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5.1 OVERVI EW

Radon is a product of the natural radioactive decay of uranium which
occurs naturally in the earth's crust, to radiumand then to radon. As radi um
decays, radon is formed and is released into small air or water-containing
pores between soil and rock particles. If this occurs near the soil surface,
the radon may be rel eased to anbient air. Radon nay al so be rel eased into
groundwater. If this groundwater reaches the surface, nobst of the radon gas
will quickly be released to anbient air, but snmall anmobunts nmay remain in the
water, By far, the major source of radon is its formation in and rel ease from
soil and groundwater, with soil contributing the greater anount. Snaller
amounts of radon are released fromthe near surface water of oceans, tailings
frommnes (particularly uraniumand phosphate mnes), coal residues and
conbustion products, natural gas, and building products, such as concrete and
bri ck.

The ultimate fate of radon is transformati on through radioactive decay.
Radon decays only by normal radioactive processes, that is, an atom of radon
emts an al pha particle resulting in an atom of polonium which itself
under goes radi oactive decay to other radon progeny. There are no sinks for
radon; therefore, small ambunts of radon are |l ost to the stratosphere.

In soil, radon is transported primarily by al pha recoil and nechani ca
flow of air and water in the soil. Alpha recoil is the process by which
radon, when it is formed by radiumenitting an al pha particle, actually
recoils in the opposite direction fromthe path of particle ejection. After
radon is released into the pore spaces, its ultimate release to anbient air
a function of the soil porosity and neteorol ogical factors, such as
preci pitation and atnospheric pressure. Once radon is rel eased to anbient
air, its dispersion is primarily determ ned by atnospheric stability,

i ncluding vertical tenperature gradients and effects of wi nd.

Transport of radon in indoor air is alnpbst entirely controlled by the
ventilation rate in the enclosure. Generally, the indoor radon concentrations
i ncrease as ventilation rates decrease

I n groundwat er, radon nmoves by diffusion and, primarily, by the
nmechani cal flow of the water. Radon solubility in water is relatively | ow
and, with its short radioactive half-life of 3.8 days, nmuch of it will decay
before it can be rel eased from groundwat er

Radon levels in anmbient air vary with the type of soil and underlying
bedrock of the area. Avail able neasurenents indicate that the nean val ue for
at nospheric radon in the contiguous United States is approximately 0.25 pC
radon-222/L of air (9 Bg/ni). However, neasurenents of air fromthe Col orado
Pl at eau show radon levels up to 0.75 pG radon-222/L of air (30 Bg/m).

St udi es of indoor radon levels indicate an average concentration of from1.5
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to 4.2 pC radon-222/L of air (55 to 157 Bg/nm) (Alter and Oswal d 1987; Nero
et al 1986).

Groundwat er supplies in the United States have been surveyed for radon
levels. In larger aquifers, average radon concentrations were reported to be
240 pG (8.8 Bg) radon-222/L of water, while in smaller aquifers and wells
average | evels were considerably higher (780 pC radon-222/L of water; 28.9
Bg/L) (Cothern et al. 1986). These differences in radon |evels between |arge
and smal |l groundwater supplies are a reflection of the type of rock which
surrounds them

Measurenents of radon in soil are expressed in ternms of levels in soilgas.
However, these neasurements do not directly relate to rates of radon
rel eased to the atnobsphere. Factors which affect radon soil-gas |evels
i ncl ude radi umcontent, soil porosity, nbisture content, and density.
Techni cal |y, measurement of soil-gas is difficult and there are few studies
whi ch report such data

Del i vered dose of radon and its progeny can only be estimated by conpl ex
mat henati cal nodels. Therefore, exposure, both occupational and
environnental, will be discussed, primarily in terms of radon levels in the
air. However, sone estimates of daily intake have been nmade. Daily intake of
radon originating outdoors is estinmated to be 970 pG (36 Bg) radon-222/day
(Cothern et al. 1986). Exposure fromindoor radon is higher due to
concentration of levels fromlack of ventilation and other factors. Tota
daily intake of radon originating indoors is estinmated as 8,100 pC (300 Bq)
radon- 222/ day, assuming a breathing rate of 20 ni/day. However, daily intake
i s dependent on tine spent in and outdoors and on breathing rate (Cothern et
al. 1986).

Radon rel eases to the environnment (primarily indoor |evels) from
groundwat er al so contribute to environnental exposures. The daily intake of
radon originating fromdrinking water only is estimated at 100 to 600 pC (3.7
to 22.2 Bq) radon-222/day both fromingestion of drinking water and inhal ation
of radon rel eased fromdrinking water (Cothern et al. 1986). Radon rel eases
frombuilding naterials contribute little to potential exposure.

Cccupati onal exposure to radon results from enpl oynent in urani um and
other hard rock mning, or in phosphate m ning. Persons engaged in urani um
mning are believed to receive the | argest exposures, although the nunmber of
persons enpl oyed in uranium mning has steadily decreased in the past 9 years.
Measur enents of radon progeny in these nmines from 1976 to 1985 showed annua
mean concentrations of 0.11 to 0.36 W. (22 to 72 pC radon-222/L of air; 800
to 2,664 Bg/m) (N OSH 1987). However, levels in phosphate nines neasured
during the sane period showed a | arger range of nean levels (0.12 to 1.20 W,
24 to 240 pC radon-222/L of air; 888 to 8,880 Bg/m). Radon exposure in
underground nmines is continually being reduced due to inproved engi neering
controls (NI OSH 1987).
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5.2 RELEASES TO THE ENVI RONMENT
5.2.1 Arr

Because of the extended half-lives of uraniumand radiumand their
abundance in the earth's surface, radon is continually being formed in soi
and released to air. This normal enanation of radon fromradium 226 in soils
is the largest single source of radon in the global atnosphere (NCRP 1984a).
Usi ng average enmnation rates from avail abl e neasurenents, Harley (1973)
estimated soil emanation of radon to be on the order of 2x10°G (7.4x10" Bq)
radon-222/year. This estimation is equivalent to 1,600 pG (60 Bg/cnf)
radon/cnfsoil/year (Harley 1973). The emanation rate at a particul ar
location is highly variable and is affected by nany factors, including
barometric pressure, conposition of soil, and soil npisture and tenperature.
Usual ly, less than 10% of radon in upper soil layers is released to the
at nosphere (Vilenskiy 1969). Some radon is rel eased by plants through
evapot ranspi ration. However, the anount rel eased has not been estinated
(Taskayev et al. 1986).

Groundwater that is in contact with radi umcontaining rock and soil wll
be a receptor of radon emmnating fromthe surroundi ngs. Wien the groundwater

reaches the surface by natural or man-made forces, this radon will be rel eased
to air. Although nost of the radon present in groundwater will decay before
reachi ng the surface, groundwater is still considered to be the second | argest

source of environnental radon and is estimated to contribute 5x10° Ci
(1.85x10" Bqg) radon-222/year to the gl obal atnosphere (NCRP 1984a). Radon is
al so rel eased fromoceans, but only fromthe near surface water, and in
amounts that are an order of magnitude | ess than that from groundwater

Radi umin oceans is largely restricted to the sedinments where it cannot affect
atnospheric | evels of radon (Harley 1973).

Tailings from urani um nines and residues from phosphate nines both
contribute to global radon in the approximate anount of 2 to 3 x 10° G
(7.4 x 10" to 1.11 x 10" Bg) radon-222/year. Although these sites are not
nunerous (in 1984 there were 50 sites containing uraniumtailings), emanation
rates to air nay be substantial. It is estimated that 20% of the radon fornec
intailings is released and that enanation rates can be as high as 1,000 pC
(37 Bg) radon/ nf/ second (NCRP 1984a).

Coal residues and conbustion products, as well as natural gas, each
contribute to atnospheric radon levels to a mnor extent (NCRP 1984a). Coa
and natural gas, at the time of conbustion, release radon to air. Coa
resi dues, such as fly ash, contribute very snmall ampunts to atnospheric radon

Sone building materials rel ease very snall anmpbunts of radon. However,
the maj or source of radon in single famly dwellings is the soil directly
under the buil ding (NCRP 1984D).
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According to the VIEWdat abase, 14 NPL sites reportedly contain radon
above background levels (VIEW 1989). The frequency of these sites within the
United States can be seen in Figure 5-1. Quantification of the |evels found
is not avail able. However, the majority of the radon rel eased would be to
air.

5.2.2 Water

The amount of radon released to groundwater is a function of the chem ca
concentration of radium 226 in the surrounding soil or rock and in the water
itself. H gh radon activity is associated w th groundwat er surrounded by
granitic rock. The physical characteristics of the rock matrix are inportant
also since it is believed that much of the radon rel eased diffuses al ong
m crocrystalline inperfections in the rock matrix (Hess et al. 1985). Radon
is rarely found in surface water due to the fact that it is rapidly rel eased
to the air when the water reaches surface levels (Mchel 1987).

In a reanal ysis of published data, Hess et al. (1985) reported a
geonetric popul ation average of 187 pC (6.9 Bqg) radon-222/L of water in over
6, 000 sanpl es of groundwater supplies for public use. In contrast, sanples of
surface water supplies indicated that the average | evel of radon was 1 pC
(0.037 Bqg) radon-222/L of water

5.2.3 Soi

As stated in Section 5.2.1, soil is the primary source of radon. As
such, radon is not released to soil but is the result of radioactive decay of
radi um 226 within the soil. The radon concentration in the soil is a function

of the radium concentration, the soil noisture content, the soil particle
size, and the rate of exchange of air with the atnosphere (Hopke 1987). Hopke
(1987) states that normal soil-gas radon neasurenents are in the range of 270
to 675 pC radon-222/L of air (10,000 to 25,000 Bg/ni). However, |evels
exceedi ng 10,000 pC radon-222/L of air (370,000 Bg/ni) have been docunent ed.

5.3 ENVI RONMVENTAL FATE
5.3.1 Transport and Partitioning

Emanation is the process by which radon is transported froma solid to a
gas or liquid nedium At the soil particle level, radon gas is transferred
fromsoil particles into pore spaces (gas- or liquid-filled spaces between
soi|l particles) primarily by al pha recoil. Al pha recoil occurs after radi um
decays by emitting an al pha particle. After the particle is ejected, the
resulting radon atomactually recoils in the opposite direction. Al pha recoi
results in breaking of chem cal bonds in the solid, physically noving the atom
to a different position, and damagi ng the crystal structure. The radon atom
may recoil to a position fromwhich it will not be rel eased (enbedded in the
same particle or in another particle) or may recoil into the pore space from
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which it may nove by diffusion or convection toward the soil surface. |If the

pore space is filled with Iiquid, any radon atons which recoil into it wll
travel slower than those that recoil into air-filled spaces (M chel 1987).
Al t hough al pha recoil is believed to be the major process of radon rel ease

fromsolids, diffusion fromvery small pores near the particle surfaces and
along inperfections of the crystalline structure of the particle also occurs.

Once radon enters the pore space, it is transported by diffusion
convection, and flow of rain and groundwater. The diffusion constant for
radon is approximately 10°cnf per second in air and 10° cnf per second in
wat er (WHO 1983). These constants indicate that diffusion of radon is a
relatively slow process and that its nmovenment is, therefore, prinmarily
acconpl i shed by nechani cal transport of air and water in the pore space.

The actual release of radon fromthe pore space or soil-gas to anbient
air is called exhalation. The rate of this process is a function of many
variabl es including the concentration of radon in the soil-gas, the soi
porosity, and neteorol ogical factors such as precipitation and variations in
at nospheric pressure (WHO 1983).

Behavi or of radon at the interface between soil and anbient air is not
wel | under st ood. However, once radon reaches a height of approximately 1
net er above the soil surface, its dispersion is predominantly determ ned by
at nospheric stability (Cohen 1979). This stability is a function of vertica
tenperature gradient, direction and force of the wind, and turbul ence.
Tenperature inversions in the early norning act to produce a stable atnosphere
whi ch keeps radon concentrations near the ground. Sol ar radi ation breaks up
the inversion, |leading to upward di spersion of radon which reverses with
radi ant cooling in late afternoon (Gesell 1983). In addition, general trends
in air turbulence lead to nmaximumlevels in air in the early autumm and early
wi nter (when turbulence is generally less) and |lower levels in air in the
spring due to increased turbulence (Mchel 1987). In the absence of these
factors, radon levels in air decrease exponentially with altitude (Cohen
1979). Thi s phenonmenon has been studied by sanmpling and many nodel s have been
derived to fit the data (WHO 1983).

Sources of indoor radon include entry of anmpunts rel eased beneath the
structure? entry in utilities such as water and natural gas, and rel ease from
building materials. The greatest contribution is that fromradon rel eased
fromsoil or rock (Nero 1987). Entry occurs primarily by bulk flow of soilgas
driven by small pressure differences between the |ower part of the house
interior and the outdoors. The pressure differences are primarily due to
di fferences in indoor/outdoor tenperature and the effects of wind (Nero 1987).

Transport of radon in indoor air is primarily a function of the
ventilation rate of the encl osure. Under nost conditions, the indoor radon
concentration increases in direct proportion to the decrease in ventilation
rates (WHO 1983). However, in some indoor radon studies, radon concentrations
showed greater variability than could be accounted for by ventilation rates.
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This was said to suggest that the strength of the radon source was the main
cause of the wi de range in observed indoor radon |evels (Nero 1987). Behavi or
of radon in enclosed areas has al so been extensively studied and predicted by
nodel i ng (Ei chhol z 1987; Jonassen 1975).

Transport of radon daughters indoors has al so been extensively nodel ed.
Transport is primarily a function of the rate of attachment of radon daughters
to particles, the concentration and size of the particles, and the rate of
deposition. A major conplication of nodeling both radon and radon daughter
transport indoors is that the ventilation rate acts both to increase flow of
radon into the structure and to renove radon and radon daughters fromthe
structure (Nero 1987). Ventilation rate also acts on the novenent of air
i ndoors causing variations in radon concentrations fromroomto room as well
as within a room

Mechani sms for transport of radon in groundwater are much | ess conpl ex
than those for other nmedia. In fact, transport of radon in groundwater is
acconpl i shed by diffusion and, primarily, by the mechanical flow of
groundwat er. As previously stated, the diffusion coefficient of radon in
water is sufficiently low so that diffusion is only inportant for novenent in
very small spaces (such as pore spaces). The solubility of radon in water is
relatively low (230 cni radon-222/L of water at 20°C) and, due to radon's
relatively short half-life, nuch of it will have decayed before the
groundwat er reaches the surface. However, that remaining in solution will be
qui ckly released to anbient air once it is encountered. In areas where
groundwat er has high | evels of radon, release from groundwater nmay
significantly affect anbient air |evels.

5.3.2 Transformati on and Degradation
5.3.2.1 Air

Regardl ess of the surrounding nmedia, radon is transforned or degrades
only by radi oactive decay. There are no sinks for radon, and it is estimated
that only negligible anbunts escape to the stratosphere (Harley 1973).
Theref ore, degradati on proceeds by al pha-emi ssion to form pol oni um 218. As
stated in Table 3-2, the half-life of radon is 3.82 days. The half-lives of
t he progeny are nuch shorter, ranging from approxi mately 0.0002 seconds for
pol oni um 214 to 30 minutes for |ead-214.
5.3.2.2 Wt er

See Section 5.3.2.1.
5.3.2.3 Soi

See Section 5.3.2.1.
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5.4 LEVELS MONITORED OR ESTIMATED |IN THE ENVI RONVENT
5.4.1 Arr

The nost conprehensive conpilation of data on radon levels in outdoor air
was reported by Gesell (1983). Measurenents were taken over the continenta
United States, Hawaii, and Al aska. The hi ghest concentrations were found in
the Col orado Pl ateau, which is a region containing high | evels of uranium as
well as mnes and uraniumtailings. Measurenents in this region ranged from
0.5 to 0.75 pG radon-222/L of air (18.5 to 30 Bg/ni). Average val ues from
the continental United States ranged fromO0.12 to 0.3 pC radon-222/L of air
(4.4 to 11 Bg/ni). Based on these and other data, Mchel (1987) states that
t he nmean val ue for atnospheric radon in nornmal geol ogical areas of the
contiguous United States is approximtely 0.25 pC radon-222/L of air (9
Bg/m) with a range of 0.1 to 0.4 pCG radon-222/L of air (4 to 15 Bg/ m).

Data reported by Fisenne (1987) indicate variability of radon levels with
time. In continuous data (9 years of hourly measurenents), both diurnal and
seasonal patterns were observed. Diurnal variations showed an early norning
peak and a drop in the afternoon. Seasonally, |evels were highest in early
autumm and lowest in early spring.

Radon concentrations in air decrease with height fromthe soil surface.
Several investigators have nmeasured radon levels in the troposphere. Mchta
and Lucas (1962) neasured 0.007 pC radon-222/L of air (0.26 Bg/ni) at 25, 000
feet. Conparabl e neasurenents have been taken over Al aska and the
sout hwestern United States (Harley 1973).

Al t hough there are many studi es which undertake to quantify radon in
i ndoor air, the work of Nero et al. (1986) is the npbst conprehensive and the
nost often cited. This study reanalyzed up to 38 small data sets, of which 22
wer e consi dered unbi ased. Biased data were those collected from areas where
hi gh radon concentrati ons were expected. On the basis of the unbiased data,
the geometric nean of indoor radon |evels was reported to be approximtely 0.9
pC radon-222/L of air (33 Bg/mi). These data inplied an arithnmetic average
concentration of 1.5 pG radon-222/L of air (56 Bg/ni). Distribution studies
of household levels indicated that from1%to 3% of single-famly houses may
exceed 8 pC radon-222/L of air (296 Bg/ni). In this study many of the
neasurenents were nade in nain-floor living roons or average living areas
(Nero et al. 1986).

I ndoor radon levels were neasured in homes |ocated in the Readi ng Prong
area of Pennsyl vania. This area has an unusual abundance of homes with high
radon concentrations that is presuned to be from geol ogically produced
emanation of radon. Indoor levels of radon in this area ranged from4 to 20
pCi/L (150 to 740 Bg/m) in 29% of the homes to >80 pCi/L (3,000 Bg/m) in 1%
of the honmes (Fleischer 1986).
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Q her studies of indoor radon | evels were summarized in NCRP (1987). The
medi an | evel s ranged up to 18.9 pG radon-222/L of air (700 Bg/ni) in honmes in
Butte, Montana (lsraeli 1985). A study by Cohen (1986) reported results from
453 indoor sites in 42 states and showed a nean of 1.62 pC radon-222/L of air
(60 Bg/ni) with a median of 1.08 pC radon-222/L of air (40 Bg/m).

5.4.2 Water

In a nationw de survey by the EPA, alnbst 2,500 public drinking water
supplies were sanpled (nonrandom) with nost of these serving greater than
1,000 people. Results of this survey were used to estinmate the nean
popul ati on-wei ghted radon levels in public groundwater systens by state
(Cothern et al. 1986). Average concentrations for United States groundwater
were estimated to be 240 pCG radon-222/L of water (8.8 Bg/L) for |arger
systenms (>1,000 persons served), and for smaller systens 780 pC radon-222/L
of water (28.9 Bg/L). The nationw de average for all groundwater sanples
tested was 351 pCG radon-222/L of water (13 Bg/L). Wen surface water
supplies were taken into consideration, due to the fact that their radon
| evel s are essentially zero, the average radon concentration in all community
wat er supplies was estimated to range from54 to 270 pC radon-222/L of water
(2 to 10 Bg/L) (Mchel 1987). The highest |evels reported were in snaller
groundwat er systens in Maine which averaged 10,000 pC radon-222/L of water
(370 Bg/L); lowest average |levels were found in larger systens in Tennessee
with levels of 24 pG radon-222/L (8.9 Bg/lL).

This sanme relationship, i.e., radon concentrations in groundwater
i ncreasing with decreasing systemsize, was previously reported by Hess et al
(1985). This correlation is believed to reflect a relationship between system
size and aqui fer conposition. Those rock types that are associated with high
radon levels (granitic rock) do not formaquifers |arge enough to support
| arge systens. However, smaller systens nmay tap into such aquifers.

Crystalline aquifers of igneous and netanorphic rocks generally have
hi gher radon | evels than other aquifer types with granites consistently
showi ng the highest |evels. Average radon levels in water fromgranite
aquifers are usually 2,703 pG radon-222/L of water (100 Bg/L) or greater
(Mchel 1987). This is indicated in the data of Cothern et al. (1986) which
report the following trends in groundwater radon |evels: in New England and
t he Pi ednmont and Appal achi an Mountai n Provi nces, where igneous and net anorphic
rocks formthe aquifers, concentrations are in the range of 1,000 to 10, 000
pC radon-222/L of water (37 to 370 Bg/L); in the sandstone and sand aquifers
whi ch extend fromthe Appal achi an Mountains west to the Plains, concentrations
are generally less than 1,000 pC radon-222/L of water (37 Bg/lL).

5.4.3 Soi
Because radon is a gas, its occurrence in soil is nost appropriately

referred to as its occurrence in “soil-gas”, which is in the gas or waterfilled
space between individual particles of soil. Factors that affect radon
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soi |l -gas levels include radiumcontent and distribution, soil porosity,

noi sture, and density. However, soil as a source of radon is sel dom
characterized by radon levels in soil-gas, but is usually characterized
directly by emanati on neasurenents or indirectly by measurenents of menbers of
t he urani um 238 series (National Research Council 1981). Radon content is not
a direct function of the radium concentration of the soil, but radium
concentration is an inportant indicator of the potential for radon production
in soils and bedrock. However, M chel (1987) states that average radi um
content cannot be used to estinmate radon soil-gas levels, primarily due to
differences in soil porosity.

Despite such caveats, theoretical rates of radon formation in soil have
been estimated as denonstrated by the foll ow ng:

"Consider a cube which is 1 neter in each dinension. Using rounded

nunbers, if the average density of the soil is 2.0 grans per cubiccentineter
and the average radi um 226 concentration is 1.0 pC/g

(0.037 Mg), the cube will contain 2 nmillion granms of soil and

2x10° G (7.4x10" Bq) of radium226. This corresponds to the

production of 7.4x10° radon atons per cubic-meter per second and the

escape of 7,400 atons per square neter per second, in rough

correspondence to the average neasured val ue." (Nevissi and Bodansky

1987).

For a discussion of uranium 238 and radi um 226 levels in soil, see the
ATSDR Toxi col ogical Profiles for Uranium and Radi um (ATSDR 1990a, 1990d).

Only two soil-gas neasurenents for United States | ocations were found in
the literature: one from Spokane, Washington, with soil-gas radon from 189 to
1,000 pC radon-222/L of air (7,000 to 37,000 Bg/nm) in soils formed from
coarse glacial outwash deposits with 2.3 ppmuranium and the other from
Readi ng Prong, New Jersey, with soil-gas radon levels from1,081 to 27,027 pC
radon-222/L of air (40,000 to 1,000,000 Bg/ni) (M chel 1987). Hopke (1987)
states that normal soil-gas radon nmeasurenments are in the range of 270 to 675
pC radon-222/L of air (10,000 to 25,000 Bg/m). It is reported that radon-

222 levels increase with soil depth, reaching a probable maxi num at about 800
cm bel ow ground | evel (Jaki and Hess 1958).

5.4. 4 O her Media

Limted informati on exists to indicate that plants absorb both radi um 226
and radon-222 fromthe soil layer and that these conpounds are translocated to
above ground plant parts (Taskayev et al. 1986). However, there is little
infornmati on on the quantitative contribution of this process to exposure from
i ngestion of plant crops or of emmnation rates fromthese plants. One
nmeasur enent of emanation rates fromfield corn was located in the literature.
Radon-222 rel ease from|eaves was reported to be 2.47 x 10“pC (9.15x10°
Bg)/ cnf/ sec. This emanation rate was 1.8 tines greater than the emanation rate
fromlocal soil (Pearson 1967).
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5.5 GENERAL PCPULATI ON AND OCCUPATI ONAL EXPOSURE

In the follow ng section, exposure to radon is discussed in terns of
environnental levels not in ternms of actual or estinated dose. The estimation
of whol e body or target tissue dose of radionuclides is extrenmely conmpl ex and
nmust be acconplished by mat hemati cal nodels for the specific radionuclide.

Al t hough such nodel s are available to estinate whol e body and target tissue
dose for radon, discussion of these |lies outside the scope of this docunent.
For a discussion of these nodels the reader is referred to NCRP (1984a) or
BEIR IV (1988).

The general population is exposed to radon by inhal ati on both outdoors
and indoors. Qutdoor levels, also referred to as anmbi ent or background |levels, are
the result of radon emanating fromsoil. These levels vary widely with
geogr aphi cal | ocation, depending on factors such as the radiumcontent of soil and
soi|l porosity and noisture content. However, a reasonable average for near ground
| evel is suggested by Eichholz (1987) to be on the order of 0.150 pCG radon-222/L
of air (5.55 Bg/n). Mchel (1987) states that the mean val ue for atnospheric radon
in the contiguous United States is approximately 0.24 pC radon-222/L of air (8.88
Bg/m) with a range of 0.11 to 0.41 pG radon-222/L of air (4.07 to 15.2 Bg/m).
Cothern et al. (1986) report a daily intake of radon originating outdoors of
approximately 1,000 pC (36 Bg) radon-222/day based on data derived fromthe
United Nations Scientific Conmittee on the Effects of Atomic Radiation (1982) and
assuming an inhalation rate of 20 ni/day of air containing 0.05 pG /L (1.8 Bg/m)
radon-222. Because of the gaseous nature of radon, radon levels will decrease with
i ncreasing height fromthe soil surface. Studies of this vertical gradient
indicate that a child who is 0.5 mtall would be exposed to 16% nore radon than an
adult who is 1.5 mtall (Mchel 1987).

In contrast to the average anbient |evels of radon, which are usually
quite low, levels indoors are found to be greater than anbi ent outdoor |evels.
This is due to enhancenent and it is believed to be a function of the
foll owi ng: novenent of radon fromunderlying soil and rock through the
foundati on of the building, release of radon fromwater and utility use, radon
emanation fromradi umcontaining structural materials, and rate of ventilation
(NCRP 1984b). The contribution of each of these to the overall indoor radon
level is difficult to assess, except qualitatively. It has been determ ned
that el evated indoor radon levels are primarily due to radon enmanation from
underlying soil (Eichholz 1987). The actual indoor levels are greatly
af fected by other paraneters such as conposition of the foundation nmaterials
and the ventilation rate of the enclosed area. Two of the |argest indoor
nonitoring efforts in the United States reported arithmetic nmean |evels
ranging from1.5 to 4.2 pG radon-222/L of air (55 to 157 Bg/m) (A ter and
Gswal d 1987; Nero et al. 1986). The data fromAlter and OGswal d (1987) are
limted in that the dwellings do not represent a random sanpl e and indivi dua
nmeasur enent val ues were reported rather than average concentrations froma
resi dence. Cothern et al. (1986) report daily intake of radon originating
i ndoors of 8,100 pC (300 Bg) radon-222/day based on data derived fromthe
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United Nations Scientific Conmttee on the Effects of Atonic Radiation (1982)
and assuning indoor radon |evels of 0.4 pC radon-222/L of air (15 Bg/ ).

Al t hough the primary source of indoor radon is emanation from soil
rel ease of radon fromthe water supply nay contribute to indoor |evels.
Nazaroff et al. (1987) performed an anal ysis whi ch conbi ned i nfornmation on
wat er use, efficiency of radon release fromwater, house vol unes, and
ventilation rates to determ ne the inpact on indoor radon |evels. Their
anal ysis estimated that use of groundwater contributes an average of 2% to the
nmean i ndoor radon concentration in houses. As with levels in other nedia,
| evel s of radon in groundwater vary greatly. In areas with high groundwater
levels, the relative contribution to indoor radon levels will increase
accordingly. Cothern et al. (1986) report a daily intake of radon originating
fromdrinking water of 100 to 600 pC (3.7 to 22.2 Bqg) radon-222/day assum ng
t hat consunption was 2 L/day of groundwater

Radon i ngestion fromdrinking water has been of |ess concern relative to
t he dose received frominhalation. Due to the short residence tine in the
stomach, ingested radon contributes a small dose to the stomach when conpared
to that delivered to the lungs frominhal ation of radon rel eased from wat er
Al t hough the dose to the stomach is small, it is not significant (Ei chholz
1987).

The contribution of building materials to indoor radon is estinated to be
low in comparison with amobunts which emanate directly fromsoil and rock. In
general, anmong conmmon building materials, concrete rel eases nore radon than
other materials. The potential of radon release frombuilding materials is
expressed by the radi umcontent and the radon emanation rate, which is a
function of pressure, tenperature, porosity, and radon concentration. The
radon emanation rate of concrete utilized in the United States is estimated to
be in the range of 1.2 to 3.4x10" pCG (4.3 to 12.6x10° Bg) radon-

222/ kg/ second (M chel 1987).

Per sons who are occupationally exposed to radon are those enployed in
mning, primarily mining of uraniumand hard rock (NIOSH 1987). N OSH reports
that in 1986, 22,499 workers were enployed in nmetal and nonnmetal mines in the
United States. However, the number of underground urani um m nes has steadily
decreased from 300 in 1980 to 16 in 1984. In turn, the nunber of enployees in
under ground urani um m nes has decreased from 9,000 in 1979 (3,400 of whom
wor ked under ground 1,500 hours or nore) to 448 in 1986 (N OSH 1987).

Measur enents of radon progeny concentrations in these mnes from 1976 to 1985
showed annual geonetric nean concentrations in uraniummnes of 0.11 to 0.36
W. (equivalent to 22 to 72 pG radon-222/L of air [800 to 2,664 Bg/ni]

assum ng an equilibriumfactor of 0.5), with 95th percentile |evels ranging up
to 2.73 W. (546 pG radon-222/L of air; 20,202 Bg/ni). Annual geonetric mean

| evel s in phosphate mnes for the sane period were 0.12 to 1.20 W (24 to 240
pCi radon-222/L of air [888 to 8,880 Bg/m]) with 95th percentile |levels as
high as 1.69 W (338 pC radon-222/L of air; 12,506 Bg/ni). Measurenments in
urani unf vanadi um m nes showed annual geonetric nean concentrations simlar to
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those in uranium nines. However, 95th percentile |levels ranged up to 4.80 W
(960 pC radon-222/L of air [3.6x10°Bg/m]), which was the highest annua
concentration reported anong the different types of mnes (N OSH 1987).

Esti mates of annual cumul ative radon progeny exposures indicated that of the
1, 405 underground urani um niners working in 1984, 28% had exposures greater
than 1.0 W. (200 pG radon-222/L of air; 7,400 Bg/m).

Radon exposure in underground m nes has been vastly reduced by
installation of inmproved engineering controls. In New Mexico mines the nmedi an
annual exposure in 1967 of 5.4 W.M was reduced to 0.5 WM by 1980 due to this
techni que (Ei chhol z 1987).

Several researchers have attenpted to correlate |evels of |lead-210 in
bone with cumul ative radon daughter exposure. Eisenbud et al. (1969) enployed
in vivo techniques to neasure |ead-210 in the skull of nonoccupationally
exposed and occupationally exposed individuals. Exposure for m ners was
derived from mi ne records and conpared to that estinated froma nodel. Their
results showed that the amount of |ead-210 deposited, regardl ess of tenpora
considerations, will be within a factor of two of that deposited if exposure
is assuned to be uniformover tine. In addition, they reported that a burden
of 2,000 pC (74 Bg) is equivalent to a calculated cunul ati ve exposure of
approxi mately 800 W.M

Bl anchard et al. (1969) reported a positive correlation between the |og
of | ead-210 concentration in post-nortem derived bone and the | og of estinmated
m ners' cunul ative exposure. However, nore |ead-210 was observed in bone than
was predicted by the nodel utilized. Furthernore, a |inear correlation was
observed between | ead-210 | evels in blood and that in bone; however, for both
of these anal yses sanple nunbers were small (n=11 to 22). Another study
(A emente et al. 1984) has anal yzed the correl ati on between | ead-210 in human
teeth and environnental radon levels in various countries. This analysis
reported that for the increnental increase in |lead-210 in teeth, a val ue of
3.24x10° pCG (1.2x10° Bg) radon-222/gm of tissue has been associated with a
lifetime exposure to 1 WM Al of these studies are limted by the
difficulty in estimati ng exposure to individuals on the basis of nmine |evels
and worker histories (often related by next of kin). Such estinmates, although
unavoi dabl e, introduce considerable uncertainty into these analyses. |In
addi tion, |ead-210 can be introduced in cigarette snoke, food, and anbi ent
air, thus confounding results of studies (NCRP 1984b).

5.6 POPULATIONS W TH POTENTI ALLY H GH EXPOSURES

Popul ations with potentially high exposures include those occupationally
exposed as previously described (see Section 5.5). In addition, certain
popul ati ons are exposed to el evated environnmental |evels, such as those
resulting fromemanation fromsoil in the Reading Prong area of Pennsylvania
(soil-gas of up to 27,000 pC [1.0 x 10°Bg] radon-222/L soil-gas) and from
rel ease fromgroundwater in certain areas in Maine (levels up to 180,000 pC
[6.7x10° Bg] radon-222/L of water) (Hess et al. 1983). Comunities that are
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very near uranium or phosphate mll tailing piles nay have increased
environnental radon levels. In addition, in sone areas mll tailings have
been used for landfills and were subsequently devel oped (for exanple, G and
Junction, Colorado). Persons in these conmunities could be exposed to |evels
of radon exceedi ng nornal background | evels.

5.7 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA directs the Admi nistrator of ATSDR (in
consultation with the Adm ni strator of EPA and agenci es and prograns of the
Public Health Service) to assess whether adequate information on the health
effects of radon is available. Were adequate information is not avail abl e,
ATSDR, in conjunction with the NTP, is required to assure the initiation of a
program of research designed to deternmine the health effects (and techni ques
for devel oping nethods to determ ne such health effects) of radon

The foll owi ng categories of possible data needs have been identified by a
joint teamof scientists fromATSDR, NTP, and EPA. They are defined as
subst ance-specific informational needs that, if net would reduce or elimnate
the uncertainties of human health assessnment. In the future, the identified
data needs will be evaluated and prioritized, and a substance-specific
research agenda will be proposed.

5. 7.1 Identification of Data Needs

Physi cal and Chemical Properties. Information is available on the
physi cal and chem cal properties of radon, and paraneters that influence the
behavi or of radon in the environment have been deternined. Therefore, no data
needs are identified concerning physical and chemical properties of radon

Producti on, Use, Rel ease, and Disposal. The production of radon occurs
directly froma radiumsource either in the environnent or in a |aboratory
environnent. The di sposal of gaseous radi oactive effluents has been
docunent ed. Increased radon concentrations have been detected in waste
generated by uranium and phosphate nining; therefore, these sites should be
nonitored on a continual basis. Although there are regulations for disposa
of radionuclides in general, there are none that specifically address di sposa
of radon contam nated materials. Further research on the disposal of radon
attached to charcoal, which is used in radon nonitoring indoors, would be
benefici al .

Environnental Fate. Information is available on the environnental fate
of radon in air and water and on the transport of radon in environnental
nedi a. Factors which affect the partitioning of radon fromsoil or water to
air have been identified. However, rates of flux fromone nedia to another
are rarely reported. The emanation rate of radon fromsoil is uncertain
Addi tional information on the behavior of radon at the soil-air interface, as
wel | as soil-gas neasurenents, would facilitate a better understandi ng of the
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emanation rate of radon fromsoil. Myvenent of radon into and wi thin homes
and the influence of neteorological conditions on this novenent shoul d be

i nvestigated. Study of radon novenent woul d enhance understandi ng of
potential indoor exposures. Transformation of radon has been adequately
characterized. There is linmted informati on on the uptake of radon by plants.
Addi ti onal research of this phenonenon is needed in order to deternine the

ef fects of exposures which mght be incurred fromingestion of food.

Bi oavailability from Environnental Media. Radon and radon progeny are
known to be absorbed fromair and water and infornation is avail able which
characterizes the relative contribution of various nedia to |levels of radon in
air and water. Further studies of bioavailability are not necessary at this
tinme.

Food Chain Bioaccurul ation. |Information on bi oaccunul ati on of radon and
radon daughters in the food chain is not avail able. Therefore, the potentia
for bioconcentration in plants, aquatic organisnms or aninals, or for
bi omagni fication in the food chain is unknown, However, due to the short
half-1ife of radon, it would not tend to bioaccunul ate. Studies of the
bi oaccunmul ati on of radon in the food chain are not necessary at this tine.

Exposure Levels in Environnental Media. Some information is available on
exposure levels in environmental nedia, however, nost of this information is
fromareas with higher than average |evels of radon. Although levels in
groundwater, primarily for public water supplies, have been nore
conprehensively reported than levels in anbient air, on-going nonitoring
efforts for both nedia are necessary for quantification of human exposure.

Conpr ehensi ve data on |levels of radon in anbient air are needed in order to
assess potential human exposure.

Exposure Levels in Hunmans. There is a |ack of conprehensive information
associ ati ng radon and radon progeny |levels nonitored in the environnent and
exposure of the general population. Although |evels of radon may be neasured
in exhaled air, the relationship of that amount exhaled to the exposure |evel
can be estimated only by use of mathematical nodels. Concentrations of radon
progeny are neasurable in urine, blood, bone, teeth, and hair; however, these
| evel s are not direct nmeasurenments of |evels of exposure. These estinates
al so may be derived through use of mathematical nodels. Studies are needed to
characterize the utility of these biomarkers of exposure.

Exposure Registries. No exposure registries for radon were |ocated.
This compound is not currently one of the compounds for which a subregistry
has been established in the National Exposure Registry. The conpound will be
considered in the future when chenical selection is nade for subregistries to
be established. The information that is amassed in the National Exposure
Registry facilitates the epi dem ol ogi cal research needed to assess adverse
heal th outcones that may be related to the exposure to this conpound. The
Hanf ord Environnental Foundation in Richland, Washington, maintains a registry
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of United States uraniummners and nillers. The data in the registry are
derived fromautopsy material and include exposure information

Si nce urani um decays to radon, this exposure registry on mners and mllers
may provide information on radon exposure.

5.7.2 On-going Studies

S.D. Schery (New Mexico Institute of Mning and Technol ogy) is studying
t he fundanental processes influencing release of radon isotopes from porous
nmedi a and the physical properties of radon isotopes which affect their
behavi or in encl osed environnents. The hypothesis that plant functions
i ncrease soil-radon flow to the atnosphere, thus neasurably reducing the flow
into subsurface areas is under investigation by F.W Wicker (Colorado State
University). A B. Tanner (U. S. Departnent of Interior) is conpleting a
gualitative study on the range and variability of diffusive and
advective/ convective transport of radon and its controlling factors at
sel ected areas. Further, a study designed to provide information on the
transport pathway of radon and radon progeny, their charge state, and the
ef fect of clustering on decay products is being conducted by MG Payne (Qak
Ri dge National Laboratories). Conputer nobdels are al so being developed in an
attenpt to sinplify studies on radon transport within and fromsoils into the
at nosphere and structures (P.C. Oaczarski, Pacific Northwest Laboratories) and
to unify theories of radon emanation and transport in the soil (K K Nielson
Rogers and Associ ates Engi neering Corporation).

I nvestigations of factors which influence transport or nobility of radon
and its progeny fromrocks/soils to the environnent or homes are underway by
K. K. Turekian (Yale University), D. Thomas (University of Hawaii at Manoa),

R H. Socol ow (Center for Energy and Environnental Studies, Princeton
University), and C.S. Dudney (Cak Ri dge National Laboratories), The study by
Dudney included New Jersey and the Tennessee Valley areas w th high background
| evel s. The influence of season, heating fuel, tobacco snoking, and buil ding
characteristics on indoor air pollutant levels is being studied by R H Rainey
(O fice of Power, Tennessee Valley Authority). Research Triangle Institute
(Research Triangle Park, North Carolina) is presently studying both nodeling
and measurenent of radon in houses.

One aspect of radon nobility, in relation to groundwater, is being
studied by O S. Zepecza (U.S. Geol ogical Survey). He is deternining the
factors which control radionuclide transport and fate in groundwater in the
Newar k basin and sout hern coastal plains of New Jersey, and the nechani sm of
rel ease of radionuclides to groundwater or retention in aquifer solids.

G Harbottle (Brookhaven National Laboratories) is studying the nobility
and chenical behavior of radiumin the soil and the processes involved in the
emanati on of radon. The dynanic behavi or of radon and radon daughters will be
studied in controlled [aboratory environnments (J.S. Johnson, Law ence
Li vernore National Laboratory).





