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Exposure to Atmospheric Radon

Daniel J. Steck,’ R. William Field,? and Charles F. Lynch?

"Department of Physics, 5t John's Univarsity, Collegaville, MN 56321 USA; *Department of Proventive Medicine and Environmental
Health, University of lowa, lowa City, |& 52242 LISA

We measured radon (“2Ra) concentrations in lowa and Minnesota and found that unusually
high annual average radon concentrations occur outdoors in portions of central Morth America,
Inn some areas, outdoor concentrations exceed the national average indoor radon concentration.
The general sparial patterns of outdoor radon and indoor redon are similar to the spatial distribu-
tion of radon progeny in the soil. Ourdoor radon exposure in this region tan be o sobstantial frac-
tion aF an individual's voral rdon exposure and is highly variable across the population. Estimazed
liferime effective dose equivalents for the women participants ina radon-related lung cancer siudy
varied by a Factor of two ar the median dose, 8 mbv, aml ranged wp to 60 mSy (6 rem). Failure o
include these doses can reduce the statistical power of epidemiologic studics thar examine the lung
cancer risk associated with residential madon exposure, Koy words outdoor exposures, mdiation,
radon. Envirgn Health Perpect 107:123-137 (1999), [Qaline 12 January 1999]
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Prolonged exposure to high concentrations
of radon decay products has been associaned
with increased hing cancer risk lor s,
Although studies of underground miners
have provided estimares of rdon exposure
risks in homes, residential epidemiologic
studies have produced statisically equivocal
resules £7), Maost residenoial studies only
measure the contemporary radon pas con
CentraEion in one or two rooms of @ per-
MEITIIH CHTIEN: ]1(][]1.!’.'. EVEn I!'l(JLi;_rI]'l an i!l(“.-
vidual's risk is believed to be proportional
ta their cumulative radan exposure. These
studivs assume homopeneity ol radon with
in the home and exposures outside the
home thar are relavively low and uoiform.
Recent sensitivity analyses suggest chae
cErors or omizsions in radoen exposure
assessment reduce the ability of epidemio-
logic studies with a small sample sive 1o
derect an effect, if ane exises (2,3),

The worldwide, population-averaged
radon concentration is estimared o be 1D
E-c|."m"' (.3 pCil vurdoors and 40 En:||'1TI'§'
(L1 pCil) indoors {4), [n the Uniced
States, these averages are estimated to be 15
F!lq.l'rrr1 (L4 pCifl) outdoors (5) and 34
Ba/m? (1.5 pCifl) indoors (6,77, Ourdoor
racdton estimates are based on sparse, ofien
short-term, measurements. Even in the
Unirted Srares, where rhe Indoor Radon
Abarement Act (Public Law 100-351,
1988) establishes a goal of reducing indoor
radon levels o local armospheric levels, few
fong-term outdoor radon measurements
have been made (8,4,

Methods

We investigated the relacionship berween
indoor and vutdeor radan s par of a
caseecontrol study, the lowa Radon Lung
Cancer Study (IRLCS) (Tih, We measured

annual averase atmospheric radon coneenera-
rioms ar 111 Tocatons in lowa and 69 loc-
tione in Minnesora 1o assess the impact of
racdon ciposires ourdoors on overll cumula-
e redon exposures. Becanse IRLCS parict-
peunts were selected From all pars of Towa, we

sampled uniformby across that smte with sices.

separated by about 40 km {Fig. 1), In
Minnesora, we investigared spatial variarion
aver small and large distances by sampling
conties adjacene o and disane from Towa
Unlike che lowa survey, most Minnesots
countes had from 1 w0 15 sives, Minnesota
atte Towa courties sire roughly 50 550 kmin
size, Minnesata i roughly S50 % 340 ko and
lowa 1e: 320 3¢ 450 ko,

Cenwral Norch America has diverse phys-
wpraphy aml dimare, Maose of the sucbice is
covered by thick slacial cill. Winrers are
extremely cald and summers are quite hor,
The temperature varies spatially in such 2 way
that the northernmost sampled areas have
rwice the heating degree-days bt only 20%,
of the coaling degree-days as compared o the
southernmost areas. Moderarely high winds
aceur during most seasons, Precipitation i
sufficient to support erees in the cast bur
grazses dominate the wese. This region iy
apen and extensively fanmed excepr for the
forested areas norch of 46° lainede and east of
Y2 Jangitude, The population in both stite
is eoughly evenly divided berween uban and
rural dwellers,

In Lows, TRILCS Beld persannel placed
detectars oudoors in epen areas staming in
the fall of 1993 and extending through the
winter of 1998, At each site, an alpha ceack
detector was énclosed in protective housing
and deployed ara hetrhr of 1.5 m for 1 year.
The detector uses LANTRAK {Landauer,
Inc., Glenwood, 11} enclosed 0 a 300-m|
aluminum fileered chamber. The 2-cm? ares
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chips are etched for 6 hr at 73°C and read
under 100 magnification untdl more than
150 rracks in three or more separate reglons
are counted. We repeated the vear-long mea-
surerients av five sites o study vear-to-year
variation. At four sites, detecions were placed
it heighes of | and 2 m, respeervely. n
Minnesora, homeowner volunceers placed
detector modules in thelr yards lrom
November 1995 o December 1994,

We have determimed thar the rmandom
varation of our outdoor detectors for total
exposurcs of 40 By yearsim? (1.1 pCrpeaml)
i approximacely 10% by exposiog groups of
derecrors: in radon chambers and homes, Tn
field exposures, 13 duplcare pairs showed a
74 coetficient of vanaton {COV) for vem-
]{'-lng CHPOSUTes 10 CONCENTIATIONS Fanging
fram 10 o 50 Bg/m®. A Wilcoxen signed-
ranks test detected: no-sastically stgnifican:
difference berween the duplicare pairs (p =
.2} Minor contiminasion from derecror
manufacturng and exposure during storage
limit the lower level of detection w4 Bg/m?
e s veste-long exposure. We exposed cighe of
our derecrors along with five RAIYTRAK
detectors side-by-side ar one site where the
annual sversze radon concentrarion was 10
Bafm The COV of our detectars was 14%,
ane the mein agreed within instrumental
variation {4 Bg/m?) with the mean of the
RADTRAK cluster. Our outdoor radon
detectors have been exposed in calibradon and
qualinv-control exercises conducted by the
LLS. Diepartment of Energy Environmental
Measuremenes Lab (EML) and LS. EPA
Hadon Measurement Progeam (RMP), The
average relative error of our detectors was
within -3% and -8% in twe EML teses for
nnm:.}l—mi’nivulum exposures at 20 Byfin® and
30 Bgfm?, respectively, Tn rwo RMP eeses for
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Figure 1. Sampling site locstions. Data for the wo lecations sampled in the netionsl ambient survey are

fram Hopperetal (5

Tahle 1. Stavstical summary of annual everage outdoor aad indoors radon coneentrations

G Aorerage Range

Location No Brytm (A1) GBS0 Bag/m(pCil} Bo/mHpCit}
futdeor

| oo 1 29 {0-TE) 1.4 30 iR T-55{0.2-1.5

Minnesolis fid 19 (052} 1.8 22 1060} 4-55{d1-1.5)

Comhinad 175 25 (6B} 14 231075 $-55{0.1-1.5
Barroom

lowa 1,039 90{2.5) 22 12413.3) -1, 106H0.2-30]

Minnesota 123 100 {27 i 142 13.8) 161,200 10.5-33)

Cambined 1,167 91 |25 2 126 13.4) 11,2001 0:2-33)

Alhroviatons G, ggometri
"All dismnsuaons ace Jog-noms

anml-equivalent exposunes of 10 Bofm? and
20 Bafim?, thie detectors were within -8% and
+7% of the accepred value,

Indaor redon concenrratons weee also
measured in omes located near the ourdoor
samipling points, The averase snnual radon
concentration in the currene bedroom of a
subject (and up 1o six additional rooms} of
039 lowa homes was measured with
RALTRAK detectors as part of the TRLAS,
Participancs in that study also provided
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detmiled informartion abour the ime thar
they spent ar different locsions inside and
cside the home (18, In Minnesow, 128
bedrooms were measured for radon coneur-
rent with the outdoor survey.

Results and Discussion

Fable 1 shows that high ourdoor radon
coneentratiens were found in a populared
region of ceorral MNorth America; The high
concentrations persist for a year or more

and cover substantial areas of lowa and
Minnesora, The median ourdoor radan
acrass this region {25 [iq-"m-"; 0.7 pCidl) s
abour rwice the nationdl cutdoor median
(5, It exoeeds the indoor medians for liv-
ing areas as reported by epidemiologic
studies in New Jersey and Connecticot
(4L 13 In lows, our measurements sug-
gest that the populaton-weighted, averape
ourdeor radon concentration is 28 Ba/in,
L somae norcdhrwestern bows and souchwes-
ermn-Minnesora counties, the outdoor mdon
concentrtions exceed the natonal sverage
indoor radon concentrution (6,7, Low
ourdeor radon concentrations (=10 Bgl/m?)
were abserved in norch-central Minnesota
amd inea few areas o eastern lowa, The
median indoor radon concentration in
lerwit is also substantially higher than che
L% narional indoor median (6,7,

The resulis from both eurdoor and
indoor measurements matched well across
the lowa-Minnesora border despite the dif-
ferences in sampling and protocol in these
rwo states, Our results arein seneral agred-
ment with the narional ambient survey
(MAS) resulis for
Minneapolis (3). Although the outdoor
average in lowa exceeds the annual average

lowa City and

of any site reported in the NAS, aur mea-
surements 10 lows Cliry agree within aggre
pated instrumencal, spatial, and temporal
unecrtainties {7 ["H'.|.I'II1I:'!'I:‘ with the measare-
ments of the MWAS, Our nearesr measare-
ment 10 Minoeapohis {100 km) was wirhin
2 Bgfen? of the NAS result, and the value
of the surdoor mden contour map derived
fromn our data, as deserbed below, is within
4 Hf!."ITIi of the MAS resulr,

The sampling density used in fowa is
sufficient for most radon assessenent tasks,
av-we found thar the small-scale sparial
vatkation in Minnesota {within a counry
GOV -25%) ts much smaller thian the
Lirge-seale variarion (sratewide -80%).
This etfect was observed in counties with
hugh and low ourdoor radon

Elevated outdoor radon concentrarions
have been reported previousiy for a few
locations: Mose of rhose measurcments
covered shorter thmes or were associared
with unusual localized surface geology or
mining { f3-759. A study in nearby
Mamitoba, Canada (200, vbeerved elevared
levels during one summer, bur nor the
tiext. Although we have abserved cemiporal
changes of a factor of rwo during periods of
urnusial weather (see i:ig. 21 we saw o SIE-
nificane year-to-year changes {<15%) at
five sites, This observation is in agreement
with other long-term studies (27-29),
There was no significant difference
between desectors placed ac 1 and 2 m, in
agreement with earlier reports (8,9, 36-28).
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o investigare sparial parrerns, outdoor
and indoor radon contour maps were con-
structed from the poine dara. These dars
were analyead for directional correlation
using the program VARIOWIN. The best
VARIONWIN model csablished the parame-
tets for & kriging algorithm on grid nodes
separated by about 10 ko o the contonring
progrm SURFER, Patcerns can be seen in
thase regions that were uniformly sampled,
sonth af 435N latirude. Figure 3 shows
there 1w amilariey in the spanal patterns of
outdoor and mdoor radon concentrarions
with elevared concentrations in western
[owa and wd that extends southcasier-
Iy ﬁ-._nc:_a___..._ sonthern lowa. More that arvas of
western fowa have average ourdoor concen
trations comparable to indoor concentra-
rons o ancis of southeistern Towa

County-average, residual radon proge-
ny concentrations i the soil (Fig 4Bj are
highest in northwestern lowa-—southwest-
em Minnesota and lvwest in poch-central
Minncwota (29300, The same i troe for
oniddoor (Fig. 4A) and indoor radon con-
comtrations [map not shownl, This parrern
suggests that the local seils may play a sig
athicam concributory rale 1o the elevaced
autdoor and indoor radon, even L:Emr
their radon content is below the national
avetage. These qualiiative observations of
paecer sl iy are supported by sigmifi-
on berween the county medi-
o ineloor madon, and
fadon in the seil derived from the
Minnesora poine dara sers, For example,
there is moderately sirong correlation
between ourdoor and indeor radon (r=
0.7; p = 0.1) for the six Minnesot countics
with three or mare outdoor and indoor
measurements. On an individual site scale.
the correlanon was not significam (r=02,
p o= 0.2 for G2 siwesh, In lowa, where the
radon in the soil does nor vary as much as
in Minnesota, the correlation was positive,
Ltie oot siggr ne{r=0,1. p= 0.3}

Eifective dose equividents from ourdoor
raclon in centrl North America cin be sig-
ntlicant. Radeon-relared dose models are sl
heing refined, and the doses desceribed here
are estimates, Eifective doses wo the individ-
watl depend on many lactors inchuding mdon
concentration, cxposurc time, and the chiar-
scteristics of the radon decay produces. [n
particular, some locations can show swnifi-
cant dinrmal radon concentration patterns,
periods correspoanding 1o the sl
carly morning weather and low radon per-
ods occurring during the mrbulent Lae
afeernoon. However, the maximum, averape
hourdy deviation from die mem at our two
sites was only 15% for the site monitored
for 35 _,,_._u..m and 50% for the site moniteed
{or 5 days, Many people in this region spend

comsiderable time ourdoors engaped in wock  indoor exposure (4,31). The enhancement is
ane recreation. n, outdoor expo-  due to the increased values for unartached
sure is mare effective in delivering dose than radon progeny fraction ..H-_ ). equilibrivm

-

R {Ba/md
£

An | Bafmdi

Figure 2 Shert-term temporal venations of cutdoor redan concentrations messured with continuaus
radon monitors. (A) Fie summer days of houry average raden concentrabons ot 1 m measured with &
confimuous radon monitor in southeastern lows; the onususl concentrations accurred dunng strong tem-
parature inversions, {B) Ffty-theee sutumn days of haurly sverage radon concentrations messured wath &
continuous fadon moniter m central Minnesotz; the elevated concemrations occurred duting a penad of
unseasonably warm, stable weather following a hrbulent period. The shorl-term average radon concen-
trations were conmstent witha 8% of the year-igng alpha track dotector results at bath locations:

¥ - ] L ] 5 5 L 1]

Figure 3, Radon contour maps. |A] duidoor ragon contour mag, (8) Indowr redon contour map. Scales tor
A and B are oolor goordingted and logarithmic.
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Figure &, [Al County-gvarane outdoor radan concentrations and (B} radon progeny in the surface soil @sti-
mated Trom MNational Uranium Besource Evaluation data (28), White areas show counties whers no radan

measurements were made,

braction (F), and breachiog rae ourdoors
[32-34), We have adopted the ICRIPS effec
tive dose equivalent model for mdon in this
repart, This model includes a 0.3 correction
Facror thar brings the deose calculared From
dctvity siee mestsurements into-agreement
with epidemiologic cffective dose estimarcs.
Recent measurements of armospheric decay
product characreristics in states near lowa
sugpest thar the effective outdoor dose
eguivalent rate 56,7 I!SH“':]E'J.IlI:EtllIJI_i']. We
also adopred the I1CRTs dose rare effecrive-
ness coefficient for indoor exposures, 2.3
nSvehe i Bgrnr?) (310, W note that the
Lnited Mations Scientific Committes on
the Effects of Aromic Radiation '93 esti-
mates that the outdoor dose enhancement
factor for the worldwide-average sinarion is
twa, which is slightly smaller than the
enhancement facror we use (4. Given the
larpe uncerminges associared wich these dose
caleulations, we give our estimates with one
significant figure.

While continuous exposure 1o the highess
ourdnor radon in cthis region would produce an
effective dose rare of 3 mSw/vear (0.4 pSvihe),
ir i likely thar maximally exposed individuals
(e farmers and laborers) would receive Jess
than half thar amounr, Nevertheless, |
m3vlyear from outdoor radon would excesd
the dase rare from many other natural (eg.,
cosmic 0.4 mSviyear) and anthropogenic
sources {e:g., dental x myvs -0.1 mSwlyear) (3
Far the general populaton of lowa, we cso-
maze thise the sverage effective dose equivalent
race would be 0.3 mSv/vear based on being

126

expoged e the pnpulallmnawc'l%hwd outdoor
radon concenrration (28 Bgim”) for 20% of
the time {4

We caleulared the toral effective dose
rate equivalent for each participant of the
IRECS based an where they spent tine
(35, on measured radon concentrations in
their home, and on estimares for the radon
concentration in other locations. Ourdoor
doses were based on a local average for our-
dooe radon concentrations derived From our
measurements, the HORP effective equiva-
lenr dose rate cocfficient reported for near-
by stares, and the individual's seported time
oucdoors (3], IRLCS participants, women
berween 40 and 85, spent an average of 820
of their lifetime ourdoors. Workplace radon
concentrations were cstimared ta be 50% of
the local first-floor home average. (This
model was based on messurements of the
radon exposure of working wamen in
Minnescta.) The radon EXpOsUre 1 spaces
that the participants occupied while away
from their home was estimated to he 335
Bg/m?, the average of national ourdoor and
home radon concentrations (571, We did
not include an adjustmene for divrnal vana-
tion outdones because our continuous mon-
iroring at rwo sires {Fig, 2) did not show a
comsistently strong divenal pattern, and the
licerature repores significant ditference in
the diurnal pattern over space, time, and
weather condinons (8,27,

The caleulared dosc rates were log-nor-
mally diseributed, with 2 mean of 012
mivivear and geometric standard deviation

(5D} of 2.0, For these participants, local
outdoor raden contributed approximately
1%, on-average, to thetr roral radon-refac-
ed effective dose rare: Clurdoor dese rares
accounted for 0-72% of an individual's
totad dose, Curdoor doses were higher than
home indoor doses far 1% of the [RLCS
participants:

Liferime ourdoor cumulartive doses
were ealculared from the producr of che
local outdoor dose mee dmes the individ-
ual's age under the assumprion thar an
individual lived her entire life in her cur-
rent local area. Lifetime cumulative effec-
tive doses for outdoor radon were log-nor-
mally diseribured, with a geometric mean
of & m&v (80D mrem) and a geomerric 5D
of 2.1, The maximally exposed individual
in this group had a cumulatve effective
dose of 60 m&vas a resulr of spending 374%
af her 76 years outdoors in 35 Hq."ma.
Liferime doses from all radon-relaged expo-
sures Tanged from 60 o 800 mSyv, The
averspe cumnulative exposire was 150 mSv,

Ourdoor radon concentrations of the
magninle and vamabilioy deseribed in this
report can reduce the validity and satistical
pawer of an epideminlogic study, The work
of Lubin et al, (2.3 suppests-thar the statis-
tical power of a study such as che IRLCS o
detect a risk of exposure to environmental
radon is reduced by the omission of our-
door radon doses roughly proportonal w
the percentage of dose omitted. The exact
magnitude of the loss of power will depend
on the details of the analysis and the dosc
distributions. For example, il we separated
the [RLCS participants into toral radon-
related dose race quincles rather than juse
domestic radon-related dose rate quinles,
then 60 of 407 (15%) of the cases and 7%
ol G0 (12%) of the contrals would change
classificarion quinaile,

Conclusions

A failure o ke ourdonr doses into accounm
could affect the results of other epidemio-
logic studies that have been conducred
nearhy, like those in Missouri (36) and
Winnipeg (37, parsieubarly i their particr-
pants spent mofre time outdoors than the
IRLCS parmicipants did. 1f accurare cumula-
tive radiztion dose assessment is imporiant,
then cumulative exposure gstimares should
include outdoor radon exposures,
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