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Distribution of Airborne Rad on-222 concentrarions
in U.S. IIomes

A. V. Nlno, M. B. Scrrwnnn,* W. W. N¡zeno¡r,t K. L. R¡vz¡N qucnq' distribution of concenuations in
U.S. homes. We demonsrrate the utiliw of
los
dis
fo
dence of high ,levels; both lognormal and
nonparamerric analyses give similar results.

From rhe literarurc and from di¡ect com-
municadon witÌr researchers, we have accu-
mulatcd data from 38 U.S. areas, typic¡lty
urban cenrers or srares (Table l). Aþþroxi-
mately 99Vo of rhese data were rùìn in
single-family houscs, rypically selcctcd by
asking for volunre<rs (for example, from

given instirution) or
rricipans in energy

an¡ orthe no-., -o;¡åÏäJ.lI.iå.'j
by statistically based sampling procedures,
vimrally all selecrion processes iontained a
strong random element. The srudie¡ varied
substandally in size: cight have 50 or morc
homcs and an equal numbcr havc fewer than
10. Each data ser still givcs a usefi.¡l indica-
tion of concenrerions in rhc corrcspond.ing
area and, taken togerher wirh the other datã
sets, of concenrarions in U.S. single-family
houses.

T) non-222 AND rrs DEc.Ay pRoD_

11. :""*iiå:ä:.: *Llfi::l î,*:
indoors esdmated---on thc basisôf cpidemi-
ologl' among uranium mincrs-tó causc
thousands ofcases oflung cancer annuallv in
the United States. A sþecial concem îas
been rhe frequent appearance of homes wirh
concenradons thar implv individual Iiferime
risls of lung cancer exceeding lo/o, and úe
occasional occurence of levels wirh cstimar_
cd risla an order of rnagnitude or more
hig.her. 

.Thesc risks, largC compared wirh
ordinarily considcred cnvironmènral risla,
have ied ro diversc srudies characterizing
indoor conccntrarions, the facors atreain!

992

thcm, and health implications (,1, 2).
Ffowcver, there has not bcen a quandta-

tive characcrization of rhc disuibudon of
radon concentrations in U.S. residcnces.
Monitoring has been limitcd to modest local
efforrc varf ing markedly in scientific objec-
tivcs, selection of homes, and measwcment
tcchniques, providing no direcr cstimate ei-
rhcr of averagc cxposures or of thc number
ofhomcs abovc proposed action levels, such
as the- crircrion recendy rccommcnded by
the U.S. National Council on Radiadon
Protccrion and Measu¡ements (NCRP): 2
working-levcl months (WLùf) per year (3,
4). Nonctheless, rakcn together, data from
U.S. srudies are substantial. We presenr

Indoor Envi¡Onrncnt
ntory, Univcrsiw of
*Prcscnt add¡css: Califomia Ai¡ Rcsourccs Board, Sacra-
mento, CA 95816
fPrcscnt add¡css: Deparuncnt of Enqinccrinq Scicncs-
Cålitomie lnsdrutc ofTcchnologv, paiadcna, öA çl lZS.
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Two broad incentives g.ive rise to mosr of
these data: the first '22 sets came primarilv
from studies ascenaining present concenrra-
tions as a basis , for cstimating potentia.l
incrcases due to energv-conserving measures
thqt.,ieduce air infilræion into houses. In
contfast, sets 23 to 38 were collecred in
areas rvitï some prior indicarion of rhe
probabiliw, of high ,2?2Rn concenrrarions.
For,none of rhe 38 sers is ir thotrghr that use

of 22óRa-bearing industrial residues or
incorporation of unusually effecri r'è infi ltra-
tion-reduction measures have contributed
significandy to 222Rn concenrrarions in the
homes monitored.

Nonpararneric analvsis of ''rhese ''dara

vields significant information, but because
monitoriirg in large housing samplês con-
sistendv yields concentrations that are dis-
ributed approximateil' lognormalll', we use
lognormal parametêüzation for a ¡riore com-
plete and pou'erful representation of rhê
data. The utiliq, of this ñnctional form is

indicated in individual daiá'Sets in Fig. I and
in the distribution obtained by direitly ag-
gregaring the data from I9 of sets ì. through
22 (Figs. I and Z¡. The ¡2 for the data in
Fig. 2 u'ith respefi to the indicated lognor-
mal function is la.qge enough so'i}rat it or a

larger valuc would'occur wi$ önly abour

- ':

5olo probabilin' if the funcdon represenrs rhe
t¡ue disuiburion. This relativelv largo ¡?
appears to arise from úre presence of'slighdl'
feil,er houses at midrange concenradons
(around 3 pClliter) rhan suggested by a

lognormal disuibqtion and from rhe corre-
spondrng appearance gf more houses in the
long tail and u,ith lour co¡centrations. Other
fi.rnctional forms do not provide a good
representation of the dara.

For each data set, Table I states rhe '
arithmetic mean (AM)rrthe'geomeuic mean, .

(GM), and ttre geometric çtandard deviarion :.,

(GSD). Srudv results are expressed in rerms: ,

o¡ zzzfu', concenration, .i,.n for srud.ieó

,'
Tabler;I. R¿don-222 and decay-product (5) conccntrarions measur
floor {iving-room or of avcragéd living-areá values, from which the
are calculated; otherwise thcse parameters a¡e taken from the original p
prior ilfdicatioh of thc probabilir,v"pf high concentrations.)

is made of.m¿in-
deviation (GSD)
ugl 

19 
h"9:9T. .;

222Rn 
lpCilliter¡ Mcasurcment protocol

I-ocation Houscs Refcr- ì-.
ence(n) AM GM GSD

Tech-
nique+ PeriodT Seasont codeS

I Washington .t)

2 Orcgon
3 Montana
4 Idaho
5 San Francisco, CA
ó Las Vcgas, NV
7 Colorado Springs, CO
8 Fargo, ND
9 Wisconsin

l0 Houston, TXll
ll Ponland, ME
12 New York
13 Rochester, NY
14 Nonheastcm NY
15 New York Cin' ärea
Ió New ferse,v
17 Princeton,,M
18 Piruburgh, PAll
19 Philadelphia. PA arca
20 Dámascus, MD
2l East,Tenncsscell
22 Charlcstoa, SC

r38
90
20
L7
29

3
l6
I1
50

t03
lt
27

8

?
TI
9

II
122
3l
4L
40
20

179.
62

6
6
9

4
70
l0
t5

8
36
5,8

l4
t0
2,9

4i

0.71
0.8ó
1.32
t.30
0.35
0.79
r.87
5.69
t.l0
0.47
0.4
0.89
0.50
0.7.8
0.45
I.3ó
1.09
1.45
1.84
3.04
2.0
0.47

3.4óf
r.39f
0.94f
0.741i
2.3t
0.5
t.6ó
0.50
0.s2
0.94
3.29
I.90
1.28f j
0.52
0.73f

2.48
2.27
2.34
2.94
2.19
2.47
2.34
2.39
2.r7
1.94
2.98
2.65
4.08
3.r2
I.5ó
1.73
3.95
2.35
2.32
2.TL
2.5
2.12

3.03f
l.ólf
2.261'
r.óóf
2.45
3.3
2.56
L3I
I.39
2.15
3.41
3.ó9
) )a1t

2.87
l.ó0f

TD
TD
TD
TD
GS
TD
TD
TD
TD
TD
TD
ó
CR'.
TD
PM
FM
TD,GS
TD
AC
AC
TD
TD

RP
R-P

RP
RP
GS
GS
TD
PM
PM
PM
TD
GS
GS
GS
RP

H-4.I
H-2.6
Il-0.8
H-0.9

4.0
0.5

H-0.5"
rI-0.2
H-4.7

3.I
H-0.5

8.5
H-I.O
H-r.0

7.r
4.0

H_I.O
2.9

I..I I
1,27
1.87
3;5ó
0.45
I.06
2.54'
7.62
r.45
0.s9
0.70
1.57'
0.93
r.33
0.49
I.55
2.47
2.37
2.64
.3;er
3.04
0:58

ó.3ef
L.57li

3m
3m
3m
3m
I
ly
4-5m
4-5m
3-4m
3-óm

2:w

-6m1 l*/r..t
Idseas
-5m
ly
3d/scas
3'dlscas
2x3m
tl-Sm

IúiSeas
lilkii
I-Iód
I-I2d
I
I
ó-8m
I-2r¡y'scas
I-2ilseas

:Ii2wlseas

2-8m,
.I
I
I "
lilseas

w
w

_ -wrW
s
yr

(2Ð
(21)
(21)
(2r)
(10)
(22)
(8)
(8)
(23)
(24)
(8)

(2s)
(2ó)
QN
(28)
(28)
(2e)
(30)
(3r)
(3t)
(32)
(8)

(33)
(u)
(35)
(3s)

Q2)
(3ó)
pn
(38)
(38)
(38)
(3e)
(40)
(4r)
(42)
(43)

(43)

wsp
wsP
w
SF
WSo
SF2J

w
FWSp
2Yr
2Yr
wsp
Yr
ws
wsp
WF
wsp

Yr
Yr
Yr
sps
Sp
F
l-2Yr
2Yr
2Yr
2Yr

-.;WSLLU

:SPSF
w
F' "
Yr

4-5m
2-.9irt

r.-A-7.L
H-5.5
H-0.8
H-0.5

23 Bune. MTll
24 Grahd function, COll
25 Sanê'Fc, NM
2ó Farmington, NM
27 Ncw Mexico
28 Chicago, ILll
29 Ccntral Maine
30 læwiCion, NY
3l Middlescx, NJ
32 Canonsburg, PA
33 Eastem Pennsvlvania
34 Man4and
35 Oak'Ridgc, lìJ
3ó Raleigh, NC'
37 Florida (non-

mineralized)
38 Florida (mincralized)

L.nn
d.ssi:t: 3\'29'.
1.02
2.97
0.52
0.54
I.30

'- 7.57
3.80i;
t.óef
0.s0
o:srl'

A

A

H

Jl'.

2'I NOVEMBER I98ó

2.751. ,

, 'l:r :Ì::

2.t41 "!2.5tf -R-P i'. lVseas, Yr
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where decay.product concenffarion was tant srud,ies are srill in progress. Nonerhe- ble 2). Taking rhe rat¡o of annual_average romeasured (5). The average (AM) concentra- less, Table I is a approxmraüon to a \r,lnter parameters, u,e find drat results vaÐ'tion ranges from 0 .45 (San
good

Francisco) to 7.ó complete represcnrarion of available results modesdv among rhese srudies, reflecringpCi/litcr (Fargo ,and Easrern Pennsylvania)
Because measurements were performed

srarisrical uncertainties and differences in

bv a variew of rechniques, there m¡1' þç
environmenral conditions or house oPere-

questtons about consistencv in overall cali-
uon. We take the averages of the AM, GM,

bration; and ¡arisrical unccnainries associ-
" and GSD rarios, 0.72,0.81, and 0.89, re-

ated with individual rneasurernenrs mat'be
specivelv, as a reasonable basis for inferring
annual-average parafireters from headng'large for the lou'er cóntenrrations obsen,ed. risk) asscssmenr, an inregrared vear-long season results. In aggregarions where rvinterResulrs caÌibrarion effons measurement ls ideal

.t [and pracdcal rvith dara are normalized ro annual a\/erages, ufeof .the (ó) indicate úrat etchcd-track monttors measunng 222Rn con- therefore muldpll'the winter parameters bypotential inconsistencies in calibration are

of inrerlaboratóry'.
last sevefãl years

99.9 99 95 90 80

likelv ro be small,,coniþared vvith the d.iffer-
the corresponding ratios. More derailed in-

ences in means ,(.Table l). The effect of
formatio4 u'ould-perm it refining this simple

stadstical.unccnainriês oä our aggregare Pa-

approach, but'is unlikely ro change signifi-

ra¡nerers is noted'below
candy the overall U.S. distribution rhar we

Table L does not include all dara sets
infer or the specific resuks that we calculate.

Considering the facrors discussed above,acomulared in the United Srates. For a few two seasons thar require the most careful we have aggregated the dara in several fash-
considerarion.we were not able to acquire thc dara; several

relied.on what appears ro be dre primäry
reterenc'e. In addition, a number of impor-

In four studies, 222R1 measurç,ments have
been made in a sample of homcs
ofthe heating season and again
suÍuner. Winter concentrations

during pan
during the
and aruíüal

0.t
1 000

70 50 3020 10 5 2 1

- ,ái'erages (estimated as the average of winter
and stunmer results for each house) are

__approximarelv lognormallv distribured (Ta-
winter normalization is applied, bv which
d.4ta sets are included, and bv how the

gtouping to yield results thât are more
rdDresentarive of the United Stares as a
whole. The dara serc have been weighted,
not onlv bv the number of homcs ioni-

co¡¡penuadons in the local area) and .wirh.
each set from a srate, rhe srate,s popuiation
(less anv popularion alreadl, .ssoèiai.d *jìf,
cirics).

We have calculated the parametcrs of each
aggr.egare disrriburion using rie AM's,
G.lvl's, and GSD's in Table I, rather rhari
ag-gfcFaring the dara directlv, since the spe-
cific data from some srudies are nor availatle

o

O
o.

tr
fl

10

1.0
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10

0.1

1 2 5 f0 20.30 50 70 80 90 eq

Cumulative probab¡tity (%)
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a GM of 0.85 to 0.89 pCi/lirer (3I to 33 Bq/
m'¡, and a GSD of 2.6 ro 2.9. Table 3 also

case and ings onlt',
obtained d weight-
ings and raw mea-
surement resu.lrs exceeding 8 pCilliter. For
the normalized 22-ser grouping, úre fracdon
of homes excçeding 8 pCilliter ranges from
I to 3%0, implf ing rhat in approximately a

million homes exposure rares exceed 2
WLIWI'6¿¡ in the limi¡ of 1007o occupancy
(5). .Aggregations that include all 38 data
scts have larger means (and tails) than do
comparable 22 - set aggregations, confrming
thc expectarion that sets 23 ro 38 rend to
have higher concenüations than the or}ters.
AIso as expected, with wintçr data normal-
izcd, means and GSD's are,lower than for
the unadjusted data sets. -

The 38 sers represeni,.2l ,stares ând the
22-set grouping 17 statebi both a substantiai

and panicipanrs in energv-conservarion pro-
grams, probably favors middle-class hous-
ing, but low-income housing is represented

[for example, four sets are derived from a

,222Rn.qïqtmx¡
1oo ,. 2oo

- I r;¡ll
,t ' ..300il i:

o
J
o

!

20

t5

10

5

0

0 4

Rn (pCi/liter)

6

number. Although the smaller grouPlng
may inadequatelv represenr the U.S, Mid-
west and South, every major area is rePre-
sented to some exrent in both grouPlngs,
including a notable numb.er of major metro-
politan areas, The general method of house
selection, depending primarilv on volunreers bome out bv direçt counting of the da¡a. average distriburion is nor,onlv scaled down

The comparison is dirpct fpr unnormalizc{ ,þut h-as a smaller GSD. Orhçr unçeç¡:nçieq
number-weighted aggregatrons: lor the 22- aside, the rwo merhods. lognorma_l estima-
set grouping, the lognormal Parameters sug- tion and counting, might bound the real
gcst thar 2.lolo (that is, I I of the 8lV pcrcenrãge in'the tail, for normalized, aggre-

muldciry energv-conservation program (d)].
The most significant resuicrion of the sam-

homes exceed 8 pCilliter, ryþegas the data_
thcmselves'.èontain 24,"distüÚüted among .'

l0 ofthe 22 datasets (6ve each in Fargo andple is thar it reprcsents onlv the approxi-
mi.llion single-family residenccs

gations; as seen in Table 3, these trvo results :'
are qúii{cloie for Ëach?)-sët grouþing.
-- Vfe-also examined the distribution of the

mate\' ó0 Piruburgh,
other íeti). Thus, aggregate lognormal pã:

GM's of the individual dara sers, which for '
the 22'winter-nòrmalized óem appear to be

(9) consdruting about 70o/o of thc U.S.
and one to three in each of eight

housing srcck and a somewhat gïearer per- rarnetcrs might yield a slight underestimate
tail rclative to rcsults

logaormalll' distributed u'ith a GSD of
centage of rhe population. Despire its shon- ofthc percentage in rhe about 2.0. Adding this GSD in quadrature
comings, the available sample appears to be from some more fundamenral to a median GSD of 2.2 from the same data

approximaté representation of .such approach. On the other hand, sets yièlds an overall GSD of 3.0, consisreiit
homes. subject primarily :to the limitation agc obtained bv the direct-count method with thar for¡nd bv acrual aggregation.
rhr. onlv22 (or 38) ereas are sampled. , ,i. with

eggregaüon
the percentl

Rcsults of our anal¡ical approach are .. ,2-,5o/o

Assuming a GSD of approximately 3,

supponed by specific characterisdcs of ,thc ; ed to
uncertalnty
rions vield

formulas for lognormal distribu-
that the smndard uncertainry in'

data. ,For example,. the implication of the:, , disribution of annual average concentra- the mean concentration from a tn:ly repre-
lognonnal. Parameters that about 2o/o of úons, sþce, from Table 2, it appears that, sentative survev in, for example, 750 homes,
homes have levels exceeding 8 pCi/liter is rclative to rüinter measurements, the annual would be abou¡,4olo. However, the uncer-

Tablc 
-2. 

fümparison of .a¡nual-avcragc* to winter parameters.'

normalization (vielding, for example,
for :ëqual weighring).might be expect.
overcstirñate the a'ctual rail for the

I

GM

I

-'- Gaussian

AM

Lognormal
GM = 0.96 pCi/tirer
GSD = 2.84

---- Weibull
scale = 1.SO pC¡/liter
shape = l.2i

AM = 1.74 pCi/titer
ASD = 2.76

'Houscs with
wintcr and I

sumflcr mcâ-
surcments

(n)

Annual-avcrqge
222Rn 

lpci/tirãr¡
_--Win¡cr-onlv . ,Rario ig,.
222Rn trpcilliier¡ u,l,ocation Refer-

encc
AM GM. GSD GM,, ,..,.,GSD AM GM GSDAM

Pacific;NW
Ccnral Maine
Eastern Pcnnsvlvania
Philadelphia, PA area

*0.5 x (s'inrcr + summcr).

2r No\¡EMBER r9Bó

32
58
36
23

3,27
2.86
aEa

2.73

2:18
I:ól'
3,29
2.0r

9.42
L2S.
4.26

l.óó ,'

4.!O
2.6r

2.8 t
3.sr
2.63

0.714 '

0.83ó

9,þ73
0.650

r 0.984
0.8'97
0.g95'
0.817
0.88ó

(21)-
(34'' 

'.(39) |

(3t)

: 4:58 2.97 2.4I11t

2.s2"
3.4I
2.15,

'Avcragc ratio .0.718
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rainry in an aggregarion of rhe kind consid- areas, can be estimated to be about l5o/o for

ered here is considerabh' larger, being domi- the means and a somervhat greater percent-
and age e 8 PCi/liter. This
por- anal as overall results:

rhat AM r(55+7Bqlm3)
th a and above 8 PCilliter

(300 Bq/m3), or GM : 0'9 * 0'I PCilliter
(34 ! + Bq/mr) and GSD of about 2.8'
These results characterize concenffîtions in
U.S single-familv houses onl't' to the exten¡

uncenainw in the fracrion above 8 pCilliter that the homes selected for the 22-set group-

can be estimated directll' from the number ing arc representative of the housing stock.

found (about 20) to be (lAñ) x 2o/o, Ultimatelr', these results can onl,v be tested

from a moderatelv large number of individ-
ual sun'evs (,13). For the same reasons.

vendlation rates are found to be lognormallv

distributed [GSD about 2.0 (8'.¡.¡)]. And,

although a major incendve for studying

indoor pollutanß has been to assess the

effect of infilration-reduction mèâsures de-

signed to lou'er ener5' use (14), wpical
measures reduce infilrration rates onlt'mod-
estl,v (10 to 20o/o), s'ith similar increases in

indoor concentrations (.15). The first-order'
effect of a broad program of infiluation
reduction is úlerefore to shift ¡l. .n¡i¡s ;i:

r22Rn disrribudon slighdy higher' (To rhe

extent that an\' housing class is affected'more

substantially, it is that with higher infiltra-
don rates, '*'hich tend to have lorver inirial'
222Rn concentrations.) Finally, the substan-

rial variabiliry (GSD : 2.0) observed in the
.GM 

arises primarilv from geographic vari-

abiliry in source strength a¡rd is a principal -

consideration in developing methods of lo-

calizing high concentræions (10).
Recènt an¿lvses o¡ 2l2Rtt decay-product

epidemiologlr and dosimet4r, as thev apply

to enùironmental exPosures, vield esdmates

of the individual lifetr-ne risk of lung cancer

due to annual expostrres of 0.2 \4{-M (the

dccav-product exposurc îrom 80o/o occuPan.

cv at i;door 222Rn concenffations of I pCil
liter) (5) that ch¡ster around 0.2o/o, rangíng.
ovcr a factor of 3 in either direcrion (1ó).

Our result of 1.5 pCilliter in single-familv'"r
houses therefore corresponds to a risk of "'
0.3ol0, and, assuming a concentrarion of ,

about 0i6 pefliter in multifamily dwellings
().1, rhe averâge esdmated tisk is slighdy

lower. Furthermore, it appears that approxi-

mately a million single-familv homes may
" have concenrations exceeding 8 pCi/litcr,

implying an individual lifedme risk greater

úran approximztel.t, 2o/o to long-ternl occu-

pana. The occasional house with concentra-

rions exceeding 50 or even 100 pCi/liter
. câuses rwulyi extraórdinary risla. Individual

not onlv for substantial characterization ef-

fons, but dso for úre devêlopment of a more

complete periþective on ëiiüiioirinental"éi:
posures (19). .,

The estimarcd average individual risk of
0.2 to 0.3o/o cofresponds to about 10,000

annual cases of lung cancer in the U'S.

- ; ;,:t-) ., ,l:( .t, ']i ..r 
,

! i il,P, ¡,ü.lr ; '

Tablc 3. R&on-22? concentrqtio.n {iqçrlbg¡loqs for vaiious data selcctions, normalizations, md
wcights.
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Number
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Numbcr
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Eqod

:. !.

r/4
t9ó
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t.ß
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2.81
3: 14

r.ó5
1.94

2.64
2.91 .,,
2.68

a¡at . 'tu1 GSDi AM*þ+
Countcd
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gatedt

Calculatcd
from GM
and GSDS

0.02I (0.1ó)
0.03s (0.2s)

o.M2 (0.27)

" *. ^0,.s?-ó,(0.2Q)

0.97
I.0l

0.85
0.88
0..89

1.3órr' ;,'.r :
r.5ó...-
r.45' 

-',

0.010 (O.09) risks of 2olo

3:3?3,Í3 ïîì .rude úre ro
, 'i¡:,---.:' rant ãcuon ;\1

ir indeed, the f ^

0.051 (o.31) ,'.22¿Rn 'corr-esponds to a risk exceeding
..ilr 0.037 (0.25)::i 100 x I0-s. Such risls:indicate the need,

2.57't it 1.22
z.LL r"07

38 sett (1377 homcs)

3.14
3.08

2.35
2.OL

f,

2.38 r.l3 3.09 2.14
., ."J,8ó.,. -.*CI"gtu*.. 2.96 .,^-, ".^.J,7L-
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this incidence (about I5%) mav be associat-
ed with houses having concentradons ex-
cecding 8 pCi/liter, Thus any program to
rcduce the exþosures of those þresentlv at
high risk could both reduce individual risk
and noticeabll' decrease total population
dose, more or less offsetting the potential
increase (10 to 207o) from reducing infiltra-
tion rates in the entire housing stock.

Finally, the significant avcrage risk and
the subsrantial incidence of high individual
risla suggesç, ttre efficr.y- oF " *o-pr.
approach to controlling'iiRn decay-prod-
uct exposures. One pan would ensure ¡}tat
general building practice avoids measu¡es
th_at significandy increase average levels of
222Rn indoors; rhe venrilarior part of a

current ¡rduftr/ sta¡rdard has this objecrive
and serves efectively as a control on the
avcrage concentration (20).The second part
would provide an explicit exposure limit
protecring the individual: this corresponds
well with the guidelines recommended by
ttre NCRP and internarional agencies. The
present scientific challenge is to develop a

better understa4ding of the fundamenral
factors àfFecçing radon source srrengths,
thcrebv permiting effcient identificarion of
the geo$raphic a¡eas and homes with high
concenuations and providing an effecrive
basis fo¡ reducing unacceptable levels.

Note ødlpd i" p-of.Reduction of concen-
Eationq exceeding 4 pCi/lirer, rhe li¡irir re-
cendy recommended by the Environmental
Protection Agencv, would affect many mgre
homes-about 7%, estimated from our lgg-
normal representation-and would effect a

substan¡ially larger reduction in popgladon
dose (2Qø).
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