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Surface water hydrology considerations in predicting radon releases
from water-covered areas of uranium tailings ponds
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1 INTRODUCTION

In assessing the releases of radon (Rn~222) from uranium mill sites,
the radon escaping from water-covered surfaces of the tailings pond
has traditionally been ignored (NRC 1980a, NRC 19BCb, NRC 1981), ‘This
has beep lustified by radon diffusion caleulations, which suggest that
radon cannot penetrate more than a few centimeters of water hecause of

its very low diffusion coefficient (107 cm?s='), The tailings pond

is not a motionless body of water, however, and considerable water

movement. oceurs over time pericds comparable with the half-life of

radon {3.8 days). Therefore, significant advective transport of radon

may oeeur, rendering the pond less effective than previously thought
- for containing radon gas. :

In a recent study for EPA on radon releases from active uranium-
mills, we examined the potential for advective transport of radon
through tailings pond waters along with other radon sources in the
mill environment (Rogers et al., 1985). This paper summarizes the
parts of the study that dealt with radon releases from the tailings
pond area, and discusses the nature and mechanisms of the raden
releases from water-covered areas. A reference tailings impoundment
is desecribed according to several distinct physical regions, and the
conditions affecting radon transport in each are described, Since
radon transport through ponded water has not previously bean modeled
in detail, simple laboratory experiments were conducted to approXimate
the characteristic transport parameters., The results of these experi-
ments were then used with paraweters describing the tailings pond to
assess the overall magnitude of radon release expected from the water-
¢covered pond region. The .significance of radon releases from the
water-covered areas was estimated by comparison to radon f£luxes from
other, exposed tailings surfaces, '

2 REFERENCE TATILINGS IMPOUNDMENT

1} refergnce tailings impoundment that approximates actual impoundments
1& first defined to illustrate three characteristic regions with
dlstinctly different physical properties that affect radon transpert,
The reference impoundment alse provides a basis to estimate the magni-
tude of radon releases from tailings ponds. The impoundment centains
& central, water-covered pond area, surrcunded by a water-saturated

ach area, and an unsaturated beach area. Tailings enter the

218



<

impoundment via a slurry pipeline from the »iil, and are depieted in
eoanated radon for the first faw days due to complete rvadon raleases
during milling. fThe total mass of new depleted tailings entering the
impoundwent iz insignificant coppared to the totai mass in the
irpoundment, however, so the total radon release tate is relatively
constant. Sines the slurry pipeline dalivers both coarse {gandy} and
fine (slimo) tailings, the sands tend to accwaclate near the pipeline,
while the slimes are ecarried further into the center of the poad. The
slurry pipe is typically moves o Gifferent positions around the edde
of the impoundment, so that the gandy tailings typically comprise most
of the saturated snd umsaturated beach areas, and the slises accumu-
late in the center pond axea. The radon source watexials and dif-
fusion charvscteristics ia the pond, saturated, and wnsaturated areas
are thus diffayent, and are described in Terms af nominal parameter
values to permit estimates of their relative impacts oo radon
releaseas,
The unsaturated beach areas arve jdered to be

vely of tailings gandr, and to be suffiziently above the water Jevel
rhat they are wall-drained and similar to surrounding sandy solds in
molsture content. Radon criginating in thesa regions is detiued in
rerms of the radigm content for the sands, which iy typically much
lower than that for the slites. Once radon gas is emanated into the
interstitial pore space of the sands, 3% diffuses acmording to the
chagacteristics already known and modeled for vnsaturated soils and
tatlings {(Rogors et ak., 1984n}, ame is doninated by Alffunive
transport mechonisss. Rdvective tramsport by alr or vapor gurrents in
unsaturated regions such ag the tailings beaches has besn sxanined and
ig considered insignificant {(Rogers et al., 1983}, Accordingly, Tadon
fluzes are computed for the unsaturated beaches ay

= 10¢ RRE VXD )

where

= radon flex from the exposed tailings surface
ook n-2g}y

= tailings radlum content (pCi g™}

» bulk taklings density {a a3}

= radon emanation coefficlent for tailings (dimensionless)

= radon decoy congzant (2.1 x 1076 o713

= diffusion coefficient for radon in the tailings pove
space ten? &™)

o
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The saturated beach arcas are qoosldersd to be conprised of approxi-
mately 70 percent sands and 30 percent slines, reflecting the limited
mixing of slimes in this part of the tallings wass. Although this
avea of the impoundment is variable and more ditficull to define in
varms of physical extent, ivs diffusion charactoristics are wore
dimtinct in being saturated by water. Despite wave action over the
saturated beach ateas, © in the tial volume
46 probably limited to only the tap fow centimeters, as defined by the

P 4 Qi The rafon source term for tha
saturated beaches is modeled an o waighted average of the vempactive
radium contents of the sands ard zlimes (70/30 tatie) muleiplied by
theix coefficlents, of radan
to the atmosphere, neglecting ligquid advection in the top wave~
affocted laver, §s dominated by diffusicn through the saturated
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settled tallings occupiad the bottom 8.9 c@ of the 5.9 ow dianater
glass cylinders, and the water layer comprised an avarage height of
19.4 om above the tailings. Raden flux meamurements wera then made
€rom the water surfates after First circulating fresh air over the
undisturbed water. After the rvadon flux measurenents, the wateY was
carefully slphoned from the colusns without disturbing the tailings
layars. Additional radon flux meagurements were then made from the
vare, caturated tailings. The radon flux measwrements utilized both
thp accumulator can and charcoal canister techniques (Rogers ec al,,
1984b}.  The dator ean gave & i average
£flux, and the gave a 24~hour average
flux. The results were averaged and veported in termg of & mean and
standaxd daviation.

The results of the ¥ are in Table

. The relatively high radon fluxes penetvaring 19.4 cn of uater
T™iicated clearly that molecular diffusion did not aceount for the
observed radon trangport through the colomns. Desplte precautions to
avold agitation and vibratiass, advective transpart (probably thex-
mally induced) dowminated the obsarved radon flux, which would have
been nearly four orders of wmagnitude lower with only diffusive
rranspart in undisturbed waker. The removal of the water (not
disturblng the tallings) allowed measurement of the bare radon E£lux
from the saturated tailings, and gave evidence that the advective for-
ces acting in the water cover were not active in the saturatod
tailings region. Inetead, the low diffusion coefficients typical of
water-saturated pore space were found to be typfeal.

TABLE 1L

RADON FLUXES MEASURED FROM BARE AND WATER COVERED TAILINGS SURFACES
{moan & 5.5}

watex, A lator Can 75 + 18
ondi water, 68+ 7
Bare, saturated tailings, Accumulator Can 83 + 21
The results of the L y flux were

p with
values obtained using:tHe BAECON com code (Rogers et al., 1984a).
Using the xpdius content, emanation coefficient, and porosity from
favle 1, the RAECOM cocde gave a vomputed radon Flux of B3 pCi
n-2~1 using its defanit (correlation) value for the diffusion coef~
ficient in the saturated tailings. This conpares well with the mean
measured flux vaiue of 84 pci n”Zs™! and also sugports the selection
of 4 x 10~% cm?s~! for the radon diffusian coefficient in the b
merqed tailings. Further RAECOK analyses of the 17 percent atto-
nuation by the bed water that the
t:ans?ert cosfficient for the water layer was on the order of 4.003
cadg=), The dissolvad radium content smeasurod from the water layers
and shown in Table 1, gives heqligible contribution to the measursd
fluxes, but gives a romingl solubility paxameter for ovaluating the

tailings
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1ntf::s§itl.al spate, with a typical diffusion coefficient on the crder
cf'nlxﬂ" *2s™1 (Rogers et al., 198a).
e tailings beneath the pond area are assuned ta

approximately 50 percent sands and 50 percent slices. bﬁxf?&?iﬁuﬁ
the radon source ters is similarly computed as a weighted average of
the respactive radium contsnts of the sands and slimes (50/50 razio)
woltiplied hy their respective emanation cocfficients. Movement of
enxrated radon to the atmosphare includes advective as well as dif-
fusive £ » since water cocnrs within the
pond cvar time pericds comparable to the half-Life of radon. The
novement is partly caused by surface wind currents, thermal gradients
mechanical disturbance from the will discharge pipo, and biological’.
disturbances (animals, birds, ezc.), In additlon, taden release from
the radlun dissolved in the water ewst now be considered separately
since the vater in physically separated by significant distances from
the solid tailings material. For awalyzing the pond area, radon
reloases were divided inte three components: '

1. Ru':on vriginating from solid tailings under less than 1 m of
water,

2. Radon originating from golid tailings under greater than 1 m of
watar.

3. Radon from the dissolved radium in the pond wator.

The one meter depth is chosen to partition the surface wats!

turbulant. movement 13 prorounced and often viaible, ::o:'d::::s
layers, vhere advection is ninimal, Although  actual  adwective
currente probably dearease continuously with depth, this partitioning
conveniently defines & “rapid release™ zoms for radon and a deeper
decay-limited transport sonce Pt

3 LASORATORY MEASURZMERTS AND RESULTS

In order tao quantify raden veleases from the above pond  sauroes
saveral ® were in the s using a sample né
slime tailings from the Rifle, Colovada UMTRAP site. fThe measured
p;::meze:s included the solubility of the tailings radium and the
- ‘:;mrlt coofficient for radon through “undisturbed” columns of water
In a:?r‘atory- In order to interpret the radon transport expexi-

¢ radium i i and related tailivgs

Parageters were also measured,  The ko
e were al Y tailings parametars are sum-

TABLE X
Charsctesristics of Tailings used as Radon Sources

R = 4628 pCifg  Ra~226
E = 0425 pCt An-222 releaded per pCi Ra-226
Porosity ~ 0.66 in test ¢coluenc por ¥e 22
Solubility = 35 fCi/liter Ra-226 in separated colums water.

“'il;: ':l;m tailings manple wis oven dried, and 260-grem aliguots were
at g wat"ta each of four Hoyoucus 50il test cylinders. Seven hundred
a0d s er were added to aach cylinder, after which they were atirves

allowed o settie and equilibrate for at least 22 days. Tne
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A APPLICATIONS AND DISCUSSION

§n applying the Laboratory data to estimate radon re! -
merged tailings, the high uncertainties and lack of ::;azixgr:;p::;
ment  correspondence preclude  duantitative accuracy from  being
assuciated with the conclusfons. Wowaver, the lab data conclusively
show that Vo can radon . 8van bxn
visually Tundistorbed® warer colwsns. Since surface tutbulence is
inveriably visible in tailings pords, we infor that greater advective
tranBport occurs in the pond surface layers, In the absence of tur—
bulence data for either the deep or shallow pond water, we qualita-
tlvely te the y port coeffecient whth
possible rransport characteristics of the deep {®1m)} impoundment
Waror. N

For the shallew [ecim) impoundment water, ions of visual
dye movement tests indicate advective velocities may oxomed 1-2
wn/minnte, resulting jn wirtuallv no radon containeent by the surface
water. 1f shallow water movement is sufficient ro remove radon From
the tailinga-water interface ang P it to the in a
short time {geveral hours), the radon flux from the shallaw tallings
is nearly as great as that from eizilar bare sal A tallings, hencw
no migniticant raden nttenwation is convidered. o

For tallings at depths greater tham meter, the radon tranypory
properties of the pand water are considered to follow the Laboratory
value of 0.003 cw?e™! yp to the J-moter depth, above which no furthex
attenuation ocowrs.  Por @issolved radium, the wame water motion thet
facilitates rapld radon relcase from the shallow water also allows
relnase of all radon generated in the top meter of the pond. Thus
the spplivable flux equatien for radom from the top meter of water
over the deep fraction of the purd and tor the average hali-meter of
water ovar the shallew fractien is

33 = 108KRA (3 -0.5 £} 21
where .

Ky = L{utin «;5 radium in solution to radiwm in taillags solids
g en™3},
€ = Eraction of pond area with less than 1 meter depth.

::dc::a Eane:uea frem d!:sgl:?d radium bolow ose meter is transported
—— 1:91.90 the 0.003 enfs coeffigient up to the one meter dapth,
— rapidly released to the atmosphere. The radon sour-
G632, shallow tailings, deep tailings,. and dissolved radium, are added

o ohtain a siwplifled estimate for the average flux from the tailings
.

108 RenlE [, + (1-£,A1 + 100KGRM1 - 0.5%,) 13)
whavre
& » attenuation factor for deep water,
The attaguation factor RARCOH
Ay is fron 233
+ on anp b apprariacsh by " Sercutazions, or

A, = exp 17Dyt ~ 10013 ta)
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where
Dy = offective stegnant water transport ctefficient fem2g™h)

“‘D @ average pond depth for areas greater than U matsy deep
{cm)

In order to astiwate radon releases from a tailings impoundment,,
numezaus $ite-specific paramoters wmust be dafined. Sawe, soch as ore
grade, area of the impoundment gurfaces, ato, ave readily known or
moasurable, while others, such as diffusion coefficients, are usually
wnknown without specific measurements. _Table II1 presents noainal
values for some of the tequired parameters far The present estimates.
ather values, such as smanation coefficients, moisturey and diffusion
coefricients for the unsaturated tailings, wore based on site-specific
data {Rogers et al., 1985).

TABLE 1IX

railings Parameters used in Radon Transport Caluulations

Tailings Tailings Tailings
Sand/slive ratic so/s0 70730 160/0
sulk densivy (g cu™3) 1,55 1.57 1,60
Porasity «40-.42 39,41 38-,40
Nointure Sazuraticn 1.0 1.0 »33-.57
Surface Area {(n?) 4,088 2,085 2.924
Foxr calcwlating rvadon sandy ta.

4k, the out the impoundpent on

normalized radon fluxes in Table I¥. fhe radon releaze iz now-
molized ta sccount for the typical 4:1 ratio of radium activity in che
slimes compared to that in the mands, and alsc to account for thedr
pulk density differesce as defined in Table X. The resulting data in
Table IV Are thus normalized to the averaga radium in the originzl ove
not just for the sands alone. It should also be emphamized that the
use of spacific fluxes presupposes s fixed diffusion coefficiant in
the sostce material, and thus does not have general application ta
areas in which noistures or diffusion cocfficients are groatly dif-
ferent,

TABLE IV
Specific Radon Fluxes Computed for Six State Milling Rogions
for Three Parts of # Uranium Tailings Tepourdaent
toci m2a™1/pc1 g7

State
Taglings co _mM TH LT WA W Mean
Unsaturated 0.42 0.76 0.23 G.29 0.29 0.43 0,40
Saturated Besch 0,036 0,062 0,031 0,027 0,031 0.035 0.037
Pona 0,020 0,033 0.012 G.017 ©.019 0.02% 0.022
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for zhe mixed tailings in the gaturated beach areas, Table IV gives
the corresponding specific fluxes assuming a 70/30 mass 1atio of
sands/slimes, and assumes a combined mean density of 1.57 gow3, The
resulting overage specific fluxes are again norsalized to the average
radion content of the original cre.

For the ponded areas of the tailings, is was asgumed that one~fourtn
of the pomd area was lass than one deter deap, and that the tailinga
are 30/50 sands/rlimes. The value of Kg {NRC 1980) iz 8.92E-4 q/nl‘.
'rr.e‘diffusion coefficient for tmilings measured in the laboratory was
similar to the predicted valve from earlier correlations, and so the
corfelation value of 4.0E-5 cnis~! was used. A lowor-bownd estimate
of the qiffunion coefficient for deep water was obtained from the
saboratory ceasurement, Doy = 9.002 onds™l.  This value was wsed in
RABCOM calculations {Rogers et al., 1984a) to obtain an average atten-
tion facter of Ay = 0.17, which wis used in the analysis. 7The
rezulting normalized radon fluxes f¥om the water~covered tailings
using equaticn (1), and dividing by R, are shown by stave in Table IV,
In order to ustess the relative importance of tolal radon releases
for the three tallings cegions, a reference uranigm mill is defined to
procass one with an average grade of 0,1 percent Uz0g. Its tailings
iapoundmert. is also defined to havn the sarface areas shown in Table
Iil. The wasulting total raden releases, expressed in Cifday for eacg
tailings vegion in the six states sre summacized in Table V. The
tocal radon releases vary from 0.9 to 2.3 Ci/fday, and are dominated
(69%] by the unsaturated gsandy tallings, as might be expectad
Although the submerged tailings account for only 174 of the :o:al‘
shey are such more important than previcusly escimated, Although t:'>
be reqafded qualitatively, this study suggests that rado mitigation by
submerging tailings in the pond water may be much less effective than
nas bean previously assumed. From the specific fluxes in Table IV,
L_t i::_secn that saturating or submerging the tailings is stil) nffﬂc:
tive in signifivantly reducing radon fluxes by an order of magnitude
but that the advantage of additional water over the sattrated :auan;
is preporticnatzly reduced.

TABLE ¥

Sumary of Total Radon Emissions from the Reference
Tailings Izmpoundmen:t in SiXx States

{Ci/day)
State
Taiings Lo om o wn wr pean
Unsaturated 0.92 1.€6 ¢.350 0.63 G.63 6.94 0.88

Saturaved Beach 0.18  0.3¢  0.15  0.13 0,15 0.17 o.18

Pona 0,19

0,19 0.1% Q18 0.20 V.21

T
'otal 729 228 0.84 0.93 0,37 1.3 1.27
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