Measurement of Radon Diffusion
from Uranium Mill

Tailing Piles
W. B. Silker

N. A. Wogman
C. W. Thomas

D. B. Carr

P. C. Heasler

October 1979

Prepared for
the U.S. Nuclear Regulatory Commission

Pacific Northwest Laboratory
Operated for the U.S. Department of Energy
by Battelle Memorial Institute

NUREG/CR-1109
PNL-3187

RE

u>

03
VI



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency
thereof.

DISCLAIMER

Portions of this document may be illegible in electronic image
products. Images are produced from the best available

original document.



NOTICE

This report was prepared as an account of work sponsored by the United States Government. Neither the
United States nor the United States Nuclear Regulatory Commission, nor any of their employees, nor any of their
contractors, subcontractors, or their employees, makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness or usefulness of any information, apparatus, product or
process disclosed, or represents that its use would not infringe privately owned rights.

PACIFIC NORTHWEST LABORATORY
operated by
BATTELLE
for the
UNITED STATES DEPARTMENT OF ENERGY
Under Contract EY-76-C-06-1830

Primed in the United States of America
Available from
National Technical Information Service
United States Department of Commerce
5285 Port Royal Road
Springfield, Virginia 22151

Price: Printed Copy S *; Microfiche $3.00

NTIS
*Pages Selling Price
001-025 54.00
026-050 $4.50
051-075 $5.25
076-100 $6.00
101-125 $6.50
126-150 $7.25
151175 $8.00
176-200 $9.00
201-225 $9.25
226-250 $9.50
251-275 $10.75

276-300 $11.00



DISCLAIMER

This book was prepared as an account of work sponsored by an agency of the United States Government.
Neither the United States Government nor any agency thereof, nor any of their employees, makes any
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, or otherwise, does
not i or imply its ion, or favoring by the United
States Government or any agency thereof. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency thereof.

MEASUREMENT OF RADON DIFFUSION
FROM URANIUM MILL TAILING
PILES

Silker
Wogman
Thomas
Carr
Heasler

Too=z=
Ow=>w

October 1979

Prepared for

the U. S. Nuclear Regulatory Commission
under a Related Services Agreement
with the U.S. Department of Energy

Contract EY-76-C-06-1830
FIN No. B2269

Pacific Northwest Laboratory
Richland, Washington 99352

NUREG/CR-1109
PNL-3187
RE



MEASUREMENT OF RADON DIFFUSION AND EXHALATION
FROM URANIUM MILL TAILINGS PILES

Wyatt B. Silker, Nedwin A. Wogman, Charles W. Thomas,
Daniel B. Carr and Patrick C. Heasler

Pacific Northwest Laboratory
Richland, WA 99352

ABSTRACT

The concentrations of 226Ra and 222Rn (214Pb) were measured as a
function of depth within a uranium mill tailings pile by in-situ gamma-ray
spectrometry. Radon diffusion and exhalation rates were determined from
the concentration gradients by employing an integral solution of the dif-
fusion equation that accommodates a non-uniform depth distribution of the
parent radium. Radon diffusion coefficients of 0.0002 and 0.0017 cm2/sec,
and exhalation rates of 60 and 275 atoms/cm2/sec were determined for two

locations with differing soil moisture content.



1. INTRODUCTION

Release of 222Rn from uranium mill tailings to the atmosphere results
in one source of radiation exposure to populations as a consequence of the
uranium mining and processing industry. Radon is the daughter of 226RaT
which, not being depleted by the uranium extraction process, is associated
with the spent feed material which is disposed to a tailings pile. Being
a noble gas, radon can be produced in or diffuse into the interstitial
pores of the soil column, and diffuse upward through the soil surface,
escaping to the atmosphere. Any assessment of the radiological impact of
the exhaled radon requires knowledge of its rate of release and the influ-

ence of various physical and meteorological parameters on this rate.

A variety of approaches have been used to evaluate the quantities of
radon released to the atmosphere from general soil areas or from specific
sites. Most of these involve collection and subsequent analysis of radon or
radon daughters from the air at or above the soil surface. A common method

involves direct accumulation in a container that is sealed to the soil sur-

face, followed by removal of an aliquot for radon analysis. fl.zn Countess(31’

and Megumi and Mamuru(41' describe methods by which radon is adsorbed
directly onto a layer of activated charcoal placed on the soil surface.
By definition, disintegration rate of the radon in the air column above a
soil surface is equal to the number of atoms crossing the soil-air inter-
face. Determination of the vertical radon or radon daughter inventory as
a measure of flux has been employed by many investigators, e.g.~" .
While these techniques afford useful data on instantaneous radon emanation,
they provide little or no information concerning the rates of radon exha-
lation or the distance below the soil surface from which the radon was
derived. We took a more mechanistic approach, basically measuring the
changes of concentration of radium and radon, as its (214Pb) daughter, as
a function of depth in the soil column by in-situ gamma-ray spectrometry.
From the rate of change of parent-daughter concentrations with depth, the
rates of radon diffusion and exhalation were calculable.

* hereafter called radon
t hereafter called radium



2. FIELD SITE AND MEASUREMENT METHODS

The tailings pile at the United Nuclear-Homestake Partners uranium
mill at Grants, New Mexico was selected for this study. This mill employs
a carbonate leach process to extract uranium from ore that has been crushed
and milled so that 5% of the ore is +48 mesh and 38% is less than 200 mesh.
The residual from the leach process, which contains essentially all of the
radium originally present in the ore, is transported as a slurry to the
tailings pile. Coarse particulates are removed by a cyclone separator and
used to build the dike containing the pile; the remaining fines are dis-

posed to the center of the tailings pile.

In the course of about twenty years of operation the pile is now
approximately 600 m wide, 1400 m long and 25 m high. It is divided into
roughly two halves, each of which alternately receives tailings material
from the mill. This study was conducted in the inactive side of the tail-
ings pile. Residual water covered about two percent of the total surface
at the center of the inactive side, and soil moisture content decreased

with distance to the sides of the pile.

Test holes were implanted at locations on the tailings pile that were
selected as representative of the existing soil and moisture conditions.
Each test hole consisted of a six inch (15.2 cm) diameter schedule 40 PVC
pipe which was either forced into pre-drilled holes, or impacted to the
desired sampling depth, usually between 1.5 and 3 meters below the soil,
surface. Care was taken to insure good contact between the outside of
the pipe and the soil to avoid any air voids that could allow flow chan-
neling of soil gases, and the bottom of the pipe was sealed to prevent
intrusion of water. Gamma-ray logging of the holes was accomplished by
sequentially lowering a germanium diode detector to discrete depths and
accumulating the resultant spectrum for a sufficiently long period at each
depth to obtain the desired counting statistics, characteristically + 15%

and + 4% for 226Ra and 214Pb, respectively. A 23% intrinsic germanium

diode with 1.96 keV resolution, made by Princeton Gamma-Tech was used



as the detector for this study. Signals were analyzed and stored in a
Tracer Northern Econ Il series analyzer, and the data were digitally
recorded with a high speed printer. Field measurements were made, both
with and without a 2.5 cm thick lead shield covering the top of the diode,
which limited the sample viewed by the diode to a 2m configuration. Use
of the shielding provided improved definition of the vertical radionuclide
distribution. The counting system was calibrated in the laboratory, using
uranium tailings of known concentration, for the different conditions of
geometry, shielding, and soil composition and moisture content encountered

in the field.

Concentrations of 226Ra and 214Pb were determined from the respective

intensities of the 186 and 352 keV photo peaks. It is presumed that the
26.8 minute 214Pb daughter was in equilibrium with 222Rn with the recog-

nition that conditions could occur over time scales comparable to the 214Pb

half life that would invalidate this tenet. The 185 keV photopeak from
decay of 235U, if present, would interfere with absolute determination of
226Ra. For this work, it was assumed that the relative 235U and 226Ra con-

centrations were constant throughout the soil column, and any 235U contri-

butions were accommodated in the calibration procedure.

3. RADON DIFFUSION

One dimensional transport of radon through soil or other porous media
is given by Junge” for the simplest case as:

2 * f [1 - exp(-zjA )] Equation (1)
where Cz the radon concentration in soil air (atoms/cm )
S the radon production rate (atoms/cm -sec)

X the decay constant (sec-*)
z depth (cm)
0
D the coefficient of diffusion (cm /sec)



The rate of exhalation (J) as atoms/crri -sec from the soil column to

the atmosphere is:
J = sJdYy Equation (2)
AA

For these solutions, the radium concentration is assumed to be uniform
with depth. This homogeneity does not exist in a tailings pile. As seen
in Figures 1 and 2, dramatic changes of 226Ra concentrations can occur with
depth, due to variations of concentration in the feed stock processed at
different times, leaching and vertical translocation of radium in addition
to other factors. The net result is that high relative radon concentrations
will occur at depths that lie in the direction of diffusion away from the
location of high radium concentrations.

Gibbs et al. " provided a solution to the diffusion equation that

accommodated a variable vertical source term, which describes the influence
of radium within one depth interval on the radon concentrations in other
depth intervals. The radon concentration occurring at a given depth

is approximated by

e-k(z+z,)] dz'
C(2) + (1-a)S(z)/A Equation (3)

where: a = fraction of radon available for diffusion
and k (A/D)N

This value of D includes the porosity, or void fraction, e.g., D = DN/v,N

and its use in the radon diffusion and exhalation equations (equations 1-4)
is model dependent. However, using a different model may necessitate care

in using the values in Table 1I.

Using assigned values for D and a, the predicted values of radon con-
centrations are calculated with the aid of a computer from the measured
radium values. Best values for D and a are attained by iteration to pro-
vide the best least squares fit between the calculated and measured radon
concentrations. The magnitude of the sum of squares provides an index for

the reliability attained for a given data set.



Radon flux at the soil surface is described by:

-klz-z -k(z+z ml

J(2) sgn(z-z')e dz Equation (4)

4. RESULTS AND CONCLUSIONS

The radium data from two test holes depicted in Figures 1 and 2, were
used for calculation of the radon diffusion coefficient and the fractional
quantity of the total radon that was available for diffusion. Calculated
vertical radon concentrations are compared with measured values in Figures 3
and 4. The validity of the integral solution of the diffusion equation is
demonstrated by the agreement between calculated and measured radon concen-
trations. This provides a realistic evaluation of radon diffusion rates
through soil columns in which radium is not homogeneously distributed with
depth. Values of D and a derived from these calculations are given in the

following table, together with other published values for these constants.
TABLE |

RADON DIFFUSION AND EMANATION COEFFICIENTS

Moisture 2

Medium Content, % cm /sec a Reference
U-tailings

Hole A 5 0.0017 0.49 This work

Hole B 15 0.0002 0.24 This work
U-tailings 0.05 0.2 9
U-tailings dry 0.004 0.2 (12)
Soil 0.1 )
Sandstone 0.03-0.12 (10)
Fine Quartz 0 0.068 9)

e 8 0.050

o 15 0.010

o 17 0.005
Sand 0.07 (ID



The diffusable fraction of the total radon present in this tailings
material was about four times higher than normally is found for soil and
at least two times greater than values commonly applied to tailings mate-
rial. Two factors are probably significant contributors. First, the ore
for this plant is crushed and ground, and the test locations reported have
received only the fines from this treatment. Thus the surface-to-volume
ratio is greatly enhanced. The second point for consideration is the very
nature of the ore itself as the uranium mineralization occurs on the sur-
face of the sandstone matrix resulting in a dominantly surficial source of
the radon precursor, with an enhanced probability of radon escapement to

interstitial pores upon formation.

The other salient point afforded by these data is that the measured
bulk diffusion coefficient for this tailings material was significantly
lower than has been used for past calculations of radon diffusion and ema-
nation from tailings material. This is quite probably a reflection of the
small particle size and moisture content of the particular soil columns
involved. Definitive explanation of this reduced diffusion is beyond the

scope of this paper.

Radon fluxes calculated according to Equation 4, were 275 and
60 atoms/cmzlsec for test holes A and B, respectively. Clements et al. H211
reported a mean flux of about 1000 atoms/cm /sec for dry alkaline leach
tailings that were 2.5 m deep. The reduced rate of exhalation reported
here again emphasized the effect of soil moisture on radon escapement shown

by others. )

Operating uranium mills maintain their tailings piles in a
wet or moist condition, thereby reducing the quantities of radon escaping
to the atmosphere, a fact that must be considered in assessment of radio-

logical impact from these facilities.

In summary, the method of in-situ determination of the wvertical concen-
tration distributions of radium and radon progeny affords an accurate means
for assessing the rates of emission of radon from a tailings pile to atmos-
phere. By employing a solution of the diffusion equation that accommodates

the changing concentrations of 226Ra that occur in tailings material, errors



arising from assumption of an average radium distribution are not encountered.
This method essentially evaluates the magnitude and extent of radon diffusion
that has occurred at the measurement location for several days preceding the
measurement, and thus tends to smooth out short-term variations resulting
from external forces such as changing barometric pressure. It is theo-
retically possible that short term fluctuations of time scales of an hour

or so can be evaluated by evaluating the 214Bi concentrations relative to

those of 214Pb and 226Ra at specific depths within the soil column.
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Figure 1.

Radium-226 profile test hole A
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Figure 2.

Radium-226 profile test hole s

2000

1500

500

d/m/g



50

E 100

150

200

250

x

300

400

(0),¢

OoX

500
d/mlg

O MEASURED RADON
CONCENTRATION

x CALCULATED RADON
CONCENTRATION

600

700



p 9inbi4

8 8|0y }$9) 8|1}0Jd czz-uopey

a O MEASURED RADON
X0 x o . CONCENTRATION
x CALCULATED RADON
50 < o CONCENTRATION
X0
(0] X
O X
100 _ o X
X0
CL
o X o
150 -0 X
X OX o
OoX
X o X (o)
OX
X0
200 o x © X
250 L-
400 800 1200 1600 2000 2400

d/m/g



REFERENCES

1.

10.

11.

12.

H. W. Kraner, G. L. Schroeder and R. D. Evans, The Natural Radiation
Environment. University of Chicago Press, Chicago, lllinois,
pp. 191-215, 1964.

M. H. Wilkening, W. E. Clements and D. Stanley, The Natural Radiation
Environment 11. CONF-720805-P2 NTIS, U.S. Dept, of Commerce,
pp. 717-730, 1975.

R. J. Countess, Health Phys. 31 _:455, 1976.

Kazuko Megumi and T. Mumuro, J. Geo. Phys. Res. 777:3052, 1972.
L. V. Kirichenko, J. Geo. Phys. Res. 75":3639, 1970.

J. E. Pearson and G. E. Jones, Tellus 18:1, 1966.

C. E. Junge, Air Chemistry and Radioactivity, Academic Press, New
York, N.Y. pp. 209-220, 1963.

A. Gibbs, P. B. Carr, W. B. Silker, The Diffusion of Radon in Soil --
A Theoretical Model. PNL-2760, Pacific Northwest Laboratories,
Richland, WA 99352, 1978.

M. B. Sears, R. E. Blanco, R. C. Dahlman, G. S. Hill, A. D. Ryan and
J. P. Witherspoon, Correlation of Radioactive Waste Treatment Costs
and the Environmental Impact of Waste Effluents in the Nuclear Fuel
Cycle for Use in Establishing 'As Low as Practicablel Guides-- Milling
of Uranium Ores. ORNL-TM-4903, Vol. 1, Oak Ridge National Laboratory,
Oak Ridge, Tennessee 37830, 1975.

P. M. C. Barretto, R. B. Clark and J. A. S. Adams, The Natural Radia-
tion Environment 1l. CONF-720805-P2, pp. 731-740, NTIS, U.S. Dept,
of Commerce, 1975.

W. E. Clements and M. H. Wilkening, J. Geo. Phys. Res. 794:5025, 1974.
W. E. Clements, S. Barr and M. L. Marple, "Uranium Mill Tailings as a

Source of 222Ra." LA-UR 78-828, 1978, presented at the Symposium on
Natural Radiation Environment 111, Houston, TX, 1978.

13



No. of
Copies

OFFSITE

200

ONSITE

39

A.

DOE Patent Division
9800 South Cass Avenue
Argonne, IL 60439
U.S. Nuclear Regulatory
Commission
Division of Technical
Information and
Document Control
7920 Norfolk Avenue
Bethesda, MD 20014

A. Churm

DOE Technical

DISTRIBUTION

Information Center

Laura E. Santos, Program Manager

Waste Management Branch

Division of Safeguards, Fuel Cycle

and Environmental

Research

U.S. Nuclear Regulatory Commission

Washington,

D. C. 20555

Pacific Northwest Laboratory

DB
NE
WD
AG
JN
RL
PO
PL
WL
JM
DE
RW

Carr
Carter
Felix
Gibbs
Hartley
Hooper
Jackson
Koehmstedt
Nicholsen
Nielsen
Olesen
Perkins

Distr-1

NUREG/CR-1109
PNL-3187
RE

Pacific Norwest Laboratory

LC
GA
RJ
WB
cw
NA

Schwendiman
Sehmel

Serne
Silker (15)
Thomas
Wogman

Technical Information (5)
Publishing Coordination (2)



