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ABSTRACT

The ratios of winter/summer indoor radon levels for houses in different regions of the
southern Appalachians are characterized by individual log-normal distributions with geometric
means both above and below unity. In some counties and cities, subpooulations of houses
have unusually exaggerated winter/summer ratios of indoor radon, as well as high indoor
radon levels, during periods of either warm or cool weather. It is proposed that in many
instances, houses are communicating with larger than normal underground reservoirs of
radon-bearing air in hilly karst terrains; differences between the outdoor and underground air
temperatures are believed to provide density gradients producing aerostatic pressure
differences for seasonally directed underground transport and subsequently elevated indoor
radon. These seasonal movements of air are analogous to the well-known underground
chimney effects, which produce interzonal flows of air inside caves.

INTRODUCTION

One driving force for 222Rn transport is the thermal stack effect. Since houses are heated
during winter months, the general finding is that winter/summer ratios of indoor radon are
greater than unity and usually by about 30% (1).

If the surrounding soils have low permeability, below several times 10"12 m\ soil-gas flow
should contribute little to radon migration; diffusion is probably the dominant mechanism of
radon movement in soil and provides the mechanism for radon recharge (2). The reservoir
of radon bearing air comprised by the backfill-subslab aggregate will only recharge slowly
with radon, which is the likely explanation for why indoor radon levels in winter are only
moderately higher than indoor radon levels in summer.

In the hilly karst regions of the southeastern United States, we are finding numerous
exceptions to the above-mentioned generality (3,4,5). This paper sheds more light on the
seasonal fluctuations and magnitudes of indoor radon that are encountered in karst regions of
Alabama and Tennessee and their dependence on topography and seasonal changes in
temperature.
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EXPERIMENTAL DESIGN

Alpha track detectors (ATD) were obtained commercially" to make three-month winter, and
summer, integrated measurements of radon. Measurements were made in single-family,
detached dwellings (3,5).

Winter and summer measurement of indoor radon are ongoing at 125 basement houses in
Freehold, New Jersey. Freehold is located in non-hilly terrain of the coastal plain.

Year-long measurements of radon in three houses in or near Oak Ridge were made with
continuously operating Wrenn chambers (6). In houses designated 033 and 034, a single
Wrenn chamber was operated in the basement. Three Wrenn chambers were operated in
house 020. For each Wrenn chamber, the daily mean radon concentration was obtained from
48 half-hour readings. Houses 033 and 034 were located near, or on the top of Black Oak
Ridge. House 020 was located on a hillside a few kilometers outside Oak Ridge.

RESULTS

The three-month ATD measurements were made inside houses in four geographical locations
in the southern Appalachians. Summaries of survey results are contained in Table 1 and
Fig. 1. The insets in Fig. 1 show individual house ratios with a best straight-line fit (log-
normal) indicated by the solid line. The principal curves (solid squares) are the log-normal
distributions with solid triangles indicating those homes with winter/summer ratios of radon
departing significantly from the particular log-normal distribution.

The Wrenn chamber results for three houses in Oak Ridge, together with outdoor
temperatures, are shown in Fig. 2. For much of the winter and summer, these houses are
centrally air conditioned with the windows closed.

DISCUSSION

Sets of houses have area-specific, log-normal distributions of winter/summer ratios of indoor
radon in four different regions of the southern Appalachians. In Huntsville and Birmingham,
Alabama, the geometric means are less than one; a mechanism operates in the summer that
outweighs the winter indoor thermal stack effect. Warm weather prevails for the majority
of the year in these southern latitudes; in hilly regions, screening measurements to identify
houses with radon problems should be made during the warmer periods of the year (4). The
likely cause for the prevalence of highti summertime levels of indoor radon is an appreciable
number of houses located near the lower reaches of circulatory systems of solution cavities
in hillside karst and the ability of these houses to communicate with such subterranean
systems (5). At detailed studies in one such house in Huntsville (4) we uncovered strong
flows of radon-rich soil gas in warm weather from emergent solution cavities presenting
themselves as naturally occurring holes in the yard, with the indoor radon levels rising
simultanteousiy. If our proposal is correct, then anomalous seasonal amplifications of indoor
radon, caused by aerostatically driven movements of air within karst, are by no means rare
events.

Type-SF Terradex or Radtrak Detectors, Landauer, Inc., 2 Science Road, Glenwood, IL
60525-1586.



Table 1. Summary statistics for four seasonal studies of radon in occupied houses

Statistic

Mean, arithmetic

Mean, geometric

Number of houses

Mean, arithmetic

Mean, geometric

Number of houses

Mean, arithmetic

Mean, geometric

Number of houses

Mean, arithmetic

Mean, geometric

Number of houses

Living area radon (pCi/L)

Winter

Birmingham

1.05

0.97

19

Chattanooga

3.16

2.38

14

Huntsville

3.58

2.38

96

Summer

1.23

1.05

20

1.23

1.38

14

4.29

3.27

88

Kingston/Harriman

2.41

1.46

241

1.35

0.89

285

Seasonal Ratio
Winter: Summer

0.81

0.92

18

1.51

1.72

14

1.09

0.80

86

2.45

1.63

226

The locales of Kingston/Harriman and Chattanooga, Tennessee, produced populations of
houses whose winter/summer geometric means are more in keeping with Cohen's proposed
national average of 1.3 (1). There appears, however, to be a subpopulation of houses
experiencing markedly exaggerated winter/summer ratios up to 20 (diamond points in the
offsets of Fig. 1). We propose that such houses are located at the upper ends of—and
communicate with-circulatory systems of underground channels through which air is driven
aerostatically upward in cold weather. The phenomenon is the subterranean equivalent of the
indoor thermal stack effect; in these instances, the. subterranean and indoor stack effects are
reinforcing one another to cause the exaggerated elevations of wintertime indoor levels of
radon.

The three additional houses in Oak Ridge that we are reporting on, also fit the proposed
behavior of high wintertime indoor radon levels (—15 pCi/f) linked to upward air movements
in large subterranean reservoirs. Each house is located near to, or at the top of, a limestone
or dolomite ridge, has a severalfold higher radon level (3 to 7 times) during the winter
season, and experiences short-term radon fluctuations that correlate inversely with the
magnitude of the temperature differential between the outside and underground temperatures
(Fig. 2). Cave temperatures in this region are constant at 14°C. Marked increases in indoor
radon for House 20 coincide with the arrival of cooler weather with outdoor temperatures
below 14°C. It is these temperature inversions between outdoor and subsurface air that
create the circumstances for aerostatically driven movements of air. The transport of radon
is mechanistically the same as that causing in-cave movements of air. Air flows inside caves,
which are produced by change of external temperature, are well documented (7).
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The three houses in Oak Ridge we investigated are in Anderson County, which is adjacent
to Roane County (Kingston/Harriman), where there exists the subpopulation of houses with
high winter/summer ratios of indoor radon. Hilly karst terrains are presented in both
counties. Houses experiencing significant indoor radon levels that are highly amplified in the
winter season are, therefore, no rarity in these karst terrains. These arguments are in keeping
with our earlier published finding (8) that houses built on the ridges of Oak Ridge and nearby
Knoxville have radon levels averaging 4.4 pCUt, which is more than twice the average radon
levels inside homes situated on the clay sediments of lower-lying housing subdivisions and
where communication with karst reservoirs of underground air is more difficult.

CONCLUSION

Previous investigations had revealed a few houses in Huntsville, Alabama, and Oak Ridge,
Tennessee, with high indoor levels of radon during either warm or cold seasons of the year
and exaggerated ratios of winter/summer indoor radon. An unanswered question was whether
or not these behaviors were atypical and rarely encountered. The study reported here shows
that the phenomenon is fairly common to the southern Appalachia. The upward or downward
transport of air within the karsf is primarily determined by the outdoor temperature relative
to the nearly constant underground temperature. Houses impacted are supposedly those able
to communicate significantly with these underground reservoirs of radon-bearing air.

Winter-to-summer indoor radon ratios are presently being determined in a non-karst, non-
hilly, low soil permeability region (Freehold, New Jersey). These data should provide
information on the more generalized winter/summer ratios of indoor radon.
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