘higher; -
Shales. in the TenneSseeﬂéreé have 238U'cdhcentrations of tens to hun-

dreds of péi/g.

. Radon emanation and transport

THe'2386 series,,fypicaliy ﬁreseﬁt.in soilé and rocks at tconcentra;l
tions‘of.about 1 pCi/é, includes 226Ré, thébsourcé of.222Rn. The aétual.
222pn emanation rate from the ground depends, as forAbuilding materialé;-l
on the percentage of diffusible radon, diffusion'lepgth, ahd other tran-
sport mecﬁgniSms (includiﬁg groundwater) - in tﬁe soil. A review ' of
availablevméasuremenfs of 222pp indicaﬁes a mean emanation rate from the
soil of 0.42 pCi m~2s~1 (Wi72). iGiven this value for the ground under a
one-story ;houSe, and as#uming_tﬁe radon emanated findé its way into the
_inddorvair, the soil coﬁldvaccount for indoor 2223n levels -of about 1
pCi/l “at typical air exchange rates of 1 h~1l. Becauée emanation rates
range over.af least éﬂ order of magnitude f¥om place to placé, this
potential contribution can also be expected to vary gub§tan§ially within
buildings. Considering that building materials ordinarily_do not con-
»triﬁute as much 222Rn; multistory buildings can Sé expected to have

lower concentrations than single-story buildings in most cases.
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The soil as a source of'zgzkn could be characieriZed"diféct1y ;by]
emanation measurements or,. éltérnativeiy, if disequilibrium and tran-
sport mechanisms (including groundwater) were known, indirectly by meas-
urement s of.membefs of the 238y series. Because of the relative eaée of
measuring gamma rays, the'indirect method may be more appropriate for
large;scalé' suf?eys intended to characterize the contribution of soil
radon by geographic area. ‘Gamma-ray source measurements may also be
: 1es§ seﬂsitive to changes in’press@re, teﬁperatufé, and moisture content
than emanation-;ate meaéurements (Un77; Na75). ‘A further consideration
is ‘that Variatiops in emanation rate may correlate with factors that
affect aif exchange rates and, as a résult, may complicate assessment of

the importance of soil as a source of indoor radon.

The ﬁechaniéms by which radoﬁ may be transported into buildings have
.been-‘given' little study. Soil-gas measurements, which have yielded
results from 100 to 2000 pCi/l (Kré4; Sc78), may be relevant to this
- question ‘since they may help in characterizing the :adoﬁ'cbnteﬁt of air
trépbéd,bgnéath building'foundations. Emanation rates per se are useful
only for §1acing gnbuppér limit on the potenfial éf'soil-as an indoor
éource._ However, a mofe_detailed undersfandiﬁg of the way in which
radon 1is transported in soii could provide é basis for using emaﬁatioﬂ
data to eétimate the amount of radon thét may accumulate beneath houses
and be transported indoors. Such collection and transporf mechgnisms
may Be'strongly affected by changés’in.barometric pressure, soil mois-

ture content, temperature gradients, and wind.

The actual pathway by which radon enters a building from the soil

appears to vary substantially with building design and construction



practice. In houses withvconcrgte-basementé ﬁﬁaﬁvare gléééd to the out-
doors, radon may enter by diffusion fhtqugﬁ thélbaseﬁénp floor, by‘con-
vectibn‘within basement walls, and by .movemént Fhrough cr#qks“andv
»designéd openings or penet;ations’iﬁ”eitherﬁof these éomponeqts} Even
in commuﬁities whereznumefous ﬁeasuremgnts have béen perfdrmgdé» it has
not been‘possible to determine the relative impqrtance'of ;hese'mgchan-
isms. In some mining comﬁunities; sealing,ofAcracksv has' proved. rela-
tively successful in reducing radqn 1eve15'(At78,.At79, AtSO),-but the
effeqtivenéés of this.method in general has not been evaluated. Even as
basic a question as the effectiveness of concrete itself as a barrier
~against radon entry has not been,aﬁswéréd, altbough'ihfbfmation'on dif-

fusion coefficients is improving (Kr71, Cu75, Jo78, St80b, Za8l).

.The'subséquent.movement of radon from ;hevpoint_bf entry to ‘other
-pafts of the building depends on internal construction and building use.
Even inAbuildings with ventiléted crawlspaces, the radon _concentration.
in the crawlspaée air may still be cbnsiderably highgf_than 6utdpo:s,
and a significant amount of the radon emanating from the soil may reach

‘the interior space by -transport from the crawlspace.

. More cbmpréhénsive information on héw radon is trénspor;ed'is néeded
in.ordef fp develop techniques for preventing radon from‘entéfing build-
'ings; It is also ﬁeedea so that a' correlation- caﬁ"be established
between thé ‘226Ra content in soil and indoor 222Rn lévels attributable

to this source.
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Gamma Radiation

The gamma dose from radionuclides in soil may be expressed in a
fashion analogous to that for building materials; :he air dose rate

(Prad/h) at one meter above the ground due to natural emitters un1form1y

dlstrlbuted 1n the soil (and with the 238U and 232Th geries in equili-

brium), has been g;ven as xplane

=1.82 Cy + 2.82:Cy, + 0.179 Cg for Cy,
Crh, Cg in pCi/g,(Be?Z). Mdre current data on decay schemes méy alter
this slightly. As noted above, COncentratiops of natural radionuclides
in soii and rock vary from place to place, causing compa?able vafiétions
in dose ?ates. As examples, the air dose rate 1is estimated at. 2.6f
Prad/h on thé U.S. coastal plain (the Atlantic and Gulf coastal areas),
10.2 prad/h on the Colorado Plateau, and 5.2 Prad/h on the rest of the
contlguous United States (Na75) based on nuclear plant site surveys.
Unf? adopts a wo;ld land average of 4.6.vp;ad/h, The materials in a
buiiding vcan provide significant shiélding of occupants from‘gamma rayé
from local radionuclide concentrations, but the radionucli&e ébngent §f

the materials may more than compensate for this shielding (see below).

c¢. Radon from utilities

Water

Measured concentrations of 222Rn in well water in Maine and New
Haméshire average 53,000 pCi/l and 101,000 pCi/l, respectively (Lub4).
More recent measurements have been performed in Maine (Hef8; Ge80).
Snihs (Sn735v reports conéentrations- up to 50,000 pCi/l.iﬁ Swedish
drilled wells. DeepAﬁells in Finlandiare widespread Enougﬁ and have :

sufficiently high radon concentrations (averaging 17,000'pCi/1, accord-
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" ing to As80) to give rise to a population Qf thousands receiving radon-
daughtér éxbosuxes exceeding occupational limits (Ca80). Cénceﬁtrations
of 10047500'pCi/1 have been foun& in tab water from welis or undergréﬁﬁd
reéervoifsf associat;d with ‘U.S. houses in which indoor concentrations
were.ﬁeaSufed (Ho80). 222Rn in water can quickly transfer forair; ‘with
efficienciés of 50—90 percénﬁ, depending.on water use (Ges78, Pa79); a
copcentratibh of 10;OQO ﬁCi/l cénbraise average indoor ZZan levelg By
on the order of fﬁédill. It is not known generally ho& widespread such
high céncéntfations in water are; nor how closely the& correlate with:

high rédium content in surface soils and rocks.
Natural gas

Concéhtfstionshof'zzzRg'in natural gas in the Hduston area have been
found to aQéragé épﬁroximately 56 pCi/1 at STP (Ge73). Conéentfationé
in Histributionviines ét various points in thé United Sfates were found
. to ;a;éfége -abouf _20 pCi/1 (Jo73).. The resulting ievéls} in U.S.
residenées due to natural gas comSustion héé been éétimate& fOVFbe‘ les;

than 0.1 pCi/i, even with unvented burners.

3. INDOOR CONCENTRATIONS AND RADIATION FLUXES

a. Airborne radionuclides

Radon concentrations

‘Data:from studies surveyed in the UNSCEAR report (Un77) indicate
that indoor 222Rn concentrations vary by two orders of magnitude, with -
average valuesfin the vicinity of 1 pCi/l. Such a large range is not

surprising considering that the studies included various types of build-
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ings, building materials, underlying materials, and ventilation condi-
tions and used many different measurement techniques. More recent meas-
urements, many of which were.reported in two recent conferences (Na78,

Sp80), have confirmed this wide variation (see below).

Such.a_wide variation is exbected, even for conventioﬁéi housing,
siﬁce the venéiiation rate varies over a wide range. Moreover, depend-
iné-on>thé lécation and nature of a building, the radsnbéource strengfh
can vary .substantially. The soil‘underl;ingja single;éﬁmily house can
ordinarily bé expected fd be é ﬁrincipal contribufof to.its indoor radon

r

‘concentration. As vnoted earlier, a typical s0il emanation rate, if
injecééd into the interior of.a house ;ith an air exchange rate ofllh'i,
would contribute about 1 pCi/l of 222Rn._ Since soil emanation rates and
effective capture by the house .vary by th;ee’orders of magnitudé.(NeSI),
and  air exchange rates vary sigﬁificantly, a large range in indoor con-
centrations would result. Similarly, construction materials and "venti-

lation rates directly affect the radon concentrations of larger build-

ings.

As indiéatéd in?Table 3, homes monitored in Ne& York.and ﬁew Jersey
were ‘found to have an annual average 222pn concentrationvof 0.3-3.1
pCi/l iﬁ the liQing space, with a geometric mean of’ aboﬁt 0.8 péi/l
(Geo78). Similar ﬁeaSurements in Austria yielded an afithmetic mean of
0.6 pCi/l (St78) and, as is characteristic of results ;pproacﬁing' ;
log~n;rma1 distribution, a somewhat lower geometfic mean, In‘fhese.;tu-
dies the mean indoof concentrations were three to four times as great aé-
local outdoor concentrations. Mean indoor concentrations of radon in

the Oslo area were found to be 1.3, 2.0, and 1.0 pCi/1 for buildings of
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wood, concrete, ~and brigk, respectively (8t79). Grab sample measure-
ments of homes in the San Francisco area made during Athe summer with
windows closed and with an average air exchange rate of 0.4 h~l, gaVé
concentrations averaging 0.3 pCi/l1 (Be79); considerably higher concen-
trations were found. in "a rural part of Maryland‘(M98l). Grab sample

measgreménts in illinois showed a substantial incidence of conceﬁfra-
'tions“ greéfer than 5 pCi/l; 6 of 22 hduses Had coﬁcentrations ofblo
pCi/l or mo;; zRu79). .Unpublished data (Pf81) ‘indicate ﬁigh avef;ge
concentratiqns- in a part of eastern Pennsylvania. A survey of 10,000
} Cénadian ho;es; ip which measurements were faken primarily iﬁ'basements,
gave geome#ric mean_conéentrations ranging from 0.14 £0 0.88 pCi/1 for

the 14 cities monitored (Mcg80).

HighVZZZRn’conéentrations have been found in uranium mining areas
and. in buildings that use materials High in radium content. In houses
ﬁoﬁitoréd in Baﬁcroft, Ontario, 50 percent of the sample had concentra-
vtions_'greater than 3 pCi/l, over 25 percent had concentrations greater
than 7 pCi/1, and'abouf'6 percent had concentrations g?eéter than 15
pCi/lu(Ma79). High levels have also been found in homes in mining areas
in the'United Stateé; at Grand Junétibn,.Colbrado; FPAECs 'cbrresponding
to . 222kn concentratioﬁs.up to hundreds of pCi/1 havg béen measured. In‘
-a survey of geveral.éwédish houses built with alum-shale-based concrete,
the avgrggQJUZéan 'cbncentration was 7‘pCi/1 (Sw78); more recent data
give averaée.concentrationS'of 15»pCi/1 or more for fesidences' built

entirely of such concrete (Sw80).

anéentrations-of 222pn of 0.6<22 pCi/l1 have been found - during:

'grab-sample'measurements of energy-efficient homes in the United States,
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many of which had‘lgw air_exchange rates;(;hese measgrements were = taken
wi;h windows,closéd, and the air exchange rates were.meaéufea simultane-
ousiy (Ho80). Céncéntratiéﬁs and air exchéhge rates have also ‘been
qeagured in__convéﬁfional houses in England‘ (Ci78)'éﬁd in h&uées at
Elliot Lake, Ontario (Sm79); the measured 222Rn concentrationms were con-
sistent with .thqse. observed fdr. conveﬂtional houées élsewhere (s¢e>
above). From his data,‘CIiff (C178) inferred a large fahge in .222Rn
source magnitudé (a hedianlof 0.32 pCi 1-1n-1, withba gebﬁetric stgndard
deviation of 3&1); éonsistent with éom§arab1é extraction of source mag-
ﬁitudes .froﬁ ﬁ.S. data (NeSi)._ Winter measurements ih New York yielded
-éVefage 222gn cohcéntfétions of 1.0 PCi/lifor 'conventional‘:houées and
6;4 pCi/l‘;for "énergy;efficiént"vhoﬁséé'(Flél); ventilatioﬁ fates were
not measured,“and.mdsf of'thev"energy-éfficient"'éverége is .coﬁtribufed
by a single' solar home that, apparently becéuse of a particuiar’heat

storage medium, had a large source magnitude.

Thé range in observed iﬁdoér'concentrations:ariség, nst éplyv from
&ifféfcncés.ffbm one house to. another, but also frop'tempbral varigtioné
in Soﬁrcevmégnitude or‘ventilation rafe in individual houses. Spité:'et
al '(Sé7é)- have examined the £empora1 variation of indoor 222Rn c&nceh-
tfagibns'in houses in Cdiora&o and New Jerséy?and fhévinfluence of ven-
tilafidn‘ conditions. . Steinhausler (St75) has.éxamined,:he coffelation
between ﬁeteoroibgicél variables and indﬁor conéentrations.» In a review
of outdoor énd indoor 222jq concentrations, Gesall examines variation

with time and place (Ge81), ..
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-~ Radon daughter concentrations- and behavior

,7 Radon daughter concentrations are often> measured as potent1a1
alpha~-energy concentrations (PAEC), given. ln worhing level (WL).
UhSCEAR (Un77) reviewed pre-1977 measurements, and numerous more recent
papers appear in Na78 and Sp80. Forithe New York and New Jersey.houses,.
referred to ahove, the annual-averagevPAEC for 1222Rnbﬂdaughters had a
geometric mean of about 0.004 WL 1n the 11v1ng space w1th a range of
values from one house to another of 0 002 ~-0. 013 WL equ111br1um factors
averaged sllghtlyrabove 0‘6 in the 11v1ng space (Geo78) Stranden et al
(St79)vfound mean‘equ111br1um factors of 0.5 in dwelllngs in _thev Oslo
area. Equilibrium factors of about 0.4 bhave been found in Sweden
(Sw78) Based on ear11er work Un77 adopted a typ1cal value of 0.5 for

1ts estlmates of exposures.

Measurements in Florida houses built on reclalmed phosphate land
yielded average 222Rn daughter concentrations in the viclnity of 0.01
WL, but the range extended above 0. 05 WL (Gu78) Houses in Grand Junc-
tion (Colorado) in whlch remedial action has been-recommended had”PAECs.
ranglng from 0.02 to 1 WL. Sets of‘control houses monltored'1n Florlda
and Colorado had an average PAEC s1m1lar to that in New York and New
Jersey (see table 3) | Measurements have also been performed in homes in

‘the vicinity of uranium mining operations (e.g., At78, At79, At80).

In some cases, concentrations of ‘individual 222Rn daughters have.
been measured. Based on work cited'in.Un77, typical activity ratios for
222R,/218po/214py 214 in residences are 1.0/1.0/0.6/0.4, but with sig-
niticant variability among surveys. A survey of hundreds of residences

in Hungary gave higher daughter ratios (averaging 1.0/0.9/0.8) and mean
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2223n ;éﬁ&éntrations ‘ranging from 0.7 tolSﬁgupCi/i'fdf“vafioﬁé housing
,ltypes.(To72). - More recent meaéurements of individual daughtér .concenbi
vtrations;‘typiéally yielding lowér‘ratios, have often beén made»in”order
to correlate cbncentfatioﬁs_yitﬁvpoééible remoQél prpcesses;:éeé discﬁsi

sion of potential control techniques below.

Some work has been done on characteriéing the distribution of parti-
cle sizes of indoor 222Rn ‘daughters as well as the dependencies of cOn;
‘centrations and distributions on various parémete;s, including location,
particula;e mass concentratibﬁ, air exchangé:rate, and air-mixing rate.
The»fraction of 222y daughters that is not atfachéd” to pafticles, as
well vas the size distribution of attached daughters, was measﬁréd,in'a
labofaCOry building and in-f0pf hoﬁes (Ge72, Geo78). Such méasprements'
ﬁévé aiSo Béen pefformed in uraﬁium'ﬁineS. -The‘diffusion cdefficients
of radon déughters have been subjects of intensive experimental study

(recent examples being Ra79, Po79, and Bu8l).

The simplest models of indoor radon and radon daughter coﬁcenﬁra-
tions utilize mass-balance eﬁuationg éonnecting the inéoor radon source
stréngth, ohtdoér conéentrati§ns, and the air.exchange rate, agsumedv ﬁo
be the snly removal mechaniém other than radioactive deca&...(Seé, for
eQ;mple; Ku79.) Models may also simﬁlaté diffusion. of radon into the
' houSe~ (Mo78), but transbort has not been modeled in any comprehensive
way. .Models héve‘alsé been made of radon daﬁghterldiffusion and attécﬂ-
ment processes (Ra69§ 'Wr69) ahd of the effect of suéh processes on
daughter concentrations and unattached fractions (Ja72; Pof8, Ho79).
However nO‘realistic‘models of radon and daughter behavior invbuildings,

by which actual concentrations (or the effect of control measures) might .
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- be simulated, has ‘been attempted. More experimental.informéiiqn will
- evidently be required to validate such models. On the other  hand,
‘attempts have been made to simulate, on a. practical basis, average radon.

concentrations (St80b) or radon daughter exposures (Sw78, Mc81).

s

In some cases, daughters of rad§n7220'may be present in concentra-
tions that are co;parable to 222Rn daughters, at least as measured in
terms éf potential alpha;energy concentration. Stranden (St80a) found a
mean 220Rn daughter PAEC of 0.0025 WL in 22 dwellings in Nof&ay, half
the PAEC‘obserQedAfor 222gn déughters. In-a few;meésurements of 220gp

daughters in solar homes in New Mexico, PAECs were found to~be.appfoxif;

mately 0.005 WL (In80).

b. Gamma radiation fluxes and shielding effecisv from building'

materials

As diséussed above, gamma~-ray doses may 'a;ise from_‘terresﬁ:ial
radionuclides both in building materials and in néarby'soil and rock,
and fhe radibnuélide”cbntént of these two sources may 'va;y !sigﬁifi-
cahtiy;‘ 'Moredvef; the'.structural materials serve to shiéld pccupaﬁéé
both frpm'gamma'réYs‘from'soil'and rock, ané, to a lesser  degree, from
cosmic rays. As a fééulf; the building may éfféct'éxternal dose‘fateg)
of‘occupaﬁts in various ways and degrées, Given informééion on a pér-'
ticular building, the ﬁet effect may 5; célcuiated»iﬁ a way similaé to
tﬁe work of Moelléf et al (Mo78), based on the gaﬁma dose rate expreé-

sions given above and on estimations of shielding effects.

In ‘some cases, the structure may have little effect on terrestrial

or cosmic dose rates. Exclusive use of materials that do not contain

-26~



significant radioactivity, such as wood, has the effect of éhiélding tﬁe
terrestrial gamma flux (abqut 32 mrem/y tissue doée) by about 20 or 30
percent and has little'effeéthﬂ the cosmic ray dose (about 28 mfem/y).
A concreteivfoundation .(slaB' floor or basement) has no ‘effect on thé
cosmic ray dbse and, if its radionuclide cohtent'is'similar_to that of
surroundi;g soil or rock, little effect on the ter:estrial dose. That
is, although conérete substanfially‘attehuates gammésbfrdm the soil ’ori

rock, it contributes a gamma flux that compensates for this reduction.

Oh #he other hand, ifva builéing also uses concrete in the wglis and
ceilings, .and has a radioﬁuclide content similar to that of local soil
aﬂd rock, an approximéte doubling of gamma dose_rates- from terres;rial‘
radionuclides éccﬁrs. As soﬁe compensation, concrete walls‘and cgilings
.teﬁd ﬁo shieldvoccupanfévfrom'cosmic rays, in many.éases by only about

20 percent, but by larger factors for large buildings.

Ordinarily, then, building materiéls-haVing crusﬁal componehts with
radionuclide ~contents similar to that of local soil and rock may
increase exterﬁal dose'rates.fpr occupants by'ﬁp to tens of wmrem/y or
may aecrease rates by a somewhat smalier amoﬁnt. Table l'presumed a
higher air dose rate indoors than outdoors, corresponding to the case
where the gamma dose from the building materials exceeded the reduction
in dose due to shielding of gamma rays from surrounding soil and rock.
Thisiéontrasts with thé U.S. situation, whe%e the net effect of building
materials is thought to be a slight reduction in the 'total dose rate.:
For building materials and surrounding soil or rock that contain higher

radionuclide contents, the dose rate differences between outdoors and
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indoprsvwould be correspondingly larger.

4. CONTROL TECHNIQUES

F;9m<th¢'few available indoor measurements.of 222Rn daughters, it
épﬁears that va;iations of 0.01 WL from one building to gnothgr, depend-
ingvbn air excha#ge rates and on building or‘groupdAmaterials; are not
unusual. The full range-of‘values fof conventional houses has a consid-
érably larger variation than this, largely Becéusg of differences 1in
source strength, and measures that reduce the air exchange rate substan-
tially "can be expected to change concentrations by corresponding
émouﬂts;> A daugh;é} cqnceﬂtration of 0.01 WL,xif“expefienced two;tﬁirdé
of the timé, corresponds to an'exﬁosure of about 0.3 WLﬁ.pef yéér, about

'a factor of 10 less thaﬁ the oécﬁpationél limit of 4 WLH/y.k (ﬁpréﬁké

of_an individual to 1 WL for 170 hours, aA'wquing ”ﬁbnth; byields dﬁéb
"working level month" orIWLﬁL) On the other hand, va}iétiénsfin'exﬁérnal

dose rate due to drdinary bui1ding materials_are ~on the: ofder of 10
mrem/yr,x iess than one—ﬁundredth' of thelwhole-body occupational,doseb
ligit of §irem/y. If these occupational limits qorrespénd,to - similarly
_valueq_vrisks, ;it,‘appears; that‘ the _effeét of the structure on radon
daughter exposqres.(éiven in WLM/y) is far -more sigqificant “than the.
effect on. exterﬁalu whole;body dose rates (given in rem/y),_except:in
cases involving materials with unusually high radionuclide concentra-
tions. - For this teason, the discussion.that foliows eﬁphasizes,ﬁethods
. for controlling radon daughter exposures. One.of these methbds, materi-
als substitutipn,jﬁay also be used for control of gamma dose rates, par- .
.ticularQy in.cases”where materials have unusually high radionuclide con-_

tents.  An additional technique for control of gamma doses is installa-
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tion of shielding materials that do not themselves contribute substan-~

tial radiation doses.

‘Techniques for control of indoor levels of 222Rn or its .daughters
inc;ﬁde méaSUrés that decrease 222Rn sbqrces, féddcé fransport from
sources, remove 222Rn or its daugﬁters from indoor air, or e#chénge
indoor air for outdoor air. The easiest techni§ue fo implement‘in méhy
)caseé ié to increase the air éxchange rate,lfof example By opening win-
dow; ér. instélling fans. for reasoﬁé of comfort bf enefgy_efficiency,‘
other metho&s, sometiﬁes edually straightforward,.may often be ‘prefer;
able. Iﬁ‘ general, not énoﬁgh isvnowiknown about.thg‘cést, effective-
neés,.ana applicability.of yafiousfmeasures fo determine their role Jin.

the“géneral building stock.

a. Material selection or site preparation -

Comstruction of a building with ma£e;ials having low 222Rn emanation
rates can affect the source stféngth directly. 1In gomebcaées, éttention
to ﬁatérials prbcessing’ﬁay reduce emanation :étés.. However,‘in situé;
tions _whefe the surrounding éoil and rock contriﬁute moét ofjtﬁe 222Rn,.
oppoftunities for éontrolling.tﬁe source strength are. limited, eépe~
‘cially since the diffusion length of 222gp is relatively large and radon
sou;cé's:tength is-seldom:a ériterion for site éelecéipﬁ. Attentign to
building materials or Site.mate;ials (uﬁderlyingIand.;urrounding'éoilj
in new construction has a significént effect in cases Qhere, tﬂe emana-~
tion rate from eithe; of tﬁese may be unusually high. Replacing such
materials (on a remedial basis) is often 'difficglp or expensive, 1in
which caée other meésures may be favored; However, reélacement ﬁas been

a principal technique in communities associated with uranium mining or
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processing (At78, At79, At80).

b. Reducing transport

The p?incipal means of reducing the transpért of ra&bn’ to building>
interiors‘ are t§ seal materials ﬁaving significant ééanation rates or,
for.thetcése of transport from surrounding soil, to plﬁgbéraqks.éf holes
thébuéh which air with a high 222Rn content (i.e., soil gas) moves.
Maferialslﬁay.be sealed b& epgxieé or other coatingé with up to éOl.per—l
cent effectiveﬁess (Kr71; Cu73 Au74 Cu78) Sealihg éurfaéég, filliné
holes with 1mperv1ous mater1als, or stopplng tfanspoft via instaliation
of plastlc or other barrlers has proved effective in some cases that
requlred remed1a1 action (see, for example, At78, At79 At80) butv they
all requite integrity of ;he barrier for long~term transport reduction.
The generél épplicability or effectiveness of fhese measures as long-
term  passive controls is_not known. (It should ‘be noted tha; confine-
_megg of - rédonvby d1ffus1on or convect1on barriers also perﬁits. buildup
of %adon ‘and its daughters behlndkthe barrier, causing an increase in
gamma irradiation from.building matefiais. &evertheless, this increase: 
apﬁe;rs less 31gn1f1cant than the assoc1ated decrease in a1rborne 222Rn
and daughters [Cu76b]) Transport may also be reduced by ventllat1qg:
.crawlspaces or basements or by designing transporF routes that by-péss
slab»fldérs or basé;;nts. This has been employed in.the Canadian com-

munities with remedial action programs (At80).

c. ;Rémoval.gf_daughters from indoor air

Methods for removing 222Rn_dadghters from indoor air include: <(1)

filtration wusing fiber, electrostatic, or charcoal filters; (2) mixing
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of indoor air to cause deposiﬁion withinAtHe structure or ventilation
system; and (3) space cﬁarging to remove daughter ions. Filtratién‘sys-
tems are effective .in reducing.ai:borne particulate mass concenﬁrétions.
However, vdepeﬁding on the system, they may thereby raise the éonceﬁtra-
tion>9f unattached &aughter‘ions, especially 218po (Gu79); for some par-
ticle size . distributions, this would raise the ratio 6f lung &oée to
PAEC. Nazaroff et al (Na8l) abserved a substantial decréaéé of PAEC
from operétion of the furnace fan (which thereby activated the system’s
‘filter), but tﬁe unaftached fra;tion was not measured. Guimond gnd
Windham (Gu;8), Holub et éi.(ﬁo79),'hnd Jonassen (Jo80) have pefformed
relatéd experiﬁents .on air mixing; ventilation, and  filtration.
.Finally, in" many ﬁeasurement techniques, charged 222gy daughters are
collected by voltage differentials, but it does not appear that this

principle can easily be apﬁlied as a control measure.

d. Exchange of indoor and outdoor air

Use of air-~to-air heatvexchangers to remove indoor air while réco&-'
ering potentially lost eneﬁgy is now‘bging.invescigated. Preliminary.
results (Na8l) indicate that this method is effective,.in af least one
COnfiguration, in+ reducing 222Rn and daughter concentrations. This
method"is.particularlyvattractive because it can be applied in béth new
and‘ existing ‘buildings and because it is effective in reducing concen-

trations of other indoor pollutants.

S. RESEARCH NEEDS

- Substantial research efforts- are needed in four interconnected

areas:. (1) study of radon sources and transport processes; (2) measure-
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ment.of.the copcentrations of rédon and its daughtersrindoors and char~
acterization of their behavior; (3)‘dévelopment'and testing of control
techniques; and (4) modeling of radon and its daughters in structures.
These efforts need to be'supported'Sy development of measurement instru-
mentation and followed by an evaluation of confrol ﬁeasures'and building
energy consérQationv measures. th addition, evaluative efforts require
further work}On the health effects of radon, which have not been dis~

cussed in this paper.

~ Programs ﬁo characterize building materials by radon emanation rate
or radionuclide .content - should be more wide~scale and complete. Even
mdfe imbortant, a program ié needed to sufvey soil and gr&upd&étef_ in
reégéct to radionuclide content, rédon emanation, and radon.transpoffg
A‘rapid éfforgvshould be gndertaken.to defermine the feasiﬁilityrof géo-
_logic- or geographic characterization of soil., As part of effortsﬁto
characterize materials, due attention should be given to the -effect of
‘méisture, pfessgre, and temperature. Community water supplies shthd

also be surveyed.

v Studies of indoor radon and daughter concentrations should be under-
taken with- two major purposes at this time: first, to learn the range
and distribution of radon and/or its dauéhters in -the ‘building stock"
and, second, to understand the béhaQior of radon and its daughters in
buildings. The first purpose requires surveys of a large number of:
buildings, covering a variety of building types an& geographic_areas.
These surveys may be impleménted by associating them with .cher " wide-
scale efforts, such as those for energy-conservation retrofits or for

insurance purposes. These surveys may measure either radon concentra-
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tions' or PAEC, and the PAEC is the parameter of moreadirec: %ealfh
intgrest. However the radon concentration may be the preferable parame-
ter for measurement in sdryeys, sipce an improved undefstanding of
daughéer'gehavior could then be used to infef PAECs in a way'gtgat is

‘generalizable,

Such an interpretive.basis must be deVéloped through intensive meas-
urements characterizing,ra&on and daughter behavior indoors. Intensive
work at only‘avfew:sites woula serve as a basis not only for understand-
ing measurement - techniques but also for developing control. techniques.
In these'studies, particular attention must ‘be given to daughtef; parti-
cle interactions and. removél processes. kesults of these intensivé
investigations would bé validafed by less-detailed field measurements at.
a larger ﬁumber of sites. Ultimately, these resultS»wpuld also sérve as
a partialvﬁasis for estimates of health effects.

-

Maﬂ& such me;surement'programs wiii havé to be'supportéd by insﬁru;
mentétioh developﬁent. More convenient portable instruments for field
source ﬁeasurements based on élpﬁa scintillation techniques or on Nal

gamma détectors could be developed. Further,Qork on integrating devices

.féf_iérge—scale Eurveys of iﬁdoor'concentrations is warranted,  as is'

"developﬁéntIOf simple and quick daughter mdnitors with high sensitivity.

For iﬁteﬁéive.investigation of daughter Behavior af a few sites, more

vérsatilé épecial?purpose_ Systems must be designed to automatically

measure infiltration rate, rédon, individual radon Idaughters, particlé

concentrations, and environmental conditions.

Substantial efforts to develop and study control techniques  are

required. - The effects of techniques to clean the air (rather than
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control the source) would have to be studied in the manner indicated

above for detailed investigations of daughter behavior.

These measurement programs must be Aaécompaniedi ?y corresponding
modeling éffofts. | Models characterizing sources . (on a
geologic/geogfaphic basis) and transport (by sites and building type)
are needed. Although models for physical processes inyolving fadon
daughters havé begﬁn to be developed,; much more work 1is  needed, .e$§éb'
cially "for - understanding daughter-particle interactions and control-
techniqueé. Models of indoor air guality that appropriately utilize.the
source an& daughter'mpdels could then be'dgveloped. Finally, the models-
of indoor air quality could be combined with - models of the . building
stock in order to represent current radon and déughter concentrations
and the effects of changes in building design and of vpotential1 control
.measures. Models of indoor air'quality'and the builqing stock will be
necessary for assessing exposure to any indoor air pollutant and for

evaluation of potential strategies for controlling indoor air quality.
6. CONCLUSIONS

The major factors affecting é;urces and 1eve1§ of airborne‘ radiqnu-
clides apd‘radiation in buildings. are kno&n. However, for radon énd its
daughters,.whiéﬁ are the major contributors go human radiation exposures
vindoors, coﬁcentrations .vary gfeatiy'from one building to anothe:vqnd
frém one time to anotﬁer. Although this variation 1is knowﬁ to'vafise
'from differences in sburce mégnitudes and in building tfpe or operation,
not enough is now known to characferizevindoor congentrations gene;ally,
inckudiﬁg the  effect of specific radon sources or building features.

Understanding present indoor concentrations, or the effect of potential
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changes in building design, requires substantial further experimental .
and theoretical study of radon sorces, indoor concentrations and

behavior, and control techniques.
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. Figure 1. Uranium 238 decay sequence. The left portion shows the
sequence from uranium 238 to radon 222, the right from radon 222 to
.lead 206; minor branches are not shown. Alpha decay is indicated
by o, beta decay by B; decay energies are given in ¥eV (from Le78).
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Table 1: Estimated Annual Tissue Absorbed Dose from Na;ural'Soﬁrces in
"Normal" Areas (adapted from UNSCEAR (Un77))

Tissue absorbed dose rate (mrad/y)

Source
Gonads Lung -§one lining © Red bone
cells marrow
Cosmic radiation® ' . 28 28 ; 28 o 28
. External terrestrialb_ ' K
radiation . 32 32 32. : . 32
Inhaled radon 222€ ' : . . o
and daughters ’ 0.2 30 0.3 0.3
Other radionuclides ' , '
in the body - 18 23 25 - 31
. Total : 18 113 .85 92
Fraction of absorbéd ' )
dose delivered by
alpha particles or : .
neutrons (%) L 1.2 31 8.5 2.1
Dose Equivalentd v o ' . ' i
(mrem/y) - 96 780 220 130

aOut_door dose rate; no structural shielding is presumed. °

i

bTissue dose rate aﬁproxima;ely same outdoors and indodts;»air dose is taken
to be 18% higher indoors than outdoors, but different conversions to tissue
dose compensate,

®Rased on a repregentative indoor radon daughter cencentration of 0.905 U1,
in which case the total dose equivalent to the lung is dominated by alpha
radfation from the daughters. This dose varies substantially among differ-
ent types of tissue within the lung. : i

dCalculéted assuming a quality factor of 20 (In77) for the high-LET dose

(predominantly from alpha particles) and rounded to two significant
figures. )
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Table 2.

Average radionuclide content of U.S. building materials?

232, b 40

Reference Material 238U Seriesb _ Th Series - K Comments
' (pCi/g) (pCi/g) (pCi/g) o : -
L179 - Concrete 0.29-1.32 : 0.28-1.58 6.6-9.8 Surmarized measurements to select
) . - . ' counting room materials
E178; Ka79 Concrete 1.4 - 1.5 21 - Atlanta area
Brick , 1.8 1.8 17 " Atlanta area
Tile ’ 1.9 1.1 8 "Atlanta area
In8l Concrete 0.2-1.0 0.2-1.0 _ 5-12 9 metropolitan areas
Solar rock bed 1.5 1.4 25 New Mexico
Un77 . Concrete 0.9-2.0 0.8-2.3 9-19 4European'c0ncrétesc

~

examined.

bBecause workers detected various members
only if series equilibrium may be assumed.

) 8Each entry is the average value for a sample group, a range is given for cases where sevetal sample groups were -

of the decay series, results in each column are directly comparable
See indicated references for details.

®These values are taken, for comparison, from Un77, Table 8 (pg. 50),which gives a much more complete survey of
European building materials than is available for the United States.



Table 3. Selected radon and radon daughter measurements in U.S. residences
(residences are single family except where noted)

_g)t7_

a i
Individual values are averages; values glven in parentheses are ranges.

Geometric mean.

c .
Limited sampling indicates summer concentrations are approximately 20% of winter.

round

222 a a 'Number of: Type of
Location Reference Rn_(pCi/1)’ Daughter PAEC (WL) " Residences Measurement Comments
ORDINARY AREAS: ’ -
Tennessee Lo80 0.008(0.0008-0.03) 15 Grab Shale area; mostly concrete
construction - ’
Bostoh Ye72 0.07(0.005-0.2) (up to 0.002) 7 Grab and venti- Single family; air exchange
- . _ . . ) lation rate: 1-6 h-1
0.09(0.01-0.2) (up to 0.002) 3 Grab and Venti- Multiple family; air exchange
lation ~ rate; 5-9 n-1 .
NY/NJ ‘Geo78 O.Bb(0.3-3.i)_v 0.004?(0.002—0.013) 21 “Sevéral integrated 17 single family; 3 multiple
' o measurements over family; 1 apartment bldg.
year
New York F181 1.0(0.4-2.1) 11 Integrated winterc Conventional houses
Lo ‘ 6.4(2.0-26) B 7 Integrated winter “Energy-Efficient"” houses;
’ ventilation rate not measured
Illinois . Ru79 (0.3—33) 22 Grab Wood-frame construction, unpaved
) - crawl spaces (windows closed)
San Francisco Be79 (0.04-0.8) 26 Grab and venti-~ Air change rate: 0.02-1.2 h-1
area lation (windows closed)
U.S./Canada Ho80 (0.6-22) 17 Grab and ‘venti- Energy-efficient houses; air change
lation : rate:. 0.04-1,0h~L(windows closed)
Maryland Mo81 (0.1-27) (0.001-0.12) 53 Grab and venti- Air change rate; @,06-1,6 h™1
b : lation
SPECIAL AREAS:
Grand Junction Ba75 0.006° 29 Integrated year. Controls for remedial actfon program
Colorado : round : (which has included houses in range
: 0.02-1 WL)
Florida Gu78 0.004(0.0007-0.014) 26 Integrated year Controls on unmineralized soils
' ’ ’ round
Gu78 0.014 (up to 0.10) 133 Integrated year Houses on rgclnimed phosphate
. ’ ‘round lands
a En80 '
Montana: Butte 0.02 56 Integrated year Intensive mining area .
round
Anacenda  Engo 0.013 16 Integrated year Intensive mining area

All measurements are in living space; values in basements are typically higher.
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