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Abstract. The uranium tailings contain a large amount ofuax besides other
radionuclides like uranium, thorium, polonium aedd. The transport and fate of
radionuclides in groundwater are assumed to fottemtheoretical approach rep-
resented by the basic diffusion/dispersion — aderaquation. Our algorithm
uses the analytical solution for the one dimendisteady-state transport problem
of a reactive substance with simultaneous retardatnd radioactive decay. The
final output is the radionuclides concentratiomihypothetical well location as

function of the elapsed time.

Introduction

The environmental effects resulting from uraniunmimg activities are mainly de-
rived from the wastes generated by the ore praugssi

Uranium mill tailings are the solid residues reisgjtfrom the leaching of the
ores. The tailings possess, in their compositi@zahdous radioactive and toxic
by-products and are generally disposed in opepikes. Since only the first four
isotopes in the uranium 238 decay series are egttaall other member of the
family remain in the tailings at their original adties. In addition, small residual
amounts of uranium are left in the tailings, depegan the efficiency of the ex-
traction process used. Although the activity in masinium tailings is relatively
low, some radiological hazard will last virtuallgréver because of the long half-
life of the radionuclides involved.

The uranium tailings disposal represents the higpetential source of envi-
ronmental contamination for the great majority cdinium mining activities. Ap-
proximately 70% of the original activity from uramn ore remains in the tailings
and it is essentially due to tAi&¥Th and its descendents, in particlidRa. The
radionuclides in the tailings are more mobile ammroically reactive than in



2 Maria de Lurdes Dinis1, Anténio Filiza

original ore. They are now potentially more ableetder in the environment by
seepage, leaching and as dust, becoming a cont@mirsmurce to the air, soil,
superficial water and groundwater.

Radium is often considered to be the most impontadiotoxic decay product
in the uranium decay series not only by its higioactivity but because it also
produces radorf{’Rn), an inert gas whose decay products can cangeckncer.
Airborne radon degrades into a series of short-lifalfdecay products that are
hazardous if inhaled. Howeveét®b is also an important decay product, both be-
cause of its radiotoxicity and because of the nitybidf °Po, a subsequent
daughter.

Uranium mill tailings also contain potentially damgus materials such as arse-
nic and selenium. These toxic and other radioactiaéerials like radium and ura-
nium may get into the human body mainly throughfded chain if they are not
properly disposed off.

The transport of radionuclides from a site may odnuthe infiltrated precipi-
tation. As water percolates through the pores, somd@onuclides are released
from the pile where they are exposed, adsorbeddmm®nts or dissolved in water.
This contaminated water may migrate downward tostiigsoil and contaminate
the groundwater. Once in the groundwater the radiliches may become accessi-
ble to humans or other forms of life when they heachypothetical well. The ra-
dionuclides present in the water pumped from a wall represent a potential
hazard to the nearby population resulting eithemfia possible ingestion or from
its use for irrigation.

This work proposes a two-direction model for sintinig the radionuclides re-
lease from a uranium tailings pile and its mignaf@ocess through the soil to the
groundwater. The final result is the radionuclideaentration in the groundwater
as function of the elapsed time, at a defined désgrom the pile, where is con-
sidered to be located the well.

Methods and Results

The Release Mechanism

The model is divided into three sub-models desegibdéach one different proc-
esses: (i) the release mechanism which accounthdanfiltrating water through
the cover and the radionuclides leaching out fromdontaminated material, (ii)
the transport either in the vertical direction, dovards into the soil through the
unsaturated zone until an aquifer is reached, reitihéhe horizontal direction,
through the saturated zone to the well, and fin@liy the radionuclides concen-
tration in the well water after the elapsed time.

The algorithm may incorporate four zones with difg properties for the ver-
tical transport: the cover, the contaminated zdhe, unsaturated zone and the



Simulation of Liberation and Transport of Radium from Uranium Tailings 3

saturated zone. The source is considered homogewithsut taking in account
the spatial distribution of the radionuclides aitfivand is modelled as an infiltra-
tion point where the vertical transport starts.

A simple water balance concept is used to estinf@eamount of infiltrating
water into the soil which will leach the radionualds from the contaminated ma-
trix (JAEA 1992). The annual infiltrating water rate can be estimats a function
of the cover failure. It may be necessary to carslibth components: the intact
portion and the failed portion. For the failed pamt the inflow rate will increase
as a consequence of the cover cracking or erofiecie

The infiltrated water will leach some radionuclidegsorbed in soil being con-
taminated after the contact with the waste matefia@implified model is adopted
in our work considering a single-region flow traadpwhere the water flow is as-
sumed to be uniform through relatively homogendaysrs of soil profile (EPA
1996). The simplified model assumes an idealizeddst-state and uniform leach-
ing process to estimate the radionuclides conca@mtran the infiltrated water
based on a chemical exchange process.

The leaching model is characterized by a sorptiesedption process where the
radionuclide concentration is estimated as a fonatif the equilibrium partioning
between the solid material and the solution. Thgrete of sorption between the
two phases is described by a distribution or partihg coefficient, k. The fol-
lowing equation is used to estimate the leachateemtration under equilibrium
partitioning conditions (EPA 1996; Hung 2000):

th:It/[A(D6+DpKd)] ()

From the above equation, it is known that leachateentration, G (Bg/n?) is
determined by (1) its K(cn/g) value, which decides the relative transporespe
of the radionuclide to that of water in the poracs (2) soil properties such as
bulk density,p (g/cn?), the volumetric water conterfl, (dimensionless); and (3)
the extent of contamination, which is describedttiy contaminated zone thick-
ness, D (m), area, A (nand the amount of radionuclide activity in theise, |
(Ba).

Another important mechanism of release is uncoletloseepage of contami-
nated liquids contained in the tailings pile. Segpenay initially occur due to the
tailings liquids associated with the solids wheacpgd. However, in a longer term,
seepage is provoked by water seeping into theéggilmoving the radionuclides as
water moves through and out of the tailings (IAE392).

The Radionuclides transport

The Vertical Transport

The radionuclides are considered to be mobilizepusetially in two directions:
vertically downwards into the soil until it reachas aquifer and then horizontally
through the aquifer to a hypothetical well.
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The flow in the vertical direction is simulated #ifferent degrees of saturation
depending on the properties of the geologic sfratalved. It is also assumed that
there is retardation during the vertical transp®he retardation factor (R is the
ratio of the average pore water velocity to theaadclide transport velocity and
is calculated assuming that adsorption-desorptiongss can be represented by a
linear isotherm. Following the simplest mathemataaproach derived from the
Freudlich isotherm equation, the retardation faceam be estimated with the fol-
lowing formula (EPA 1996; Hung 2000):

R, =1+2%4 )

Concentrations of radionuclides in the well wateg #me-dependent and are

function of two transport times — the breakthrotighe (vertical transport time to
reach the aquifer) and the rise time (horizontahgport time to reach the well).
These parameters are combined to estimate then@oessary to transport verti-
cally the radionuclides to the aquifer and alsowfager velocity in the vertical di-
rection.

The Horizontal Transport

Among the great variety of hydrologic models ava#ain the literature describ-
ing the contaminants transport in groundwater, nedghem fail in considering
the process of radionuclide decay and its sor@imhin this way these models are
not adjusted for the exposure assessment purpose.

Radionuclides transport and fate in groundwatdofothe theoretical approach
of the transport processes represented by the G#gision/dispersion-advection
equation. The model uses the analytical solutiarttie one dimensional steady-
state transport problem of a reactive substande nadioactive decay. The general
equation describing the mass conservation law egib a reactive solute can be
represented by: ,

pdC_y9C,r_oc @
0X ox 6 ot

In this equation, D represents the molecular diffascoefficient (12.T%), C
represents the solute concentration (¥),LV represents the interstitial velocity
(L.T™), 8 represents the moisture content (dimensionless )t represents the
mass produced or consumed. The ternBimay have different forms depending
on the kind of reactions involved. The componespdisive and diffusive is rep-
resented by’C/ox% the advection is represented by)®/ox and the concentra-
tion gradient is represented BE/ox.

For the radioactive substances, having a firstrokifeetic, the parameter r, de-
scribes the radioactive decay in the mass consematw:
= d(gtc) =-A6C (4)
Radionuclides that finally reach the aquifer willngrally be transported at ve-

locities lower or equal than the flow velocity diet aquifer due to retardation by
the sorption phenomena. The retardation factois Rsed to estimate the time that

r
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it takes to transport the radionuclides to the Jahted at a defined distance and
can be estimated by the equation (2) assumingathlydro-geologic parameters

refers to the aquifer material, namely, the aquifeterial density, the aquifer po-

rosity (dimensionless) and the distribution coédfit between the radionuclide

and the aquifer material.

The following expression describes the basic eqoator the advective and
dispersive transport with radioactive decay androettion for the radionuclide
transport in the grourzldwater:

Da—g—va—C—Ra—C—)\RC=O (5)
0x 0x ot

Using this equation implies that the flow of theidl carrying the radionuclides
is steady, uniform and one-dimensional, that tresaied radionuclides are in
equilibrium with those adsorved by the solids ia #yuifer formation and that the
radioactive decay occurs for both dissolved andmaesl radionuclides. The ana-
Iytical solution was obtained assuming the mathaabsimplification as pre-
sented by Hung (Hung 1986) in his optimum grounéwatansport model. The
term for the contaminant concentration, C, wasaegd by the rate of radionu-
clide transport, Q, in the previous equation (H@8§6)

Q)= Qo(t -%j e FhRE] (©)

One of the simplifications assumed is neglectirgydispersion termotQ/ox?)
and in this way Q’(t) (Bg/yr) represents the rateaalionuclide transport with the
dispersion effects neglected. The others paramegpresents the rate of radionu-
clides transport at x = 0,§@Bag/yr), the elapsed time, t (yr), the retardatiactor,

R (dimensionless), the distance from the dispdsalts the well point, L (m), the
intelrstitial groundwater velocity, V (m/yr), andetladioactive decay constaht,
(yr).

Neglecting the dispersion in the basic transpouaéqn will generate an inher-
ent error that should be compensated. In this \wagorrection factor is used to
compensate the effects of longitudinal disperskdung 1986).

The correction factom), is defined as a function of the Peclet nhumber taed
parameter expressed by R.L/V. This parameter represents the ratio ofrduio-
active decay constanty, and the transport number V/(R.L). The Peclet nemibk
a dimensionless parameter which expresses thesiiffprocess and the convec-
tive transport. The transport number can be estichal the hydrologic system

parameters (Hung 1968@’;/2)_ (Pe/Z)( WWW%—V))]
n= o FORTV] @

The final analytical solution for the radionuclidiansport with the dispersion
effects considered, Q) (Hung 1986):

Qp(t) = nQo(t —%j e LRtV ®)
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The Radionuclides Concentration in the Well Water

The processes that control the radionuclides fatthay are transported from the
source to the receptor may be divided into theoattive decay and the transport -
destiny. These last processes (sorption, ion exyghand precipitation) can facili-
tate or retard the movement of groundwater contani@ but radioactive decay
always result in loss of the initial activity ofethradionuclide. However, radioac-
tive decay also result in an increase of radioactiv chemically toxic daughter
products as the parent radionuclides disintegrates.

The leachate concentrations will be diluted by maxivith the ambient water
along the travel path. As a first approximatiore ttegree of mixing may be esti-
mated by the aquifer volumetric flow rate which meahe total rate of flow
available for dilution, W (m®/yr).

The concentration of a radionuclide in a downgnadieeceptor may subse-
quently be adjusted for dilution using thg({pobtained from the previous expres-
sion in conjunction with the aquifer volumetriclaate. As a result, a simple al-
gebraic equation (9) can be used to estimate thiemaclides concentration in the
well water, G, (Ba/n?), corrected for dilution, using the radionuclidartsport
through the section of the well ,Bag/yr) and the rate of contaminated water flow
available for dilution, W (m%yr). This term, W, is calculated considering the
lateral dispersion of the flow, the depth of thdlyenetrating into the aquifer, the
groundwater velocity, the porosity of the aquifeaterial, the site width and the
distance from the center of the contaminated sitdhé¢ well. The final output is
the radionuclides concentration in a hypotheticall location as function of the
elapsed time (Hung 2000).

Qp

pr :WA

©)

A Case Study

The model was applied to a specific contaminats #ite Urgeirica uranium tail-
ings. The Urgeirica uranium mine is located in tioeth of Portugal, near Nelas
(Viseu). The mine is surrounded by small farms emgintry houses, with most of
the local population living in a village within abio2-km of the mine.

The mine’s exploitation began in 1913 for radiuntrastion. The activity of
the Urgeirica mine was maintained until 1944 thenlesively dedicated to the
radium production. In 1951, a chemical treatmerit fon the production of low-
grade UYOg concentrates was built, and in 1967 was transfdrined a modern
unit with the capacity to treat about 150 t of pex day (Bettencourt et al. 1990).
In 1991, local mining stopped but the facilitiesrevstill being used for the treat-
ment of ores from other mines in the same regidit 2000.

The exhausted exploitation and treatment of tha@iuna ore in the Urgeirica
mine, has led to an accumulation of large amoufitsotid wastes (tailings).
About 4x10G kg of rock material was routed into natural depi@ss confined by
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dams that cover an area of about 0,13. kktailings pile is located near the mine
and in addition, liquid effluents after neutralinat and decantation were used to
be discharged into a small streamlet. The solidtegaare composed mainly of
sand and silt particles, transported as a pulfhé¢ostte from the counter-current
decantation, that were previously submitted todjrig and acid leaching.

The model was tested in different situations vagydome of the parameters in-
volved. Some parameters were adopted from publisiaal referring to the Ur-
geirica site (Bettencourt et al. 1990; Reis eR8DO; Pereira et al. 2004). The un-
known parameters were estimated from available data

Data concerning meteorological parameters, nanrggipitation and evapora-
tion were used for estimate the infiltrating watate into the contaminated zone.
The precipitation and evaporation data refers éoNlelas meteorological station.
It was considered that there is no irrigation ia thcal so the only inflow rate to
the water balance is due to precipitation rate.

The calculating procedure uses the following st@pestimative of infiltrating
water rate, ii) estimative of the radionuclide cemication in the leachate, iii) the
transport in the vertical direction through the atnsated zone, vi) estimative of
the radionuclide release rate to groundwater, ®) ttansport in the horizontal
through the saturated zone and vi) the radionudaeentration in the well.

The contaminated site is considered to be a total af approximately 133 000
m?. We considered, for this case, the inexistence edvering system in this area
and that surface is homogeneous without crackihg.radionuclide concentration
was also considered homogenous and equal in alldht&aminated area: an aver-
age value for each radionuclide concentration veasiu

Local hydro-geological conditions were considereddach zone where the ra-
dionuclides transport occurs (Pereira et al. 206dmely for the contaminated
zone, for the unsaturated zone and for the satuatee, different density, poros-
ity, hydraulic conductivity, radionuclide distrihah coefficient and thickness,
were used. The well is located at the downgradidge of the contaminated zone.

We considered as initial conditions that for t thé well water is not contami-
nated and the simulation is done from O year 3@ years after the groundwater
contamination starts. For the breakthrough timeaationuclides can reach the ag-
uifer until the model simulation exceeds the traimk. As final output we obtain
the radionuclide concentration in the well wated @iso the cumulative rate of
radionuclides transported to the well, after thesticonsidered.

The nuclides initially considered were uranium,iwag, thorium, polonium and
lead. The concentration in the well water was dated for each radionuclide.

The results presented were obtained for the same s@mdy applied for ura-
nium and radium. Other radionuclides were considlare the results were in ac-
cordance with the expected. Due to the slow rafesontamination migration,
only radionuclides with relatively long half-life@of importance in the transport
process. This is what happened with polonium: @arlcentration was obtained in
the well water and it can be explained by the fhat polonium half-life is three
minutes for the isotop&®Po and 1,6x10 seconds for the isotope*Po which
means that their half-life is not enough to be riodd by the groundwater flow
and they will decay before they can reach the d@fipagoint, the well water.
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The radionuclide$**Th and*'®b are generally not transported to significant
distances due to the particle reactive nature ofium, which will tend to react
slowly in-situ with water, oxygen and other compdsinby in-situ decay forms a
wide variety of compounds; the lead has a greatetecy to be adsorbed by the
aquifer sediments (although such transport may rocculer acid conditions).
Consequently, the radionuclides of primary conamet>*U, U and***Ra. The
figures bellow shows the results obtained for radand total uranium (combined

ZU and”).

. Ra-228 Activity in the well water.
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Fig. 1. Radium activity concentration in the well water, Bqg/

5 Rate of Ra-226 transpart at the well point.
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Fig. 2. Cumulative rate of radium release, Bg/yr.
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5 U (total) Activity in the well water
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Fig. 3. Uranium activity concentration in the well watBg/L.

" Rate of U (total) transport at the well paint.
10

-}
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Time, yr

Fig. 4. Cumulative rate of uranium release, Bg/yr.

Conclusions

The work presented may be considered a first approamodeling the radionu-
clide release and transport in the groundwateh¢opurpose of exposure assess-
ment to contaminated water from wells located chkosa uranium tailings pile. It



10 Maria de Lurdes Dinis1, Anténio Filiza

predicts the cumulative amount of radionuclidesitag through a section and
also the amount of radionuclides reaching the paitht.

We should be aware that the application of an dicalysolution is limited by
its specific form of boundary conditions which aasult from some approxima-
tion even before the analytical solution can beiadpThis will generate some er-
ror due to the approximation of the boundary caod#. However, the magnitude
of this error depends largely on the conformitywsstn the local conditions and
those of the theoretical model.

The model is idealized for a situation in which thelrological strata can rea-
sonably be approximated by a sequence of unifoomizéntal data.

Many soil specific parameters can affect the amadfiiime that it takes for a
radionuclide to travel to groundwater. We shouli@r¢he difficulties that may be
found when trying to obtain the data needed to attarize the soil specific pa-
rameters for the contaminated soll, the unsaturzoeé and the saturated zone for
a particular contaminated site. Also the water dpamting the radionuclides de-
pends on detailed variations of the hydraulic proge of the media through
which the water passes and even during the siteactesization phase these data
are rarely available. The accuracy of the resulktsligted is determined by the ac-
curacy of the effective input parameters used.
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