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ABSTRACT

The emanation of radon-222 from soils has been studied. Factors investigated which
affect the rate of emanation include wind speeds across the surface, atmospheric tur-
bulence, so0il moisture, soil type and location. Values of emanation and concomitant
variation in these factors are reported.

An investigation of radon-222 release from leaf surfaces has been initiated; preli-
minary results of this study are reported.

Measured values of radium-226 in the soil capable of giving rise to diffusing radon
were found to vary 70-fold in different geological regions but were uniform in Cham-
paign County, Illinois, the content being (0.64 +0.09) x 1012 grams of “‘emanating
radium-226"’ per gram of soil. The emanation rate of radon-222 from soils into the
atmosphere varied 1000-fold among geographical regions but was shown to be uniform
in Champaign County, averaging (140 +73) x 1018 curies per square centimeter per
second.

The findings of the research indicate that radon-222 may be used successfully as a

cost-free tracer in studies of vertical diffusion in Champaign County, Illinois.

1. Introduction

IsraEL (1951) discussed ‘‘the use of radio-
active emanations as an indicator of austausch
movements’’ and listed earlier studies of atmos-
pheric concentrations and soil emanations of
naturally occurring radioactive materials. A
number of investigations of emanation of radio-
active gases from the soil, including those
reported herein, have been made since 1951.
When considering the use of radioactive emana-
tions from the soil as a tracer material, one
should heed the advice of JacoBI & ANDRE
(1963) that any study of vertical diffusivity
using a single vertical array of sampling inlets
requires an evaluation of the horizontal distri-
bution of the material to be used as a tracer.
A horizontally isotropic distribution is desirable,
for under such a circumstance, horizontal
advection of the tracer is of no consequence,
and tracer concentrations in the atmosphere are
functions only of altitude, source strength, and
vertical diffusion properties, primarily turbu-
lence. A study of vertical diffusivity using

1 Presently at the University of California at
Berkeley.
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natural radioactive emanations from the soil
as a tracer has the advantages that the materials
are chemically and biologically inert, do not
change phase, as does water, and can be
measured in trace amounts with required pre-
cision. The similarity between radioactive ema.-
nations from soils and the ‘‘area source”
problem in the field of air pollution is apparent.

Observations of radon-222 concentrations at
several elevations for periods of approximately
24 hours have been reported by MoSES, STEEANEY
& Lucas (1960). More recent studies at Argonne
National Laboratory continue to demonstrate
(see Figure 1) the responsiveness of this material
to atmospheric variables. It is apparent that
having such data on the time rate of change
of quantities of material in the atmosphere and
knowing the flux of that material at the lower
boundary, the flux of materials at several eleva-
tions could be determined. Determination of
flux densities of materials at various elevations
are used in investigations of vertical diffusion
in the atmosphere.

Data for 8 groups of radon concentration
measurements of the kind shown at the bottom
of Figure 1 have been combined to provide
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Fia. 1. Concurrent radon concentrations, tempera-
ture, and wind speeds plotted with elevations and
time at Argonne National Laboratory under the
following conditions: good visibility and convective
type clouds characterized the day while the night
was without clouds and clear until after midnight
when ground fog and fog developed until daybreak.

average values shown in Figure 2. While such
limited data does not provide a radon climato-
logy for the observation site at Argonne Na-
tional Laboratory in the State of Illinois, U.S.A.,
it provides an indication of general features of
radon behavior in the atmosphere. These in-
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clude: (1) highest coneentrations near the earth,
the source, (2) maximum concentrations during
the night and minimum concentrations during
the day, (3) inverse fumigation just after sun-
rise, (4) late morning radon concentration pro-
files showing weak vertical concentration gra-
dients or evidence of good mixing, and (5)
early evening concentrations increasing more
rapidly near the ground than above as shown
by the slanting isopleths in the right portion
of the figure. The measurements which provide
the bagis for these figures also gave indication
of the desirability of further investigation of
the utility of radon as a tracer material in
studies of the atmosphere.

The primary purpose of the research reported
herein was to determine the uniformity of
emanation of radon-222 from soils in Cham-
paign County, Illinois, in order to judge its
suitability for use as a tracer material for
studies of vertical diffusivity. This study has
had three areas of effort: (1) soil ‘“‘emanating
radium-226"" concentrations, defined as the
quantity of that material, the parent of radon-
222, sufficiently near the surface of soil particles
that it is capable of releasing radon into the
pore spaces between the particles. That portion
released which is held within crystal structures
is not of interest; (2) the emanation of radon-222
from soils, its variation with location, soil type,
wind speed, turbulence, soil moisture, pressure,
ete., and (3) the release to the atmosphere of
radon-222 by leaves of plants.

2. Experimental methods

While daughters of uranium-238, uranium-
235, and thorium-232 contribute to the atmos-
phere’s natural radioactivity, our subject for
study was radon-222. A number of processes
are available for determining the quantity of
this material present at a location; we used the
method described by Lucas (1957). This method
effectively excludes other radionuclides nor-
mally present in the atmosphere and is not
dependent upon the state of equilibrium between
radon-222 and its daughters.

Briefly the analytical method included collec-
tion of the radon by adsorption on activated
coconut charcoal chilled in a dry ice solution.
The charcoal trap containing the sample was
brought to the laboratory where the radon-222
was desorbed by heating the charcoal to 300C.

Tellus X VIII (1966), 2



THE EMANATION OF RADON-222 FROM SOILS

ELEVATION IN METERS

657

460 __ 431

08 EO\
K/;’ﬂ:: B ﬁink\, 4

2000 2400

TIME-CST

Fia. 2. Radon-222 concentration (in 10-12 curies liter-!) variation with elevation and time at Argonne
National Laboratory; average values for eight 24-hour periods.

The trap was flushed several times, aged helium
being used as a carrier, and the radon-helium
mixture was pumped into an evacuated counting
bottle. The counting bottles were constructed
of kovar steel shells covered at one end by
quartz glass windows and lined with silver-
activated zinc sulfide scintillation material.
After transfer, the sealed bottle was allowed to
stand about two hours during which short-lived
radon decay products approached equilibrium
with the parent radon-222. The radon content
was determined by placing the counter bottle
window in contact with the window of a photo-
multiplier tube, covering the assembly with a
light-tight shield, and counting alpha-scintilla-
tions for a measured period of time. Corrections
for radon decay during the intervals between
collection, transfer, and counting were made in
determining the amount of radon collected.
Emanation from the soil was collected by a
system described by PEArsoN, RIMBEY & JONES
(1965). The collection system consisted of a
sealed circulating pump, carbon dioxide and
water traps, and sample traps which removed
the radon from circulating air. The collection
device used was a rectangular stainless steel tube
with one open face which was placed over the
site to be sampled. One who endeavors to meas-
ure interface phenomena must recognize the
hazard that the sampling method may so disturb
the environment within which the measurement
is to be made that results obtained are meaning-
less. Therefore, we simulated natural conditions
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as closely as possible within our collector, used
a portable system so that the sampling site
could be in equilibrium with natural conditions
before initiation of sampling, and began sam-
pling within 1 or 2 minutes of placing our
collector.

“Emanating radium-226"" of soils was deter-
mined by placing about 5 g of dried soil in a
flask with a weak acid solution. The flask was
then flushed with radon-free air, sealed, and
left undisturbed for about one week for radon-
222 accumulation from its parent, radium-226.
After standing, the radon was transferred to
charcoal and the analysis accomplished as
previously described.

3. “Emanating radium-226"" measurements

In the presentation of a summary of our
research, it seems logical to present first a
summary of measurements made of quantities
of “‘emanating radium-226"’ in a variety of soils
(see Table 1). In this table soils are classified,
roughly, as those containing clays or fine
materials, those which are predominantly sandy
in texture, and those obtained at locations where
uranium-238 and/or radium-226 are present in
commercially important concentrations regard-
less of soil texture. The first three soil types
listed, Flanagan, Catlin, and Drummer, cover
approximately 85 % of Champaign County,
Illinois, and are not statistically significantly
different from each other (at the 90 % confidence
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TaBLE 1. Radioactivity of soils (in 10-12 g of ‘‘emanating radium-226"" per g of dry sodl).

“Mixed Clay” “Sandy” Mining
Location Soil Soil Operation
1. Agronomy Plots, Urbana, Illionis
Flanagan type (mean of 20 samples) 0.679
Catlin type (mean of 15 samples) 0.633
Drummer type (mean of 15 samples) 0.5692
(mean of 50 samples) 0.64
2. Argonne National Lab., Argonne, Ill. (mean of 3 samples) 0.690
3. Eddyville, Illinois 0.510
4. Metropolis, Illinois 0.516
5. Scottsville, Kentucky 0.576
6. Sylacauga, Alabama 0.794
7. Albany, Georgia (red clay type) 0.390
8. Leesburg, Florida 0.232
9. Galveston, Texas (beach sand) 0.147
10. Texas City, Texas (Zircon sand piled on beach in 1963) 0.623
11. Rice University ‘“Commons’’, Houston, Texas 0.460
12. Atwood, Kansas 0.484
13. San Luis Valley, Colorado 0.342
14, Central City, Colorado (mining area) Wood Mine (ore and
tailings, respectively) 14.3 & 0.45
Xenotine from Spring Gulch 5.26
Yttrium outcropping 2.87
15. Blow sand over Todilito limestone, Grants, New Mexico 10.4
16. Socorro, New Mexico, NMIMT
Weir Hall 0.244
‘Workman Mine {(floor} 0.414
17. Iceland {six locations) 0.172

level) with regard to ‘‘emanating radium-226"
content.

It is interesting to observe that the soils with
a sandy texture have a smaller ‘“‘emanating
radium-226" content than do those in the first
column, the clay type, except for the Zircon
sand piled on the beach at Galveston, Texas.
This latter material was used as a source of
radioactivity during a cross-calibration experi-
ment conducted in conjunction with the First
International Symposium on the Natural Radia-
tion Environment at Rice University, Houston,
Texas, in April, 1963. It is believed that the
other sandy soils exhibited lower ‘‘emanating
radium-226’’ concentrations than the clay type
soils because sandy soil particles have a smaller
surface to volume ratio. Thus, a radon atom
produced in the interior of a sandy soil particle
has less chance of escaping into soil pore spaces,
the measured ‘‘emanating radium-226 being
therefore reduced.

“Emanating radium-226"’ contents of some
of the soils from the mining areas, as expected,
are higher than the others. The samples ob-
tained from Iceland exhibited the lowest acti-

vities of all those sampled. Throughout the
various geological regions from which samples
have been analyzed, then, observed concentra-
tions of ‘‘emanating radium-226" varied seven-
ty-fold.

4. Soil emanation measurements

Table 2 presents a summary of a number of
measurements of radon-222 emanation from
soils. Again Flanagan, Catlin, and Drummer
soils were studied most carefully because they
represent the most important soil source in our
local area. At the New Mexico Institute of
Mining and Technology, Socorro, New Mexico,
we made measurements of soil emanation at
the same site used by WiLkENING & HAaND
(1960); the results of both sets of observations
are shown in the table.

Table 3 lists individual measurements of the
emanation of radon-222 at two locations where
rock with high concentrations of uranium-238
outcrops the surface. The largest value observed
near Grants, New Mexico, is approximately
1000 times as large as that observed at many

Tellus XVIII (1966), 2
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TABLE 2. Rates of emanation of radon-222 from
8oils (in 10-18 curies cm~—? sec™1).

No.
of Mean
Soil type and]or location samples +s.p.
Champaign County, Illinois
Flanagan 72 111 £(39)
Catlin 72 167 £(72)
Drummer 72 161 1+ (96)
Flanagan, Catlin Drummer 216 140 £(73)
Brenton (5-11-64) 8 91 +(25)
Sidell (5-11-64) 8 174 +(42)
Thorp (5-15-64) 8 75 £(18)
Proctor(5-15.64) 8 491(11)
Cullo (5-15-64) 8 531 (16)
Argonne National Laboratory,
Argonne, Il 8 57+ (5)

NMIMT, Socorro, New Mexico
Weir Hall (Wilkening and
Hand) 90
Weir Hall (Pearson and Jones) 6 102 £(30)

other locations. The large variation in values
obtained was the result of sampling at varying
distances from the outerop over soil or blow
sand of different depths.

5. Environmental influences on soil emana-
tion

The primary purpose of our study was to
determine the effects of meteorological and soil
conditions, time, soil type, and location upon
the release of radon-222 from soils in our local
area, Champaign County, Illinois. These effects
have been reported in PEarsoN, RIMBEY &
JoNEs (1965) and in PEARSON & JoNES (1965)
and are summarized here.

Wind speed. At the very low velocities which
normally occur near the soil, emanation is
independent of velocity, but at abnormally high
velocities a linear relationship with velocity
can be observed during & 5-minute sampling
period.

Soil moisture. When soils were moistened with
approximately 25 mm of water and observed
during the following 8 hours of drying, no
significant variation of emanation with soil
moisture was observed. However, for greater
lengths of time, days to weeks, a significant
variation of emanation with soil moisture was
observed. When the soil was wet (air void

Tellus XVIII (1966), 2
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fraction! about 0.17) the emanation measured
was approximately one-third that observed
when average soil moisture conditions (air void
fraction about 0.40) were prevalent.

Diurnal effects—atmospheric turbulence. Ema-
nation was observed to vary markedly in one
24-hour study. The variation of emanation was
attributed primarily to atmospheric turbulence.
Thus, near sunrise and in mid-afternoon, when
the atmosphere was most turbulent near the
soil surface, radon effluxation was highest and
most erratic. During the stable nighttime, the
flux was relatively constant, increasing slightly.
This increase was attributed to restoration of
the radon concentration in the top layers of
soil which were depleted during the previous
daytime period of high emanation.

Seasonal effects. There was a marked decrease
of emanation when soil was cold or frozen.
However, during a January thaw when approxi-
mately 7 cm of soil nearest the surface was not
frozen, a very high and erratic emanation was
observed.

Location and soil type effects. A study of 9
sites within a 13 km radius and over the three
most common local soil types revealed, at the
90 % confidence level, no differences in emana-
tion due to location or soil type. As soils in the
prevailing upwind direction, for hundreds of
kilometers, have the same geologic history, it
is believed that the local site is suitable for
studies of vertical diffusivity using radon-222
as a tracer material. However, emanation varied

1 The term “‘air void fraction” is used to indicate
that fraction of a soil volume occupied by soil gases.

TABLE 3. Rates of emanation of radon-222 from
U*38 bearing rock outcrops over varying depths of
soil or blow sand (in 10-18 curies cm~? sec-!).

Central City, Grants,

Location... Colorado New Mexico
Sample No.

1 1.258 1.598

2 3.1654 21.277

3 2.280 21.349

4 2.444 127.136

5 991 24.932

6 563 43.205

7 2.870 48.649

8 — 13.997 .
Mean & s.D. 1.951 + 987 317.768 + 26.862
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TABLE 4. Preliminary tests of emanation of radon 222 from leaves of plants, April 21, 1965.

Flux density in 10-18 curies em~2 sec~!. Total emanation in 10-1% curies. Plants and pots were located in
Bldg. No. 60 greenhouse at Argonne National Laboratory and had been growing since about January 1, 1965.

Tobacco
Type of —_ Cast bean
Location Measurement 20 min sample 1 hr. sample 1 hr. sample
Top of leaf Flux density (13.0+2.1) (7.53 £ 2.56) (6.22+1.08)
Top of leaf Total emanation (0.267 £ 0.040) (0.437 £ 0.090) (0.359 £0.062)
Bottom of leaf Flux density (28.0+4.8) (9.86 = 1.14) (8.56 +1.43)
Bottom of leaf Total emanation (0.540 = 0.093) (0.579 £ 0.66) (0.494 +0.083)
Soil in pot (20 min. sample) Flux density (67.3+7.4) (76.519.7)

1000-fold among geographical regions with
widely differing geophysical histories.
Barometric pressure, atmospheric temperature,
and relative humidity. Barometric pressure,
atmospheric temperature and relative humidity
may have produced some response, too, but
the data are too limited and the effects too
small to permit any definitive statements.

6. Leaf emanation measurements

The 20C water-air phase distribution ratio
of 0.25 for gaseous radon (FauLr, 1954) and the
100 to 1000 times greater concentration of radon
in soil air as compared to the atmosphere above
the soil suggested that soil water would be
relatively rich in dissolved radon. From these
two conditions the hypothesis may be forwarded
that plant roots acquiring the radon-222-rich
soil water subsequently transport both water
and dissolved radon to above-ground plant
parts where both are released to the atmosphere.
An investigation of such phenomena is being
accomplished in cooperation with Dr. Richard
R. Dedolph, Division of Biology and Medicine
at Argonne National Laboratory, Argonne,
Tllinois.

Our first experiment was initiated in the
winter of 1964-1965 using greenhouse-grown
tobacco (Nicotiana tabacum L., cv. Maryland
Mammoth) and castor bean plants (Ricinus
communis L.). Plants were grown in potting
goil (1:1:1 loam, peat, sand) in glazed 115 liter
earthenware crocks. When the plants were in
the early flowering stage, leaf radon emission
was assayed with a system similar to that used
for soil radon emanation, but with a collector
2.5 em x 7.5 cm in size. This collection system

was not optimal for sample collection from
leaves because water vapor, carbon dioxide,
and light were excluded from the leaf surface
during sample collection. Each of these exclu-
sions is capable of modifying water evaporation
from leaf surfaces by inducing changes in sto-
matal openings.

Despite the cited inadequacies of the sampling
system for measurement of leaf surface emana-
tions which render the absolute quantitative
value of these data questionable, the data (see
Table 4) clearly show that measurable quantities
of radon-222 are released from leaf surfaces.
The marked decrease in rate of radon emission
with length of sampling period, which was
particularly evident on the lower leaf surfaces
of tobacco, indicates that the inadequacies of
the sampling system employed materially
decreased stomatal openings and transpiration
rates. Differences between the upper and lower
leaf surfaces, when the shorter sampling time
was employed, are wholly consonant with sto-
matal distributions on these surfaces (MILLER,
1938).

During the summer of 1965 we modified our
sampling system so that leaf radon-222 emissions
could be determined under more nearly natural
conditions. These sampling modifications provi-
ded, within the collecting device, nearly normal
light intensities as well as movement of air
with nearly normal concentrations of water
vapor and carbon dioxide. Six measurements of
soil emanation and six of release of radon-222
from leaves of field corn were made on August
5th when the corn was beginning to develop
tassels. These measurements were made be-
tween 1100 and 1600 local standard time. At
this time release from leaves was measured at

Tellus XVIII (1966), 2
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(247 +19) +10-18 curies cm—2? sec~!, a figure
which includes both the top and bottom of the
leaf. Concurrently, soil emanation was (92.1 +
30.1) x 1028 curies em~? sec~!, While the leaf
to soil release ratio was over 7 to 1 for this
experiment, it should be noted that the soil
emanation was somewhat low, probably due to
high soil moisture content. However, the leaf
contribution is greater than the average emana-
tion for Champaign County, Illinois, 140 x 10-18
curies cm~? sec~1. This, coupled with the fact
that the corn leaf area to soil area ratio can
reach 3 to 1 emphasizes the importance of con-
sidering the radon-222 contribution of plants
during daylight hours.

7. Summary and conclusions

1. The ability of soil to produce radon-222
was investigated by measuring its ‘“‘emanating
radium-226" content. While this ability was
shown to be uniform in Champaign County,
Illinois, the content being (0.64 +0.09) x 10-12
grams per gram of dry soil, a 70-fold range of
content was found in different geological regions.

2. The average emanation of radon-222 from
soils at the same location was found to be
(140 +73) x 10-'% curies cm~—2 sec~! or 2.5 +1.3
atoms cm~—?% gec~1,

Emanation rates under wvarious conditions
were studied with the following conclusions:

A. At wind speeds normally observed near
the soil surface, no significant variation
was observed, but at abnormally high
speeds a linear relationship prevailed dur-
ing 5 minute sampling periods.
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B. Within 8-hour periods of drying no signi-
ficant variation of emanation was obser-
ved. However, when intervals of days or
weeks were considered, emanation in-
creased 3-fold as soil changed from a
moist to an ‘“‘average’ condition.

C. During periods when the atmosphere was
most turbulent, emanation was highest
and most erratic. When turbulence de-
creased, emanation was smaller and less
variable.

D. Within our local area, variations in soil
type and location were not significant.
However, the emanation varied 1000-fold
among other geographical regions.

E. During cold weather and frozen soil con-
ditions, emanation was reduced.

3. Emanation of radon-222 from leaves of
plants has been collected and measured. The
first quantitative measurements made on field
corn at the early tasseling stage during early
afternoon provided an emanation value of
247 x10-1® ¢ cm~2 sec! for both upper and
lower leaf surfaces.
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KOHLUEHTPAIIUA B IIOY BE «BBIAEJAIOIETO PAJIUA 226» U BBIAEJIEHUE PAJOHA
222 13 TIOYBLI M1 PACTEHUMN

Wayyaerca BmeneHue M3 NOYBH pagoHa 222.
Hccaenylorca ¢akropsl BaMAIME HA BeJlH-
YHHY HCTeYeHHHA, BKIIIOYAA CKOPOCTh BETpA HAJ
NOBEPXHOCTRLIO, aTMOCPepHYI0 TypOyleHTHOCTS,
BJIQHOCTb ¥ THII NOYBH U MecTo. IIpexcraBienn
KOJIMYECTBO BHIZEJAIONIETOCA DajoHA M HM3Me-
HEHUS JTOM BeJMYMHB, CBA3AHHOEe C TIepe-
YUCIIEHHEIMHU QaKTOpaMH.

Tawke NpefcTaBlIeHH NpeABAPUTEIbHHE pe-
3yJABTATH HAYaTOTO WNCCIEJOBAHMA BHAEIEHHA
pamoHa 222 yepes JMCTbA pacTeHuUil.

Mamepenoe komamyecTBo pagmsa 226 B mouBe
JomycCKaroliee yseaudeHume anddysuit pagona,
u3MeHANoCch B 70 pas B pasiMYHBIX reoJormve-

cknx obnacrax, Ho Guio paBHomepHo B Cham-
paign County, Illinois. B arux ofmacrax co-
Aepmxanock (0,64 +0,09) x 1012 1 «BHAEIAI-
1ero pagua 226» Ha rpamm nousH. HomuyecTBo
BLIJ[eNIAIONEroCA U3 NMO4YBH B aTMocdepy pamoHa
222 mMeHanocek B 1000 pas B pa3ian4HHIX reosio-
rHYeCKHX 06IacTAX, HO B CpeaHeM OBLIO
(140 +73) x 10-18 Klopu cM~2 cer™1.

Ilonyuennsle HaHHHE YKA3HBAalT HAa BO3-
MOKHOCThL YCIEIHHOT'0 HCIOJb30BAHMHA PAKOHA
222 B HKadecTBe JapOBHIX Me4YE€HHX aTOMOB
NpH HCCIEeR0BAaHMU BepTUKAIbHON nuddysuu B
Champaign County, Illinois.
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