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GEOLOGICAL CONTROLS ON INDOOR RADON IN OHIO

by

James A. Harrell
John P. McKenna
and
Ashok Kumar

ABSTRACT

A comparison of geology and indoor radon concentrations for 698 zip code areas in Ohio shows that the distribution
of radon is largely controlled by glacial geology. Nearly all the high radon levels occur in areas of Wisconsinan drift,
and especially in the Miami and Scioto Lobes. The sources of radon appear to be (1) clasts of Ohio Shale incorporated
into the till, and (2) calcareous soil developed on the tills. Both the shale and the soil are enriched in uranium. Glacial
and alluvial sand and gravel deposits do not contain abundant clasts that are strong radon sources, but these highly
permeable sediments may cause elevated indoor radon levels by acting as efficient migration conduits for the small
amounts of gas that are produced internally from weak sources. A variety of other geological factors may be of second-

ary or local importance in their effect on indoor radon levels.

INTRODUCTION
THE RADON PROBLEM

Radon is a naturally occurring, radioactive gas that mi-
gratesintobuildings from underlying uranium-bearing rocks,
sediments, and soils. It has been suggested that long-term
exposure to radon may cause lung cancer (Nero and others,
1986; U.S. Environmental Protection Agency, 1992a). This
gas 1s considered by the U.S. Environmental Protection
Agency (US EPA) to be the most serious environmental
health hazard in the United States today.

There are several isotopes of radon, but only one, radon-222,
is abundant enough in Ohio to be hazardous. This isotope
is a by-product of the radioactive decay series that begins
with uranium-238 and proceeds through isotopes of several
elements, ending withlead-210. The immediate precursor to
radon-2221isradium-226. Radon is the only gaseous element
in the decay series and so is highly mobile in the subsurface.
The uranium-238 isotope accounts for about 99 percent of
all uranium in the Earth’s crust (Dyck, 1978), and uranium
occurs in at least trace amounts in all earth materials. It
has been estimated that, on average, rocks making up the
continental crust contain from 2 to 3 parts per million (ppm)
of uranium (Dyck, 1978). In areas where average crustal
rocks are exposed at the surface, the concentration of radon
gas 1s on the order of 0.1 to 0.5 picocuries per liter (pCi/l) of
air outdoors and 1.0 to 1.5 pCi/l indoors (Dyck, 1978; Gesell,
1983; Nero, 1988). These background levels are well below
the 4.0 pCi/l “action threshold” recommended by the US
EPA for house remediation.

Ofparticular concernin evaluating radon hazards are those
areas underlain by earth materials containing amounts of
uranium significantly above the crustal average. Although
it is true that the amount of radon coming out of the ground
is most directly related to the concentration of radium, this
latter element is almost always in secular equilibrium! with
uranium or close to it. For this reason and because the con-
centration of uranium is much easier to measure than that
of radium, radon source materials are most appropriately
characterized by their uranium content.

It is generally accepted that indoor radon concentration

1Secular equilibrium is a relationship between a radioactive parent and
one or more radioactive daughters in which the activity of each daughter is
equal to the activity of the parent, resulting in equal amounts of parent and
daughter elements.

is principally controlled by the underlying geology (Otton,
1992). The design and construction of homes and other build-
ings is also, of course, of considerable importance. When
structures are built or renovated to vent radon gas, they can
be perfectly safe, even though the geology may suggest that
the inhabitants are at risk. Anticipating and coping with
the radon hazard requires both accurate geologic mapping
and responsible architectural design. Information on radon
testing and mitigation can be obtained from a variety of
US EPA publications (US EPA, 1987, 1989a, 1989b, 1991,
1992a, 1992b,1993a, 1993b), or by contacting the Bureau of
Radiological Health, Ohio Department of Health, P.O. Box
118, Columbus, Ohio 43266-0018 (1-800-523-4439).

PREVIOUS STUDIES

The only demonstrably uranium-rich geologic unitin Ohio
is the black Ohio Shale, of Late Devonian age, which has
uranium concentrations ranging commonly between 10 and
40 ppm (Hoover, 1956; Bates and Strahl, 1958; Swanson,
1960; Tracy, 1983; Harrell and Kumar, 1988; Harrell and
others, 1991). This unit has already been shown to be a
potent radon source (Harrell and Kumar, 1989; Harrell and
others, 1991). Its principal outcrop runs westward along the
Lake Erie shore from Ashtabula County to Erie County,
where it turns south and continues through the middle of
Ohio to the Ohio River (see fig. 3). Other, smaller outcrops
of this formation are found in west-central Ohio (the Bell-
fontaine outlier) and the northwestern corner of the state.
The black Sunbury Shale, of Early Mississippian age, crops
out in central and northern Ohio and may be similarly rich
in uranium, judging from its high radioactivity on gamma
ray logs. However, it is so thin (at most 50 feet) that it has
a negligible outcrop area in comparison to the much thicker
Ohio Shale (up to 500 feet in central Ohio).

Very little is known about other potential radon source
materials in Ohio. Khawaja and others (1989) and Singler
and others (1991), working in the northeastern part of the
state, found that elevated indoor radon levels tended to be
associated with glacial sand and gravel deposits and Pennsyl-
vanian sandstones. Smith and Mapes (1989) and Smith and
Darr (1991) also documented the same positive correlation
between radon levels and the presence of glacial sand and
gravel. They found the correlation to be particularly strong
when these deposits were underlain by carbonate rocks and
especially the Ohio Shale. Tanner (1988) speculated on pos-
sible geologic sources of radon in Ohio and predicted that
most high indoor radon levels would be associated with the
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calcareous soils.

Most radon enters buildings by direct migration, via diffu-
sion or convection, from the underlying substrate. Radon
contained in ground water from a private well may also escape
into indoor air when the water is used for washing, cooking,
etc. The US EPA (1987) has estimated that it would take
10,000 pCi/l of radon in water to elevate the radon in indoor
air by 1 pCi/l. However, Gesell and Prichard (1980) have argued
that the transfer ratio is actually closer to 1000-to-1. Several
studies have now been done in Ohio on radon in ground water
(for example, Walsh, 1990; Baldwin, 1991; Hume, 1991;
Muller, 1992; Stewart, 1993). No radon levels above 10,000
pCi/l have been recorded, and the vast majority of the ob-
served levels are below 1,000 pCi/l, even for ground water
coming from the Ohio Shale. These figures apply only to water
from private wells and springs. Radon levels in treated mu-
nicipal water would be lower because filtration, aeration, and
the long residence time in the system all act to dissipate the
gas. This effect is well demonstrated by Hess and others
(1985), who report a geometric mean radon concentration of
79 pCiAl for public water supplies from wells in Ohio. If the
municipal water is drawn from a river or lake, the initial
radon concentration would be even less than that in ground
water. The indications are, therefore, that water in Ohio will
rarely be a significant source of indoor radon.

RADON DATABASE

Elevated indoor radon levels have been found throughout
Ohio, and not just, or even primarily, above the Ohio Shale
outcrop. The geologic controls on radon are apparently nu-
merous and complex. The first step in understanding these
controls was to create a radon database that would provide
detailed information on the geographic distribution of indoor
radon in the state. The second step was to compare this
distribution with known geology.

We contacted government agencies, university research-
ers, and commercial testing companies that have made indoor
radon measurements in Ohio and requested copies of their
data. In this way it was possible to compile a database
consisting of 50,626 measurements (nearly all from houses)in
1,270zip code areasthat were well distributed across the state
(see Kumar and others, 1990, for details). The measurements
were made at different times of the year and in various rooms
of the houses. The average of these measurements for a zip
code area or county is probably a good estimate of the year-
round average radon concentration in the living areas of
houses. The distribution statistics for indoorradon in Ohio are
tabulated for counties and zip code areas in parts I and II,
respectively, of the appendix. A map of Ohio zip code areas has
been published by Rand McNally (1988).

DISTRIBUTION OF INDOOR RADON IN OHIO

The geometric mean (GM) radon concentrations for Ohio
counties are shown in figure 1. The geometric mean is used in
this and subsequent figures because it is a more appropriate
measure of average when data are lognormally distributed as
is typically the case for radon. This statistic is not adversely
affected by a few extreme high concentrations as is the
arithmetic mean, and, unlike the median, which is based on
just one or two central values, the geometric mean uses all of
the available data in its calculation. The average radon
concentrations are relatively low (less than 8 pCi/l)in all Ghio
counties except Licking County, where the GM is 11.5 pCi/l;
33 (38 percent) of Ohio’s 88 counties have a GM above 4.0
pCi/l.

Figure 2 shows the distribution of average indoor radon

levels for zip code areas in Ohio. The symbols on this map are
plotted at the centroids of the zip code areas. Of the 1,270 zip
codes represented in the radon database, only 698 have five or
more measurements. Itis the geometric means for these areas
that are displayed on this and subsequent maps. From a
statistical point of view, it would have been better to use zip
code areas with a larger minimum number of measurements.
However, this practice would significantly reduce the number
of zip codes used and so make the geologic interpretations
more difficult. .

Figure 2 should be reassuring to the majority of Ohioans.
Only 4.7 percent of the zip codes have an average radon
concentration above 8 pCyl, and 64.9 percent are below
4 pCi/l. Most of the problem areas are confined to the central
and western parts of the state.

GEOLOGIC CONTROLS ON INDOOR RADON
INTERPRETIVE OVERVIEW

Figures 3 and 4 illustrate the relationships in Ohiobetween
bedrock and glacial geology and the distribution of indoor
radon. From these maps it is immediately apparent that the
vast majority of radon concentrations above 4 pCi/l are asso-
ciated with Wisconsinan glacial deposits (primarily till) of the
Miami and Scioto Lobes. In the portion of the Scioto Lobe
where most of the highest levels occur, the underlying bedrock
consists of Devonian limestone and shale and Mississippian
conglomerate, sandstone, and shale (see table 1 for strati-
graphic units and their lithologies). Elsewhere in the Scioto
Lobe and in the Miami Lobe, the bedrock consists of limestone
and dolostone of Devonian, Silurian, and Ordovician ages.

The association in figure 3 of elevated radon levels with the
Ohio Shale comes as no surprise. However, the high radon
levels above the other bedrock units are less understandable
because none of them are known to be enriched in uranium.
The cause of the close association in figure 4 between
Wisconsinan till and radon is also not clear because these
generally fine-grained sediments are of low permeability and
would seem to be incapable of transmitting radon to the
surface from source materials either within the till or below in
the bedrock. Nevertheless, the unavoidable conclusion to be
drawn is that Wisconsinan glacial deposits are the primary
source of radon in Ohio. Similar conclusions were reached by
Hudson and Nelson (1990) and Gundersen and others (1991)
for glacial deposits in other midwestern states.

COMPOSITION OF GLACIAL AND
ALLUVIAL DEPOSITS

Glacial till, which consists of ground- and terminal-moraine
deposits, is a poorly sorted and generally unstratified mixture
of clay, silt, sand, and gravel. Glacial outwash, kames, and
eskers and related Recent alluvial deposits consist largely of
sand and gravel. Of particular interest in radon studies are
the abundance and composition of sand and gravel clasts.
When these clasts are abundant, the permeability of the
deposit will be high, and when they are uranium rich, the
deposit will be a strong radon source.

Almost nothing is known about the composition of the sand
fraction in glacial and alluvial deposits in Ohio. Not much
more is known about the composition of the gravel fraction.
However, “pebble counts” from numerous till and outwash
localities in the western and northern parts of the state
indicate what is probably a general rule: Canadian-derived
granite and gneiss clasts decrease in abundance in a southerly
direction and generally account for less than 10 percent (and
rarely more than 20 percent) of the total clasts; the remainder



GEOLOGICAL CONTROLS ON INDOOR RADON IN OHIO 3

ASHTABULA
TRUMBULL
DEFIANCE
A ° .
PAULDING | SeREc——|'URON |
. PUTNAN HANCOCK . * a JEW
VAN WERT 4 4  |WYANDOT |CRAWFORD |RICHLAND |ASHLANDTWAYNE - *
ALLEN STARK COLUMBIANA
MERCER ARROLL
AUGLAIZE A mmou>,< SHORROW HOLMES
* LOGAN —_ >,< Knox >,< e EFFERSON
SHELBY
>,< DELAWARE % COSHOCTON * HARRISON a
DARKE >,<
< Lok X
— CHAMPAIGN LickiNG S SERSET
>,< >,< MUSKINGUM BELMONT
>,< ADISON T FRANKLIN *
CLARK % >|< A A
PREBLE | i A >,< FAIRFIELD |pERRY ’““’lf‘ -
GREENE
>,< a PICKAWAY % R MORGA A .
! * FAYETTE 2
| A
BUTLER WARREN [o oo A HOCKIN WASHINGTON
ROSS
A a R ATHENS A
HAMILTON HIGHLAND % VINTON 4
LERMD A
* A PIKE MEIGS
JACKSO .
SROWN T TROAMS N L Joawm GEOMETRIC MEAN INDOOR
RADON CONCENTRATION
4 A

. <1.99 pCill

LAWRENC!
A 2.0-3.99 pCi/l

10 20 30  40miles 4.0-5.99 pCi/l

A
10 20 30 4:0 S‘Okilometers .
% 6.0-8.00 pCi/l

>8.0 pCill

oT o

FIGURE 1.—Geometric mean indoor radon concentrations for Ohio counties.
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FIGURE 3.—Bedrock geology of Ohio (after Bownocker, 1947) and geometric mean indoor radon concentrations for zip code areas.
See table 1 for definition of stratigraphic symbols.
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FIGURE 4.—Glacial geology of Ohio (after Goldthwait and others, 1961) and geometric mean indoor
radon concentrations for zip code areas.
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TABLE 1.—Geological units in Ohio shown on figures 3 and 6

Map symbol System Geological units Lithologies!
IPm-Pd Pennsylvanian- Dunkard Group sh, ss, Is, coal
Permian Monongahela Group
IPp,a,c Pennsylvanian Conemaugh Group
Allegheny Group sh, ss, ls, coal
Pottsville Group
M Mississippian Maxville Limestone Is, sh
Cuyahoga & Logan Formations ss, ¢g, sh
Sunbury Shale black sh
Berea Sandstone ss, sh
Bedford Shale sh
Do,0 Devonian Ohio Shale black sh
Olentangy Shale sh, Is
De,d Devonian Delaware Limestone Is, sh
Columbus Limestone Is, dol
S-D Silurian- Detroit River Group dol, ss
Devonian Lockport & Salina Groups dol
Osgood Shale sh
Dayton Formation dol
0-S Ordovician- Brassfield Formation Is, sh, ss
Silurian Cincinnati Group sh, Is

Lithologies are from Stout and others (1943) and are listed in order of decreasing abundance. Abbreviations:
cg, conglomerate; dol, dolostone; 1s, limestone; sh, shale; ss, sandstone.

of the clasts are derived from Ohio bedrock (Kempton and
Goldthwait, 1959; Goldthwait, 1969; Rosengreen, 1974;
Oldfield, 1977; Quinn and Goldthwait, 1979, 1985; Goldthwait
and others, 1981; Strobel and Faure, 1987; Storck and Szabo,
1991). The percentages for the sand fraction are probably
similar (see, for example, Szabo and Totten, 1992). Most of the
clasts of Ohio bedrock were likely carried by glaciers and
streams no farther than several tens of miles from their point
of origin. The so-called “boulder belts” in southwest Ohio are
an exception to the compositional tendencies just described.
In these deposits, Canadian granite and gneiss consistently
account for over 75 percent of the boulders, the remainder
coming from local bedrock. These boulders occur only on or
very near the surface as scattered, noncontiguous clasts in
fine-grained till. They do not form gravel deposits.

One might think that Canadian clasts would be a major
source of radon in till, and especially in sand and gravel
deposits. The pebble counts, however, seem to indicate that
these clasts are not abundant enough to produce a significant
amount of radon. Indeed, we do not even know that these
particular rock types are enriched in uranium. Many granites
and gneisses in the world are highly uraniferous, but certainly
not all of them are. We may conclude from the relative paucity
of Canadian clasts that if glacial deposits are acting as a
strong radon source, then the radon must be coming from
material derived from the Ohio bedrock.

OHIO SHALE CLASTS AS A SOURCE OF RADON

Most of the high radon concentrations in the Miami Lobe
and especially in the Scioto Lobe may result from the incorpo-
ration of fragments of Ohio Shale into the till. This interpre-
tation is supported by the directions of Wisconsinan ice
movement, shown in figure 5. These directions are inferred
from the striation azimuths shown on the Glacial map of Ohio
(Goldthwait and others, 1961) and by assuming that the

terminal moraines, also shown on this map, are oriented
approximately normal to the direction of ice movement. It can
be seen in figure 5 that glaciers would have passed over the
Ohio Shale outcrops and distributed fragments of this forma-
tion to most parts of the Miami and Scioto Lobes. It seems
likely that these outcrops, especially the north-south belt and
the Bellefontaine outlier, covered a larger area in the Pleis-
tocene. If so, considerably more erosional fragments would
have been derived from them than would otherwise seem
possible from their current limited extents.

The uranium (U) and radon (Rn) concentrations in Ohio
Shale samples were reported in Harrell and Kumar (1988)
and Harrell and others (1991). The arithmetic mean concen-
trations for the outcrops investigated were as follows: 26.7
ppm U and 4933 pCi/kg (picocuries per kilogram of sample) Rn
for the Bellefontaine outlier in western Ohio; between 17.0
and 19.4 ppm U and 2950 to 3239 pCi’kg Rn for the north-
south belt; and, decreasing from west to east, 10.8 to 4.4 ppm
U and 1218 to 423 pCi/kg Rn for the belt along the Lake Erie
shore in northeast Ohio. The results for the outcrop in the
northwest corner of the state are inconclusive because only
radon was measured (1165 pCi’kg mean) and the few samples
collected came from just one locality. Ohio Shale fragments
derived from the northeast belt (and possibly also the north-
west belt) could not be a significant source of radon in the tills,
but those from the other outcrops would be. The above
findings are consistent with the variation of aerial radiomet-
ric surface concentration of uranium in the state (fig. 6). This
parameter reflects the uranium content of the topmost sev-
eral inches of soil. In Kentucky, the southern continuation of
the Ohio Shale outcrop (the Chattanooga Shale) also shows a
strong correlation with surficial uranium (Peake and
Schumann, 1991).

There are essentially no data on how much ofthe Ohio Shale
has been incorporated into the glacial and alluvial sediments
of central and western Ohio. Oldfield (1977) encountered
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clasts of Ohio Shale in pebble counts for till in Preble and
Butler Counties, and Gooding (1973) reported that pebbles of
Ohio Shale are common in the Wisconsinan tills of eastern
Indiana (in the westward continuation of the Miami Lobe). All
of these clasts were presumably derived from the Ohio Shale
outcrop in northwest Ohio and its continuation in northeast
Indiana (the Antrim Shale). Brown (1985) observed abundant
black shale clasts in Wisconsinan tills of southwest Ontario
that were derived from the underlying Ohio Shale equivalent,
the Kettle Point Formation. Pebble counts would probably
greatly underestimate the abundance of Ohio Shale in glacial
and alluvial deposits. This rock is soft, and so is easily eroded
and comminuted. Itsfragments may thuslargely exist as fine-
grained sediment.

CALCAREOUS SOIL AS A SOURCE OF RADON

The hypothesis of uranium-rich Ohio Shale clasts in tills
provides a reasonably good explanation for much of the
distribution of high indoor radon levels in the state. We
believe, however, that there is another important source of
radon associated with Ohio tills: calcareous soils.

Glacial deposits in western Ohio are enriched in limestone
and dolostone clasts derived from the underlying bedrock.
During weathering, the carbonate fraction in these deposits is
easily dissolved and the insoluble residues (largely clay and
iron oxides and hydroxides) are concentrated in the resulting
soil. In advanced stages of development, these soils have a
reddish color and are called “terra rossa” or red earth. Less
mature, carbonate-rich soils are more typical of Ohio, and
these may be termed “calcareous soils.”

Limestones and dolostones generally contain less than 3
ppm uranium (Haglund, 1972; Dyck, 1978). However, soils
developed on such rocks would have much higher uranium
levelsbecause this element is retained in the insoluble residue
(Kukoc, 1980; Rose and others, 1988; Schultz and Brower,
1991). Calcareous soils, and terra rossas especially, can thus
be potent radon sources.

Soils formed in Ohio during the interglacial periods of the
last Ice Age. The Sangamon interglaciation, between the
Illinoian and Wisconsinan advances, is especially well known
as a period of deep weathering. With each new advance of the
glaciers these soils were eroded and incorporated into the
next-formed till. Remnants of these ancient buried soils
(“paleosols”) can still be seen at several localities in western
Ohio. According to Quinn and Goldthwait (1985, p. 13) these
soils “typically exhibit (1) distinctive red-brown color, (2) clay
enrichment, and (3) ghosts of former calcareous material. In
some cases, leached reddish pods of paleosol are incorporated
intothe overlying till.” Paleosols are almost nonexistent in the
Erie and Killbuck Lobes, but become more common to the
south, especially in the southern parts of the Miami and Scioto
Lobes (Michael P. Angle, Ohio Division of Water, personal
communication, 1990).

Calcareous soils have also formed on the present-day land
surface in western Ohio (Forsyth, 1965). These soils, where
developed on the Wisconsinan tills, show a decrease in depth
ofleaching and anincreasein clay content from south tonorth.
The northward increase in clay is probably related to the
increasing proximity of the Ohio Shale outcrop and fine-
grained proglacial sediments deposited in ancient precursors
of Lake Erie. The southward increase in depth of leaching
results from longer exposure of these areas following the
northward retreat of the glaciers.

Soil development in western Ohio, with the concomitant
concentration of uranium, is consistent with the observed
radon distribution. Higher radon levels to the south correlate
with the greater development of both modern and ancient

soils in this region. Uranium enrichment may also have
occurred directly in the Wisconsinan tills if a significant
portion of these deposits was derived from the glacial erosion
of earlier soils.

Soils have developed, of course, in all parts of Ohio, but
those in the western half of the state are quite different
because they are ultimately derived from material coming
from soluble carbonate bedrock. Soils developed above the
insoluble conglomerates, sandstones, and shales that make
up most of the bedrock in eastern Ohio would contain substan-
tially smaller amounts of uranium. In parts of central Ohio,
east of the carbonate outcrops, the soils above the Mississip-
pian bedrock could easily be enriched in uranium if the
underlying till contains abundant carbonate clasts carried in
from the west. These conclusions are well supported by the
distribution of surficial uranium in the state (fig. 6).

Figures 7 and 8 shew how the surficial uranium is related
to glacial geology and indoor radon. In these figures, the
correlations between uranium concentrations above 3 ppm
and the locations of the glacial lobes and high radon levels are
striking and further support the hypothesis that calcareous
soils developed on till are a major radon source.

SAND AND GRAVEL DEPOSITS AS
CONDUITS FOR RADON

It is commonly observed in radon studies that higher indoor
radon levels are associated with sand and gravel deposits.
Such an association has already been documented for parts of
Ohio (for example, Smith and Mapes, 1989; Khawaja and
others, 1989). This observation would seem to indicate that
the sand and gravel clasts are enriched in uranium, but such
enrichment is unlikely in Ohio, as pointed out earlier. It might
also seem that these highly permeable deposits could act as
conduits for upward-migrating radon that was generated in
some underlying uranium-rich source. This circumstance,
too, is unlikely, except in areas where the sand and gravel is
less than about 5 m thick (James K. Otton, U.S. Geological
Survey, personal communication, 1993). However, while un-
usual, it is not unknown for significant quantities of radon to
survive longer migration distances in special circumstances
(see the discussion in Harrell and others, 1991). It is, we
believe, the high permeability of the sand and gravel that is
important here. Potent radon sources are not needed where
buildings are located above such deposits: a greater propor-
tion of the small amount of radon produced by uranium-poor
source materials will survive the trip to the surface than
would be the case for other types of surficial deposits with
lower permeabilities.

Figure 9 compares the arithmetic means of geometric mean
radon concentrations for zip code areas in Ohio with and
without extensive glacial or alluvial sand and gravel deposits.
It can be seen in this plot, for all concentration ranges, that
higher radon levels are associated with sand and gravel.
Areas in Ohio with abundant sand and gravel are shown in
figure 10. Once again, it can be seen that there are many high
radon levels that are directly correlated with these deposits.
The zip code area near the border of Carroll and Harrison
Counties in eastern Ohio (see fig. 2 for county locations)
appears to be anomalous because it has a high average radon
concentration but apparently nosand and gravel. Some other
geological factor is obviously at work here.

We conclude from figures 9 and 10 that sand and gravel
deposits help to elevate indoor radon concentrations by mak-
ing it possible for the gas to reach the surface from weak
sources within the sediment that would not otherwise contrib-
ute radon to houses. In some cases these deposits may contain
large amounts of stronger radon source materials such as
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clasts of Canadian granite and gneiss or Ohio Shale, or they
may allow significant amounts of radon from an underlying
bedrock or paleosol source to pass through to the surface.

OTHER GEOLOGICAL FACTORS

It has been observed in other parts of the country that
houses receiving natural gas from nearby bedrock storage or
production reservoirs sometimes have elevated indoor radon
levels (Mueller Associates and others, 1988). Radon is picked
up by the gas from the rock making up the reservoir (generally
a sandstone or dolostone) and then released in houses when
the gas is burned. In Ontario, elevated levels of radon in soils
are consistently associated with producing oil fields and
natural oil seeps (James Tilsley, Aurora Environmental Sur-
veys Ltd., personal communication, 1992). The suggestion is
that upward-migrating hydrocarbons carry either uranium
or radium from deep source rocks to the surface. In the present
study, no correlation was found between high indoor radon
concentrations and underground gas-storage facilities or pro-
ducing oil fields in Ohio. However, it has yet to be determined
whether there is a radon problem for domestic gas wells in the
state.

Soil drainage and permeability might be expected to have
a significant effect on the amount of radon reaching the
surface. In the present study, rough estimates were obtained
for these parameters for the soil associations in each zip code
area, but no correlations with radon were found. These rela-
tionships need to be reevaluated using information collected
for individual houses. Although surficial deposits may be fine
grained, they are not necessarily of low permeability, as
commonly represented in soil descriptions. In well-drained
areas, clay-rich deposits develop desiccation fractures that
can serve as pathways for radon migration. It was not pos-
sible, however, to consider such fracture permeability in this
study. Peake and Schumann (1991) have suggested that the
best indication of “geologic radon potential” for an area would
come from a consideration of both soil permeability and aerial
radiometric surface concentration of uranium. Although, in
principle, this approach is reasonable, it is currently imprac-
tical for Ohio because of the inadequacies of the available
permeability data.

Analyses of the Mississippian St. Genevieve Formation in
southern Indiana have yielded the following arithmetic mean
uranium concentrations for various lithologies: limestone,
3.65 ppm; dolomitic limestone, 4.83 ppm; dolostone, 4.35 ppm;
shale, 4.26 ppm; and chert, 10.3 ppm (Nancy Hasenmueller,
Indiana Geological Survey, personal communication, 1990).
It appears that the chert has been enriched in uranium,
perhaps by the diagenetic process responsible for silicifica-
tion. Abundant chert is found in the Devonian carbonate
bedrock of Ohio in the Detroit River Group and Columbus and
Delaware Limestones (Hatfield, 1975; Charles F. Kahle, Bowl-
ing Green State University, personal communication, 1992).
None of these formations has been analyzed for uranium, but
the observed distribution of radon is not inconsistent with
uranium enrichment of the chert. For example, in figure 3 it
canbe seen that there are numerous zip code areas with radon
levels above 4 pCi/l on the Columbus and Delaware outcrop
and also just to the west where the Detroit River is the
bedrock. It was pointed out earlier that Licking County has
the highest average radon level of any county in Ohio. It may
not be a coincidence that the zip code area within this county
with the most radon (16.0 pCi/l on average) contains the
historically famous Flint Ridge, where chert in the Pennsyl-
vanian Allegheny Group is abundant at the surface.

Studies of radon in ground water (Hume, 1991; Muller,
1992; Stewart, 1993) have found higher average radon con-
centrations in water from the Columbus and Delaware Lime-
stones than from the overlying Ohio Shale. This may reflect
uranium enrichment in the chert, but it might also be ex-
plained by the mechanism proposed by Hand and Banikowski
(1988) for a similar limestone/black shale sequence in New
York. They argued that uranium had been leached from the
overlying black shale by downward circulating ground water
and redeposited in the limestone, probably in the clay-rich
layers lining the fractures.

The several geologic controls discussed in this report to-
gether do a very good job of explaining the distribution of
indoor radon in Ohio. They cannot, however, explain all the
occurrences of high radon levels, and so there must be other,
yet unrecognized, controls. We hope that the radon database
for Ohio will be expanded in the coming years; if it is, our
understanding of the geologic controls on indoor radon will
surely improve.

SUMMARY

Zip code areas with average indoor radon concentrations of
4 pCi/lor greater are located primarily in central and western
Ohio; most of the rest are in the northeastern part of the state.
Nearly all of these areas are closely associated with
Wisconsinan till, and the majority occur in the Scioto and
Miami Lobes. The radon in houses appears to originate in the
till from one or both of the following two sources: (1) uranium-
enriched Ohio Shale fragments that have been eroded from
outcrops in central and western Ohio and incorporated into
the till; and (2) uranium-enriched calcareous soils developed
on tills derived from the underlying, less uraniferous lime-
stone and dolostone bedrock.

Many areas with high radon concentrations are also asso-
ciated with glacial or alluvial sand and gravel deposits. It
appears that the high permeability of these deposits, rather
than their composition, is responsible for the elevated radon
levels. The sand and gravel facilitate the escape of radon gas
to the surface from weak radon source materials within the
deposit.

No relationships were observed between indoor radon lev-
els and (1) locations of 0il and gas storage or production fields,
or (2) soil drainage and permeability. There was some tenta-



14 HARRELL, McKENNA, AND KUMAR

0 10 20 310 40 MILES
L ]

I 1

T T T T

T
0 10 20 30 40 50 K{LOMETERS

GEOMETRIC MEAN INDOOR
RADON CONCENTRATION

<3.99 pCil

Generalized outline of : . A 4.0-7.99 pCin
sand and gravel deposits
X  8.0-11.99 pCil
Y =2120pCH

FIGURE 10.—Areas with extensive sand and gravel deposits in Ohio (as interpreted from Goldthwait and others, 1961) and geometric
mean indoor radon concentrations for zip code areas.



GEOLOGICAL CONTROLS ON INDOOR RADON IN OHIO 15

tive evidence suggesting that chert in the carbonate bedrock
may be enriched in uranium, and so act as a significant radon
source.

The gingle geologic parameter that correlates best with the

distribution of indoor radon is the soil uranium concentration
as determined from aerial radiometric surveys. However, the
correlation is not sufficiently good for this parameter to
accurately predict indoor radon levels.
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APPENDIX.—RADON STATISTICS FOR OHIO

Abbreviations used:

Zip
No
Md
GM
AM
Q1
Q3
Min
Max
SD
Ccv

Note:
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zip code area

number of indoor radon measurements

median radon concentration

geometric mean radon concentration

arithmetic mean radon concentration

first quartile (25th percentile) of the radon concentration distribution
third quartile (75th percentile) of the radon concentration distribution
minimum radon concentration

maximum radon concentration

standard deviation of the radon concentration

coefficient of variation for the radon concentration (i.e., SD/AM * 100)

all concentrations are in picocuries of radiation per liter of air
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HARRELL, McKENNA, AND KUMAR

PART I: RADON STATISTICS FOR OHIO COUNTIES

County No Md GM AM [e1 ] Q3 Min Max SD cy
Adams 41 21 1.8 28 12 33 0.1 147 29 102.1
Ailen 153 44 3.9 6.3 22 7.6 0.1 62.6 74 117.3
Ashland 86 40 4.3 7.9 23 741 0.6 79.6 128 162.3
Ashtabula 414 1.0 1.0 1.7 0.5 1.8 A 28.3 27 155.1
Athens 505 46 38 5.4 24 741 0.1 82.1 58 107.6
Auglaize 147 46 43 7.8 2.6 10.1 0.1 64.5 9.3 118.8
Belmont 111 28 3.2 53 16 6.6 0.1 339 6.1 115.6
Brown 21 19 1.5 2.7 05 24 0.1 18.3 39 143.4
Butler 1347 3.2 3.1 52 1.6 6.6 0.1 70.3 6.0 116.4
Carroll 107 5.0 6.3 19.9 2.6 14.9 0.1 189.0 38.2 192.2
Champaign 1399 6.1 5.7 10.9 341 11.8 0.1 750.1 31.0 285.0
Ciark 275 39 36 5.8 2.1 6.8 0.1 73.0 7.0 121.4
Clermont 396 28 28 55 1.5 54 0.1 4708 24.0 4325
Cliinton 308 3.2 3.0 54 1.6 59 0.1 55.6 79 146.5
Columbiana 301 3.0 3.2 6.6 1.6 6.4 0.1 234.2 15.9 2411
Coshocton 46 44 49 9.3 22 1.9 0.1 60.5 123 132.0
Crawford 84 57 52 11.0 28 11.6 0.1 163.0 204 185.4
Cuyahoga 2038 1.4 1.3 22 0.7 25 0.1 745 33 151.1
Darke 273 6.0 49 10.1 23 114 0.1 125.0 143 1414
Defiance 61 26 26 3.6 1.7 43 - 0.1 1341 3.0 844
Delaware 642 6.1 5.9 8.7 35 10.4 0.1 95.5 9.0 103.3
Erie 197 3.7 3.7 7.4 1.7 8.2 0.1 80.3 11.6 155.7
Fairfield 539 6.8 6.0 12.0 3.0 12.2 0.1 340.5 254 212.1
Fayette 38 43 3.2 53 1.9 71 0.1 38.3 6.3 118.0
Franklin 10020 7.0 6.7 10.9 38 12.7 0.1 13339 19.1 176.1
Fulton 64 19 1.8 2.9 0.8 33 0.1 13.1 3.2 108.9
Galiia 72 2.7 21 3.0 1.1 37 0.2 10.6 24 79.7
Geauga 261 1.6 1.6 56 0.8 2.9 0.1 733.8 45.4 813.2
Greene 2172 49 44 7.6 24 9.0 0.1 163.0 10.7 139.7
Guernsey 74 2.7 28 59 1.3 5.1 0.3 108.1 13.0 2185
Hamitton 3057 20 1.9 3.1 1.0 38 0.1 52.5 3.8 124.3
Hancock % 35 34 6.0 1.5 7.3 0.1 39.1 7.5 1248
Hardin 39 37 3.2 55 1.6 84 0.1 26.2 5.2 93.3
Harrison 29 6.0 71 13.5 2.8 165 0.7 60.7 16.2 120.2
Henry 41 27 1.8 28 08 4.1 0.1 7.8 20 70.6
Highland 69 29 2.8 4.5 14 59 0.1 31.0 48 106.8
Hocking 99 6.7 59 10.1 3.1 1.5 0.1 99.5 13.8 136.7
Hoimes 20 43 4.1 7.8 1.1 88 0.6 505 11.0 1411
Huron 246 48 46 8.4 25 101 0.1 99.3 11.6 137.3
Jackson 54 2.0 2.1 3.8 1.1 49 0.2 213 4.6 121.7
Jefferson 108 3.3 38 238 1.9 8.3 0.1 1927.6 185.0 7773
Knox 170 6.8 71 134 3.0 15.4 0.1 2124 23.0 170.7
Lake 343 1.4 1.3 2.7 0.7 27 0.1 31.2 42 158.3
Lawrence 50 19 2.0 29 1.2 3.2 0.2 16.3 3.1 104.3
Licking 946 11.8 115 26.0 52 26.5 01 559.0 48.8 188.1
Logan 255 5.0 45 9.1 23 9.1 0.1 319.2 220 2424
Lorain 318 27 26 4.4 14 5.7 0.1 280 4.7 106.5
Lucas 805 22 2.1 38 1.2 40 0.1 125.5 8.0 2038
Madison 166 57 5.1 10.3 25 10.7 0.1 704 13.9 135.4
Mahoning 552 1.8 1.8 3.2 1.0 3.0 0.1 207.0 114 354.9
Marion 255 5.9 54 8.4 3.2 10.6 0.1 60.8 8.4 100.3
Medina 168 23 27 43 1.5 4.3 04 423 6.4 148.1
Meigs 28 20 1.6 22 1.0 32 0.2 6.4 15 67.3
Mercer 183 4.6 4.2 6.9 2.1 8.3 0.1 56.1 8.1 115.8
Miami 1746 5.6 54 9.0 29 10.3 0.1 252.0 138 153.0
Monroe 18 38 36 6.0 1.8 58 0.7 39.3 8.8 145.8
Montgomery 11611 3.6 33 6.0 1.7 7.0 0.1 1267.8 158 263.8
Morgan 29 34 33 5.2 1.8 58 0.1 27.0 5.7 108.8
Momow 60 54 49 8.8 24 104 0.1 546 103 117.2

Muskingum 185 5.2 5.0 8.6 26 9.2 0.4 128.0 13.0 151.4



County

Noble
Ottawa
Pauiding
Perry
Pickaway

Pike
Portage
Preble
Putnam
Richland

Ross
Sandusky
Scioto
Seneca
Shelby

Stark
Summit
Trumbull
Tuscarawas
Union

Van Wert
Vinton
Warren
Washington
Wayne

Williams
Wood
Wyandot

425

773

140

46

260
100

216
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8.7
26.7

19.4
102.5

433
354
90.3
20.2
2740

123.0
26.8
20.5
59.8
48.6

68.7
319.0
7.7
322
61.5

24.5
13.5
218.0
91.9
250.0

67.8
431
442

S0
20
48
25

13.1

58.3
132.5
92,2
107.2
109.7

91.7
122.2
122.6

77.8
205.5

119.2

85.8
127.4
107.8
108.8

120.4
3019
176.2

99.9
1411

96.7
102.9
174.8
1779
246.1

2229
121.6
122.3
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HARRELL, McKENNA, AND KUMAR

PART li: RADON STATISTICS FOR OHIO ZIP CODE AREAS

Zlp No Md aM AM Qi Q3 Min Max S0 (214
43001 8 5.7 5.7 7.8 26 6.0 21 25.0 76 97.6
43002 8 11.0 10.4 15.2 42 21.2 3.2 40.0 13.4 87.8
43003 6 43 45 6.8 1.9 6.7 17 21.4 7.5 110.2
43004 54 6.7 10.2 216 4.5 16.7 13 120.0 295 136.9
43005 2 9.7 8.7 9.7 54 9.7 54 14.0 6.1 62.7
43008 5 24 3.2 4.6 1.3 4.9 1.0 11.5 43 93.7
43009 6 72 6.2 6.6 4.1 7.7 29 9.1 22 33.7
43011 17 5.8 6.5 8.8 3.8 115 0.8 288 73 82.1
43013 6 2.6 4.1 76 1.5 9.3 1.4 222 89 1176
43014 6 5.2 53 6.3 2.8 8.0 26 118 3.8 61.1
43015 200 7.5 6.6 9.0 4.2 1.3 03 46.5 7.1 78.6
43017 823 79 8.0 12.7 43 149 0.0 95.4 141 110.7
43018 2 15.6 14.9 15.6 1.2 15.6 1.2 19.9 6.2 39.6
43019 35 83 74 9.6 47 151 1.5 23.6 6.5 67.8
43020 2 23.0 124 23.0 36 23.0 36 42.5 27.5 119.3
43021 79 6.2 5.8 77 4.1 9.9 0.0 28.5 5.7 738
43022 36 6.1 6.8 13.0 28 13.3 0.5 1211 20.9 160.9
43023 269 13.8 14.7 35.5 59 31.3 0.2 543.5 64.0 180.5
43025 22 53 6.8 124 3.0 10.8 1.2 57.0 15.6 126.0
43026 351 7.6 6.7 11.0 39 13.4 0.0 117.6 12.8 116.2
43028 7 19.0 226 49.0 6.9 375 5.1 2124 743 151.5
43029 2 6.3 5.8 6.3 39 6.3 3.9 8.6 33 53.2
43031 42 4.4 4.0 6.2 23 73 0.0 49.9 8.4 134.3
43032 1 48 48 4.8 48 4.8 48 48 0.0 0.0
43033 1 18.1 18.1 18.1 18.1 18.1 18.1 18.1 0.0 0.0
43035 1 10.4 10.4 10.4 10.4 104 10.4 10.4 0.0 0.0
43040 11 22 25 48 1.5 49 0.0 61.5 75 155.0
43042 1 27 27 27 27 27 2.7 2.7 0.0 0.0
43044 21 47 3.5 8.0 1.5 95 0.0 415 10.2 126.9
43045 6 5.2 44 7.0 1.5 8.7 0.5 16.6 6.1 87.1
43046 22 37 34 5.2 1.6 42 0.9 29.0 6.4 123.1
43047 1 15.3 15.3 153 15.3 15.3 15.3 15.3 0.0 0.0
43050 84 6.3 6.6 12.8 29 16.0 0.0 124.7 18.8 146.2
43051 1 85 8.5 85 85 85 85 8.5 0.0 0.0
43052 1 18.2 19.2 19.2 19.2 19.2 19.2 19.2 0.0 0.0
43054 70 5.2 5.5 85 34 8.2 0.5 56.9 11.0 129.1
43055 409 15.3 13.8 28.2 6.2 30.4 0.0 5598.0 495 175.8
43056 55 18.3 16.0 24.3 79 33.2 0.9 114.7 22.4 92.1
43060 7 9.7 124 19.2 5.6 20.2 33 62.7 209 108.8
43061 13 55 4.6 6.1 20 7.8 1.0 17.6 4.5 73.0
43062 87 6.1 57 9.9 27 109 0.0 83.5 145 145.9
43064 70 49 55 11.3 22 12.7 0.5 70.4 15.6 1371
43065 287 5.4 56 84 3.2 9.7 0.0 95.5 9.5 1134
43066 2 51.7 51.6 51.7 493 51.7 493 54.1 34 6.6
43067 5 25 29 3.6 1.6 29 1.5 89 3.0 83.7
43068 282 6.0 5.5 9.0 33 9.8 0.0 180.5 13.9 155.5
43069 1 1.4 1.4 14 1.4 1.4 1.4 1.4 0.0 0.0
43071 9 14.5 9.7 24.8 33 327 0.1 78.4 26.0 104.5
43072 55 42 43 75 22 8.8 0.0 43.2 9.2 123.7
43074 53 48 5.6 9.7 26 9.0 0.8 64.1 129 1324
43076 28 57 45 13.1 14 10.1 0.2 161.1 30.0 229.7
43078 159 5.3 4.8 9.2 27 10.4 0.0 265.3 21.7 236.3
43080 14 5.2 6.1 15.1 2.0 13.5 1.7 119.3 30.6 202.9
43081 780 6.2 5.5 8.0 3.4 9.9 0.0 90.6 8.2 101.8
43084 1 1.1 1.1 1.1 11 1.1 1.1 11 0.0 0.0
43085 1317 95 8.4 13.7 47 18.1 0.0 369.9 18.3 133.6
43102 7 .9 59 7.1 3.2 73 3.0 15.0 5.0 705
43103 89 115 93 17.4 4.2 23.1 0.0 102.5 19.5 1123
43105 49 55 5.1 73 26 76 1.0 37.2 7.0 97.0
43106 3 1.8 1.0 23 0.1 26 0.1 5.0 25 108.2
43107 10 6.8 5.0 76 1.5 9.5 08 213 6.3 83.2
43109 4 6.7 7.5 9.3 34 6.8 34 20.5 7.6 816
43110 107 9.7 8.8 13.7 5.1 175 0.0 73.6 123 90.1
43111 1 21.2 21.2 21.2 21.2 21.2 21.2 212 0.0 0.0
43112 72 74 6.7 142 3.2 142 0.0 238.5 29.5 207.2
43113 204 77 7.8 1.5 43 143 0.5 61.5 10.7 929
43115 5 59 7.0 83 3.7 10.6 37 16.1 5.6 66.5
43117 4 5.8 5.1 5.7 25 6.9 25 8.6 2.7 46.7
43119 55 7.3 7.2 9.6 44 14.6 07 29.7 6.8 70.8
43120 3 3.5 3.1 3.2 25 3.5 25 35 0.6 18.2
43123 281 5.9 53 77 3.2 9.7 0.0 47.0 7.0 91.5

43125 64 10.4 9.3 15.3 5.2 211 0.0 61.6 13:8 89.9



GEOLOGICAL CONTROLS ON INDOOR RADON IN OHIO

Lip No Md GM AM Q Q3 Min Max $D ey
43126 2 11.9 9.8 1.9 5.2 119 52 18.5 9.4 79.4
43127 1 1.6 1.6 1.6 1.6 1.6 1.6 1.6 0.0 0.0
43128 3 27 22 3.6 0.5 39 0.5 7.5 3.6 100.4
43130 325 8.2 6.5 129 3.3 13.0 0.0 3405 . 278 21569
43132 1 7.2 7.2 7.2 72 7.2 7.2 72 0.0 0.0
43135 6 7.8 8.1 9.7 4.7 9.0 3.0 23.2 7.0 722
43136 3 14.9 11.0 14.2 3.8 171 3.8 23.8 10.0 70.7
43137 6 19.0 16.4 32.8 37 39.3 3.0 100.5 378 115.2
43138 63 7.3 59 9.5 34 11.0 0.0 99.5 13.1 137.5
43140 39 5.0 3.8 10.9 1.3 9.6 0.0 68.6 16.8 154.0
43142 1 9.6 96 9.6 9.6 9.6 96 9.6 0.0 0.0
43143 14 5.0 3.2 5.0 1.4 59 0.0 13.1 3.8 76.5
43146 77 49 55 7.7 29 10.8 0.5 M3 7.0 89.9
43147 354 83 78 114 43 143 0.0 1104 1.2 98.4
43148 1 5.6 4.3 8.7 28 7.4 0.0 45.7 125 144.1
43149 22 6.4 7.3 133 28 15.6 0.8 85.9 18.2 137.1
431561 3 6.5 38 53 1.0 7.0 1.0 8.4 38 725
43152 5 2.0 1.4 33 0.3 3.0 0.1 10.2 4.0 122.4
43153 4 6.7 6.8 7.3 4.8 8.6 48 10.9 3.0 413
43154 7 241 27 5.4 09 6.4 0.3 18.1 6.5 1221
43155 5 21.9 13.8 21.5 3.5 33.5 2.8 40.2 174 80.8
43158 1 75 75 7.5 75 7.5 75 75 0.0 0.0
43160 31 45 3.7 5.6 20 7.0 0.5 383 6.7 119.4
43162 36 7.2 7.4 10.3 4.5 10.7 1.1 54.4 10.2 99.5
43164 7 5.6 6.6 115 25 10.4 23 45.8 155 134.4
43173 1 3.8 38 3.8 38 3.8 3.8 3.8 0.0 0.0
43188 2 3.8 3.0 3.8 1.5 3.8 1.5 6.2 33 86.3
43201 116 73 6.8 10.6 3.6 1.1 0.1 53.8 10.8 102.0
43202 154 6.0 5.5 8.7 3.2 9.8 0.0 152.9 13.5 155.9
43203 8 45 42 7.4 3.0 6.7 03 28.1 8.7 118.1
43204 172 5.0 49 7.0 3.0 9.7 0.0 30.2 5.9 835
43205 25 4.7 4.4 73 2.0 7.8 04 40.1 8.6 117.8
43206 89 5.4 5.2 6.8 33 8.4 0.5 28.2 5.1 75.7
43207 118 7.6 7.4 11.2 42 13.3 0.4 888 127 1133
43209 429 6.2 5.9 8.4 3.6 10.8 0.0 48.7 7.6 91.0
43210 15 3.0 3.2 5.8 1.3 4.0 1.0 30.7 8.1 139.1
43211 54 4.7 39 6.0 3.0 76 0.0 259 5.2 85.5
43212 188 48 48 8.5 28 8.1 0.1 178.2 173 203.3
43213 276 75 6.7 11.6 3.2 13.8 0.0 79.6 13.1 113.2
43214 474 73 6.6 103 37 126 0.0 733 10.2 99.7
43215 69 49 45 74 2.4 9.1 0.0 37.3 77 105.1
43216 19 27.9 29.2 63.1 19.6 50.3 1.1 232.0 62.1 117.0
43217 2 6.2 6.1 6.2 5.9 6.2 5.9 6.4 0.4 5.7
43218 3 5.9 6.1 6.6 3.8 6.9 3.8 10.1 3.2 48.6
43219 67 6.9 7.6 13.7 3.9 13.3 0.4 112.2 205 149.4
43220 580 6.4 6.1 85 3.7 1.1 0.0 47.4 7.2 85.0
43221 490 6.3 6.1 8.8 3.7 10.4 0.0 1426 105 118.3
43222 9 7.2 5.2 7.3 3.0 9.1 0.4 16.4 49 66.1
43223 52 5.3 46 6.7 2.6 87 0.0 25.4 5.4 80.2
43224 187 6.2 59 145 3.7 9.3 0.0 1333.9 97.2 668.8
43225 1 5.6 56 5.6 5.6 56 5.6 5.6 0.0 0.0
43226 3 7.6 6.1 79 2.1 9.2 2.1 14.0 6.0 75.4
43227 180 8.6 7.7 10.5 4.7 13.4 0.0 76.7 9.0 86.0
43228 197 58 5.4 8.6 3.1 10.1 0.0 735 9.7 112.6
43229 410 7.0 6.2 9.1 3.7 11.7 0.0 102.8 8.7 95.1
43230 294 7.8 7.8 14.6 3.8 16.7 0.0 417.7 28.1 192.3
43231 65 7.0 6.3 9.1 3.5 1.0 0.3 46.0 8.5 93.4
43232 295 11.2 10.5 16.4 59 225 0.1 142.8 16.6 100.9
43234 2 8.3 8.3 83 8.2 8.3 8.2 8.4 0.1 1.7
43235 417 8.0 7.4 11.5 44 13.6 0.0 108.3 12.2 106.5
43239 2 26.9 15.9 26.9 5.2 26.9 5.2 48.6 30.7 114.1
43243 1 2.1 21 2.1 2.1 2.1 2.1 2.1 0.0 0.0
43254 1 10.0 10.0 10.0 10.0 10.0 10.0 10.0 0.0 0.0
43264 1 29 2.9 29 29 29 2.9 2.9 0.0 0.0
43269 1 9.9 9.9 9.9 9.9 9.9 9.9 9.9 0.0 0.0
43284 1 3.6 36 3.6 36 36 36 36 0.0 0.0
43285 2 23 2.1 23 1.4 23 14 3.1 1.2 53.4
43302 199 5.7 53 8.2 3.1 10.7 0.0 55.2 8.1 97.7
43304 1 7.0 70 70 7.0 7.0 70 70 0.0 0.0
43305 2 35.5 249 35.5 10.2 35.5 10.2 60.8 35.8 100.8
43306 1 6.8 6.8 6.8 6.8 6.8 6.8 6.8 0.0 0.0
43310 9 42 63 9.3 26 125 23 298 9.1 98.2
43311 142 57 53 10.4 24 9.8 0.0 319.2 27.5 264.1
43313 3 3.1 3.2 3.2 29 33 29 3.7 04 129
43314 14 74 58 78 35 11.8 0.7 16.7 5.1 65.3
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Lp Ne Md GM AM Q Q Min Max S0 cy

43315 16 5.3 55 9.1 24 6.9 14 54.8 13.0 143.1
43316 9 28 28 35 1.4 49 0.8 76 24 68.1
43318 29 5.0 4.7 5.9 35 7.0 08 18.9 42 70.6
43319 4 1.8 1.5 1.7 0.8 22 08 25 0.8 46.3
43320 5 16.3 9.2 16.3 1.9 25.1 14 324 141 86.4
43321 3 9.9 9.6 10.2 6.2 111 6.2 146 4.2 41.1
43322 2 5.2 4.4 5.2 25 5.2 25 78 3.7 72.8
43324 9 20 29 72 1.2 48 0.2 34.1 11.0 153.0
43326 22 43 27 5.1 1.4 8.3 0.0 13.5 39 77.2
43327 1 26 26 26 26 26 28 26 0.0 0.0
43328 2 42 4.2 42 3.9 42 3.9 45 0.4 10.1
43330 1 3.1 3.1 3.1 31 3.1 3.1 3.1 0.0 0.0
43331 7 23 2.0 3.0 0.7 33 0.5 8.7 29 98.3
43332 8 6.4 7.7 11.0 36 11.8 23 30.3 105 95.7
43333 4 75 4.0 75 03 75 03 14.6 58 78.1
43334 13 6.6 74 1.7 33 11.4 141 354 116 98.6
43335 1 6.1 6.1 6.1 6.1 6.1 6.1 6.1 0.0 0.0
43336 2 35 3.4 35 3.1 35 3.1 3.8 0.5 143
43337 3 22 1.8 21 08 25 08 3.2 1.2 58.3
43338 17 3.3 29 5.0 22 6.1 0.0 23.2 5.3 104.9
43340 3 1.1 1.8 1.9 14 1.7 1.1 3.6 1.4 74.7
43341 3 46 48 49 42 4.9 42 5.8 0.8 171
43342 16 6.8 53 8.1 25 79 0.6 21.3 6.7 823
43343 10 17.8 8.9 18.1 1.8 31.5 0.8 38.8 15.9 87.4
43344 16 26 4.1 79 1.3 10.8 0.8 24.2 8.4 107.0
43345 1 1.2 1.2 1.2 1.2 1.2 1.2 1.2 0.0 0.0
43347 3 25 1.7 2.0 0.8 25 0.8 28 1.0 51.4
43348 4 33 23 4.1 0.7 5.8 0.7 9.1 4.1 101.2
43349 5 2.1 25 4.1 1.0 27 0.7 129 5.0 122.4
43350 1 10.7 10.7 10.7 10.7 10.7 10.7 10.7 0.0 0.0
43351 19 4.9 5.5 10.1 33 119 0.0 442 1.4 113.2
43356 7 74 6.5 9.0 28 8.1 24 28.8 9.1 101.0
43357 30 8.9 8.1 13.5 3.3 16.3 1.1 42.9 13.2 97.6
43358 4 1.6 1.8 20 1.0 1.9 1.0 38 1.2 61.2
43359 4 26 29 43 1.1 3.6 1.1 10.8 45 104.8
43360 27 3.2 35 9.0 1.7 6.1 0.4 §0.2 19.4 216.2
43376 1 3.2 3.2 32 3.2 3.2 3.2 3.2 0.0 0.0
43402 59 24 26 4.1 14 46 0.5 43.1 6.0 144.9
43406 1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.0 0.0
43407 1 5.1 5.1 5.1 5.1 5.1 5.1 5.1 0.0 0.0
43410 4 5.6 5.6 6.0 3.1 59 3.1 9.8 28 46.3
43412 1 2.0 20 2.0 2.0 20 20 20 0.0 0.0
43413 1 1.7 1.7 1.7 1.7 1.7 1.7 1.7 0.0 0.0
43416 5 3.2 3.0 52 1.1 33 11 17.2 6.8 129.9
43420 41 4.0 39 5.1 2.7 6.3 0.4 26.8 4.3 85.6
43430 7 20 28 3.8 1.3 5.2 0.8 10.2 33 87.2
43431 5 42 5.3 6.6 3.2 4.7 29 17.0 5.9 88.7
43432 5 1.0 1.2 13 09 1.1 0.8 26 0.7 55.3
43434 1 28 2.8 28 2.8 2.8 28 2.8 0.0 0.0
43435 4 1.5 1.5 1.5 1.3 1.8 1.3 1.8 0.2 145
43437 2 25 1.0 25 0.2 25 0.2 49 33 130.3
43438 1 18 1.8 1.8 1.8 1.8 18 1.8 0.0 0.0
43440 10 23 25 5.4 1.3 6.7 0.0 19.5 6.3 1175
43443 1 27 27 2.7 2.7 27 2.7 2.7 0.0 0.0
43445 2 2.0 08 2.0 0.0 2.0 0.0 39 2.8 1414
43447 4 1.6 1.3 1.6 0.5 21 0.5 2.6 1.0 60.3
43449 17 1.3 1.7 2.8 0.7 4.0 0.4 10.2 2.8 100.7
43450 5 36 5.1 133 0.9 214 0.5 33.0 15.5 116.6
43451 1 20 2.0 2.0 2.0 20 20 20 0.0 0.0
43452 27 2.0 1.7 3.8 1.0 3.2 0.0 26.7 5.8 1519
43457 1 2.8 28 28 28 28 28 28 0.0 0.0
43460 4 55 57 8.6 1.6 58 1.6 21.7 89 104.3
43462 1 05 05 05 0.5 05 0.5 0.5 0.0 0.0
43484 1 3.0 3.0 3.0 3.0 3.0 3.0 3.0 0.0 0.0
43465 8 32 34 4.6 1.8 5.1 1.0 10.7 3.8 82.5
43488 1 1.9 1.9 1.9 1.9 1.9 1.9 1.9 0.0 0.0
43468 1 2.2 22 2.2 22 22 2.2 22 0.0 0.0
43469 6 25 1.7 3.2 05 4.1 0.0 73 2.8 87.5
43501 1 1.2 1.2 1.2 1.2 1.2 1.2 1.2 0.0 0.0
43502 15 33 3.1 3.9 1.9 4.8 08 1.9 28 71.5
43504 2 8.8 54 8.6 1.9 8.6 1.9 15.2 9.4 110.0
43505 1 14 1.4 1.4 14 1.4 1.4 1.4 0.0 0.0
43506 12 27 25 3.7 1.8 3.0 0.6 16.4 42 114.7
43512 53 28 28 3.7 1.7 4.4 04 13.1 3.1 83.7
43515 8 29 2.0 29 0.5 38 0.5 6.9 2.2 76.1



43516
43517
43518
43521
43522
43524
43526
43527
43528
43532
43533
43534
43535
43537
43540
43542
43543
43545
43548
43551
43553
43554
43556
43557
43558
43560
43566
43567
43569
43570
43571
43602

43605
43607

43609
43611
43612
43613
43614
43615
43616
43617
43618
43619
43620
43623
43650
43652
43655
43662
43694
43697

43701
43702
43713
43716
43718
43720
43723
43724
43725
43727
43728
43730
43731
43732
43734
43735
43739
43745
43746

B

pry

-

~y = © »
GONWS NN NEEAENAWAJODON—2 N2 WU

=~
N O

m_.agm_._.\‘m_._.a:\‘_ng_.o_._‘\‘_._._._._._.

GEOLOGICAL CONTROLS ON INDOOR RADON IN OHIO

6.1
67.8

129
44
0.0
53
7.8

14.7

74
53
5.8
125.5

3.7
3.0
55
58
26.0
1.8
25
22
6.2
11.8

13.0

15.8

oy

72.6
173.2
0.0
1205
38.1
0.0
63.2

105.4
825
0.0
47.2
0.0
205.8
95.2
58.1
38.5

20.9
97.1
129
0.0
79.6
60.1
155.6
181.6
81.6
109.8
70.7
81.2
70.0
0.0
1414

1124
99.4
57.0

156.0
88.1
73.6

109.9

206.8
79.5

101.3
474

115.0
84.9
251.3
0.0
0.0
0.0
0.0
0.0
0.0
123.5
108.5
0.0
78.3

157.6
0.0
67.9
853
2194

0.0
110.0
55.6
0.0
0.0
96.3
66.0
0.0
122.4

23



HARRELL, McKENNA, AND KUMAR

Zp No Md GM AM Q Qd Min Max sD cy
43747 1 5.6 5.6 5.6 5.6 56 56 56 0.0 0.0
43748 5 1.4 1.8 3.2 0.9 1.6 08 1.1 44 138.4
43749 1 23.9 239 239 23.9 239 23.9 23.9 0.0 0.0
43750 2 6.5 5.9 6.5 38 6.4 38 8.1 37 58.1
43755 2 19 1.2 1.9 04 1.9 04 34 2.1 1116
43756 1 3.6 26 36 241 46 0.0 6.6 20 55.8
43758 7 3.2 3.4 46 1.4 5.6 1.0 116 3.8 825
43759 3 26 25 25 24 26 24 26 0.1 46
43760 1 2.4 2.4 24 24 24 24 24 0.0 0.0
43762 19 8.6 79 16.5 3.6 10.3 08 1290 20.0 175.5
43764 9 29 28 36 14 53 08 77 25 68.5
43766 3 16 1.6 1.6 1.3 1.7 1.3 1.9 0.3 18.7
43767 6 3.2 36 47 16 6.0 1.2 9.8 36 77.5
43768 2 20 20 20 1.9 2.0 1.9 241 0.1 71
43772 2 26 1.2 26 0.3 26 0.3 49 33 125.1
43773 2 1.4 11 14 0.6 14 0.6 21 1.1 786
43779 1 15 1.5 1.5 1.5 1.5 15 15 0.0 0.0
43783 6 3.0 36 56 1.6 43 1.0 18.8 6.6 119.3
43787 6 28 36 6.3 13 72 0.8 18.3 71 11.7
43789 1 3.8 3.8 3.8 38 3.8 38 3.8 0.0 0.0
43793 8 26 21 25 0.8 3.1 0.7 44 14 56.8
43802 1 6.9 6.9 6.9 6.9 6.9 6.9 6.9 0.0 0.0
43811 3 1.2 17 42 04 3.6 04 11.0 5.9 140.5
43812 28 3.6 40 76 20 10.9 0.0 56.9 11.1 144.8
43820 1 4.0 4.0 4.0 4.0 4.0 4.0 4.0 0.0 0.0
43821 5 7.8 73 8.0 44 8.4 42 14.6 4.1 514
43822 9 20 3.0 42 1.5 39 14 133 42 99.2
43624 1 4.4 44 44 44 44 44 44 0.0 0.0
43828 1 8.8 8.8 88 88 8.8 88 8.8 0.0 0.0
43830 20 10.6 7.9 15.7 22 18.8 04 64.1 17.6 112.2
43832 3 0.6 1.1 4.1 0.2 33 0.2 115 6.4 156.4
43837 1 9.4 8.4 94 9.4 9.4 94 94 0.0 0.0
43843 1 60.5 60.5 60.5 60.5 60.5 60.5 60.5 0.0 0.0
43844 4 171 10.2 15.6 14 19.8 1.4 26.8 10.7 68.7
43845 3 8.5 77 83 44 9.4 4.4 12.1 39 46.2
43901 1 8.0 8.0 8.0 8.0 8.0 8.0 8.0 0.0 0.0
43902 1 0.8 08 0.8 08 08 0.8 0.8 0.0 0.0
43903 2 6.2 5.3 6.2 3.1 6.2 31 9.2 43 70.1
43805 1 38 3.8 3.8 38 38 38 38 0.0 0.0
43906 8 6.7 6.1 9.8 1.8 125 1.7 339 10.7 108.6
43907 1 35 5.4 83 26 7.0 1.5 39.5 12.0 1294
43908 2 2.0 1.9 20 1.9 2.0 19 20 0.1 3.6
43910 7 20 20 23 14 20 0.9 5.7 1.6 67.1
43912 3 53 6.4 103 21 9.8 241 234 115 111.8
43913 2 1.5 15 1.5 1.5 15 1.5 1.6 0.1 46
43915 3 8.2 12.7 18.0 6.4 16.0 6.4 39.3 18.5 103.0
43917 1 19.4 19.4 19.4 19.4 19.4 19.4 19.4 0.0 0.0
43920 63 6.2 51 9.8 20 114 0.0 58.1 11.2 114.6
43921 1 3.0 3.0 3.0 3.0 3.0 3.0 3.0 0.0 0.0
43926 1 2.0 20 20 20 2.0 20 20 0.0 0.0
43930 1 39.0 39.0 39.0 38.0 39.0 39.0 39.0 0.0 0.0
43932 2 23.6 19.6 23.6 10.5 23.6 10.5 36.7 18.5 78.5
43933 1 22 22 22 22 22 22 22 0.0 0.0
43935 15 22 25 3.2 1.5 40 0.9 9.4 25 78.2
43938 8 53 45 76 1.7 8.3 05 214 73 96.1
43942 5 23 24 3.4 1.1 26 0.7 9.1 33 96.3
43943 14 6.8 49 8.7 18 146 03 228 7.7 88.4
43944 2 6.8 6.3 6.8 44 6.8 44 9.1 33 49.2
43945 1 38 4.1 59 1.5 6.6 1.4 18.2 5.6 943
43946 1 1.7 1.7 1.7 1.7 1.7 1.7 1.7 0.0 0.0
43947 7 28 3.2 5.0 1.7 43 0.6 16.8 5.5 1118
43948 1 03 0.3 03 03 03 0.3 0.3 0.0 0.0
43950 53 3.2 33 54 1.6 7.0 0.1 333 6.2 1149
43852 49 3.2 3.5 44.1 14 6.9 0.0 1927.6 274.7 622.9
43963 3 31 33 3.6 21 37 21 5.6 1.8 50.1
43964 12 3.6 4.1 47 25 48 2.0 9.8 26 56.4
43968 13 3.7 4.1 5.5 21 6.9 0.8 14.6 42 76.4
43974 1 21 21 21 2.1 21 21 21 0.0 0.0
43976 1 2.1 21 2.1 2.1 21 21 2.1 0.0 0.0
43983 1 10.4 10.4 10.4 10.4 10.4 10.4 104 0.0 0.0
43985 1 59 5.9 59 59 59 5.9 59 0.0 0.0
43986 2 53 47 53 29 53 29 77 34 64.0
43988 8 17.8 159 259 48 39.9 1.7 60.7 220 85.2
44001 32 3.1 37 6.6 1.9 8.1 0.0 28.0 7.2 109.4
44003 27 1.0 09 1.1 0.6 14 0.2 27 0.7 63.3
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