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Abstract. Modelling of radionuclide transport in the geosphere is a key issue of the evaluation of safety 
of low- and intermediate-level radioactive waste (LILW) repositories. In Bulgaria, due to the operation of 
Kozloduy Nuclear Power Plant (NPP), a building of such facility is ongoing. The migration of 90Sr was 
evaluated by simulation of flow and chemical modelling, performed with coupled numerical code HP1. The 
adsorption properties of the clays were implemented in the code by surface complexation reactions between 
strontium and iron oxides. The results were compared with another model performed with computer code 
HYDRUS 1-D, in which the adsorption properties of the medium were evaluated with the relevant for stron-
tium distribution coefficient, Kd.
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INTRODUCTION

Modelling of radionuclide transport has always been 
considered a key issue of the evaluation of safety of 
low- and intermediate-level radioactive waste (LILW) 
repositories. In Bulgaria, due to the operation of Ko-
zloduy NPP, the construction of such facility is an 
ongoing process. The facility is situated in area with 
undulating relief, where the Brusartsi Formation (Ko-
jumdjieva and Popov, 1988) represents the uppermost 
natural “barrier” against probable radionuclide migra-
tion, due to its properties predetermined by the pre-
vailing clay content (Markova, 2003; Antonov and 
Mallants, 2008).

The most used way to assess contaminant transport 
is by using the convection-diffusion equation (CDE), 
whose terms describe mathematically the flow and 
solute transport into soils (Jury and Horton, 2004). 
Using CDE, the adsorption-desorption behaviour of 
soils (the ability of soils to retard a chemical element, 
including radionuclides, for a certain period of time) 
is examined by means of the so-called retardation fac-
tor, where the main term is an experimental parameter 
known as distribution or partitioning coefficient, Kd 
(EPA, 1999a). The main problem is that the coeffi-

cient’s values are highly sensitive to the chemical con-
ditions (mainly variations of pH, redox potential and 
CO2). Therefore, this approach is inherently limited 
to describe contaminant migration when geochemical 
conditions are not constant.

On the other hand, in recent years, a new ap-
proach was developed: transport modelling imple-
mented in coupled numerical codes (Steefel et al., 
2005; Jacques and Šimůnek, 2005; Molinero et al., 
2008). The coupled numerical codes integrate two 
main modules: a mathematical apparatus for the gov-
erning equations of the water flow part, including 
variably saturated medium (usually modified) and a 
mathematical apparatus for describing the chemical 
and geochemical reactions. The advantage of these 
codes, hence of the reactive transport modelling, is 
that the contaminant partitioning between the solute 
and solid (mineral) phases is described with equilib-
rium and kinetic type chemical reactions, which are 
a function of the geochemical conditions and mainly 
pH and redox potential.

This paper deals with a case study reactive trans-
port modelling of a hypothetical vertical 90Sr migra-
tion into the clays of the Brusartsi Formation in the 
region of Kozloduy Town (see Fig. 1). The flow and 
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chemical modelling were performed with coupled nu-
merical code HP1 (Jacques and Šimůnek, 2005). The 
adsorption properties of the clays were implemented 
in the code by surface complexation reactions between 
strontium and iron oxides. The used methodology is 
similar to the one published by Jacques et al. (2008). 
The results were compared with another model per-
formed with computer code HYDRUS 1-D (Šimůnek 
et al., 2008), in which the adsorption properties of the 
medium were evaluated with the relevant for the stron-
tium distribution coefficient, Kd.

METHODOLOGY

Numerical simulation code

The HP1 incorporates modules simulating (1) tran-
sient water flow in variably saturated media; (2) trans-
port of multiple components; and (3) mixed equilib-
rium/kinetic geochemical reactions. In the HP1 pro-
gramme structure, the transport (flow) problems are 
connected with and described in the HYDRUS-1D 
module, and the geochemical problems are connected 
with and described in the PHREEQC module (Jacques 
and Šimůnek, 2005).

The general transport equation in HP1 (assuming 
homogeneous soil and steady-state water flux) is:

                                                                      ,

where i (= 1,…, Nm) is the aqueous species number 
(Nm is the total number of aqueous species), Cl,i is the 
aqueous concentration phase of the ith species [M∙L–3], 
Ɵ is the volumetric water content [L3∙L–3], q is the flux 
[L∙T–1], Diw is the diffusion-dispersion coefficient of 
the ith species [L2 T–1], and Ri is the general sourse/sink 
term due to geochemical reactions for the ith species 
[M∙L–3∙T–1].

The sink/source term Ri indicates heterogeneous 
(between two distinct phases, e.g., “solid–solute”) 
equilibrium reactions and homogeneous (between 
same phases, e.g., “solute–solute”) and heterogene-
ous kinetic reactions. Therefore, Ri can represent any 
change of the system due to the chemical processes, 
which is one of the basic principles of the HP1 code.

In our case, the term Ri combines three types of 
reactions: surface complexation process; cation ex-
change process; and first-order decay (degradation) 
process.

Model elaboration and modelling 
implementation data

The numerical simulations considered a vertical trans-
port of strontium for 500 years in initially uncontami-
nated 20-m clay profile. Based on that, the elaboration 
of the model included the following main hydraulic 
and geochemical conditions and properties. The up-
per boundary condition (BC) was set to steady-state 
inflow of 0.0003 m∙d–1 determined on the basis of hy-
draulic properties simulations on the annual rainfall 
distribution in the loess to clayey gravel Pliocene clay 
profile near the Kozloduy NPP region (Antonov et al., 
2012). The lower BC was set to “free drainage” op-
tion. As a case study, the value of infiltrating stron-
tium was set to 1×10–7 mol/l. The bulk density of the 
Brusartsi Formation was set to 1800 kg∙m–3 and dis-
persivity was equal to 0.1 m. The geochemical prop-
erties of the clay medium were set arbitrarily, based 
on the data of Dzombak and Morel (1990), Markova 
(2003), Appelo and Postma (2007), and Jacques et al. 
(2008) as follows: (1) cation exchange capacity (CEC) 
equals 0.81 mol∙dm–3; (2) weak sites of hydrous iron 
oxides (Fe2O3) equal to 0.00287 mol∙l–1; and (3) the 
decay constant of 90Sr equals 6.64 d–1. Finally, the 
“phreeqcU.dat” database was used in order to perform 
the nonelectrostatic surface complexation model with 
its respective thermodynamic constants.

RESULTS AND DISCUSSION

The simulations of 90Sr migration were performed for 
the periods of 50, 100, 300 and 500 years (Fig. 2). It 
was observed that, from the periods of 300 years and 
500 years, the curves of strontium distribution coin-
cide. Thus, after 300 years the concentration of the ra-
dionuclide at depth of 12 m becomes practically zero. 
The tendency could be explained with the equilibrium, 

Fig. 1. Location of Kozloduy NPP site (source Perry-Castañeda 
Library, with additions).
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on one hand, of the decay process and, on the other, of 
the adsorption processes and infiltration.

In order to have a comparison of the determined 
strontium migration, another model was performed 
by using Kd concept and HYDRUS1-D code. In the 
model, the hydraulic characteristics of the medium are 

the same as those in the previous one, only the retarda-
tion properties of the clays are evaluated by distribu-
tion coefficient concept. The exact value of Kd was 
set to 0.39 m3∙kg–1 in accordance to EPA (1999b). The 
simulation results for the same time periods are shown 
in Fig. 3. In this simulation, the strontium concentra-

Fig. 2. Distribution of 90Sr solution concentration through the profile at specific time periods by using HP1 code.

Fig. 3. Distribution of 90Sr solution concentration through the profile at specific time periods by using HYDRUS1-D code.
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tion is practically negligible after the first 25 cm of the 
profile regardless of the time periods.

The patterns of the two models are quite different, 
which can be explained with the specificity of the 
two concepts. While the surface complexation reac-
tion and cation exchange capacity model uses exact 
measured values of particular samples, the distribu-
tion coefficient model includes averaged strontium 
adsorption values determined by experimental mi-
gration studies.

CONCLUSION

An investigation of the strontium transport through 
clay medium of the Brusartsi Formation by using 

computer code HP1 was performed. The simulation 
results, based on vertical numerical model, show that, 
after 300 years, the concentrations of the radionuclide 
will be negligible after 12 m from the hypothetic sur-
face. By using a different approach (with distribu-
tion coefficient), the possible migration of strontium 
is evaluated to only 25 cm from the surface in equal 
hydraulic conditions. Based on the number of studies 
which include and verify the distribution coefficient 
concept, the second model should represent more real-
istic strontium migration. On the other hand, the first 
model allows further integration of varying geochemi-
cal conditions. Therefore, there is a need for more de-
tailed understanding of the mineralogical composition 
of the Brusartsi Formation to obtain more robust and 
reliable prognosis.
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