
XA0201570

A STATE-OF-THE-ART METHODOLOGY FOR IMPACT ASSESSMENT OF
COVERED URANIUM MILL TAILINGS

D. MALLANTS, A. DIERCKX, L. WANG, G. VOLCKAERT, Th. ZEEVAERT
Belgian Nuclear Research Centre SCK'CEN,
Mol, Belgium

Abstract

An impact assessment methodology is being developed that integrates several advanced modelling
and characterisation techniques for the purpose of assessing the current and future environmental
and health impact of a surface repository containing wastes from uranium milling and radium
processing. The former radium processing plant at Olen, Belgium, accumulated during nearly half a
century considerable amounts of radium-containing wastes. Also present at the site are uranium mill
tailings. These wastes were disposed of in a heavily engineered surface repository at the occasion of
a remediation plan carried out in the mid eighties. The repository contains several concrete bunkers
covered with a multi-layer hydraulic barrier. In the current impact assessment study the only
exposure pathway discussed is by contamination of groundwater. For this purpose we calculated
variably-saturated water flow in the multi-layer barrier and the underlying waste zones and used
geochemical modelling to estimate the chemical species and their solubility's in the aqueous phase of
the various waste forms. The assessment further includes modelling of contaminant leaching from the
tailings towards the groundwater, contaminant transport in the surrounding groundwater towards a
water well, and evaluation of the doses for ingestion, inhalation and external irradiation resulting
from use of groundwater from the well. Details of the waste and site characterisation as well as
contaminant modelling are discussed.

1. INTRODUCTION

The company Union Miniere (UM) at Olen (Province of Antwerp, Belgium) has a long history
in the production of radium. The radium production, for instance, started in 1922 and ended in
1969. Half of the total world production1 of radium has been produced by UM at Olen [1].
During more than half a century of industrial activities, a variety of radioactive wastes have
been generated and are presently disposed of in a heavily engineered surface repository at
Olen. The wastes include radium rich uranium mill tailings, residues from the radium
production plants, radium needles, contaminated building materials and soils, etc.

The present study deals with the long-term impact assessment of the surface repository at
Olen. It considers an important pathway by which radionuclides can reach man and the
environment, i.e., leaching from the repository towards the groundwater and consecutive
transport through groundwater into wells and rivers. For the purpose of assessing the impact
of radiation on man, radionuclide concentrations and doses will be calculated using state-of-
the-art computer models together with appropriate parameters representative for the different
physical and chemical processes that play a role in the behaviour of the radionuclides.

1 The total radium production until 1989 is estimated at 4.5 kg.
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2. METHODOLOGY

In the impact assessment calculations leaching towards the groundwater is considered to be a
major pathway through which contaminants present in the disposal structure can reach man
and environment. A schematic overview of such pathway is seen in Figure 1. Three steps can
be distinguished along the travel path of the contaminants:

Dissolution of the waste form into the pore water of the silo or bunker, followed by
predominantly vertical transport towards the unsaturated soil as a result of molecular diffusion
and advection, where the latter is due to rain water infiltrating the multi-layer cover (step 1 in
Figure 1). The contaminant transport is strongly retarded by adsorption of chemicals onto
mineral phases of soil and concrete.

In the unsaturated soil, vertical transport is governed by advection, molecular diffusion, and
adsorption onto mineral phases of the soil (step 2 in Figure 1).

Once the contaminant plume reaches the groundwater, predominantly horizontal transport
takes places with advection, hydfodynamic dispersion, and adsorption being the most
important processes (step 3 in Figure 1).
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FIG. 1. Schematic of processes considered in impact assessment calculations in case of
contaminant migration from surface repository to groundwater.
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The degree of pollution of the groundwater by leaching of contaminants from the surface
disposal site was assessed in a two-step approach. First, a highly conservative screening
calculation was performed to assess the hazard of all elements present in the different wastes.
Elements were screened on the basis of four criteria to decide whether or not they further
required detailed assessment. The first two criteria are quantitative whereas the next two are
more qualitative. These criteria were: (i) comparison between elemental concentration in the
waste zone and drinking water standards, (ii) comparison between estimated concentrations in
groundwater and drinking water standards, (iii) abundance in the geosphere, and (iv)
miscellaneous criteria. These four criteria were applied in this order, i.e. from (i) to (iv),
because more weight was given to the quantitative criteria. In a second, more detailed
calculation, the groundwater concentrations of the remaining elements (i.e., those that could
have a potential health effect) were assessed using numerical flow and transport models. For
most waste types the majority of elements did not require such a detailed analysis.

Elemental concentration in the liquid phase of the waste is a useful criterion in the screening
process since it is the maximum concentration in the entire pathway of a given element. When
no information about the pore water composition was available, geochemical calculations
were carried out as a way to estimate the elemental concentrations (e.g., for the radium-rich
uranium mill tailings, see further). As will be discussed further, several elements were
solubility limited under the assumed geochemical conditions of pH and Eh. The solubility of a
given element is mainly determined by its stable mineral phase. Since the geochemical
calculations revealed many possible mineral phases, we always selected that mineral with the
highest solubility. This conservative approach was necessary, as no detailed information on
the mineralogical composition was available.

In the conservative screening calculation it was further assumed that the entire inventory of all
elements would be released to the groundwater in a very short period of time. In other words,
the retarding effects of the engineered barriers on the release are neglected. In this first
screening criteria the limited solubility of the elements was also excluded from the
calculations. Another assumption was that an equilibrium partitioning of the chemicals in the
groundwater and the solid materials would exist and that this partitioning could be well
described by means of the linear Freundlich sorption model. Concentrations in groundwater
are then compared with drinking water standards, and are expressed as the ratio of
groundwater concentration to drinking water standard. Elements with ratios smaller than one
are not considered further in the detailed calculations because of their negligible health effect.

Several elements are ubiquitous in man's natural environment and can be excluded from
further assessment. This is true for calcium, iron, magnesium, phosphorus, and sulphur. These
elements are not considered as contaminants and are excluded from the list for which detailed
calculations are required. The same reasoning can be used for aluminium and silicium,
because they are the principal constituents of soils and rocks. Certainly their presence in a
surface disposal should not result in a significant increase in existing levels of toxicity.
Furthermore, the main source for aluminium and silicium would be the waste matrix, i.e. the
sand fraction.

The screening analysis revealed that radium and uranium did require further analysis for
nearly all waste types. An exception are the calcium silicate wastes, for which radium had a
sufficiently low concentration. Other elements which needed further analysis include lead,
cobalt, and manganese, among others. A discussion of the heavy metal behaviour is beyond
the scope of the present paper.
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3. DATA COLLECTION

3.1 Hydrogeological characterization

The sequence, thickness, and physico-chemical properties of geological layers is important
information in an impact study, for they determine the extent the radionuclides will spread in
the groundwater as soon as they migrate below the disposal installation.

The description of the geological layers together with vertical variation in physico-chemical
properties was based on a set of drillings. The general stratigraphy can be deduced from
Figure 2. A fine sandy top layer (Kasterlee sand) extends from the surface to a maximum
depth of approximately 3 m. Between 3 and 5 m we note the presence of a dark green clay
layer with an irregular thickness (Kasterlee Clay). At some locations it is only present as a
fairly thin clay lens. The following layer is again Kasterlee sand, but now contains a small
amount of glauconite and has a typical light green colour. The lowest sand layer contains
about 25-30% glauconite and is known as Diest sand, which has an approximate thickness of
90 m. The presence of glauconite is of particular importance because of its high sorption
capacity for cations ([2], see further). Together with the Kasterlee clay it is an effective barrier
which retards the further spreading of radionuclides migrating from the disposal site.
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FIG. 2. Vertical variation in physical and chemical parameters at the Olen site. Error bars
indicate one standard deviation around the mean.

A summary of some key parameters is shown in Figure 2. Inspection of the particle size
distribution confirms the presence of Kasterlee clay layer between 3 and 5 m depth, with a
maximum percentage of clay between 15-20%. Total porosity is around 37% in the top layer
and 43% in the deeper layers. For transport calculations effective rather than total porosity is
needed. For sandy materials total and effective porosity do not differ that much [3], and we
assumed them to be identical. Higher fraction of fine particles (say < 125 jim) in the first 5 m
presumably explains the lower saturated hydraulic conductivity values at those depths (with Ks

around 10"7 m/s). In the deeper Diest sands Ks is approximately 3 10" m/s.
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Sorption of radium and uranium on aquifer sediments

The long-term performance of radioactive waste disposal facilities to a large extent depends
on the degree of sorption onto the technical barriers and to a lesser degree on the sorption in
the geosphere. Ideally, sorption will retard the migration of contaminants leading to a
contaminant release that is spread over long times. Several sorption mechanisms have been
identified in well-defined systems, including equilibrium reactions (Freundlich and Langmuir
models are perhaps the most commonly used equilibrium models) and kinetic or time-
dependent types of reactions (e.g., the first-order kinetic reversible reaction for describing
time-dependent adsorption/desorption). The Freundlich model is the simplest approach to
quantify the behaviour of retention of reactive solutes with the soil matrix. It has been used
widely to describe solute retention by soils ([4]; among others). It has been used as an
approximation of the dilute end of the adsorption isotherm where concentrations are low and
linear sorption can be assumed.

In this study, solid-liquid distribution coefficient (Kd) values of a large number of elements
present in the waste are proposed for the screening calculations and the detailed performance
assessment calculations. Most of the data were compiled from the literature for porous
materials and conditions that are supposed to be representative of those expected in the
technical barriers (e.g., a cementitious environment in the bunkers containing Ra-sources),
soils, and the aquifers [5]. Additional measurements were done to determine K& for the major
radionuclides of concern, i.e. radium and uranium, for the aquifer sediments.

Both in-situ and laboratory batch methods were used to determine Kd for radium and uranium.
The in-situ method consisted of measuring the in-situ pore water Ra and U concentration on
solutions obtained after centrifuging sediment material collected at different depths in several
boreholes. The total sorbed concentrations were obtained by digestion of soil material using
standard techniques. Distribution coefficients were then calculated as the ratio of total sorbed
to in-situ pore water concentrations. This resulted in an average K& of 132 L/kg for Ra and 68
L/kg for U. In the laboratory batch method contaminated soil solutions were allowed to
equilibrate on a shaker during one day. Radium concentrations were then measured in the
solution obtained after centrifuging. The radium concentrations thus obtained by desorption
from the solid phase are considered to be the exchangeable fraction. In a separate experiment
the radium concentration in the solution was determined. The K& was then determined as the
ratio of exchangeable radium to soil solution radium. Average values were 197 L/kg for Ra
and 204 L/kg for U.

Vertical variation in K& for radium considering the two measurement techniques is shown in
Figure 2. Note that up to 6 m depth the in situ K& is smaller than the desorption K&. Parameter
values obtained from both measurement techniques together with literature values were used
in a sensitivity analysis with the transport model but final results are always given for the most
conservative values.

3.3 Waste characteristics

A variety of wastes originating from the production of radium and uranium have been
disposed of in the heavily engineered repository. An overview of the different types of waste
is provided in Table 1. Six major types of waste have been identified. Some wastes contain
mainly radium (e.g., the radium sources), while others are a mixture of various chemical
substances, such as radium, uranium, heavy metals, iron and aluminium oxides. Only for the
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radium sources and one type of uranium mill tailings (referred to as tailings D) concrete was
used to better confine the waste. The major solid phase for the other wastes depends on the
waste type: tailings are mainly composed of sands and fines such as clays. Radium sources,
uranium mill tailings and other Ra-rich tailings are disposed of in reinforced concrete bunkers.
All other wastes are located in silos. A multi-layer cover is present on bunkers and silos to
prevent infiltration of rainwater and to avoid dispersion by human intrusion and biotic forces.

TABLE 1. RADIUM CONTENT AND CONCENTRATION (ONLY RANGE IS
INDICATED) FOR WASTE TYPES DISPOSED OF IN ENGINEERED DISPOSAL
STRUCTURE (n.a. = not applicable)

General waste type

Ra-sources

Uranium mill
tailings

Other tailings: Ra-
rich

Other tailings: Ra-
low

Diverse wastes

Contaminated soil
& building material

Detailed waste type

Ra-Be sources
Needles
Ra-salts
Tailings A

Tailings B

Tailings C

Tailings D

HC1 leach tailings

BaCl2

BaCl2

BaSO4

Carbonatation
tailings
Rare earth's

Green iron
hydroxide
Brown iron
hydroxide
Lead carbonate
Lead sulphide
Pb residues
CaSiO3

Waste water
treatment residues

Ra content
(109Bq)
730
5 600
870
3 200

11000

3 000

8 900

44

1500
11
570
7,4

3,7

41

960

3,7
150
140
320
350

890

Ra cone.
(Bq/g)
n.a.
n.a.
n.a.
5000-10000

20000-
30000
10000-
20000
10000-
20000
500-1000

5000-10000
1000-5000
1000-5000
5000-10000

500-1000

100-500

500-1000

100-500
100-500
500-1000
100-500
500-1000

<100
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Understanding the composition of the tailings is of paramount importance to assess how the
radium and other radionuclides are sorbed onto the different materials. Tailings chemistry and
mineralogy will determine the strength of sorption onto the solids. In general, tailings contain
the following minerals [6]:

• Quartz comprises more than 70% of the tailings sands and 20 to 60% of tailings
fines;

• Tailings fines contain 10 to 30% of clays (mainly illite and koalinite);

• Feldspars are a major constituent of fines;

• Other minerals are calcite (CaCCb), barite (BaSO4), chloroapatite (Ca5(PC>4)3Cl, and
-hematite;

• The sulphuric acid leached tailings also contain gypsum (CaSO4.2H2O) and jarosite
(KFe3(SO4)2(OH)6).

Chemical properties of uranium mill tailings relevant to migration (i.e., K&, solubility) were
determined by geochemical calculations. On the basis of the elemental composition and the
very low pH, geochemical calculations were carried out to determine the mineral phases, the
chemical species present in the liquid phase and their concentration. This was done using the
geochemical code The Geochemist's Workbench [7]. Sorption onto mineral phases is only
considered for the neutralized waste (tailings D), with the main adsorption assumed to occur
onto Hydrous Ferric Oxide (HFO). No sorption is expected under the extremely acidic
conditions for other waste types (tailings A, B, and C).

Distribution coefficients K^ for Ra and U present in the radium-low wastes were estimated on
the basis of leaching tests [8]. This was done by expressing K& as the ratio of solid to liquid
phase concentration. For radium, K^s are between 2700 L/kg for contaminated soils and
710000 L/kg for iron hydroxides (see Table 2), whereas for U considerably lower K& values
were obtained. For other elements present in the different waste types we conservatively
assumed that the K^ for sand could be used (using data from [5]).

4. CONCEPTUAL AND NUMERICAL MODEL

4.1 Multi-layer cover

The engineered barriers comprise a set of concrete bunkers for the high-activity waste, and a
multi-layer cover which isolates the bunkers and the low-activity waste present in silos from
man and environment. At the bottom of the disposal system a concrete liner reduces
infiltration of contaminated water to the groundwater. A schematic view of the different
components of the disposal system is shown in Figure 3.

The entire site, approximately 13,600 m2 including bunkers and silos, was isolated from the
environment by means of a multi-layer cover. This cover was constructed using the following
materials (from top to bottom), as is also shown in Figure 3:
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Top soil (0.4 m thickness);

• Coarse sand (0.3 m thickness);

• Gravel (0.4 m thickness, composed of three different types of gravel);

• Coarse sand (0.3 m thickness);

• Boom Clay (ranging between 1.1m and 1.2 m thickness);

• Porphyric rubble stone to cover the slopes (this layer will not be considered in the
modelling of water infiltrating the multi-layer cover, because it has no water holding
capacity and does not constitute a barrier against infiltrating water. It is therefore not
shown in Figure 3).

TABLE 2. DERIVATION OF DISTRIBUTION COEFFICIENT KD (L/KG) FOR
RADIUM, AND URANIUM USING LIQUID (CAQ) AND SOLID (CSOL) PHASE
CONCENTRATIONS

Waste Type

Iron hydroxides

Rare earth

Water treatment

Lead sulphide

Calcium
silicates
Contaminated
soils

caq
[mg/1]

2,0E-
08
5,0E-
07
1,6E-
07
l,0E-
07
2,0E-
07
1,9E-
07

Ra
Cso!
[kg/kg
i
J
1,4E-
08
1,7E-
08
1,8E-
08
5,8E-
09
4,5E-
09
5,0E-
10

[L/kg]

7,1E+
05
3,3E+
04
1,1E+
05
5,8E+
04
2,3E+
04
2,7E+
03

U
Caq

[mg/1]

8,5

10,4

<1#

<1#

<1#

<1#

Qol
[kg/kg

J
3,9E-
03
9,2E-
03
n.d.

2,7E-
03
9,0E-
04
n.d.

[L/kg]

4,6E+
02
8,8E+
02
n.a.

2,7E+
03
9,0E+
02
n.a.

n.d : not determined; n.a.: not applicable; : detection limit used

The spatial arrangement of the different soil types in the multi-layered barrier system is
defined in Figure 3. Note that only one side of the barrier is shown, as both sides are identical.
The slope of the layers situated above the waste is approximately 8°. Layers used for side
construction have a slope of 35°. Hydraulic properties of unsaturated materials were in part
calculated from particle size distribution data and in part taken from [8].

The water flow boundary conditions applied in the present modelling study are a specified
flux top boundary and a unit gradient (or free drainage) bottom boundary condition (Figure 3).
The former equals a long-term average net rainfall rate (total rainfall minus runoff and
evapotranspiration) of 0.00074 m/d at the Olen site. Two alternative net rainfall rates are also
considered, namely for very dry (0.000255 m/d) and very wet (0.00141 m/d) conditions.

The numerical model used for flow calculations is shown in Figure 3, with the unstructured
finite element mesh of the 34-m-wide and 8.5-m-high flow domain. The numerical model is
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composed of 7725 triangular elements in total, with the smallest elements in regions where
highest fluxes are expected. HYDRUS-2D [9] was used to calculate water flow in the multi-
layer cover (Figure 3). The average water flux at the bottom of the multi-layer cover was
about 1% of the net rainfall rate, for all three rainfall rates considered.

4.2 Bunkers and silos

Calculation of contaminant migration from the bunkers was done by considering the following
two-dimensional conceptual model. Each bunker is composed of several equally sized cells;
therefore calculations were done for one cell for each waste type. The computational domain
is composed of four materials: the sediment underneath the cell, the soil used to fill the space
between bunkers at one side of the cell, the concrete floor and wall, and the waste zone itself
(Figure 4). The thickness of the sediment considered in the calculations is one meter, whereas
the soil extends up to one meter from the bunker wall in the horizontal direction. The concrete
floor is 0.15 m thick and the wall is 0.45 m thick. A uniform vertical Darcy water flux q of
4.53 10"4 m/a was calculated in a separate calculation and is assigned to the entire
computational domain.

Constant rainfall intensity

No flow boundary

FIG. 3. Conceptual model of multi-layer cover (top), finite element mesh (middle), and
simulated flow (bottom).

Boundary conditions for solute transport are as next: zero flux at left and right boundaries and
at the top, and a zero gradient at the lower boundary. For each element appropriate transport
parameters were assigned to the four materials considered. The PORFLOW code [10] was
used to calculate the leaching from the waste zone to the groundwater. Leaching of
contaminants from the silos was done using a one-dimensional model because of the much
simpler geometry (not discussed here).
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FIG. 4. Conceptual model used to calculate leaching of radium and uranium present in
tailings.

5. CALCULATED RADIUM AND URANIUM LEACHING

Calculated pore water concentrations Q\q at 1 m below the concrete floor are shown in Figure
5 for all four types of uranium mill tailings. The results clearly illustrate that the radium
concentration is negligible by the time it reaches the depth of 1 m below the bottom of
thebunker. The results given in Figure 5 demonstrate that radium concentrations are always
smaller than 10~7 Bq/L (or 6.5 10*8 Bq/g soil, using Qiq x R x rj/fk, where retardation R =
2954, total porosity rj = 0.367 and dry bulk density f\> = 1666 g/L). Considering a natural
background concentration of about 0.015 Bq/g soil in the Kempen, the radium concentrations
at the top of the aquifer owing to leaching are negligible. We also calculated the radium
concentrations in case the oxygen would be depleted in the waste zone, i.e., under reducing
conditions. In such case, radium is not solubility limited as no sulphates are present to form
the RaSC>4 precipitate. This represents the most pessimistic case. In this case the maximum
concentration is approximately one order of magnitude higher compared to the solubility
limited case. The concentrations in the pore water will also be one order of magnitude higher,
but are still very low and hence negligible compared to the background value. Calculated
radium concentrations for other waste types are always smaller than those for the uranium mill
tailings.

Considerably higher concentrations are observed for uranium, but these concentrations obtain
their maximum value only after more than 100 000 year, and are always less than 1000 Bq/L
(Figure 5). Furthermore, dilution and dispersion in groundwater has not yet been considered in
the present calculations. When considering consumption of this water as drinking water, at an
annual rate of 0.4 m3, an annual individual dose of 0.006 Sv/a is calculated (from a dose-
conversion factor of 1.9 10"8 Sv/a per Bq/m3 for 238U). Although this dose rate is higher than
the internationally accepted dose limit for the public of 10"3 Sv/a, it is reached after a very
large time, after more than 10 000 year. For such large time scales, uncertainties about the
biosphere, the source term, the hydrogeology, etc. will be large and hence predictions will be
unreliable. For instance, forecasts of the future climate, based on Milankovitch's orbital theory
[11], indicate that a moderate glaciation might occur within approximately 25 000 years and a
more drastic one after 55 000 years. A time cut-off at 10 000 years is therefore considered.

227



s

CD

CD

1E+004

1E+002 -j

1E+000 -j

1E-002

1E-0Q4

1E-006

1E-008

1E-010

Tailings C

Ra
U

1 C^KJKJt —I
—

1E+002 -,

1E+000 -i

1 E-002 -i

1E-004 -

1E-006 -

1E-008 -

1E-010 -

Tailings D

1
I

1

y

/

/

A
i

i

i

i
n

I ™ ] . — r - r . .

1E+003 1E+004 1E+005 1E+006 1E+003 1E+004 1E+005 1E+006

Time (a) Time (a)

CD 1E+004

o

o

§
c
o
O

1E+002 -i

1E+000

1 E-002 -i

1E-004

1E-006 -j

1E-008 -I

1E-010

I

Tailings B

1E+004

1E+002

1E+000 -j

1E-002

1E-004 -j

1E-006 -j

1E-008

1E-010

I

Tailings A

I
I

1E+003 1E+004 1E+005

Time (a)
1E+006 1E+003 1E+004 1E+005 1E+006

Time (a)

DMa/00/096

FIG. 5. Calculated radium and uranium concentrations (Bq/L) at 1 m below the bottom of the
bunker for radium rich tailings.

CONCLUSIONS

An impact study is being carried out to assess the long-term effects of the disposal of radium
containing wastes, including uranium mill tailings, on the environment and human health.
Given the large number of waste types originating from different waste streams, a two-step
procedure was adopted in which all elements (radioactive and non-radioactive) were first
screened on their potential health effects using simple and conservative calculations (step 1),
followed by a detailed calculation of the leaching behaviour (step 2) of those elements that
were found potentially harmful in the first step. Unlike the first step which required only a
limited data input, the second step included 1) detailed physico-chemical characterization of
the waste forms, the site and the engineered barriers, and 2) detailed modelling of water flow
and contaminant transport through various barriers. The results showed that the majority of
the contaminants present in the various wastes did not require detailed calculations (i.e.,
would not lead to groundwater concentrations above health standards), and that detailed
characterization and modelling efforts could be restricted to a few elements. The results
further revealed that all waste types gave negligible concentrations of Ra in the
groundwater and that 238U concentrations also were negligible the first 10 000 years.
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DISCUSSION AFTER THE PRESENTATION OF D. MALLANTS

M. GOLDMAN (USA): As regards the Olen cleanup, to what extent was the public
consulted?

D. MALLANTS (Belgium): The Olen cleanup led to a clear improvement, so that the public
was very happy about it. Moreover, the fact that many people living in or around Olen worked
at the plant facilitated the taking of remediation actions.
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