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ABSTRACT

Experiments were conducted to compare radon diffusion coefficients
determined for 0.l-m depths of soils by a steady-state method in the laboratory
and diffusion coefficients evaluated from radon fluxes through several-fold
greater depths of the same soils covering uranium-mill tailings. The
coefficients referred to diffusion in the total pore volume of the soils and
are equivalent to values for the quantity, D/P, in the Generic Environmental
Impact Statement on Uranium Milling prepared by the U.S. Nuclear Regulatory
Commission. Two soils were tested: a well-graded sand and an inorganic clay
of low plasticity, For the flux evaluations, radon was collected by adsorption
on charcoal following passive diffusion from the soil surface and also from air
recirculating through an aluminum tent over the soil serface. An analysis of
variance in the flux evaluations showed no significant difference between these
two collection methods. Radon diffusion coefficients evaluated from field data
were statistically indistinguishable, at the 95% confidence level, from those
neasured in the laboratory; however, the low precision of the field data
prevented a sensitive validation of the laboratory measurements. From the
field data, the coefficients were calculated to be 0.03 ¢ 0.03 cn‘/s for the
sand cover and 0,003 ¢ 0,002 cn/s for the clay cover. From the laboratory
data, the coefficients were calculated to be 0.021 ¢+ 0.002 cn‘/s for the sand
cover and 0,.0036 + 0.0004 cm?/s for the clay cover. The low precision in the
coefficients evaluated from field data was attributed to high variation in
radon flux with time and surface location at the field site,
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EXECUTIVE SUMMARY

The purpose of this study was to compare radon diffusion coefficients
evaluated for 0.l-m depths of soils under laboratory conditions with diffusion
coefficients evaluated for several-fold greater depths of the same soils when
v 'd to cover uranium-mill tailings. These coefficients referred to diffusion
in the total pore space of the soils and are equivalent to values for the
guantity, D/P, in the diffusion equations presented in the Generic
Environmental Impact ?i tement on Uranium Miliing prepared by the U.S. Nuclear
Regulatory Commission‘®/, Two soils were tested: a well-graded sand with a
dry porosity of 0.38 and containing 0.07 moisture by volume;, and an inorganic
clay of low plasticity with a dry porosity of 0.49 and containing 0.20 moisture
by volume, Both were considered by the mill operators as candidate cover soils
for attenuating radon emission from tailings at the field test site,

In the field, radon diffusion coefficient were evaluated from the radon
fluxes emitted by bare and covered tailings and from the porosities, and depths
of the soil covers as well as the <®Ra content and radon emanation coefficient
of the underlying mill tailings. The sand cover was 1.14 m in depth and
covered an area of 1.31 m‘, The clay cover was applied over an equal-sized
area but to a depth of only 0.44 m. Radon fluxes were measured by two
independent methods, one based upon the passive diffusion of radon into an open
canister of charcoal and the other utilizing recirculated air to sweep the
radon flux collected by an aluminum tent into a charcoal trap. Analysis of
variance in the flux measurements showed no significant difference in the
measurement methods. The diffusion coefficient evaluated for the sand cover
was 0,03 + 0,03 cn“/s at the 95% confidence level, whereas that for the clay
cover was 0.903 ¢ 0.002 cw?/s.

In the laboratory, diffusion coefficients were evaluated by a steady-state
diffusion method applied to soil samples, 0,02 m¢ in area and 0.10 m in depth,
with the same porosity and moisture content as in Lhe field experiments. The
diffusion coefficient measured for radon in the sand cover was 0.021 + 0,002
cm’/s at the 95% confidence level, whereas that for the clay was 0.0036 +
0.0004 cm?/s at the 95% confidence level. Both values were within the
uncertainty ranges for the field-evaluated coefficients, and the best astimates
for coefficients obtained by the two methods agreed within a factor of two,
However, the 95% confidence intervals for the field-determined values were too
broad to provide a sensitive check on the validity of the laboratory-measured
values. The low precision of the field-determined coefficients was attributed
to the high variation of radon flux with time and surface location at the field
site, a phenomenon reported by other investigators,
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was then backfilled with tailings and compacted to replicate the surrcunding
landscape, Two meters of tailings material were then added in 20-cm lifts to
the caissons and compacted to again replicate the undisturbed tailings., After
sufficient time had elapsed to permit the radon to attain steady-state
equilibrium, measurements were made to determine the radon flux from the bare
tailings in each caisson. A cover of inorganic clay with low plasticity and
weighing 911 xg was then applied in caisson No. 3 to a depth of 44 cm, using 8-
to 10-cm lifts with compaction following each lift, A cover of well-graded
sand weighing 2680 kg was applied in caisson No., 2 to a depth of 114 cm,
utilizing the sam compaction technique. After the field test, samples of the
soils and tailings were packed in moisture-proof containers and taken to the
laboratory for analysis. Physical properties of the tailings and each applied
cover were determined by uwth?ga recomiended by the American Society for
Testing and Materials (ASTM). The moisture content and specific gravity
were determined by ASTM methods N2216 and D-3%4, respectively. The particle-
size distributions of the soils were evaluated by ASTM methods D-422 and D-
1140, and the soils were given engineering classifications according to ASTM
method D-2487, The dry packing density was determined by taking a core of
known volume and determining its dry mass.

Field Measurements of Radon Surfece Flux

Surface tluxes of radon in the field were measured by two independent
methods. These were 1) a passive charcoal-canister adsorption method, and
2) a tent method in which radon was removed from a recirculating air stream by
adsorption ur granular, activated charcoal,

The charigabscanister method has bheen employed by several other
inve?SSgdtors 27%) and was reported to measure radon flux with a precision of
1587/, A commercial charcoal-filled gas mask canister (Mine Safety
Applicance Company, Number GMA-4539315) was used in this study. The larger end
of the canister was covered with Tedlar® film, which is impervious to radon;
the smaller end was pressed into a 7.5-cm diameter, 5-cm length of Lucite®
cylinder and sealed with pressure-sensitive tape as seen in Figure 1. The
assembled samplers were then placed on the soil surface and forced into the
ground to a depth of from 1 to 2 ¢cm to insure good contact, FEach unit sampled
an area of 4,42 x 107'm?, Several samplers were exposed simultaneously in each
caisson for periods ranging from several hours to about 1 day. After exposure,
the samplers were disassembled; and the charcoal canisters were removed, sealed
in aluminum cans, and returned to the laboratory for radon analysis by gamma-
ray spectrometry.

The tent method was developed at Pacific Northwest Laboratory.(g’q) and
sampled a soil-surface area of 0,225 m?. A pressure-balanced flow system
recirculated air through an aluminum tent placed on the soil surface. Radon
emitted from the soil under the tent was swept to an in-line trap of activated
charcoal where it was adsorbed. The system is shown schematically in
Figure 2. The U-shaped aluminum collection tent was sealed onto the soil
surface, the pressure drop across the collection tent was balanced, and the
system was flushed for a time to bring radon concentration within the tent to
its steady-state value. Flow was then routed through the charcoal trap, and
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A = “4¢Rn decay constant (s7!)
D = diffusion coefficient for radon in the total pore space of bulk
soitl (cmé/s).

The guantity, Lo was evaluated from t?ilsadon gas concentration in the bottom
chamber Cq. by means of the equation :

Co E (9-0.140)09 (Equation 3)

where: P =« dry porosity of the soil (dimensionless)
O = volume fraction moisture in the soil (dimensionless).

The diffusion coefficient, [, was then evaluated by iteration of Equation (2),
using measured values for the other parameters, It is equivialent to the
quantity "0D/P" used in the equation? sresented in the Generic Environmental
Impact Statement on Uranium Milling 1 prepared by the U.S. Nuclear Regulatory
commission,

tvaluation of Radon Diffusion Coefficients from Field Measurements

Radon diffusion coefficients for cover materials (as applied in the field
test) were evaluated from the measured radon fluxes escaping the bare and
covered tailings, using the following equation that describes flux attenuation
45 a function of the porosities of the tailings and i?’er soils and the
diffusion coefficients for radon in these materials.\l),

[} 'k
2Joexp( cx)

J_ s T e e (Equation 4)
pof0 Pt )
1 + iz . 1 - o b § exp(-chx)
o\ ¢\ ¢
where: ) = radon flux across the cover surface (pCi/m<s) ’
Jg = radon flux across the bare tailings surface (pCi/ms)

by = diftusion coefficient for radon in the total pore space of bulk
tailings {cm?/s)

U = diffucion coeflicient for radon in the total pore space of bulk
cover material (cm?/s)

Py = dry porosity of tailings (dimensionless)

Po = dry porosity of cover material (dimensionless)
X = cover depth (cm)

kc = (I\'/nc)l/),
A = radon decay constant (s~!),

The value for 0, could not be evaluated with Radon Attenuation Test Facility
since the tailings themselves produced radon, and so did not meet the
requirements of the measurement method, However, the diffusion coefficienilggr
tailings was evaluated from other measured values by means of the equation ;







Radon Flux Values from Field Measurements

Radon fluxes measured by the two methods are summarized in Table 2 and
presented in detail in Appendices A and B, The values shown 1n Table 2 for
fluxes obtained by the ch rcoal-canister method are averages of the several
values measured simultaneously in each designated caisson. The individual
measurements differed by factors of up to 3 during the same sampling period in
the same caisson., Still larger variations in flux, ranging up to factors of
35, were found at the same caisson on different days. Radon fluxes measured by
the tent method varied by factors of up to 15. This lack of precision was
attributed to possible differences in meteorovlogical conditions, changes in
soil moisture and variations in the collection efficiencies of the two
measurements,

TABLE 2. Radon Fluxes Evaluated by the Charcoal-Lanister (C) and the
Tent (T) Methods in the Field (All Values in pCi/més)

Caisson

Date
(m/d/y) 1 2 3 4 5 6

¢ . ¢ 1 ¢ I ¢ r ¢ 1T ¢ I
5/11/81 465 90 435 750 280 350 410 720 200 -- 160 -~
5/12/81 320 100 330 280 450 270 360 330 130 200 185 135
5/12-5/13/81 200 -- 390 - 220 =~ 380 - 110 -- 280 -~
5/13/81 270 90 770 700 230 200 330 450 120 310 860 530
6/16/81 2750 790 680 1660 1110 160 650 890 840 750 4300 410
6/16-6/17/81 500 -- 820 - 410 -- 420 -- 340 -- 240 -~
6/17/81* 80 60 90 200 350 350 150 380 60 50 60 90
8/5/81 160 110 30 20 155 150 270 220 120 110 90 170
9/2/81 150 140 65 4 200 120 290 340 135 1790 80 100
9/3/81 320 - 60 - 180 -- 290 -- 110 -- 190 --
11/9/81 -- 280 70 80 30 150 -- 340 -- 310 -- 560
11/9-11710/81 250  -- 47 - 43 .- 210 - 199 - 500 --
11/10/81 -~ 230 270 140 60 150 400 420 -- 490 -~ 1120
11/10-11/11/381 400 -~ 230 - 9 =- 315 - 450 -- 1420 --
11/11/81 810 =- 380 -- 110 == 620 -~ 1240 -~ 1690 -

* After the measurements on this date, a 1l4-cm cover of well-graded sand was
applied in caisson No. 2 and a 44-cm cover of inorganic clay was applied in
caisson No. 3.

The data cin be logically divided into two subsets, those measured on or
before June 17, 1981 and those measured after that date when the cover of sand
was in place in caisson No. 2 and the cover of clay was in place in caisson
No. 3. An analysis of variance among the flux measureaents made before
June 17, 1981 showed no significant difference between caissons or between






suggest reasons for the variations in radon flux but may overlook short-term
changes in air-temperature, atmospheric pressure or wind velocity during a day.

The diffusion coefficients evaluated from field data and those measured in
the laboratory are compared in Table 5,

TABLE 5. Comparison of Field-Measured Radon Diffusion Coefficients
with Laboratory-Measured Coefficients (95% Confidence

Limits)
__Method D (Sand Cover) D (Clay Cover)
Laboratory 0.021 ¢ 0.002 0.0036 ¢+ 0.0004
Field 0,03 ¢+ 0.03 0.003 ¢ 0,002

The values are presented as 95% confidence limits based on the data shown in
Table ?1 3nd on a relative standard deviation of $5% for the laboratory

method 19, The best estimates of the diffusion coefficients evaluated by the
two methods agreed to within a factor of two for both soil covers. This may be
fortuitous, however, in view of the large 95% confidence intervals for the
coefficients evaluated from field data. In any case, the diffusion
coefficients evaluated by the two methods for each soil are indistinguishable
at the 95% contidence level,

The low precision in the diffusion coefficients evaluated from field data
were attributed to high variation in the radon flux with time and surface
location at the field site, These variations occurred over relatively short
tine intervals and with only small differences in surface location of the radon
collectors, Their exact cause is unknown, but variations of simil?g qunitude
have been reported by other investigators for other tailings sites\? ' ?/, The
higher precision of the laboratory-measured coefficients is attributed to the
ability to better control influential parameters such as soil-moisture content
and compaction as well as being relatively free from changes in meteorological
conditions,

CONCLUSIONS

Laboratory-measured diffusion coefticients for radon in relatively small
quantities of two widely different types of soils were indistinguishable, at
the 95% confidence level, from coefficients evaluated from field measurements
on much larger quantities of the same soils covering uranium mill tailings.

The best estimates for coefficients obtained by the two methods agreed within a
factor of two; however, the 95% confidence intervals for the field-determined
values were too broad to provide a sensitive check on the validity of the
laboratory-measured values., The low precision of the field-determined values
was attributed to high variation in radon flux with time and surface location
at the field site,
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A |

2C
20
2E
2F
2G
2H
21
2J
2K

GMA Radon Flux Canisters

Caisson 2

* Decay corrected to end of sampling.

Exposure - [}
On off At
Date  Time “Date Time  (min.)
5/11/81 1310 5/11/81 1810 300
5/11/81 1310 5/11/81 1810 300
5/12/81 0728 5/12/81 1250 322
5/12/81 1250 5/12/81 1800 310
5/12/81 1802 5/13/81 0747 825
5/13/81 0747 5/13/81 141# 391
6/16/81 1118 6/16/81 1710 352
6/16/81 1710 6/17/81 0735 865
6/17/81 0735 6/17/61 0932 117
8/5/81 0827 8/5/81 1515 408
9/2/81 0754 9/2/81 2035 761
9/2/81 0754 9/2/81 2035 761
9/3/81 0749 9/3/81 122 213
11/9/81 0910  11/9/81 1655 465
11/9/81 0910  11/10/81 1235 1645
11/9/81 0910  11/10/81 1235 1645
11/9/81 1655 11/10/81 1235 1180
11/10/81 1236  11/10/81 1714 278
11/10/81 1236  11/11/81 1017 1301
11/10/81 1236  11/11/81 1017 1301
11/10/81 1713 11/11/81 1017 1024
11/11/81 1017 11/11/81 1424 247
11/11/81 1017 11/11/81 1424 247
11/11/81 1017 11/11/81 1424 247

Counted

Date

Time

5/14/81
5/14/81
5/14/81
5/14/81
5/14/81
5/14/81

6/18/81
6/18/81
6/18/81

8/6/81

9/4/81
9/4/81
9/4/81

11/14/81
11/14/81
11/14/81
11/14/81
11/14/81
11/14/81
11/14/81
11/14/81
11/14/81
11/14/81
11/14/81

1348
1354
1471
1430
1459
1447

1624
1538
1551

1436

1034
1083
1034

0707
0700
0700
0708
0710
1514
0716
0717
0721
0723
0725

__{dpm)*

Sample

65690690
84198+1030
61233+710
59314:780
178500+ 1900
172070: 1660

13750021300

39810023100
6433120

639040

2598+68
2802+69
7892+169

17220+230
84070:770
90460730
67212+798
42617:610
170240+ 1080
1273801310
15169041310
50510:410
52540+410
59797+590

e

i)
m-"sec


















1-9

C1-1

C1-1
€1-2

Radon Tent Samplers

Caisson 1

Counted

Exposure

: On Off At

Date Time Date Time lm?n.!
5/11/81 1305 5/11/81 1505 120
5/12/81 1031 5/12/81 1231 120
5/13/81 1230 5/13/81 1400 90
6/16/81 1126 6/16/81 1226 60
6/17/81 0902 6/17/81 1002 60
8/5/81 1147 8/5/81 1247 60
9/2/81 1528 9/2/81 1628 60
11/9/81 1421 11/9/81 1533 72
11/10/81 1828 11/10/81 1935 67

* Decay corrected to end of sampling.

Date

Time

5/14/81
5/14/81
5/14/81

6/18/81
6/18/81

8/6/81
9/4/81

11/16/81
11/716/81

1544
1558
1615

1422
1453

1417
1147

1230
1239

dpm)*

ample

369900+ 2800
418300+ 3420
293100+2400

16100007300
123200:1410

227430:500
2833702580

675150=3260
517180:4020

pCi)
m<"sec)

100

790

110
140

280
230



Radon Tent Samplers

dpm)*

ple

Caisson 2
Exposure
On Off At Counted
Sample Date Time Date Time {min.) Date Time
c2-1 5/11/81 1305 5/11/81 1505 120 5/14/81 1546
c2-2 5/12/81 1031 5/12/81 1231 120 5/14/81 1600
c2-3 5/13/81 1230 5/13/81 1400 90 5/14/81 1617
c2-1 6/16/81 1126 6/16/81 1226 60 6/18/81 1428
c2-2 6/17/81 0831 6/17/81 0902 31 6/18/81 1457
c2-1 8/5/81 0947 8/5/81 1047 60 8/6/81 1419
c2-1 9/2/81 0936 9/2/81 104 65 9/4/81 1153
c2-1 11/9/81 1125 11/9/81 1251 86 11/16/81 1232
c2-2 11/10/81 1228 11/10/81 1935 67 11/16/8i 1240

* Decay corrected to end of sampling.

3018000: 13000
11350006800
2111000+ 12000

3370000+16000
205800+ 2090

42581:140
6977+180

223490:1920
316650+2870

750
280
700

1660
200

20
4

80
140






Radon Tent Samplers

Caiscon 4
Exposure L
~__On A s it ___Counted {dpm)* (pCi
Sample —Date  Time Date Time min.) Date Time ~ Sample m” " sec
C4-1 5/11/81 1807 5/11/81 2007 120 5/14/81 1550 2911000:13000 720
c4-2 5/12/81 1330 5/12/81 1530 120 5/14/81 1603 13200007200 330
€4-3 5/13/81 1025 5/13/81 1155 90 5/14/81 1613 1381000:7600 450
ca-1 6/16/81 1330 6/16/81 1430 60 6/18/81 1441 1798000+9100 830
c4-2 6/17/81 1103 6/17/81 1144 4] 6/18/81 1510 777700+45C0 380
C4-1 8/5/81 1147 8/5/81 1247 60 8/6/81 1422 443300980 220
ca-1 9/2/81 1528 9/2/81 1628 60 9/4/81 1200 695340:4680 340
c4-1 11/9/81 1421 11/9,81 1533 72 11/16/81 1251 827570:5250 340
C4-2 11/10/81 1639 11/10/81 1739 60 11/16/8%7 1245 853770+8370 420

* Decay corrected to end of sampling.







Racon Tent Samplers

Caissen 6
Exposure Fhige e
On off at Counted {dpm)* _(CiY
Sample Date  Time Date  Time (min.) Date  Time Sample msec
ce-1 5/12/81 0736 5/12/81 0939 123 5/14/81 1553 203100+1900 50
C6-2 5/12/81 1615 5/12/81 1815 120 5/14/81 1607 886500+5800 220
Cé-3 5/13/81 0820 5/13/81 0950 90 5/14/81 1610 1595000+ 10000 530
C6-1 6/16/81 1523 6/16/81 1623 60 €/18/81 1449 837400:5400 410
C6-2 6/17/81 1235 6/17/81 1335 60 6/18/81 1516 170500+ 2000 90
C6-1 8/5/81 1337 8/5/81 1438 61 8/6/81 1427 347710:660 170
C6-1 9/2/81 1738 9/2/81 1854 76 9/4/81 1204 258460+2040 100
® c6-1 11/9/81 1619 11/9/81 1726 67 11/16/81 1256 12599805310 560
o C6-2 11/10/81 1445 11/10/81 1545 60 11/16/81 1249 2259010+12750 1120

* Decay corrected to end of sampling.
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