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PREFACE

This volume contains 24 papers of geologic and hydrogeologic research on
radon-222, a naturally occurring radioactive gas (hereafter referred to as radon). In
1984, R.C. Smith II and co-workers documented the most severe indoor radon prob-
lem to date, which was in Colebrookdale Township near Boyertown, Pa. (Pennsylva-
nia Geology, 1987, v. 18, p. 1-7). A residence was found to contain 2,500 pCi/L
(picocuries per liter) of radon. The Environmental Protection Agency’s current action
level for radon mitigation of a home is 4 pCi/L. At 4 pCi/L, the chance of lung cancer
from a lifetime exposure, for populations of smokers and nonsmokers, is 1 to 3 per-
sons out of 100. The discovery of high indoor radon levels near Boyertown and in
several other parts of the United States prompted nationwide concern and the initiation
of federal programs to assess and understand the problem. Despite the obvious geo-
logic controls on concentrations of radon in soil gases, relatively little research has
focused on geologic aspects of the radon problem. These factors are important for our
understanding of the natural occurrence of radon in soil gases and for the eventual pre-
diction of areas likely to have high radon concentrations. Radon, in addition to being
found in soil gas, can also be present in ground water. A ground-water supply
enriched in radon is possibly a significant source of radon in indoor air. Inside a
home, when water is agitated, such as when a faucet is turned on, radon can be
released from the water into the air. Uranium and radium may also be present in
ground waters in concentrations that may prove harmful for human consumption. High
amounts of radium and radon have been known for several years to exist in ground
waters in New England, but their occurrence in domestic well supplies in other parts
of the country had not been tested extensively or understood. Research in the past 5
years by the U.S. Geological Survey on these geological and hydrogeological issues
has significantly increased our understanding of radon and its occurrence. Compiled
in this volume are field studies relating ways to measure, assess, and understand radon
in homes and in water. The papers are of a technical nature and are written for the
scientific audience.

Radon-222 is generated from the decay of uranium-238, which is present natu-
rally in varying concentrations in all rocks and soils. Radon-222 is the longest lived
isotope of radon; it is odorless and colorless in the concentrations observed in homes
and so is not an obvious problem in the air in homes. Radium-226 is the immediate
parent isotope of radon-222. Figure 73 on page 184 illustrates the uranium-238 decay
chain. The formation of radon-222 and its daughter products, polonium-218 and
polonium-214, is shown. Radon in air can be inhaled into the lungs, and the polonium
isotopes can be deposited in lung tissue as the radon decays. Polonium atoms adhere
to particulates in air, which when breathed in, may also deposit them in the lungs. The
polonium isotopes emit alpha particles, which cause lung damage and may be respon-
sible for lung-cancer deaths of 5,000 to 20,000 U.S. citizens a year (A Citizen’s
Guide to Radon, Environmental Protection Agency, 1986, OPA-86-004, 14 p.).

The first half of this volume focuses on rocks and soils, the principle sources of
indoor radon. This half is divided into three sections, the first of which addresses ways
of measuring radon in the ground and also the problems associated with measurement.
Tanner describes “Methods of Characterization of Ground for Assessment of Indoor
Radon Potential at a Site.” In this report, soil characteristics and their effect on radon
mobility and measurement are discussed in detail. Recommendations for avoiding inac-
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curate measurements and suggestions for the best type of measurement instruments are
made. “Simple Techniques for Soil-Gas and Water Sampling for Radon Analyses,” by
Reimer, illustrates a simple sampling technique for soil air and for radon in ground
water that is accessible to most scientists interested in reconnaissance and field tech-
niques of measuring radon. In a paper at the end of this section, Reimer discusses
“Derivation of Radon Migration Rates in the Surficial Environment by Use of Helium
Injection Experiments.” In this study he uses helium injection into the ground to deter-
mine radon migration rates and direction within deformed bedrock. A long-term study
on the effects of climate on soil radon is presented in “A Preliminary Evaluation of
Environmental Factors Influencing Day-to-Day and Seasonal Soil-Gas Radon Concen-
trations,” by Asher-Bolinder, Owen, and Schumann. They found that pedologic and
meteorologic conditions interact to cause both day-to-day and seasonal variations in
soil radon.

The second section, which concerns geologic field studies of radon, presents
specific case histories. “Radon in Sheared Metamorphic and Igneous Rocks,” by
Gundersen, describes four areas of the Appalachians, including the well known Boyer-
town site, where severely elevated levels of indoor radon are found associated with
sheared bedrock. The paper analyzes the geologic processes that contribute to some of
the highest indoor radon levels found in the United States. Agard and Gundersen focus
on “The Geology and Geochemistry of Soils in Boyertown and Easton, Pennsylvania.”
Soil characteristics are examined in two areas having very high indoor radon levels to
understand which soil parameters control radon migration and concentration. Henry,
Kaeding, and Monteverde present “Radon in Soil Gas and Gamma-Ray Activity of
Rocks and Soils at the Mulligan Quarry, Clinton, New Jersey.” Soil radon measure-
ments and gamma measurements are compared for an area of carbonate rocks that are
sheared and mineralized with uranium. A practical demonstration of radon use in pre-
dicting another geologic hazard is given in “Radon in Soil Gas Along Active Faults in
Central California,” by King, Walkingstick, and Basler. Soil radon was monitored
from 1975 to 1985 along a 380-km segment of the San Andreas fault, and correlations
with large local earthquakes are shown. “Radon Emanation from Uranium Mill Tail-
ings,” by Landa, examines the radon emanation of mine tailings with reference to the
original ore. He finds that, although 90 percent of the uranium is generally extracted
during the milling processes, most of the daughter-product activity remains with the
tailings.

The third section highlights different techniques for assessment of radon poten-
tial. Duval describes the “Use of Aerial Gamma-Ray Data to Estimate Relative
Amounts of Radon in Soil Gas.” He shows how aerial gamma-ray data can be used to
assess regions for radon potential and the importance of geology in utilizing the geo-
physical data. “Regional Radon Characterizations,” by Peake and Schumann, demon-
strates how indoor radon screening data can be combined predictively with soils, geo-
logic, and radiometric data to indicate areas of high radon potential. Kentucky is used
as an example of a State assessment. The final paper of the first half, by Reimer,
Gundersen, Szarzi, and Been, describes a “Reconnaissance Approach to Using Geol-
ogy and Soil-Gas Radon Concentrations for Making Rapid and Preliminary Estimates
of Indoor Radon Potential.” Simple field techniques for assessment of radon potential
are evaluated by use of soil radon collected along a transect perpendicular to strike in
the Maryland coastal plain.

The second half of the Bulletin, “Studies of Radon in Water,” features geochem-
ical and hydrologic studies of ground waters. The first paper in the introductory sec-
tion, “A Review of the Chemical Processes Affecting the Mobility of Radionuclides in
Natural Waters, with Applications,” by Wanty and Schoen, provides a primer on the
aqueous geochemistry of radionuclides in the context of geology and the radon prob-
lem. This paper also gives a review of the health effects of radionuclides in water. In
the second introductory paper, Paulsen presents an extensive overview in “Radio-



nuclides in Ground Water, Rock, Soil, and Indoor Air of the Northeastern United
States and Southeastern Canada—A Literature Review and Summary of Data.” The
report briefly summarizes major investigations of the occurrence of radionuclides in
the New England States, New York, and southern Ontario since the 1950’s.

The second section addresses techniques for measuring radon in ground waters.
Yang describes “Sampling and Analyses of Dissolved Radon-222 in Water by the
De-Emanation Method.” In this paper he discusses the advantages and disadvantages
of the direct de-emanation and alpha-scintillation counting method and finds it to have
better precision in the lower concentration ranges than any other method currently
available. “A Comparison of Two Techniques for Radon-222 Measurement in Water
Samples” is given by Mullin and Wanty. In testing the reproducibility and values of
radon concentration measured by liquid scintillation and by a technique developed by
Reimer (this volume), the authors found the results to be in moderately good agree-
ment. Although it has the advantage of producing results within a matter of minutes,
the Reimer technique shows poor consistence in comparison with the liquid scintilla-
tion method because in the Reimer technique radon is lost if samples are stored for a
prolonged period.

The third section contains eight papers featuring specific field studies of radon in
surface and ground waters throughout the United States. Lee and Hollyday present
“Use of Radon Measurements in Carters Creek, Maury County, Tennessee, To Deter-
mine Location and Magnitude of Ground-Water Seepage.” By measuring the activity
of radon-222 in streamflow, the authors found the location and calculated the contribu-
tion of ground-water seepage to the total flow in the creek. Szabo and Zapecza exam-
ine “Geologic and Geochemical Factors Controlling Uranium, Radium-226, and
Radon-222 in Ground Water, Newark Basin, New Jersey.” They found that ground-
water radionuclide levels in the Newark basin are highest in the Passaic, Lockatong,
and Stockton Formations. A number of samples collected exceed the Environmental
Protection Agency’s maximum contaminant levels and are associated with uranium
enrichment in the bedrock. In the report “Radium-226, Radium-228, and Radon-222 in
Ground Water in the Chickies Quartzite, Southeastern Pennsylvania,” by Cecil,
Senior, and Vogel, an anomalously elevated occurrence of radium in domestic well
water is investigated. They found that pH may be used to predict elevated radium con-
centrations and that all samples with pH below 4.7 contained concentrations of total
radium that exceeded the Environmental Protection Agency’s maximum contaminant
level. Their paper also documents the importance of measuring all isotopes of radium
as opposed to the more common practice of ignoring radium-228 unless radium-226 is
above certain threshold levels. “Radon in Ground Water of the Carson Valley, West-
Central Nevada” is the subject of the study by Lico and Rowe. The authors have
determined both the sedimentologic and geochemical controls on the highly variable
distribution of radon-222 within the valley. However, they believe the principle source
of the radon is derived from the Carson Range. High levels of radon in domestic wells
in Boyertown and eastern Pennsylvania is the subject of the paper “Geochemistry of
Ground Water and Radionuclide Mobility in Two Areas of the Reading Prong, Eastern
Pennsylvania,” by Wanty, Briggs, and Gundersen. The authors found that aquifer rock
type appears to be the dominant factor determining the radon-222 potential of ground
water in the two sites examined. Gray and Webb describe “Radionuclides in the
Puerco and Lower Little Colorado River Basins, New Mexico and Arizona, Before
1987.” Both naturally occurring radionuclides and radionuclides from uranium mine
tailings contribute to excessive levels of radioactivity in surface and ground waters in
the river basins examined. In “Uranium, Radium, and Radon in Deeply Buried Sedi-
ments of the U.S. Gulf Coast,” Kraemer describes the geochemistry and secular equi-
librium of uranium, radium, and radon in water, rock, and gases of buried coastal
plain sediments. The final paper of the Bulletin is “Radium, Helium, and Other Gases
in Shallow Ground Waters of Uraniferous Holocene Alluvium, Flodelle Creek, Stevens
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County, Northeast Washington,” by Otton and Reimer. The authors use various gas
species including radon, helium, oxygen, carbon dioxide, and methane to examine
radionuclide source, ground-water flow, and geochemistry in a drainage basin.

The editors would like to especially thank John Watson for his diligence, humor,
patience, and excellent technical editing during the compilation of this Bulletin.

Linda C.S. Gundersen
Richard B. Wanty
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METRIC CONVERSION FACTORS

For readers who wish to convert measurements from the inch-pound system of units to the metric system of units, the conversion factors are listed below:

Multiply By To obtain Muitiply By To obtain
Length Volume per unit time (includes flow)—Continued
micrometer (pm) 0.000 039 37 inch (in) meter® per second 35.31 foot? per second (ft’/s)
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milliliter (mL) 0.061 02 inch? (in) degree Celsius (°C) Temp °F=1.8 temp °C+32 degree Fahrenheit (°F)
. 2133
liter (L) 61.02 mch3 (m3 ) Specific conductance

0.035 31 foot” (ft”)

33.82 ounce, fluid (oz) microsiemens per 1.000 micromho per centimeter

2.113 pint (pt) centimeter at 25 at 25 degrees Celsius

1.057 quart (qt) degrees Celsius (pmho/cm at 25 °C)

0.264 2 gallon (gal) (nS/cm at 25 °C)
meter® (m*) 35.31 foot® (ft}) millisiemens per 1.000 millimho per meter at

1.308 yard® (yd®) meter at 25 25 degrees Celsius

264.2 gallon (gal) degrees Celsius (mmho/m at 25 °C)

0.000 810 7 acre-foot (acre-ft) (mS/m at 25 °C)

kilometer® (km®) 0.2399 mile® (mi®)

Volume per unit time (includes flow)

gram per minute 0.035 27
(g/min)
milliliter per minute 0.033 82
(mL/min)
0.035 31
liter per second (L/s) 15.85
meter per second (m/s) 3.281
meter per day (m/d) 3.281
meter® per day (m%d) 10.76

ALTITUDE DATUM

ounce (avoirdupois)
per minute (0z/min)
ounce (fluid) per
minute (0z/min)
foot® per second (ft*/s)
gallon per minute
(gal/min)
foot per second (ft/s)
foot per day (ft/d)
foot® per day (ft*/d)

Activity

1 becquerel (Bq)=1 disintegration per second
1 Curie (Ci)=3.7x10" Bq
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1 Bq/m®=2.7x1072 pCi/L
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National Geodetic Vertical Datum of 1929 (NGVD of 1929): A geodetic datum derived from a general adjustment of the first-order level nets of
both the United States and Canada, formerly called Sea Level Datum of 1929.
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PART 1: STUDIES OF RADON IN ROCKS AND SOIL

SECTION 1: TECHNIQUES FOR MEASURING RADON IN SOIL

METHODS OF CHARACTERIZATION OF GROUND FOR ASSESSMENT OF

INDOOR RADON POTENTIAL AT A SITE

Allan B. Tanner

Abstract

The concentration and mobility of radon-222 in soil
interstices control the potential of ground to supply radon
to a structure. Radon mobility depends on its diffusivity
and on the permeability of the ground to flow of soil gas.
Several soil-probe methods currently under development
can be used to measure the radon concentration in soil
gas and to obtain gas-flow characteristics from which the
gas permeability of the ground can be inferred. The radon
diffusion coefficient can be inferred from measurements
of the porosity and pore water fraction of samples of soil
removed for emplacement of the soil probe. General
principles of soil development and tests made with a
special soil probe indicate that layered soils are more
permeable to gas flow in the horizontal than in the vertical
direction, although cracking in soils can cause high
vertical permeability along the cracks. Soil cracks and rock
fracture systems pose problems of test-probe spacing and
modeling that have not been resolved. Changes in the
degree of pore water saturation can affect the radon
concentration in the gas phase by as much as a factor of 4
and radon mobility by as much as 3 orders of magnitude.
In order to lessen the effects of short-term meteorological
and seasonal changes on characterization of the ground,
soil-probe measurements should be made as deeply as is
feasible, ideally to the depth of the slab of a building to be
constructed at the site. For slab-on-grade and crawl-space
house sites, the soil may be best characterized by means
of soil-gas accumulators operated with a degree of suction
comparable with that exerted by a house during the
season in which the house is heated.

INTRODUCTION

Testing of the ground in order to determine its indoor
radon potential for an existing structure is more expensive
than a straightforward test of the radon concentration in the
structure. Ground tests may not be economical in the
preconstruction phase for single structures of typical design
if the ground has normal or moderately elevated indoor
radon potential, because the cost of testing may approach
that of incorporating aids to radon mitigation into the
structure. The cost of constructing a new house so as to
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facilitate mitigation may range from $231 to $1,381 (John
Spears, National Association of Home Builders, written
commun., 1988). For structures of designs incompatible
with the usual mitigation techniques, for large or extended
structures, and for developments containing large numbers
of homes, preconstruction testing may allow the builder to
avoid unnecessary provision for radon mitigation or may
indicate that extraordinary measures must be taken to avoid
indoor radon problems. Although developers and home
builders frequently ask consultants and site engineers to
determine the indoor radon potential of sites, no such test
has yet been proven reliable. Problems in developing a
standard test include accounting for spatial variations of
radon’s soil-gas concentration and mobility on a meter-
to-meter scale and temporal variations of the same factors
caused by freezing or variable water content of the soil.
Also, no agreement has been reached on the suitability of
measurement techniques.

The emanation of radon from rock and soil minerals
and migration of radon in the ground have been reviewed by
Tanner (1964, 1980); references more specific to the ground
as a source of indoor radon were given by Akerblom and
others (1984), Nero and Nazaroff (1984), Eaton and Scott
(1984), Nero (1985), Tanner (1986), and Nazaroff and
others (1988). Research on site-specific measurements to
assess indoor radon potential is active in Scandinavia, in the
United States, and probably in several other countries, but
little has appeared in the literature about quantitative
approaches. Akerblom (1986) gave Swedish criteria for
classifying radon risk based on radon concentrations in soil
gas: less than 10 kBq/m® (kilobecquerels per cubic meter)
(270 pCi/L, picocuries per liter) is classed as “low risk”;
greater than 50 kBg/m® (1,350 pCi/L) is classed as “high
risk”; and between 10 and 50 kBg/m” is classed as “normal
risk.” He noted, however, that low permeability of the soil
(high resistance to flow of the soil gas) works to shift the
risk classification to the next lower level; conversely, high
permeability works to shift the risk classification to the next
higher level. Measurements of radon in soil gas are used in
many countries; see, for example, Hesselbom (1985),
Lindmark and Rosen (1985), Reimer (1988), and other
papers in this Bulletin. In Finland, a procedure involving
laboratory measurements of radon production and diffusion
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and permeability to air flow in soil samples is under
development for ground classification (Slunga and Holkko,
1987). The flux of radon obtained by suction at the ground
surface is the basis of an investigatory method in Denmark
(Kaare Ulbak, Statens Institut for Stralehygiene, Brgnshgj,
oral commun., 1986). In New York State, Kothari and
others (1985) have made extensive use of a soil probe to
extract soil gas for radon analysis and to determine simul-
taneously the permeability of the ground at the sampling
depth, following a scheme devised by Scott (DSMA Atcon,
Ltd., 1983). Similar apparatus are used by the Lawrence
Berkeley Laboratory (R.G. Sextro, oral communication,
1987), by the Environmental Protection Agency (R.T.
Peake, written communication, 1988), and by the U.S.
Geological Survey (Tanner, 1988), but the data are used
differently. Kunz (1988) used an equation relating a “radon
index number” to radon concentration in the soil gas, depth
to the water table or bedrock, and soil permeability. The
Environmental Protection Agency approach (Peake, 1988)
is similar to that of Akerblom (1986). Nazaroff (1988)
modeled radon entry into a basement structure on the basis
of the permeability of the ground outside the foundation and
radon entry at the level of the basement slab. Tanner (1988)
proposed a protocol, described below, that applies values of
molecular diffusivity and permeability obtained from in situ
sampling to a model of one-dimensional radon migration.
All these approaches assume that the ground is homoge-
neous and isotropic (that is, that radon diffusion or soil-gas
flow proceeds with equal ease in all directions), although
inhomogeneity and anisotropy of permeability are known to
be common, as discussed below. It is also assumed that
measurements made at a particular time are either represen-
tative of the site or may be corrected to be representative,
although significant variation is to be expected because of
precipitation, seasonal temperature changes, and barometric
pressure fluctuations. This report is intended to examine
these variables as they affect in situ measurements in
general and the soil-probe methods in particular.

THE EMANATION PROCESS

Only a fraction of the radon that is generated by decay
of radium-226 (**°Ra) in rock and soil escapes from solid
material and into the rock or soil pores. This fraction was
termed “emanating power” about 1900 (Rutherford, 1901),
but in the past two decades different names have prolifer-
ated, the most common name being “emanation coeffi-
cient.” The emanation process was discussed by Tanner
(1964, 1980) from concepts and evidence of many investi-
gators. In packed aggregates of mineral grains, emanating
power is usually of the order of 1 percent unless water or
other liquid is present in the smaller interstices, fractures,
and capillaries to absorb the kinetic energy of radon ions
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recoiling from the radium alpha-particle decay. The water
content of most soils is sufficient to make the emanating
power much greater than 1 percent; Rogers and Nielson
(1988) reported a mean value of 22 percent for 56 western
soils. The siting of the radium atoms in rock and soil is also
very important in determining how readily the radon atoms
can escape upon radium decay. The emanating powers
typically reported for soils are consistent with the siting of
significant fractions of the radium on grain surfaces and
within secondary coatings on the grains. Both the develop-
ment of external and internal surface areas of the mineral
grains and the deposition of radium on surfaces and within
surface coatings proceed with biological and chemical
activity that attacks the grains; the fraction of radium
exposed to the pores may correlate to some degree with the
age of a soil.

Most of the site-specific methods of assessing indoor
radon potential measure the radon concentration of soil gas
rather than the total radium content of the rock or soil;
emanating power determinations are then unnecessary.
However, for assessments that use gamma radiation or
chemical uranium measurements to gauge the inherent
radioactivity of the ground, emanating power needs to be
evaluated.

PERMEABILITY

Soil particles tend to be oriented with their longest
dimensions in the horizontal plane. Nazaroff and others
(1988) cited works by Rice and others (1970) and by
Bowles (1979) that report markedly greater permeability in
the horizontal than in the vertical direction, particularly for
fine-grained soils having significant fractions of clay min-
erals. Bowles (1979, p. 212-213) stated that the horizontal
permeability is commonly on the order of 10 to 1,000 times
greater than the vertical permeability. This anisotropic
permeability can be evaluated to some extent from measure-
ments made with the soil probe shown in figure 1. The three
inflated rubber packers create three isolated annular spaces
in the borehole. If suction is applied to the middle space
only, soil gas in an uncracked soil flows into the middle
space along the radii of a sphere. If suction is applied to the
upper and middle spaces, flow is along radii of a hemi-
sphere that has its convex surface extending downward. If
suction is applied to the middle and lower spaces, flow is
along radii of a hemisphere that has its convex surface
extending upward. If suction is applied to all three spaces,
the flow into the middle space is along radii of a cylinder of
height equal to the spacing of the packers. These flow
patterns are, of course, only approximate because of the
interference of the probe itself and because the soil-gas
pressures ultimately are asymmetrically referred to the
ground surface rather than to a spherical surface at distance
from the sampling probe. However, the flow paths near the
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Figure 1. Modes of operation of three-packer soil probe.
(Tubes for inflation of the packers and for pressure mon-
itoring are not shown.) Atmospheric absolute pressure p,
of approximately 101 kPa (kilopascals) is assumed to
prevail initially in the soil. The flow patterns can be
controlled by reducing the absolute pressures by small
amounts (less than 5 kPa) in the annular spaces created by
the inflated rubber packers. A, No suction is exerted on
spaces 1 and 3. The flow into space 2 is approximately
spherical (along radii of a sphere centered at space 2). B,
Suction is exerted on spaces 1 and 2. The flow into space
2 is from the hemisphere whose convex surface is down-
ward. C, Suction is exerted on spaces 2 and 3. The flow

probe have been calculated by Nazaroff (1988, fig. 2) to
satisfy the spherical flow pattern approximately. In many
soils of high clay content, I found changing from the
downward-hemispherical mode of operation to the spherical
mode resulted in a small to unmeasurable increase of flow
into the middle space. The implication is that vertical flow
from above was negligible and that the flow was predomi-
nantly horizontal or from the downward hemisphere. It has
not been determined whether the apparent permeability
derived from measurements in spherical or hemispherical
geometry or the permeability derived from measurements
with a controlled cylindrical geometry gives a more appro-
priate value of permeability to be used in a test to evaluate
the total soil-gas movement to a structure’s foundation (see
appendixes B and C).

into space 2 is from the hemisphere whose convex surface
is upward. D, Suction is exerted on spaces 1, 2, and 3. The
flow into space 2 is along radii of an annular cylinder
coaxial with the borehole. Near the sampling probe, the
flow lines deviate from radial because of the interference
width of the probe. After prolonged suction, the flow lines
must be distorted toward the ground surface, because the
ultimate source of air is the atmosphere; however, the
indicated flow paths should obtain for a typical measure-
ment period of several minutes. Anisotropic permeability
affects both the flow lines and the proportions of soil gas
entering space 2 from different horizons.

Constructing a building that has a full or partial
basement usually involves excavating, laying down coarse
aggregate to break capillary action between the ground and
the basement slab and to promote drainage under the slab,
and backfilling the gap, typically about 0.5 m (meter) wide,
between the sides of the excavation and the basement walls.
The coarse aggregate is much more permeable, and the
backfill material may be significantly more permeable than
the undisturbed ground. The voids in this backfill-subslab
aggregate zone may constitute a reservoir, or plenum, for
radon that emanates from the material in the zone and for
radon that can migrate into the zone from the undisturbed
ground beyond it. Once in the zone, radon-bearing soil gas
may move through available entry points in response to
reduced pressure in the building. Various investigators have
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noted increased radon entry with a decrease in indoor
atmospheric pressure. The decrease may be that accompa-
nying a decrease of outdoor barometric pressure and may
cause the greater soil-gas pressure under a house to be
relieved by flow into the house (Schmid, 1932), or indoor
pressure may by various means be reduced relative to the
outdoors, with the same result (Akerblom and others, 1984;
Eaton and Scott, 1984; Nero and Nazaroff, 1984; Nazaroff
and Doyle, 1985; Nazaroff and others, 1985; Nero, 1985;
and Sextro and others, 1987). High permeability in the
backfill-subslab aggregate zone may account for radon
entry that is due to pressure-driven flow. Whether the radon
entering a house originates mainly within this zone or in the
undisturbed ground beyond is considered next.

DIFFUSION

A concentration of radon in soil gas, resulting from
the continual decay of radium in the soil, causes movement
of radon in the direction of lessening concentration, without
any necessary flow of the soil gas, by the process of
diffusion. Radon migration in soil proceeds both by diffu-
sion and by transport with moving soil gas. The ease of
migration by diffusion is measured by the effective bulk
diffusion coefficient, D, of the soil, and the ease of soil-gas
flow is measured by its permeability. Nazaroff and others
(1988, p. 91) have shown that diffusive migration is
dominant if D /e is larger than k APy/p., where € is the
porosity of the soil, k is its permeability, AP, is a pressure
difference driving soil-gas flow, and . is the absolute
viscosity of the soil gas. Pressure-driven flow is dominant if
the reverse is true. In general, radon migration by advection
(horizontal flow) or convection (vertical flow) predominates
in soils composed of well-sorted sand or gravel, and
diffusion predominates in poorly sorted and fine-grained
uncracked soils. Because the average upward and down-
ward pressure gradients in the soil tend to balance over
several days’ time, the depletion of radon from the soil to
the atmosphere tends to be little more than that which would
result from diffusion alone (Schery and others, 1984). The
distance that radon moves by diffusion through the soil
interstices during one mean life is called its diffusion
length, equal to \/7D./e, where T is the mean life of radon
atoms (5.52 days). Sggaard-Hansen and Damkjaer (1987)
measured radon diffusion lengths from 1.6 to 1.9 m for dry
silt, sand, and gravel samples, and 0.01 m for wet clay.
Water in soil pores has long been known to reduce the
diffusion coefficient markedly, the inferred mechanism
being the blocking of interpore openings by the water.
Diffusion is little affected by pore and grain size in most
sediments, but permeability is a function of pore and grain
size. Both radon diffusion and gas permeability are strongly
decreased by water in the pores. No substantial set of data
is known to indicate whether an increasing pore water

4 Field Studies of Radon in Rocks, Soils, and Water

fraction can reduce radon movement by diffusion to a
greater extent than by soil-gas flow. Both diffusion and
soil-gas flow are retarded by solid soil grains, which
increase the path length actually followed by gas molecules
to achieve movement in a given direction. The ratio of the
actual path length to the distance traversed in the given
direction is called tortuosity (Levorsen, 1958, p. 94); Bear
(1969, p. 164) treated tortuosity as a dimensionless second-
rank tensor.

MODELS OF THE SOIL REGIME NEAR A
HOUSE

Slab-on-grade buildings and buildings that have crawl
spaces usually are constructed near ground level. For such
buildings, the upward flux density of radon through the
ground surface is the logical basis for evaluation of the
indoor radon potential of the ground. Israél (1962) showed
that, under steady diffusion from homogeneous ground to
the atmosphere, the amount of radon that can be sustained
in a column of the atmosphere of unit ground area is the
amount generated in the ground per unit area to a depth
equal to the diffusion length discussed previously. An
analogous “interstitial mean migration distance” can be
obtained by including the effect of steady-state convection
due to the pressure difference between the air in the soil and
the air in a hypothetical building resting on the soil.
Clements (1974) derived an equation (see appendix A)
incorporating both diffusion and convection for the steady-
state radon flux density from the soil. Multiplication of this
flux density by the mean life of radon yields the maximum
amount of radon per unit area that can be sustained
externally to the soil. Methods of measuring the flux density
of radon are called “accumulator methods” and have been
reviewed by Collé and others (1981). An accumulator
method that includes a provision for suction to measure the
convective response of the ground seems to be the most
logical approach to evaluate indoor radon potential for
slab-on-grade and crawl-space buildings.

For buildings that are to be extended well below
grade, where the soil characteristics may differ significantly
from those at the surface, flux-density measurements at the
surface are less appropriate than measurements of soil
characteristics at depth. Several investigators, mentioned in
the introduction, are currently making such measurements.
Nazaroff (1988) and Tanner (1988) have developed models
for using the soil characteristics to predict radon entry into
or availability to houses that have basements.

Nazaroff’s (1988) model considered a homogeneous
ground outside the foundation of a house that has a
basement and air flow from the atmosphere down through
the soil to an entry zone at the level of the basement slab.
The model was applied to a house in ground sufficiently
permeable that diffusion could be neglected.
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Figure 2. The model used to define radon availability
(Tanner, 1988). The upper part of the figure shows a house
with a basement and the assumed paths of radon move-
ment to the backfill zones next to the foundation walls and

As part of a proposed protocol, Tanner (1988) also
modeled a house having a basement in homogeneous
ground but considered both diffusive and convective-
advective migration of radon to the foundation and recog-
nized the backfill-subslab aggregate zone only as a conduit
for easy transport of radon to entry points. In order to
facilitate computation in the protocol, a crude transforma-
tion is made by unfolding the basement walls to the plane of
projection of the slab, and the migration is modeled as one
dimensional (fig. 2) and comparable with the situation for
slab-on-grade structures. The protocol obtains a “mean
migration distance,” which is the interstitial mean migration
distance discussed previously, multiplied by the soil poros-
ity. The mean migration distance is the net interstitial
volume of radon-bearing soil gas available per unit area,
instead of a soil volume per unit area. The apparatus used in
the protocol is shown in figure 3. A hole 3.5 cm (centime-
ters) in diameter is drilled or augered into the ground to a
depth of at least 1 m, if possible, and preferably to the depth
of the basement slab of the structure proposed for the site.
A sample of the soil from the bottom of the hole, packed as
nearly as possible to its original density into a canister of
known volume, is taken to the laboratory for weighing and
determination of its porosity and pore water fraction. The
coefficient of molecular diffusion for radon in the porous
ground is calculated from the porosity and pore water
fraction by means of an empirical relation found by Rogers
and others (1984). The sampling probe is inserted into the

MEAN MIGRATION DISTANCE
POROSITY

to the subslab aggregate. The lower part is a crude
transformation of the upper part to a one-dimensional
flow regime and is equal in height to the mean migration
distance divided by the porosity.

hole, the rubber packers are inflated by means of a bicycle
pump, and soil air is continuously pumped from the
sampling space through a flow chamber that responds to the
alpha-particle radioactivity of radon and its first decay
product by scintillations in a phosphor coating inside the
chamber. The scintillations are detected and counted by a
photomultiplier tube and its associated electronics to obtain
the radon concentration in the soil gas. The rate of flow of
the soil gas is measured by a rotameter, and the pressure
difference between the sample space and the atmosphere is
measured by the sample pressure gauge; these two quanti-
ties enable calculation of the permeability of the ground at
the sampling point (see appendix B). A “radon availability
number” (RAN) is then calculated by inserting the values of
radon concentration, diffusion coefficient, and permeability
into an equation that is based on a model of one-
dimensional upward migration under the influence of a
standard pressure difference (see appendix A). The small
number of radon availability determinations made so far
have correlated roughly with indoor radon values at the
respective sites (fig. 4). Because of inhomogeneity of the
ground, a yet-undetermined number of measurements must
be taken at a site to assure that representative radon
availability numbers are obtained. Short- and long-term
variability of the soil characteristics also causes significant
uncertainties in the method.

Certain soils of moderate to high clay content tend to
crack when dry, and as a result permeability is greater along
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Figure 3. Apparatus for extracting and measuring radon
concentration of soil gas and measuring flow rate and
driving pressures for permeability calculation. The hole
diameter is about 3.5 cm but is not critical. The absolute

the cracks than in the uncracked parts of the soils. Because
of their discontinuous nature, cracked soils and rock frac-
tures are difficult to incorporate into models of radon
migration into structures. Unless the cracks are closely
spaced, test probes are likely to underestimate permeability
to an indeterminate degree. Neither the sampling nor the
modeling problems associated with cracks and fractures
have apparently been resolved at present. However, Schery
and Siegel (1986) stated that radon moving through the
cracks in soils tends to diffuse transversely into the
uncracked parts of the soil and thereby reduce the increase
of radon availability due to the cracks.

The maximum amount of interstitial radon originating
within the backfill and subslab aggregate zones per unit area
can be calculated by multiplying the zones’ measured or
estimated interstitial radon concentrations by their porosi-
ties and thicknesses. Because the stone used under the slab
is usually of types that emanate little radon, and because the
subslab aggregate layer is normally much thinner than the
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pressure maintained in the waste space is slightly less than
that in the sample space, in order to ensure that
atmospheric air does not dilute the soil gas sample taken
from the sample space.

backfilled gap, the backfill provides most of the radon. If
one assumes that the backfilling is done with the native soil,
an estimate of the relative importance of the backfill-
subslab aggregate zone and of the undisturbed ground as
sources of radon may be made by comparing the width of
the backfill with the interstitial mean migration distance.
Table 1 lists the interstitial mean migration distances of
radon calculated for different soil types from representative
values of permeability and the interstitial effective diffusion
coefficient.

If the undisturbed ground typically is moist or wet
clay, the interstitial mean migration distance is much less
than the width of the backfilled zone, and the radon
available to a structure should be determined by the back-
fill. It follows that use of backfill of low radium content
should minimize radon availability to a structure in fine-
grained or typically very moist ground. If the undisturbed
ground is fine grained and not normally very moist, both the
undisturbed ground and the backfill should contribute sig-
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boreholes (right graph). Like symbols joined by lines
denote data from multiple boreholes at a given site. pCi/L,
picocuries per liter; Bq/m?, becquerels per cubic meter.

Table 1. Calculated interstitial mean migration distances for radon-222

[Unless otherwise noted, porosity, permeability, and diffusion coefficient values have been selected by the author as representative of the soil types
indicated. An arbitrary driving pressure difference of 5 Pa (pascals) is assumed. The mean migration distances have been calculated by the method given
by Tanner (1988) and divided by porosity to yield the interstitial mean migration distances]

Permeability Difﬂfsion . Intersfitia!
Soil type k, in square .coefflcnent Porosity mean migration
/meters) (D*, in square meters (€) distance
per second) (in meters)
CIAY, WEE ..ttt ettt et e e e e 1x107' 2x107'° 0.45 0.01
Silty Clay, MOISt . .. v\ vt e e et e 1x107%5 7%x107 45 .18
SHlEY SANA ..o\t 1x107" Ix107’ .40 .39
St e 2x107"3 2x1077 .40 .33
Well-graded silty sand and gravel .......................... 2x107"2 4x107 .35 .59
Gravelly sandy loam, 4 weight percent water' ............... 1.1x107'2 2.7%x107° 35 1.2
Uniform fine sand:
17 weight percent water® .. .............coovririinniinnns 1x10™! 5%x1077 .30 1.1
8.1 Weight PEICent Water .. .............oovererunennnns 2x107M 5%x107° .30 2.1
Well-graded sand and gravel .............................. 1x107'° 4.5%10°° .20 4.0
Uniform medium sand ................c.0ieiiiiiiiiai.. 1x107'° 6x107° .25 3.8
Uniform coarse sand . ..............eeeineonenneiranenin. 2x107° 6x107° .25 15
Clean gravel. . .. ......o..ouieeee et 107°-1077 7%x107° .20 10'-10°

! Data from Schery and others (1984).
“Diffusion coefficients from Grammakov (1936).

nificantly to radon availability. If the undisturbed ground is
well-sorted sand or coarse material and is well drained, the
backfill should be a minor source of radon.

RADON MEASUREMENT METHODS

The soil-probe methods discussed thus far use
“active” methods of radon detection and counting, in that

they extract the soil gas and measure its radon content.
Another method that should be classified as active is the
prompt counting of the gamma rays from bismuth-214
(*'*Bi), a radon decay product, in hermetically sealed soil
samples (Stieff and others, 1987); the method permits
determination of both concentration and mobility of radon
in the sampled soil. The active methods have the disadvan-
tages of being expensive, requiring equipment costing
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$4,000 or more, and (except for the method of Stieff and
others, 1987) of indicating the radon concentration and
mobility in soil at the measurement time only. The equip-
ment cost may be an acceptable capital cost to State and
local government agencies, consultants, and engineering
firms; moreover, having immediate answers is preferable to
having to wait weeks to months for long-term measure-
ments. However, many investigations of radon in soil are
made with inexpensive “passive” methods, which include
the etched-track (Alter, 1980), charcoal-adsorption
(George, 1984; Hesselbom, 1985), and electret detectors
(Kotrappa and others, 1988); methods of absorbing radon
from soil gas into a liquid scintillation counting medium
(Taipale and Winqvist, 1985; Fukui, 1987); and continuous
gamma-ray monitoring of the space in a cylindrical cavity 1
m in diameter by 1 m high filled with coarse rock of low
radium activity (Rudakov, 1985a,b).

Users of the passive methods have assumed that
radon concentrations at the detectors are equal to the
interstitial radon concentrations in undisturbed soil, but
decay of radon during its movement to the detector cavity
can reduce the concentration at the detector significantly
(Tanner, 1991). The concentration of radon available to a
passive detector can be estimated by considering diffusion
of radon into an air-filled cavity from an infinite homoge-
neous ground. If diffusion in the ground is isotropic, the
diffusion is as efficient as possible and proceeds along radii
of an approximately spherical cavity. It can be shown that
the ratio of the radon concentration at the center of the
cavity to the undepleted radon concentration at infinite
radius into the medium is the following function of the
cavity radius, r, the porosity, €, the pore water fraction, m,
the reciprocal of the radon diffusion length in air, a(0.42
m™"), and the reciprocal of the interstitial effective radon
diffusion length in the medium, b:

Co e(1-m)a’r(br+1)

C..  b’ar cosh(ar)+[e(1—m)a*(br+ 1)—b’] sinh(ar)

where cosh and sinh are the hyperbolic cosine and hyper-
bolic sine, respectively. A lower limit to the diffusion, as
might prevail in an uncracked, highly anisotropic layered
soil, can be estimated by diffusion along the radii of a
vertical cylinder of the same radius. It can be shown that the
ratio of the concentration in the cavity to that where it is
undepleted follows the relation

Co_ e(l-m)\/D,,
C.. €(1=my/D,Io(ar)+\/D 1 (anKo(br)/K,(br)]

where D is the interstitial effective diffusion coefficient, the
subscript m referring to the medium and the subscript ¢
referring to the cavity; / and K refer to modified Bessel
functions of the first and second kinds, respectively; and the
subscripts 0 and 1 refer to the orders of the Bessel functions.
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Figure 5 shows graphs of these relations for several differ-
ent cavity radii and for interstitial effective diffusion lengths
corresponding to the indicated degrees of pore water satu-
ration. The graphs show that passive detectors in small
cavities do not yield significant errors until the surrounding
ground is nearly saturated but that meter-sized cavities yield
errors even in moderately dry ground. Because of the rapid
diffusion of radon in a continuous air medium, the concen-
tration ratios for cavities of the radii shown differ by no
more than 2 percent between the cavity centers and the
cavity walls. The position of the detector in the cavity is
therefore not important.

Although the radon concentration in the soil gas in a
cavity must be less than that in the soil itself, an increase in
the pore water fraction can cause an increase in the radon
concentration in the cavity, because radon is concentrated in
the gas phase of a gas-water system. It is reasonable to
assume that the rate of radon emanation into the pores of the
medium is not reduced as the water fraction in the pores is
increased. Reduction of the rate of emanation of radon from
samples with increasing moisture content, as observed by
Lindmark and Rosen (1985) and by Damkjaer and Korsbech
(1985), is likely due to the diminished rate of diffusion from
the sample; Bates (1980) showed by computation that a
period of 10 hours is needed to reach a steady-state flux
of radon from a cylindrical sample of 9.2-cm length,
3.843-cm radius, 0.2 porosity, 1X10~7-cm? permeability,
and 10~ %-cm?/s diffusion coefficient (equivalent to about 90
percent saturation) at 300 K. Because radon follows Hen-
ry’s Law (Boyle, 1911), the concentration of radon in the
water phase of the pore fluid is in temperature-dependent
proportion to the partial pressure (or concentration) of radon
in the gas phase. If it is assumed that equilibrium is quickly
established between the phases and that there is no gain or
loss of radon from the pores, the ratio of the concentration
of radon in the gas phase to the (constant) average concen-
tration of radon in the pores can be shown to be

Coas/Coores= VIm(R—1)+1],
where m is the pore water fraction, and R is the ratio of the
radon concentration in the water phase to that in the gas
phase. R is dependent only on temperature in dilute solu-
tions (Kofler, 1913). A composite curve showing determi-
nations of R by several authors was presented by Rogers
(1958, fig. 44); slightly different values can be derived
from Harley and Terilli (1986). Figure 6 shows the radon
concentration in the gas phase, normalized to unit average
concentration in the pores, as the pore water fraction
increases.

The combination of enrichment of radon in the gas
phase and increased decay of the radon along its path to a
passive detector can result in apparent radon concentrations
that are higher than, equal to, or lower than the actual
average radon concentration in the pores, depending on the
cavity size, the soil temperature, the pore water fraction,
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Figure 5. Curves showing the error in estimation of radon
concentration by passive detectors. The curves are based
on diffusion models. All curves relate the radon concen-
tration at the center of the passive-detector cavity to the
radon concentration at a sufficient distance from the
cavity (typically less than a few meters) to be unaffected by
radon diffusion toward the cavity. The lower pair of curves
in each frame relates the radon concentration at the cavity
center to the undepleted radon concentration in the soil

and the range and anisotropy of the diffusion coefficient.
The active methods are affected by the enrichment of radon
in the gas phase, but decay is negligible in transit to the
sampling device; in principle the measurements can be
corrected if the temperature and pore water fraction in the
volume of ground sampled are known.

SHORT-TERM METEOROLOGICAL EFFECTS

Meteorological effects on radon concentrations in soil
gas are discussed at length by Asher-Bolinder and others in
another paper of this Bulletin, entitled “A Preliminary
Evaluation of Environmental Factors Influencing Day-to-
Day and Seasonal Soil-Gas Radon Concentrations.” Rain-
fall and snowmelt have several effects on the concentration
of radon in soil pores and on the ease of radon migration.
The short-term effects are greatest near the surface in most
soils: if the ground surface is sealed, exhalation of radon to
the atmosphere is nearly halted, the near-surface radon
concentration builds up, and the ability of radon to migrate

PORE WATER FRACTION

PORE WATER FRACTION

gas. The upper pair of curves in each frame relates the
radon concentration at the cavity center to the amount of
radon in both gas and water phases per unit pore volume.
For each pair of curves, the upper curve was computed
from a spherical diffusion model, and the lower curve was
computed from a cylindrical diffusion model. The regions
between the curves of each pair indicate the range of
uncertainty due to variability of diffusion anisotropy.

is drastically reduced. At depths greater than. 1 m in most
fine-grained soils, the immediate effects are that exhalation
to the atmosphere is reduced but mobility is not reduced
significantly. As the water percolates downward, the effects
of enrichment of the gas phase and shortening of the mean
migration distance should take place. Harley and Terilli
(1986) have noted radon “events” taking place in a house
that are due to changing water vapor pressure in soil, as
caused by temperature pulses, which can be induced by
infiltration of rainfall that is warmer than the soil. These
factors indicate that radon assessment procedures should not
be conducted at depths much less than I m.

SEASONAL EFFECTS

Rudakov (1985b) reported a quasi-sinusoidal varia-
tion of mean monthly radon concentrations in 1-m-diameter
cylinders filled with low-activity coarse rock in cavities
between 1 and 2 m below the ground surface at two
locations in central Asia, Soviet Union, over faults. The
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Figure 6. Curves showing the calculated ratio of the radon concentration in the gas phase of the pore space in soil to the
average radon concentration in the pore space as a function of pore water fraction for 273 K (0 °C), 283 K (10 °C), and

293 K (20 °C).

maximum and minimum values occurred in January and
July, respectively, and differed by a factor of four. The
radon concentrations were inversely related to surface
temperature and thermoplastic deformations and directly
related to barometric pressure; they were inferred from
gamma radiations from a radon decay product measured by
detectors at the centers of the cylinders and were influenced
by the in-transit radon decay shown in figure 5.

Rose and others (1988) observed seasonal changes of
radon concentration of a similar fourfold range, but of
opposite phase, in a well-drained silt loam soil in central
Pennsylvania. The measurements were made with passive
etched-track detectors but,appear to have been verified by
soil-gas extraction and counting in an alpha scintillation
cell.

Using the soil-probe instrumentation of figure 3, I
measured the radon concentration in soil gas from a hole 1.2
m deep in a moderately drained silt loam in Fairfax County,
Va. Table 2 shows the variation of soil characteristics
measured during different seasons. The fact that the radon
concentration in the soil gas did not vary significantly may
be a recommendation for the use of active measurement
methods. At this site radon migration was dominated by
diffusion, which is strongly affected by the pore water
fraction. The pore water fraction and porosity were deter-
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mined by packing a sample of the soil from the hole bottom
in a canister and measuring the bulk density of the soil as
collected and after desiccation. An indeterminate error is
caused by failure to achieve the same bulk density in the
canister as in the ground. The high porosity calculated for
the measurements of October 31, 1988, may have resulted
from insufficient pressure in packing the canister, which
could have led to an underestimate of the pore water
fraction and an overestimate of the diffusion coefficient,
mean migration distance, and radon availability number.

The ranges and qualitatively different results of mea-
surements reviewed in this paper and by Asher-Bolinder
and others in this Bulletin indicate that we cannot yet
closely characterize soils for their indoor radon potential
from measurements made at a single time. The principal
difficulty is estimating the average pore water fraction of
the soil over a few years’ time. Alternatives to instanta-
neous, in situ measurements would be desirable.
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APPENDIX A. DERIVATION OF THE RADON AVAILABILITY NUMBER (RAN)

1. Quantities, symbols, units, and dimensions

Quantity Symbol Value Units Dimensions
Activity concentration in interstitial fluid C variable Bg/m® LT !
Diffusion coefficient (effective diffusion coefficient in * . 2 -1
interstitial fluid), D*=D, /e b variable /s LT
Diffusion .coeff1c1ent (effecnve diffusion coefficient for D variable m?/s L2 !
geometrical area), D, =eD* €
Flux density J variable Bg/m” - s | P
Porosity € variable none none
Decay constant, Rn-220 (thoron) At 1.25x1072 /s T!
Decay constant, Rn-222 (radon) Arn 2.10x107° /s T!
Mean life, Rn-222 (5.52 days) T 4.77x10° s T
Depth (positive upward) b4 variable m L
Ve‘l](:]:étc};ty(;f convection across geometrical area (Darcy v variable s LT
Rate of radon generation into interstitial fluid G - variable Bq/s - m® L7372
Viscosity of air (absolute or dynamic) at 290 K " 1.82x107° Pa-s ML™'T™!
Permeability k variable m’ L2
Mean migration distance in geometrical volume M variable m L

2. Assumptions

a. The ground can be modeled as a homogeneous,
isotropic permeable medium.

b. The interstitial (pore) spaces are large compared
with the mean free path of the radon isotope.

c. Absorption of radon into liquids in the pores and
adsorption of radon by surfaces of the pores can be ignored.

d. The gravitational term in Darcy’s Law may be
neglected; v is proportional to the pressure gradient in the
interstitial gas and inversely proportional to the dynamic
viscosity of the gas, the permeability being defined as the
proportionality constant,

e. Prior to the calculation of mean migration distance,
the porosity, diffusion coefficient, and permeability have
been determined. Procedures for obtaining these data were
given by Tanner (1988).

3. Calculation of mean migration distance

W.E. Clements’ dissertation (1974) introduced the

parameters N, and vy, defined as follows:

N,=v/(2(e\ D,)¥2) 1)
and
Y=N, +(N 7+ D2, 2)
Clements’ equation 2-24 gave the steady-state flux density
of radon at the Earth’s surface as
J=Gvy (eD,/\)Y. (3)
We multiply the left side of equation 3 by the mean
life of radon, 7, and divide the right side by its reciprocal,
A, to obtain the amount of radon exhaled during one mean
life:

Jr=(G/\yy (e D,/\)Y2. @

The left side corresponds to the radon availability number
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(RAN). The expression G/ is the concentration of radon
in the interstitial fluid at infinite depth (that is, where there
is insignificant depletion by exhalation), and the remaining
factor is the mean migration distance averaged over the
geometrical volume (that is, the mean interstitial migration
distance multiplied by the porosity). Then

M=~(eD,/\)Y2 5)

and
RAN=C__ M, (6)

where C__ is the radon concentration in soil gas at
sufficient depth to be undepleted by loss to the atmosphere
and M must be computed from equation 5. M cannot be
calculated directly from the observed or estimated quanti-
ties, however, because the value of v, the Darcy velocity, is
not directly known. It could be calculated from the Darcy
relation

v=—(k/n)(dp/dz) ¢

if the pressure gradient were known, but the known quantity
is the overall pressure difference, 5 Pa, to some distance
from which migration is inconsequential (assumed to be 4.6
times the interstitial mean migration distance, or the dis-
tance over which hundredfold diminution of a radon flux
takes place); this depth is dependent on M, the quantity
sought. The approach used is to assume that the pressure
gradient, dp/dz, is numerically equal to the pressure differ-
ence, to compute M, to compute the quantity

(dpldz)(4.6 M/e) ®8)
and to recompute M using a larger or smaller value of

pressure gradient until the above quantity approaches the
value of —5 Pa to within 1 percent.



APPENDIX B. DERIVATION OF RELATIONS AMONG PERMEABILITY, FLOW RATE, AND
PRESSURES IN THE HEMISPHERICAL GEOMETRY OF THE SAMPLING HOLE

1. Quantities, symbols, units, and dimensions

Quantity Symbols Value Units Dimensions
Pressure p variable ‘ Pa ML™'T™?
Atmospheric pressure Da Pa
Pressure in sampling hole D Pa
Volume variable m’ L3
Viscosity of air (absolute or dynamic) at 290 K W 1.82x1073 Pa-s ML™IT™!
Permeability k variable m? L?
Flow rate, volume basis 0, variable m®/s L't
Velocny of fluid flow across geometrical area (Darcy v variable /s LT!
velocity)
2. Assumption§ . . 1 df dp))_ )
a. The ideal gas law is sufficiently accurate to 2Za\ dr =0,

describe soil gas (air) in the absolute pressure range from
near zero to atmospheric.

b. Soil gas moves into the sampling hole isother-
mally; contact with soil grains is sufficient to furnish heat to
the soil gas during the 10-minute sampling period to
minimize cooling of the soil gas.

c. Gravitational effects over the vertical range of a
few meters are negligible.

d. The ground is isotropic and of uniform porosity.

e. The equation of continuity applies to the square of
the pressure (or density); that is, the Laplacian of pressure
squared (or gas density squared) equals zero. See, for
example, Greenkorn (1983, eq. 119 and 120), Bird and
others (1960, eq. 4.J-7), or Muskat (1937, sec. 11.2, eq.
1).

f. The flow of soil gas into the waste and sampling
cavities is separated by a horizontal plane passing through
the midpoint of the lower packer; the flow is approximately
hemispherical.

g. The flow of soil gas is adequately represented by
Darcy’s Law. In very fine material, Darcy’s Law becomes
inaccurate, but the permeability is then negligibly small.

h. Except for the disturbance of the pressure field
created by the sampling, pressure in the ground is equili-
brated with that in the near-surface atmosphere. Propaga-
tion of atmospheric pressure -changes is slow in very fine
materials, but their permeabilities are negligibly small.

3. Derivation of the pressure function.

Under the above assumptions,

VZp*=0. (1)

For spherical flow in the radial direction in spherical
coordinates the above equation may be reduced (see
Muskat, 1937, sec. 5.2, eq. 2) to

which implies that

4% 3)

g ar =constant=cl

4
fd(p2)=61f1 dr @
c (5)

Pzzcz" -

r
c\ V2 6)

p=(em 2"

At r = infinity, the pressure is assumed to be that of
the atmosphere; hence,
c,=p: . )

At r = radius of sampling hole, 7,,,

_[ 2 C\P )
pw_(pa rw) ’

whence

e1=rupa—p) - ®
Let the difference of the squared pressures be repre-
sented by Y. Then

> IV 10
p= (Pa"—r‘) .

In order to obtain the velocity of radial flow into the
sampling hole we must obtain the pressure gradient, dp/dr,
and evaluate it at the spherical surface of the hole:
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dp_d LY 2 11
-sf) &

r dr r
VP 77 (SR (L)
i) ()
From equations 6 and 12,
p_r,Y (13)
dr 2pr*
or
dp_r, (14)

ar=3p 7 Pap) -

4. Calculation of permeability from flow into the sampling
hole

Note that Darcy’s Law applies to flow across a
geometrical surface. The radial flow velocity is then pro-
portional to the pressure gradient,

—kdp (15)
=
podr
From equations 14 and 15,
_ _kr@i-p3) (16)
T w2pr

The volumetric flow into the sampling hole is the product of
the radial flow velocity and the spherical surface area of the
sampling hole:

Q,=4nrly . a7

Combining equations 16 and 17 and evaluating v at r=r,,
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04T ru k., (P2—pPL) (18)
v r2p,r,

or

_—2mkn, (pa-py) (19)
o, o, .

For hemispherical flow, Q, is reduced by a factor of two,
yielding

_-mkn, (pa=py) (20)
0= K Py,
where the minus sign indicates flow in the direction of
decreasing radius (that is, inward to the sampling cavity).
The permeability is then

_Oup, 1)
‘n-rw(pa_pw) )
Equation 21 may be modified by expanding the difference
of squared pressures,

@i=PL)=®.~P.) Pa+P.) (22)

and observing that (p,—p,) is the pressure difference
between the atmosphere and the sample space and that for
small pressure differences (p,+p,,) is approximately equal
to 2p,,;

O bp. (23)
T 7 Pa=Pu)2Pw
which simplifies to

0, (24)

= Pap)

for hemispherical geometry or to
e Qb 25)
4w r,(pa—p.)
for spherical geometry.



APPENDIX C. DERIVATION OF RELATIONS AMONG PERMEABILITY, FLOW RATE, AND
PRESSURES FOR RADIAL FLOW INTO A CYLINDRICAL SAMPLING HOLE

1. Quantities, symbols, units, and dimensions

Quantity Symbol Value Units Dimensions
Pressure p variable Pa ML™'T™?
Atmospheric pressure Da
Pressure in sampling hole Py
Volume 1% variable m’ L’
Viscosity of air (absolute or dynamic) at 290 K m 1.82x107° Pa-s ML™'T™!
Permeability k variable m’ L?
Flow rate, volume basis 0, variable m¥s LT
Veloc1t)f of fluid flow across geometrical area (Darcy v variable /s LT
velocity)
Radius of sampling cavity T variable m L
Height of sampling cavity h variable m L
2. Assumptions 1dfd@p’
P ‘ ;Z(r gr, ))IO, )
a. The ideal gas law is sufficiently accurate to
describe soil gas (air) in the absolute pressure range from which implies that
near zero to atmospheric.
b. Soil gas moves into the sampling hole isother- 2
. . . . . . r —-=constant=c, 3)
mally; contact with soil grains is sufficient to furnish heat to (dr)
the soil gas during the 10-minute sampling period to
minimize coolhmg. of the soil gas. . J’ dpd=c, J ~dr 4)
c. Gravitational effects over the vertical range of a r
few meters are negligible. pr=c,In(r)+c, . 5)

d. The ground is isotropic and of uniform porosity.

e. The equation of continuity applies to the square of
the pressure (or density); that is, the Laplacian of pressure
squared (or gas density squared) equals zero. See, for
example, Greenkorn (1983, eq. 119 and 120), Bird and
others (1960, eq. 4.J-7), or Muskat (1937, sec. 11.2, eq.
1).

f. The flow of soil gas into the sampling cavity is
bounded by horizontal planes passing through the midpoints
of the packers above and below the sampling cavity; the
flow is along radii of the cylindrical cavity.

g. The flow of soil gas is adequately represented by
Darcy’s Law. In very fine material, Darcy’s law becomes
inaccurate, but the permeability is then negligibly small.

h. Except for the disturbance of the pressure field
created by the sampling, pressure in the ground is equili-
brated with that in the near-surface atmosphere. Propaga-
tion of atmospheric pressure changes is slow in very fine
materials, but their permeabilities are negligibly small.

3. Derivation of the pressure function

Under the above assumptions,

V2p?=0. )
For flow in the radial direction in cylindrical coordinates the

above equation may be reduced (see Muskat, 1937, sec.
4.2,eq. 3) to

Equation 5 may be evaluated at the boundary condi-
tions r=r,,, p=p,, at the surface of the cylindrical cavity
and p=p, at some radius r, into the ground:

pi=c, In(r)+c, (©®)
pu=c In(r,)+c, . (7)
Subtraction of equation 7 from equation 6 yields
2 2
_ pe_pw
“in(rir,) ®)
and substitution of the right side of equation 8 for ¢, in
equation 7 yields
_piln(r,)—pan(r,,) 9
€2~ In(r Jr,,) ' ®)
By taking the square root of equation 5, we obtain the
pressure distribution as a function of radius,

p=le, Inr)+c,)P2 (10)
from which the pressure gradient is
dpldr=c,12r [¢, In(r)+c,]'2 (11)
or
Pz—p2)

dpldr= (12)

2r(In(r /r, ) [p2(n(r/r, ) —p2(nGr /r, D"
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If equation 12 is evaluated at the boundary of the sample
cavity (r=r,),

dpldr= (pi-p2) 13
D 2r, (In(r /r,,) [pg(ln(r AT — pfv(ln(re D™
_ (pi—p2)
~2r,(n(r Jr, )P Jr, D™ (14)
2_ .2
Pe—pry) s)

“2r.pnCrJr)

4. Calculation of permeability from flow into the sampling
hole

Note that Darcy’s Law applies to flow across a
geometrical surface. The radial flow velocity is then
proportional to the pressure gradient,

v = —(k/n)(dp/dr) . (16)
From equations 15 and 16,
_k_(P2-p)

=— 17
Y p2r,pln(r,/r,) an

To obtain the total volumetric flow rate across the

boundary, we multiply the flow velocity by the cylindrical
surface area, 27r, /i, obtaining

_kmh(pz—p})

.= pp,In(r/r,)’

(18)

where the minus sign indicates flow in the direction of
decreasing radius (that is, inward to the sampling cavity).
The permeability is then
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_Op,In(rJr,)
Th(p;—p,)
Equation 19 may be simplified by expanding the
difference of squared pressures,

®2=p)=P.~P.)P.+P.) (20)

and observing that (p,—p,,) is approximately equal to the
pressure difference between the atmosphere and the sam-
pling space and that for small pressure differences (p,+p,,)
is approximately equal to 2 p,,;:

(19)

1
_ Qb InCr,) @
Th(Pe=P,)2P.
which simplifies to
In(r,/
_ Quin(rr,) o)
2wh(p.—p..)

Equation 22 corresponds to the expression for flow of
an incompressible fluid. In either case, the radius r, is not
easily established. It cannot be extended to infinity, because
In(r/r,,) also becomes infinite. However, because r, is not
dependent on soil type, and because the effect of the
sampling becomes inconsequential at a distance of the order
of 10 m or less, an arbitrary selection of »,=10 m is
reasonable. At such distance, p, is very close to atmo-
spheric pressure under assumption h, above, and (p,—p,,)
may be referred to atmospheric pressure, as is the practice.
The factor In(r,/r,,) is not sensitive to variation of r,, in a
practical range.



SIMPLE TECHNIQUES FOR SOIL-GAS AND WATER SAMPLING FOR RADON ANALYSIS

G.M. Reimer

Abstract

Various devices and techniques are available for
sampling soil air and ground water for analysis of their gas
content. A simple approach to collection is presented
here and can be useful as a screening technique for radon
when analyses are desired at the field location. For soil-gas
samples, a small-diameter probe is pounded into the
ground to a depth of at least 0.75 meter. For water, a
plastic bottle containing the sample is shaken so head-
space air purges the gases from the water. Once the gas
samples are extracted from the soil or water, they can be
analyzed with whatever field technique is desired.

INTRODUCTION

Measured soil-gas and ground water concentrations
of radon (Rn) are important parameters needed to evaluate
the radon potential in any location. Preliminary field mea-
surements often are important when designing a larger
program to assess the radon potential. Simple techniques
and materials for soil-gas sampling and water sampling that
can be used for screening are described. Although these
techniques are not part of any protocol for sampling, they
are in general use by different programs within the U.S.
Geological Survey. These methods can be used for some
aspects of research to understand the distribution and
migration of radon. They also can be easily modified to suit
a variety of analytical schemes and instruments.

SOIL-GAS SAMPLING TECHNIQUE

Soil-gas sampling is an integral part of the scientific
methodology used to understand the distribution, migration,
and availability of radon gas. Many factors affect the
concentration of radon in soil, such as the radium concen-
tration, the emanation characteristics of the soil materials,
the soil porosity, permeability, and moisture content, and,
of course, meteorological conditions. Similarly, many fac-
tors come into play when collecting a sample of the soil gas
for analysis. Samples typically are collected by augering a
hole or driving a probe into the soil. A detector is set in the
hole for a time-integrated analysis to measure radon con-
centrations emanated from the soil, or pumping is per-
formed in some fashion to obtain a sample for a more
instantaneous analysis of pore-space radon. By their very
nature, all these methods disturb the soil environment to
some degree, and they sample different regimes of the soil
air. Therefore, the selection of a specific soil-gas sampling
method is based upon some compromises such as require-
ments for a special sample size, the need for unique

pumping or pressure differential requirements, or the need
for sampling at a particular soil horizon or depth.

The sampling method described here has many
advantages for a typical sampling program where the
relative distribution of radon concentrations is sought for
the surficial environment. This method has evolved, like so
many others, from the uranium exploration programs of the
past. It has advantages and limitations, but both can be
defined.The technique involves pounding a small-diameter
hollow steel probe into the ground and using a hypodermic
syringe for collecting the sample. This approach is very
accommodating for samples to be analyzed on an electronic
alpha-particle scintillometer. The advantages of this method
are that it provides for fast sampling, only a small quantity
of sample needs to be collected, and there is minimal
disturbance to the soil environment. The same collection
system can be used for determining the soil permeability of
the sample site. It also measures the actual in situ pore-
space concentration of radon that can then be used more
directly for radon availability measurements. The primary
disadvantage is that it is a “grab sample,” which defines the
concentration only for the environmental and meteorologic
conditions that exist at the time of collection.

Description of Soil-Gas Sampling Equipment and
Technique

The basic equipment is of simple design made from
easily obtainable supplies. Size and grade of the materials
used are not critical, but some guidelines are offered.
Considerations concerning the type of sampling to be
performed contribute to the specific design of the sampling
equipment. In this case, for example, there are criteria for
minimum disturbance to the sampling environment. The
probe should be durable and should not clog easily when
used in a variety of soil types; the sampling system should
be portable to permit fairly rapid sampling at remote areas.

In such a system, as shown in figure 7, the probe is
small-diameter, thick-walled carbon steel tubing. The out-
side diameter can range from 6 to 9 mm (millimeters) and
the inside diameter from 2 to 3 mm. Sizes in this range give
the best strength and ease of emplacement. The length of
the probe can also vary, but typically 0.75 to 1.0 m (meter)
is chosen for the depth from which samples are taken. This
depth is one below which major influences from meteoro-
logical variables are found and one that frequently encoun-
ters the upper B or lower C soil horizon (Reimer, 1980;
Hesselbom, 1985). The carbon alloy used is somewhat
limited because of availability in the thick-walled tubing;
usually the available grades are 1015, 1018, or 1020. Other
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Figure 7. Soil-gas sampling probe showing the tip and
needle guide components.

PROBE TiP

alloys would provide greater strength but are availabie only
in quantities that make an acquisition expensive. Stainless
steels are softer than the carbon alloys but are used for
applications where a permanent probe for long-term
monitoring is desired.

The probe is emplaced into the ground by pounding.
To accomplish this, two pounding collars 3 cm
(centimeters) in diameter and 5 cm in length are soldered
onto the probe. They are separated by a distance of about 60
cm to permit a split, barbell-shaped deadweight to be used
as a sliding hammer. The hammer is made from machined
steel about 18 cm in length, 6 cm in diameter, and weighing
about 2 kg (kilograms). The split shape allows it to be fitted
over the probe, and it is held together with machine screws.

Many designs of the probe tip are possible, and two
are described. In the first, a small machine screw is
threaded into the lower end of the probe to prevent dirt from
entering. There is no need to use a pointed end on
small-diameter probes because several uses would quickly
dull the end. About 2 cm above the tip, the opposite sides
of the probe are ground flat by removing 0.5 mm of material
for a 4-cm length to provide a zone of reduced diameter.
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Four or five sets of holes are drilled through this flat area;
the diameter of the holes should be about equal to the inside
diameter of the probe. A wire can be inserted into the probe
to prevent dirt from entering the side holes. It serves to
reduce the dead volume as well when collecting the sample
but can be removed, if desired. A second probe tip design
is one in which no flats or side holes are used. A rivet is put
in the sampling end of the probe, and the probe is pounded
into the ground. At the desired sampling depth, the probe is
retracted a few centimeters by upward pounding. This
action creates a cavity at the end of the probe. This
particular design is sometimes useful for obtaining a sample
when very high soil-moisture contents or fine silts are
encountered. It also is a way to reutilize a side-hole probe
on which the end has fatigued and broken.

The sample is taken from the open end of the probe.
Tubing can be slipped over the end and a sample pumped to
a detector, or an O-ring fitting containing a septum can be
secured over the end to permit a discrete volume to be
collected in a hypodermic syringe. Either extraction system
should be able to purge the probe of air before the sample is
collected. Because of the thick-walled steel, a 1-m probe
has an internal volume of only 3 cm? (cubic centimeters), so
extracting 10 cm® from it is sufficient for a thorough purge.
Samples can be stored in the syringes as long as the needle
is capped to prevent gas loss or exchange. Tests with helium
have shown that the syringes are capable of retaining the gas
for a period of several days before diffusion would cause
dilution (Reimer and others, 1979). Fittings and tubes
commonly are supplied in English dimensions. The tube
size typically available is 716 in (inch) outside diameter,
0.092 in inside diameter, and the O-ring fitting is Y4 in. The
top end of the probe must be machined to a Ys-in diameter
for the O-ring fitting.

Discussion

The probe design described above had been devel-
oped in 1974 and was subsequently modified for testing the
possibility of sampling soil gases as a means of detecting
energy resources. It has proven to be durable and reliable in
a variety of soil environments. The small diameter causes
minimal disturbance to the soil environment and provides
self-sealing without the need for a packer system. The depth
to which soil gases are sampled to minimize atmospheric
influences is a matter of debate. Strength of the steel limits
the practical length of the probe that can be pounded into the
ground, usually to 1.5 m. For greater depths, a pilot hole
could be made or the probe could be drilled into the ground.
This basic design can be adapted to permit a number of
modifications or alternate uses. For example, the choosing
of the tip design, as mentioned previously, is such a
modification, and determining the permeability from differ-
ential flow and pressure rates is an additional use. It has also



been used for injecting gases in the soil for gas migration
studies (Reimer, this volume).

WATER SAMPLE COLLECTING TECHNIQUE

Because natural concentrations of radon in water
extend over many orders of magnitude (Graves, 1987),
precise analyses are not necessary to categorize the general
distribution of radon. A method has been developed for the
rapid extraction and determination of the radon concentra-
tion in water. This technique is an ideal screening method
for field operations where the qualitative determination of
the radon concentration is acceptable and the results are
desired at the field sampling site. Obtaining a representative
sample is not a trivial procedure, however. The method
described here involves collecting a sample that has been
exposed to the atmosphere, such as from a spring or from
ground water that has been pumped from a well. Agitation
or natural effervescence can strip gases from the water.
When water is obtained from wells, the sample should be
secured from the water line before it has entered a pressur-
ized holding tank. Even with the greatest of care, some gas
loss is probably inevitable, and the concentrations should be
considered as minimum values.

Description of Water Sample Collecting
Equipment and Technique

The equipment for gas extraction consists of a stan-
dard 1-L (liter) plastic bottle and a modified cap (fig. 8).
The cap is constructed of a hard plastic and is machined and
threaded to fit the top of the bottle. The only critical step in
machining is to ensure that the cap creates a seal with the
opening of the bottle and not the shoulder or neck of the
bottle. The cap is also machined to accommodate a fitting
that contains a septum through which a hypodermic needle
can be inserted to extract a sample from the closed bottle.

The bottle should be marked in the fashion of a
graduated flask or beaker so that various quantities of water
introduced can be measured. Typically, water samples of
750 cm® are collected in the bottle. The exact quantity is not
critical, and volumes within 30 cm® of this nominal amount
are sufficient. Continuous addition or removal of water to
achieve the desired volume should be avoided because
turbulence causes degassing of the water. The ratio of the
water to headspace can be determined later. The bottle is
then capped and shaken vigorously for 30 seconds. The
agitation strips the dissolved gases from the water into the
headspace air of the bottle. The bottle should then stand for
2 minutes to allow most of the bubbles in the water to
combine with the headspace air. A hypodermic syringe is
inserted through the septum on the cap, the bottle is
squeezed to force some headspace air into the syringe, and
the syringe is then removed and the needle capped. The

<«— SEPTUM HOLDER

< LUCITE CAP
750 mL
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~§———— 1-LITER BOTTLE
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N

Figure 8. Water sampling container showing the cap and
septum holder.

quantity of gas introduced into the syringe can be selected to
suit the type of analytical equipment used and the required
accuracy of the measurement. Typically, sample sizes in the
range of 10 to 50 cm® are sufficient. The sample can be
analyzed immediately after collection if a field-portable
instrument is available. If, indeed, the analysis can be
performed in the field, a short delay time, less than 1 or 2
minutes, from collection to analysis, usually permits >*°Rn
(thoron) to be analyzed.

Field analytical instruments are commonly alpha
scintillometers that contain a phosphor-coated cell. The
cells should be sealed and capable of holding a vacuum.
Evacuating the cell to a fixed pressure before sample
injection permits a small sample to be quantitatively intro-
duced and, in turn, minimizes contamination of the cell
with the radon daughters, especially when high concentra-
tions of radon are encountered. Such a system has been
described by Reimer (1977). It allows the repeated use of a
single cell for an extended period before the cell back-
ground becomes significant. Each scintillometer should be
calibrated, and the efficiency of the gas extraction system
should also be compared to a standard such as can be
prepared from a known amount of radium salts dissolved in
water. The concentration of the radon in the sample is
directly related to the quantity of water collected and the
output of the analytical device. For first-order approxima-
tions of the concentration, even the temperature of the water
can be ignored but should be considered for the final
determinations.
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Summary

The sampling system described here is a simple
version and is based on the same principle of the bubbler
technique commonly used to strip gases from liquids. The
advantages of this system are its low cost, simplicity of use,
rapid availability of the results, ease of modification for
collecting waters from a variety of sources, and the capa-
bility to analyze for dissolved thoron. The primary disad-
vantage is the sacrifice of analytical precision and accuracy
to limits of perhaps 20 percent. This disadvantage is usually
not a restrictive factor as long as order-of-magnitude vari-
ations are considered sufficient resolution.
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A PRELIMINARY EVALUATION OF ENVIRONMENTAL FACTORS INFLUENCING
DAY-TO-DAY AND SEASONAL SOIL-GAS RADON CONCENTRATIONS

Sigrid Asher-Bolinder, Douglass E. Owen, and R. Randall Schumann

Abstract

A long-term study of radon concentrations in a
smectitic soil of the semiarid Colorado Piedmont reveals
that interaction of meteorologic, climatic, and pedologic
factors affects radon concentrations on both a daily and
seasonal time scale. Seasonal variations are generally of
greater magnitude than day-to-day fluctuations. Day-to-
day radon fluctuations in this soil are controlled largely by
changes in barometric pressure and by shallow capping
effects resulting from precipitation. Change in gas perme-
ability due to variations in soil moisture is the major
control on seasonal soil-gas radon variation. Radon con-
centrations correlate with wind speed, relative humidity,
air and soil temperatures, and the difference between
those temperatures. Because these factors are interre-
lated, it is difficult to determine the magnitudes of their
individual influences. Therefore, the nature of a soil and
its response to climate must be understood if short-term
measurements are to be used to predict long-term ranges
of soil-gas radon concentrations.

INTRODUCTION

Soil-gas radon concentrations at a given locale are
controlled largely by the interaction of geologic, pedologic,
climatic, and meteorologic factors through time. Field
studies (Gundersen and others, 1988; Schumann and Owen,
1988) have shown that a strong relation exists between
geology and radon in soil gas. Field measurements for such
studies are usually carried out within a few weeks or one
season, so measurements are not affected by seasonal
variations. From site to site, however, mineralogy, chem-
istry, structure, and moisture content of soil affect radon
levels in soils developed on a single geologic unit. In
addition, radon levels measured at a site in July are not
necessarily predictive of radon levels in January. If predic-
tion of the yearly range of soil-gas radon values from
short-term sampling is to become possible, the soil and
climatic factors controlling soil-gas radon must be under-
stood adequately.

This report provides a preliminary interpretation of
climatic, soil moisture, and meteorologic controls on radon-
222 concentrations in soil gas in the semiarid environment
of the Colorado Piedmont. We did not distinguish between
the radon-generation and radon-transport processes that
influence radon concentrations in the soil gas at the site, but
we have attempted to identify the day-to-day (short-term)
and seasonal (long-term) controls on those measured soil-
gas radon concentrations. To identify and describe these

controls, climatic, moisture, and weather effects on soils
developed in this geologic setting were measured and
studied.

THE IMPORTANCE OF TIME SCALES

In assessing the effects of climatic and weather-
related factors on soil-gas radon concentrations, it is
important to note that different factors are dominant,
depending on the time scale under consideration. In this
discussion we will consider three time scales: geologic
time, seasonal time, and daily time.

Geologic time is here defined as the time period
during which soil-forming processes take place. These
processes commonly require hundreds to thousands of
years. On this scale, climatic and geologic characteristics
are of primary importance in determining the amount and
distribution of radon source material (radium), particle size
and distribution, emanating power, porosity, moisture
retention characteristics, whether or not leached mineral
horizons or soil-grain coatings are present, and other
weathering characteristics that control soil-gas radon
concentrations. Because our observations span a short
period of geologic time, these factors can be assumed to be
constant for the purposes of this study.

Seasonal time refers to one complete cycle of
seasonal changes, generally equivalent to 1 year. Shorter
term (day-to-day) fluctuations may be superimposed on the
larger scale seasonal variations that occur during the span of
a year. Likewise, the daily time scale refers to changes that
can take place over time periods of less than an hour to
several days. This is the period of time during which
weather phenomena including precipitation, barometric and
temperature changes, and wind effects take place. Changes
that occur during daily time may be referred to as day-
to-day fluctuations.

The concept of daily time scales, as used in this
paper, must not be confused with the concept of diurnal
variation. Diurnal  variations in soil-gas radon
concentrations have been noted by several researchers
(Wilkening and Hand, 1960; Tanner, 1964; Schery and
others, 1984) and are related to the regular variations in air
and soil temperature, air pressure, and humidity caused by
insolation during day-night cycles. However, because this
phenomenon is relatively well known and well documented,
we focused our investigation on identifying and describing
those factors that cause day-to-day fluctuations and seasonal
variations in soil-gas radon concentrations.
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PREVIOUS STUDIES

Although geologic factors are primary controls of
radon concentrations in soil gas, there are a number of
climatic and meteorological controls as well. A survey of
published literature indicates that the dominant nongeologic
variables influencing radon soil-gas concentration are soil
moisture, precipitation, barometric pressure, soil tempera-
ture, air temperature, wind, and capping effects. A sum-
mary of the historical findings on the effects of each of these
factors follows.

Soil Moisture and Precipitation

Previous investigators observed that soil moisture has
a major impact on observed soil-gas radon concentrations.
Radon emanation rates increase with an increase in soil
moisture of up to 15 to 17 percent by weight; at greater
moistures, the observed emanation rate decreases (Dam-
kjaer and Korsbeck, 1985; Lindmark and Rosen, 1985).
Water is the most important agent in enabling radon to
escape from solid material, because the water surrounding
the soil particles absorbs the kinetic energy of the radon
atom’s recoil and prevents the radon atom from burying
itself in an adjacent soil grain (Tanner, 1980). Further
increases in soil moisture beyond 15 to 17 percent cause
decreasing diffusion lengths of the radon atoms, because
they must travel through thicker films of pore water
(Damkjaer and Korsbeck, 1985; Lindmark and Rosen,
1985).

Lindmark and Rosen (1985) found that a twofold to
fivefold increase in soil-gas radon concentration was com-
mon between dry and optimal (~ 15 percent) water content,
but they observed an increase as great as 30 times in some
soils. Baranov and Novitskaya (1960; cited by Mattsson,
1970) observed an increase in emanation of radon from
uranium minerals when the humidity of the air increased.

Barometric Pressure

Low barometric pressure causes an increase in soil-
gas radon concentration in the upper few meters of soil.
Low pressure causes soil gas to rise toward the surface from
greater depths, where the soil-gas radon concentrations are
generally higher because of less dilution by atmospheric air.
High pressure has the opposite effect and pushes atmo-
spheric air into the ground, diluting the soil gas (Kovach,
1945; Kraner and others, 1964; Miller and Ostle, 1973;
Klusman and Webster, 1981; Jaacks, 1984; Schery and
others, 1984; Hesselbom, 1985; Lindmark and Rosen,
1985).

Kraner and others (1964) noted barometric influences
on soil-gas radon concentrations to a depth of 96 in (inches).
Kovach (1945) observed variations caused by barometric
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pressure to a depth of 2 m (meters). Jeter and others (1977)
calculated that influences of barometric pressure would be
noticeable at a depth of 20 m in highly permeable material
and that these fluctuations would be smaller than, and lag
behind, those at shallower depths. Holkko (1987) found that
changes in barometric pressure can cause convective flow
of soil gases. Barometrically induced soil-gas motion may
be equally as effective as molecular diffusion in transport-
ing radon in soil (Robertson, 1969). Bakulin (1971) found
that a decrease in pressure increases radon exhalation
“proportional to the square of the pressure drop rate, [and to
the] square of the gas permeable soil layer depth, and [it]
increases linearly with time.” Clements and Wilkening
(1974) found that pressure changes of 1 to 2 percent
associated with the passage of weather fronts could produce
changes of 20 to 60 percent in the radon flux, depending on
the rate of change of pressure and its duration.

Soil Temperature and Air Temperature

Observations concerning the effect of soil tempera-
ture on radon concentrations conflict. Some authors suggest
that soil temperature has little or no effect on soil-gas radon
content (Kovach, 1945; Lindmark and Rosen, 1985). How-
ever, according to Ball and others (1983), “Radon concen-
tration correlates with soil temperature and to a lesser extent
with air temperature.” Kovach (1945) observed higher
radon emanation during temperature lows. Jaacks (1984)
observed negative correlations between both soil and air
temperature and radon concentrations and noted that tem-
perature gradients within the soil, or between the soil and
air, can induce convective soil-gas transport.

The conflicting observations of temperature effects
may be due in part to the complexity of the relationships
between meteorologic factors. A particular temperature
change may be accompanied by changes between dry and
wet conditions, a stable or unstable pressure regime, or
variable winds. Thus, the effects of temperature may be
difficult to separate from the effects of other factors that
exert a greater influence on the soil-gas radon concentra-
tion.

Wind

Gusting winds cause a decrease in soil-gas radon
concentrations because soil gas is being diluted or removed
at the surface (Smyth, 1912; Kovach, 1945; Kraner and
others, 1964; Miller and Ostle, 1973; Jaacks, 1984; Hes-
selbom, 1985; Lindmark and Rosen, 1985). Kovach (1945)
observed wind effects to a depth of 150 cm (centimeters).
Kraner and others (1964) noted wind effects at 70 in but
none at 90 in. In addition to wind velocity, the following
factors affect the magnitude and depth to which the wind
can exert an influence: soil permeability, the amount of



moisture in the soil, the type and amount of ground cover,
extent of snow and ice cover, and water frozen in the
ground. Holkko (1987) suggests that winds can cause
soil-gas flow in coarse-grained soil. Hesselbom (1985) and
Pearson and Jones (1966) attribute the pumping effect of the
wind to its turbulence or to fluctuations in wind speed.
Wind turbulence can be caused by updrafts and downdrafts
produced by atmospheric convection or by wind shear
(Neiburger and others, 1973). The turbulence and fluctua-
tions cause pumping by alternating between pressurization
and depressurization of the soil. This effect is similar to that
caused by barometric pressure changes. Venturi effects may
draw gases out of the soil when the wind blows across
desiccation cracks or open pores.

Capping

High soil moisture can lead to the swelling of
expandable lattice clays (smectites), and this swelling
lowers the permeability of the soil in those zones. As pores
fill with water, the gas permeability is progressively
reduced. As the top layer of the soil becomes saturated,
soil-gas flow is restricted, and a cap that prevents mixing of
soil gas with the atmosphere forms. This capping may
reduce or block the effects of barometric pressure or wind
on soil-gas radon concentrations. Kraner and others (1964)
found that heavy precipitation could produce a cap that
caused radon concentrations to reach levels in the near
surface equal to those found at greater depths.

Also, water frozen within the soil can produce an
effective cap that retards radon flux to the atmosphere; an
increase in soil-gas radon concentrations results (Kovach,
1946; Jaacks, 1984; Hesselbom, 1985; Lindmark and
Rosen, 1985; Taipale and Winqvist, 1985). Kovach (1945),
for instance, found that the highest soil-gas radon concen-
trations of the year occur when the ground is frozen, an
example of the effectiveness of capping in the upper layers
of the soil.

SITE DESCRIPTION

A long-term radon monitoring site was established on
the grounds of the Denver Federal Center in Lakewood,
Colo. (fig. 9). The site is located on flatlying, undisturbed,
and unirrigated land subject only to the foot traffic of the
investigators and a twice-yearly mowing of the sparse
grasses that constitute the ground cover. The site is typical
of many areas of the Western United States on which
housing is constructed. The soil developed on a lower
terrace or pediment deposit of the Verdos Alluvium (Lind-
vall, 1978). This Pleistocene alluvium is derived largely
from the weathering and transport of material from the
Denver and Arapahoe Formations, which, in turn, were
derived from granitic and gneissic terrane. The soil, a

Figure 9. Study site at the Denver Federal Center. Three
soil-gas probes are in the center; the 100-cm probe is
encased in PVC pipe.

Denver-Urban land complex, “formed in calcareous clayey
material derived from mudstone and shale” (Soil Conserva-
tion Service, 1983, p. 44) and is smectitic, hard, and
pebbly; it contains calcium carbonate streaks and is subject
to deep cracking when dry. “Permeability of this Denver
soil is slow. The available water capacity is high. . . . The
shrink-swell potential is high. Rock fragments make up 0 to
15 percent of the volume” (SCS, 1983, p. 45). Denver
series soils commonly have a “well developed argillic B
horizon and commonly have secondary accumulations of
calcium carbonate, which indicate relative stability in
respect to erosion and to further deposition. This parent
material was deposited primarily as transported mantle over
older surfaces as alluvium, colluvium, and loess” (SCS,
1983, p. 234).

The site is 1,715 m above sea level and is located in
the semiarid, temperate, continental climatic zone (Hansen
and others, 1978). The area of the study site has a mean low
January temperature of —9 to —7 °C (degrees Celsius) and
has a mean high July temperature of 23 to 27 °C. Mean
dates of first and last frosts are October 4 and May 11.
Mean annual precipitation is 36 to 41 cm, including 125 to
140 cm of snowfall, and mean annual evaporation is 125 to
150 cm. About 70 percent of the annual precipitation falls
between April and September. Mean annual relative humid-
ity is 50 to 55 percent. Sixty to 62 percent of the days are
defined as clear (less than 30 percent of the sky is cloud
covered). Wind speeds of 3.5 to 5.5 meters per second
occur more than 35 percent of the time in the Denver area,
with highest velocities occurring in May and November. In
summary, there are “strong seasonal variations for most
weather elements” (Hansen and others, 1978, p. 58) in the
area that includes this study site.
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METHODS

Soil gas was generally collected once each weekday
from stainless steel probes permanently installed at 50, 75,
and 100 cm below the study site’s soil surface. The
technique and equipment described by Schumann and Owen
(1988) were used. During the first 3 months of the study,
only the 100-cm probe was installed. The 50- and 75-cm
probes were later installed to provide a more complete
radon-depth profile. Soil gas was usually collected within
the time interval of 10 o’clock a.m. to 2 o’clock p.m. to
limit diurnal effects on radon concentrations. Radon con-
centrations in the soil gas were measured by use of an EDA
RDA-200 radon detector, and the counts recorded by the
instrument were converted to picocuries per liter (pCi/L) by
use of a calibration equation. Barometric pressure, soil
temperature at 60 cm, air temperature in the shade 5 to 10
cm above the soil surface, wind speed and direction, and
soil-gas extraction times were measured also. The extrac-
tion times represent an approximation of gas permeability at
each depth. Less quantifiable factors that were noted were
cloud cover, recent rain, snow cover, snowmelt, standing
water, and whether or not a frozen or water-saturated layer
of soil was present at the surface. Width and depth of soil
cracks were recorded also; the cracks add a significant
amount of permeability to the soil and indicate the extent of
soil drying.

_ Our soil-gas radon and meteorological measurements
were integrated with meteorological data collected by the
U.S. Bureau of Reclamation’s weather station about 0.4 km
away. The radon measurements were inserted into the data
base at the nearest whole hour for comparison with weather
station data. However, all 24 daily weather measurements
were used for interpretation of the radon data.

DISCUSSION

Soil-gas radon concentrations vary progressively and
markedly with season. A progressive drop in soil-gas radon
concentration at 100 cm can be seen in a plot of radon
concentration over time (fig. 10). Radon concentrations
were highest from March through June. Spring was the
wettest period of the year in the study area and was
characterized by unstable weather, with large fluctuations in
air temperature, barometric pressure, relative humidity, and
wind. During early spring, much of the precipitation fell in
the form of wet snows that melted quickly and thus
saturated the shallow soil layers and maintained a relatively
consistent moisture cap that kept soil-gas radon concentra-
tions elevated (fig. 10). The moisture cap was commonly
frozen when nighttime temperatures dropped below freez-
ing for extended periods of time. The soil-gas radon
concentrations reached a minimum in August, and, except
where affected by short-term weather events, remained low
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through the remainder of the year as a result of the relatively
dry, stable weather conditions that existed during this
period.

Almost 75 percent of the precipitation recorded dur-
ing the study period fell between March and mid-July (fig.
10). Because temperatures were cooler and precipitation
events were relatively evenly spaced during this period, the
soil surface remained damp much of the time, and a
moisture cap was apparently maintained until about mid-
June. The importance of moisture in maintaining the cap,
especially in the semiarid climate typical of much of the
Western United States, is illustrated by the drop in radon
concentrations that occurred during the first part of April,
an approximately 2-week period of fair, windy weather
during which there was little precipitation, and daytime
temperatures were generally above freezing. The surface of
the soil began to dry, and surficial desiccation cracks
appeared. Soil-gas radon concentrations rose again imme-
diately following the next precipitation event. In soils with
smectitic (swelling) clays such as those at the study site,
less moisture may be needed to create and maintain capping
conditions.

Between mid-June and mid-July, the warmer daytime
temperatures allowed the soil to dry between rains. As a
result, the moisture cap was depleted, and exchange of soil
gas with atmospheric air occurred. During summer and fall,
more complete drying occurred, and desiccation cracks up
to 1 cm wide and 45 cm deep appeared in the soil
surrounding the study site. From August through Septem-
ber, a relatively free exchange between atmospheric air and
soil gas in the near-surface layers was possible, and soil-gas
radon concentrations at both 50 and 100 cm were at their
lowest. A slight increase in soil-gas radon concentrations at
50 and 100 cm at the beginning of November coincided
with a drop in daily air and soil temperatures and greater
fluctuations in barometric pressure. These higher radon
levels were maintained through the remainder of the study
period.

In general, the highest radon concentrations occurred
during wetter seasons. In the Denver area, this period, late
winter through spring, is typically one of unsettled, highly
variable weather in which snowfall and freezing tempera-
tures may be followed the next day by warm, sunny
weather, which tends to maximize percolation of snowmelt
into the soil. In areas that have distinct wet and dry seasons,
soil-gas radon values may vary by an order of magnitude or
more. In areas that have wetter climates, radon values may
be generally higher most of the year, except during periods
of complete soil saturation.

Whereas the major long-term trends in soil-gas radon
concentrations are related to seasonal climatic variation, the
shorter term, usually lower magnitude, fluctuations are
related to changes in weather—storms, frontal passages,
and movements of air masses. The dominant weather
factors influencing day-to-day radon concentrations are
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barometric pressure changes and precipitation. An increase
in barometric pressure is usually accompanied by, or
followed by, a decrease in radon concentrations. It appears
that the actual value of the barometric pressure is less
important than whether a change has occurred. The magni-
tude and direction of the change determine the extent of the
effect on soil-gas radon concentrations. It is important to
note that effects of barometric pressure are stronger and
more pronounced in highly permeable soils. The soils in the
study area have a relatively low gas permeability (between
107% and 10™° cm?, measured at 100 cm; R.T. Peake, oral
commun., 1987), so that the effect of barometric pressure is
probably somewhat inhibited; nevertheless, the data suggest

that barometric pressure is one of the two primary influ-
ences on daily radon fluctuations. Much of this effect may
be due to the periodic, and sometimes prolonged, presence
of numerous desiccation cracks in the soil that considerably
enhanced the effective permeability of the soil. A lag of
from several hours to over a day between changes in
barometric pressure and corresponding changes in soil-gas
radon concentrations was noted (fig. 10).

Precipitation, and its effect on soil moisture, is the
second major cause of day-to-day fluctuations in soil-gas
radon concentrations. A comparison of precipitation and
radon concentration at 100 cm (fig. 10) shows that the
elevated soil-gas radon concentrations encountered during
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the spring and early summer continued as long as precipi-
tation was sufficient to maintain a surface capping layer in
the soil. When a prolonged dry period was encountered at
the beginning of July, soil-gas radon concentrations
dropped (fig. 10). Two of the three precipitation events in
the latter part of the study period, the one near the end of
August and the one in mid-November, correspond to
increases in radon concentrations in the soil at both 50 and
100 cm. The precipitation in mid-October does not appear
to have had a noticeable effect on the soil radon level at 100
cm, and just a slight increase in the radon level at 50 cm
followed the event. Perhaps the total amount of rainfall
from that storm, about 20 mm, was insufficient to com-
pletely saturate the surface soil layers; this is a likely
explanation in light of the almost 2 months of dry weather
that preceded it. In contrast, the order-of-magnitude
increase in radon concentration at 100 cm that followed the
rainfall in early May suggests that the amount of soil
moisture in the near-surface layers was just below a
threshold level for forming a moisture cap during late April,
and this threshold was exceeded with the additional input of
precipitation in early May (fig. 10). These examples point
out the importance of antecedent conditions in determining
the magnitude of the effects of weather on soil-gas concen-
trations.

Changes in relative humidity appear to correlate fairly
well with changes in soil-gas radon concentrations, but this
correlation is because nearly every large peak on the relative
humidity plot (fig. 10) corresponds to a precipitation event.
Therefore, although a positive correlation exists between
relative humidity and soil-gas radon concentrations, it is of
a secondary nature, as the relative humidity values are
generally indicators of precipitation when examined in the
context of day-to-day fluctuations.

Wind may have a less pronounced effect on the
concentration and movement of soil-gas radon at the study
site. A correlation between winds and soil-gas radon con-
centrations could not be positively identified. There are
three possible explanations for this lack of correlation: (1)
as discussed previously, the soil may not have been perme-
able enough to allow free exchange of atmospheric and soil
air, (2) high winds usually preceded or accompanied
storms, and the concurrent changes in barometric pressure,
temperature, and soil moisture may have masked any wind
effects, or (3) no identifiable correlation exists between
winds and radon movement in soils.

Air- and soil-temperature data show a seasonal neg-
ative correlation with soil-gas radon values. Radon values
in the soil at the study site were highest during winter and
spring, when temperatures were cooler (fig. 10). Day-
to-day fluctuations in air temperature also show a negative
correlation, because cooler-than-normal air temperatures
usually result from storms. Note that all unseasonably low
daily air temperatures correspond to low barometric pres-
sures and precipitation.
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Temperature may exert an influence on soil-gas radon
concentrations at the study site. However, the effect of
temperature appears to be masked by pressure changes and
precipitation that accompany storms. For example, a drop
in soil or air temperature may accompany rainfall that
effects a cap responsible for higher soil-gas radon levels.
Although temperature would have a negative correlation
with radon concentration, it would be difficult to determine
a cause-and-effect relationship. In contrast, radon concen-
tration could correlate positively with temperature when a
high pressure system with attendant lower temperatures
moves into an area, and the higher barometric pressure
forces atmospheric air into the ground, where it dilutes the
soil gas and reduces soil-gas radon concentrations near the
surface. This positive correlation of radon with temperature
could be misleading, because it may be coincident with
another event.

Because soil acts as a heat sink, fluctuations in soil
temperature are small and gradual; thus, no identifiable
correlation exists between soil temperature (at 60 cm) and
soil-gas radon concentrations in the context of daily time.
However, in highly permeable soils, temperature-induced
convection could enhance radon transport to a considerable
degree (Kraner and others, 1964; Mogro-Campero and
Fleischer, 1976; Jaacks, 1984). A plot showing the differ-
ence between air temperature at the surface and soil
temperature at 60 cm indicates those periods when condi-
tions are favorable for temperature-induced convective
transport (fig. 10). This difference, which we refer to as
“delta temperature,” or “ATemp,” has a positive value
when the air temperature is greater than the soil temperature
and a negative value when the soil is warmer than the air.
The sign (+or—) of ATemp indicates the direction of
temperature gradients between soil air and atmospheric
air—upward when ATemp is positive, downward when it is
negative. Although a correlation exists between ATemp and
changes in soil-gas radon concentrations, this may be
because ATemp is a derivative of the more basic factors of
soil and air temperature.

In an attempt to quantify the relationships between
weather factors and soil-gas radon concentrations, linear
correlation coefficients were calculated for each of the
parameters in the data set (table 3). These correlations are
defined as significant at the 95-percent confidence level. As
shown in table 3, the radon concentrations at 100 cm show
significant negative correlations with “month/day” (indicat-
ing that the highest radon values occur seasonally) and with
“barometric pressure” and “soil temperature.” The lack of
significant correlations between radon at 50 and 75 cm and
barometric pressure may be explained by the fact that fewer
measurements were made of radon concentrations at these
depths, so the data are not sufficient to establish significant
correlations.

Significant positive correlations between radon con-
centrations at 100 cm and both ATemp and relative humid-



Table 3. Linear correlation coefficient matrix of weather and radon parameters at the Denver Federal Center study site

[Values in boldface are significant at a 95-percent confidence level; number of pairs for each correlation is equal to the smaller number of sample factors
in each pair; ATemp, difference between air temperature at the surface and soil temperature at 60 cm]

Number  Month/ Barometric tenj:‘;:er- terfw‘:)ller- ATemp Rela.ti\{e Wind Pregipi- Re:don Radon Radon

of samples day pressure ature ature humidity  speed tation at50cm at75cm at 100 cm
Month/day 156 1.000 0.358 0.076  0.293 -0.329 -0.162 -0.340 —-0.104 -0.092 -0.109 —0.642
Barometric pressure 152 1.000 162 306 —.084 —.067 —.492 -.025 078 —.018 —.342
Air temperature 152 1.000 746 7719 —-.561 -—.161 -.166 —.001 .106 —.126
Soil temperature 150 1.000 235 015 -—.246 021 .061 121 —.231
ATemp 149 1.000 -.610 —.019 -—.169 —.080 —.055 A77
Relative humidity 152 1.000 .019 388 151 .011 257
Wind speed 152 1.000 -.003 -—.047 -—.151 130
Precipitation 156 1.000 230 —.123 134
Radon at 50 cm 109 1.000 297 121
Radon at 75 cm 50 1.000 418
Radon at 100 cm 153 1.000

ity exist. Both of these correlations appear to illustrate a  Table 4. Summary of factors influencing soil-gas radon

common problem in the interpretation of correlation data: concentrations
“Frequently, two variables may appear to be highly corre- [+, generally positive influence (that is, an increase in the factor generally
causes an increase in soil-gas radon concentration); —, generally negative

lated when. in fact. they ar.e not directly asso.mated W.lth influence; *, may have either positive or negative influence, because
each other but are both highly correlated with a third influence is interrelated with or dependent on other factors; blank indicates
variable” (Huntsberger and Billingsley, 1981, p- 396). that the influence of that factor is not significant during that time scale]
ATemp is calculated from air and soil temperatures, as
discussed previously. Relative humidity acts as an indicator ~ Factor
of precipitation and is statistically more significant than
precipitation itself, because relative humidity generally — Radium content of soil +

Time scale of influence
Geologic Seasonal Daily

. . . . .y 1
increases to a level in the range of 80 to 100 percent during ~ Soil permeability” + + +
and after rains, whereas precipitation can occur as one large Precipitation/soil moisture * *

. ’ precip g Barometric pressure - -
magnitude event or as a gumber of closely spaced smaller  wind speed -
events, both having a similar effect on soil moisture but not Air temperature - *
on statistical correlations. Soil temperature - +

Radon concentrations at 100 cm also correlate posi-
tively with radon concentrations at 75 cm but not with radon 'Effective permeability is influenced by variations in soil-moisture

at 50 cm. Radon at 75 cm correlates with radon at both 50 ~ content. o
and 100 cm. These correlations indicate that radon concen- “At the Denver Federal Center site, increasing soil moisture caused

. 0 100 X < ssimil capping effects that increased soil-gas radon concentrations; in more
trations at 50 cm and cm vary in a dissimilar manner (at permeable soils or soils with lower clay contents, however, high soil-

least statistically) and that conditions at 75 cm are transi- moisture contents would generally cause soil-gas radon contents to
tional between those at shallower and greater depths. Radon  decrease as soil pores become occluded with water.

concentrations at 50 cm also correlate significantly with

precipitation; however, the lack of any other significant  geologic, pedologic, or climatic setting. A positive influ-

correlations with radon at either 50 or 75 cm is disturbing, ence (signified by a +) indicates that an increase in the
because the soil gas nearest the surface is expected to be  factor correlates with an increase in soil-gas radon concen-
most sensitive to meteorologic effects. A possible explana-  trations. In contrast, a negative influence (indicated by a —)

tion for this disparity is that the variability in radon  means that an increase in that factor correlates with a
concentrations at depths shallower than 100 cm is due to the  decrease in soil-gas radon concentrations.

complex interaction of a number of factors that cannot be Note that we do not imply an implicit cause-and-
separated statistically, at least by the method of statistical  effect relationship for each factor; the seemingly complex
analysis employed here. interaction of weather factors makes a definitive determi-

Table 4 summarizes what we consider to be the  nation of cause and effect difficult. Theoretical discussions
fundamental factors influencing radon concentrations insoil ~ of the physical processes associated with weather and
gas, considered in the context of different time scales. The  soil-gas radon generation and migration provide a founda-
table was developed from our analysis of this study’s data  tion for understanding these relationships. However, empir-
and from our interpretations of previous researchers’ work.  ical data as yet are not sufficient to definitively confirm and
These relationships should be generally applicable in any  quantitatively describe those relationships.
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SUMMARY

Statistical analysis and visual inspection of quantita-
tive data from our study site suggest that no single factor
controls radon concentrations on either a daily or a seasonal
basis. However, precipitation, because it increases soil
moisture, appears to be the most important control of
seasonal soil-gas radon content and variation. On a day-
to-day basis, however, weather factors such as barometric
pressure, precipitation’s capping effects, temperature, and
winds interact to control radon fluctuations.

We have shown that radon concentrations in soil at a
single site are variable through time and that these varia-
tions are due primarily to the effects of changes in meteo-
rological variables. An understanding of the interactions of
meteorologic variables with soil gases is necessary if
short-term soil-gas sampling is to be used to predict
long-term ranges of radon concentrations. In addition,
because radon sampling programs typically consist of mea-
surements taken at multiple sample sites, often covering
several soil and rock units, an understanding of geologic
and pedologic processes and parameters, as they relate to
radon generation, concentration, and transport, is also
necessary. Although geologic and meteorologic controls on
soil-gas radon have often been studied separately, it is only
by integration of these data that effective site or area
evaluations can be made.
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DERIVATION OF RADON MIGRATION RATES IN THE SURFICIAL ENVIRONMENT
BY USE OF HELIUM INJECTION EXPERIMENTS

G.M. Reimer

Abstract

Helium injection into the subsurface provides a
means of determining the rate of radon migration in a
particular area. The passage of a concentration front is
monitored at outlying stations, and an effective diffusion
coefficient can be determined. From experiments in a
portion of the Reading Prong near Boyertown, Pa., it is
possible to explain the observations with a model in which
diffusion is the primary transport mechanism, and convec-
tive mass tranport is influential. This technique permits
determination of both horizontal and vertical migration
components. The rate of migration is highly variable from
area to area, but measurements can set realistic limits on
models being developed for assessing the potential for
radon accumulation in dwellings.

INTRODUCTION

The rate of radon migration in the surficial environ-
ment can greatly influence the indoor radon concentration.
The movement of radon through soils has been the subject
of numerous theoretical and empirical evaluations (Tanner,
1964; Jeter, 1980; Wilkening, 1980; Kristiansson and
Malmgqvist, 1982; Nazaroff and others, 1985); yet, study
continues in order to determine a value or develop a unified
model to predict the rate. A major difficulty in designing a
model is the highly complex environment that is being
investigated and the interrelationship of all the variables that
can affect the movement of gases. A general consensus has
been reached, however, on the major influences, which are
meteorologic, those pertaining to soil chemistry and phys-
ics, concentration and nature of the source, and hydrologic
intervention. In any one fixed location, the rate of radon
migration is variable with time because it depends on the
relative “strengths” of the influences, which are themselves
variable.

A technique that can be used to measure the migration
of gases is the direct injection of gas into the subsurface and
the monitoring of the passage of the gas at various distances
from the injection site. This approach was used in a number
of studies to trace underground migration pathways (Turk
and others, 1968; Robertson, 1969a,b; Herring and others,
1985; Reimer and Been, 1985). This technique was used
with radon by Bulashevich and Kartashov (1967) to deter-
mine the radon diffusion coefficient in different natural
surroundings. They demonstrated that the radon diffusion
coefficient could be estimated from the helium diffusion
data. In this paper, diffusion refers to dynamic molecular
diffusion, which does not require that equilibrium condi-

tions be achieved. Convective transport refers to movement
due to bulk flow that has been induced by other driving
mechanisms such as changes in barometric pressure or
temperature gradients active in the near-surface soils.
Injection methods have the unequaled advantage of
being the most realistic for the in situ determinations but
have the disadvantage of being time consuming if large
areas are being evaluated. Helium has several advantages
for determining diffusion coefficients in surficial settings. It
is safe to handle, has the fastest rate of diffusion of the
noble gases, and, with mobile equipment, can be detected at
part-per-billion concentrations. A demonstration study was
performed in an area near Boyertown, Pa., where indoor
and soil-gas radon concentrations in adjacent homes dif-
fered by more than an order of magnitude. Helium was
injected through probes pounded into the ground (Reimer
and Bowles, 1979), and the mobile helium analyzer devel-
oped by the U.S. Geological Survey was used for analysis
(Reimer and others, 1979). The helium analyzer has a
sensitivity of 10 ppb (parts per billion) for helium.

STUDY SETTING

The site for injection in the Boyertown area was
within soil overlying a localized mylonitic zone in a
quartz-feldspar and biotite gneiss that had been identified by
Gunderson and others (1987) as being the host rock for
locally higher uranium concentrations. Homes built within
this geologic unit had indoor radon concentrations in excess
of the Environmental Protection Agency guideline of 4
pCi/L (picocuries per liter) (Environmental Protection
Agency, 1986). Soil-gas radon concentrations in this zone
were 5,000 to 10,000 pCi/L. At the sampling site, the
mylonitic zone trends N. 70° E. and is about 40 m (meters)
wide. A series of probes was set within the zone to sample
both parallel and perpendicular to this trend. The injection
probe was at a 2-m depth, and monitoring probes were at a
1-m depth. The measured rate would be a combination of
horizontal and vertical migration components. The moni-
toring probes were 2, 4, and 6 m in distance from the
injection probe (fig. 11). The soil was saprolitic, and the
upper surface was reworked to an average depth of 0.2 m
from the construction of the nearby residence. Some free
moisture was present in the soil from moderate precipitation
that had occurred 2 days earlier. The study ran for a period
of 4 hours on August 19, 1986. At the beginning of the
study, the sky was overcast, the air temperature was 25 °C
(degrees Celsius), the barometric pressure was 94.0034 kPa
(kilopascals) (705.202 mm Hg, millimeters of mercury),
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Figure 11. The location of the injection probe (1) and the
monitoring probes (2-9) for the helium migration study.
All probes are within the soils above the mylonitic zone.
Even-numbered stations are 2 m distant and odd-
numbered stations 4 m distant from the injection site. The
zone trends N. 70° E., and the northern limit is approxi-
mately located by the dashed line.

and the wind was from the northwest at 8§ to 15 km/h
(kilometers per hour). Barometric pressure decreased by
0.0207 kPa (0.155 mm Hg), temperature increased to 27 °C
during this period, and the wind remained the same
throughout the study period.

A total of 14,000 cm® (cubic centimeters) STP
(standard temperature and pressure) high-purity helium was
injected during a 7-min (minute) period (a rate of 35 cm/s,
cubic centimeters per second). A pressure monitor, having
a maximum pressure limit of 175 kPa, was set on one of the
monitoring probes 2 m distant. During the injection, the
monitor showed no increase in pressure at the sensitivity
limit of the pressure transducer, 2 parts in a million.
Initially, samples were collected from every outlying probe.
The sampling interval increased from a few minutes to 15
min after a response to the injected helium was observed at
the closest monitoring probes.
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RESULTS

Figures 12 to 19 show the results of the helium
analyses. Even-numbered stations were 2 m distant and
odd-numbered stations were 4 m distant from the injection
site. All inner stations showed a response in about 30 to 45
min, and the outer stations responded in about 90 to 150
min, with the exception of stations 4 and 5. These 2 probes
were located parallel to the mylonitic trend but topograph-
ically lower than the other probes. This area also contained
the most soil moisture. In fact, probe 4 was relocated a few
centimeters along the sampling pattern radius before injec-
tion because free water was drawn from it with the syringe
when a pre-injection sample was collected. Gas was easily
drawn from the remaining probes. Probe group 2 and 3 and
group 8 and 9 showed a response slightly later than probe
group 6 and 7. This delayed response may result from the
lamination of the mylonitic zone that permits gas to migrate
more freely in the N. 70° E. direction. In addition, stations
4 and 6 showed a decrease in helium after about 200 min
that probably represents the passage of the maximum
concentration available. The open circle on figures 12, 13,
18, and 19 is the helium soil-gas concentration 18 hours
after injection. The inner stations showed a decrease, but
the outer stations had higher values than they had the
previous day.

DISCUSSION

Although the migration of gases in the soil is con-
trolled by a number of complex and interrelated factors, it is
possible to explain a large amount of the migration observed
in this study by use of a simplified diffusion model. This
approach is based on studies of environmental hazards
presented by Thibodeaux (1979). It is a plausible model
because the near-surface environment has high permeability
and porosity. Because we are dealing with a dynamic
system, diffusion in this model does not mean equilibrium
conditions must be achieved. While diffusion can explain
most of the observed migration rate, the remainder is
probably from convective transport.

The helium injection represented a point source in
both time and space. The sensitive analytical capabilities
permit the advancing gradient to be detected. A helium
background concentration for the area was determined by
analyzing the soil gas for helium at each monitoring probe
site. After injection, helium was detected at the 2-m
monitoring stations in approximately 40 min and at the 4-m
stations in approximately 160 min. In the presence of a
concentration difference, there appears to be an > function,
or mean square displacement, for the time-distance relation-
ship, where r is the radius of the system being evaluated.
From the helium data, it is possible to develop a mathemat-
ical model using Fick’s second law to describe the rate of
molecular diffusion or penetration in a stagnant air mass and
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Figure 12. Variation in soil-gas helium concentration at
station 2 as a function of time after injection at probe site
1. Open circle is the helium soil-gas concentration 18
hours after injection. ppb, parts per billion (figs. 12
through 19).
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Figure 14. Variation in soil-gas helium concentration at
station 4 as a function of time after injection at probe
site 1.
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Figure 16. Variation in soil-gas helium concentration at
station 6 as a function of time after injection at probe
site 1.
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Figure 13, Variation in soil-gas helium concentration at
station 3 as a function of time after injection at probe site
1. Open circle is the helium soil-gas concentration 18
hours after injection.
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Figure 15. Variation in soil-gas helium concentration at
station 5 as a function of time after injection at probe
site 1.
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Figure 17. Variation in soil-gas helium concentration at

station 7 as a function of time after injection at probe
site 1.
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Figure 18. Variation in soil-gas helium concentration at
station 8 as a function of time after injection at probe site
1. Open circle is the helium soil-gas concentration 18
hours after injection.
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Figure 20. Plot of the probability function used for equa-
tion 1. erf is the gauss error integral, or probability
function, which is obtained from a calculated value, rep-
resented by phi (¢), of parameters in equation 1.

then apply this finding to the more complex and varied soil
system. The relationship among concentration, distance,
and time can be expressed with the following formula:

c.-C, z v 1)
—erf ,
where C, = mole fraction of helium to be determined,
C. = mole fraction of helium at the source,

C,, = background mole fraction of helium,

z = distance,
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