
Forschungszentrum Karlsruhe 

Technik und Umwelt 

Wissenschaftliche Berichte 

 

FZKA 6721 

 
TRePro 2002 

Modelling of Coupled Transport Reaction Processes 

Workshop of the Forschungszentrum Karlsruhe 

held at 20th and 21st of March 2002 

 
Editors: 

V. Metz, W. Pfingsten*, J. Lützenkirchen and W. Schüßler 

 Institut für Nukleare Entsorgung  

* Paul-Scherrer-Institut, Labor für Endlagersicherheit 

 
 
 
 

Forschungszentrum Karlsruhe GmbH, Karlsruhe 

2002 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Impressum der Print-Ausgabe: 
 
 

Als Manuskript gedruckt 
Für diesen Bericht behalten wir uns alle Rechte vor 

 
Forschungszentrum Karlsruhe GmbH 

Postfach 3640, 76021 Karlsruhe 
 

Mitglied der Hermann von Helmholtz-Gemeinschaft 
Deutscher Forschungszentren (HGF) 

 
ISSN 0947-8620 



 

- i - 

Preface 
 
A wide variety of geochemical processes including the migration of radiotoxic and 

chemotoxic materials are intimately related to reactive transport processes. The 

relevant rock-water systems can be regarded as open geochemical reactors where 

chemical changes occur via the transient interactions between the aqueous, solid 

and gas phases. The evolution of these open systems is affected by diverse 

processes including fluid flow, transport of solutes and colloids, and chemical 

reactions. 

Reactive transport codes may be used to simulate the chemical interactions and the 

transient migration of relevant species in one-, two- or even three-dimensional spatial 

configurations. The ability to model reactive transport in natural systems and the 

near- and far-fields of waste repositories has advanced considerably over the past 

decade. Numerous comprehensive reactive transport codes have been developed 

and applied. However, all modelling approaches implicitely apply certain 

simplifications. At the present stage of process understanding and the state of 

computational capabilities, it is still impossible to predict the evolution of a natural 

system or a repository. Nevertheless, reactive transport modelling may provide 

insight into some of the relevant phenomena.  

TRePro 2002  deals with “Modelling of Coupled Transport Reaction Processes”. The 

field of reactive transport involves a number of diverse scientific disciplines, such as 

those related to advective, convective, dispersive and diffusive transport of solutes 

and colloids, and interactions among aqueous species, redox reactions, 

dissolution/precipitation, surface complexation and ion exchange, as well as 

radioactive decay and biochemical reactions, and those scientific disciplines related 

to the required numerical aspects of the modelling.  
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The workshop focuses on the following major topics:  

• Coupling of sorption processes and transport  

• Coupling of redox processes and transport 

• Coupling of dissolution / precipitation processes and transport 

• Influence of colloids on transport phenomena 

Coupled transport reaction modelling may become one of the cornerstones to 

evaluate the performance of a geological repository for radiotoxic and chemotoxic 

wastes. Therefore, the challenge of involving coupled transport reaction processes in 

the frame of performance assessment is included in TRePro 2002. Indeed, it is one 

of the objectives of the workshop to learn to what extent this may be done at present. 

The workshop is an attempt to bring together researchers from the disciplines 

mentioned above, experimentalists and modellers, for stimulating discussion on the 

latest developments in modeling of coupled transport reaction processes and their 

relevance to performance assessment. 

TRePro 2002 is the third meeting in the series of  the Karlsruhe Geochemical 

Workshops. The first workshop was held in 1997 at the Forschungszentrum 

Karlsruhe. Its main topic was “Geochemical Modelling - Radio Toxic and Chemical 

Toxic Substances in Natural Aquatic Systems”. The second workshop was held in 

1999 in Speyer focusing on “Mineral / Water Interactions Close to Equilibrium”. The 

present workshop was jointly organized by Institut für Nukleare Entsorgung, 

Forschungszentrum Karlsruhe (FZK-INE) and Labor für Endlagersicherheit, Paul 

Scherrer Institut (PSI-LES). This book of abstracts contains the contributions 

presented at TRePro 2002 held at the Forschungszentrum Karlsruhe, March 20-21, 

2002. 

The organizing committee thanks all the authors for their efforts to prepare their 

extended abstracts in advance of the workshop. Moreover, we would like to thank the 

numerous persons behind the scenes who contributed in whatever way to the 

workshop. Especially, the support by FZK-INE director Prof. J.-I. Kim and PSI-LES 

director Prof. J. Hadermann is acknowledged. Special thanks are also due to Mrs. G. 

Endreß for her administrative assistance.  
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TOWARDS OBTAINING THE EXCHANGE COEFFICIENTS OF SYNTHETIC 

ZEOLITE NaP1; MULTICOMPONENT ION EXCHANGE TO BE COUPLED TO 

TRANSPORT 

J. Cama, A. Garrido, X. Querol, and C. Ayora 
Institute of Earth Sciences “Jaume Almera”, CSIC, Barcelona, Catalonia;  

E-mail: jcama@ija.csic.es, agarrido@ija.csic.es, xavier.querol@ija.csic.es, ayora@ija.csic.es 
 

INTRODUCTION 

Na-exchanger zeolite NaP1 is synthesized at the Institute of Earth Sciences “Jaume Almera” 
from fly ash by conventional and microwave-assisted hydrothermal alkaline activation 
experiments (Querol et al., 1997). This zeolitic material has been proposed as candidate to 
remove metal cations in solution from acid mine and industrial waste waters (Moreno et al., 
2001). Furthermore, ground-water remediation using NaP1 exchanger is expected to be 
carried out either by mixing the zeolitic material with contaminated soil or as a permanent 
reactive barrier. At the laboratory, column experiments are designed to simulate field 
conditions, i.e., circulation of solutions with known pH and metal concentration through a 
mixture of NaP1 zeolite and soil. The reactive transport code RETRASO (Saaltink et al., 
2000), which incorporates cation-exchange reactions coupled to transport equations is suitable 
to evaluate the change in composition through the columns. For the precise evaluation of the 
exchange process that takes place during transport with NaP1, the exchange coefficients (Ki/j) 
of each cation exchange reaction between Na and the exchangeable cations in solution ought 
to be found out. The exchange coefficients account for the competition between exchangeable 
cations for the exchanger sites, the exchangeable cation-charge character as well as the 
possible temperature effect. 

We present experimental results regarding cation exchange reactions between Na+ of NaP1 
and monovalent and divalent exchangeable cations in solution K+, Ag+, Ca2+, Ba2+, Cu2+. The 
results obtained up to now allow us to understand the mechanism by which the 
multicomponent exchange reactions may take place. These results are also the basis to obtain 
the appropriate values of selectivity coefficient required to coupling exchange reactions with 
zeolite NaP1 to transport.  

 

NaP1 EXCHANGE EQUATIONS 

Equilibrium between zeolite NaP1 and exchangeable cations is calculated with the law of 
mass action as the reaction is considered as 
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where Ki/Na is the exchange coefficient, zi is the valence of the cation i, and braces and 
brackets indicate the activity of the exchangeable and aqueous species, respectively. The 
values of exchange coefficients for smectite rich sediments are listed in Appelo (1996). 



TRePro – Workshop on Modelling of Coupled Transport Reaction Processes, Karlsruhe, 2002 

- 2 - 

SYNTHETIC ZEOLITIC MATERIAL AND PRETREATMENT 

The synthesized raw material contains about 65 % of zeolite NaP1 whose structural formula is 
Na5.7(Si9.98Al6.12O32)

.9.64H2O. The rest of the sample is formed by remaining amorphous 
glass (rich in Si and Al) and crystalline phases as quartz (SiO2), mullite (Al6Si2O13), calcite 
(CaCO3), tobermorite (Ca5Si6O16(OH)2) and magnetite (Fe3O4). The specific surface area was 
18.1 m2 g-1 (± 5%). Along with these phases dried NaOH (used as a reagent in the production 
of the zeolite from the fly ash) is present in about 5 % of weight. Experimentally found CEC 
is about 2.7 meq/g. 

The presence of 5 % of NaOH might hinder the cation exchange reactions since its removal of 
the sample may interfere the exchange with the solution cations competing for Na sites. To 
release the dry NaOH, different amounts of raw material are washed with 0.01 M HCl 
solution. For example, 20 g of zeolitic material are added to 1 L of double deionised water 
(DDW) and stirred. Immediately, the solution pH rises up to 11 as NaOH is being dissolved. 
Accordingly suitable amounts of HCl solution are continuously poured to the mixture to 
maintain pH about 7. After 1 h, the solution is decanted and the solid is filtered through a 
:KDWPDQ������ P�ILOWHU��$IWHUZDUGV�WKH�VROLG�LV�DGGHG�WR�DQRWKHU��/�RI�'':�WR�PDLQWDLQ�WKH�
pH at about 5, following the same procedure. After 40 min, the pH remains constant.  Then 
the solution is decanted and the solid is filtered and let dry for 24 h at 90 ºC in the oven. The 
recovered sample -pretreated NaP1- is used in all the cation exchange experiments. Similarity 
between XRD patterns before and after the pretreatment indicates that the bulk NaP1 sample 
remains practically unaltered. 

EXPERIMENTAL RESULTS AND DISCUSSION 

All the experiments have been carried out by adding 1 g of pretreated NaP1 into 100 mL of 
desired exchangeable cation solution in 250 mL capped beakers partially immersed in water-
baths to totally cover the mixture at the desired temperature.  Well-stirred mixtures are 
ensured placing a magnetic Teflon bar that is agitated with a submersible magnetic plate. 
Initial solutions’ pH is approximately 5.6.  In general, as the powder is added to the aqueous 
solution, the pH decreases to about 4.9. Concentrations of all the cations involved in the 
exchange are measured. Total Al and Si concentrations in solution released during the 
experiment due to NaP1 dissolution are also measured. Nevertheless, Al concentration in 
solution is undetectable at the experimental pH due to precipitation of Al-bearing solids (e.g., 
Al-oxyhydroxides).  

The experiments are conducted to evaluate the kinetics, temperature and charge effects on the 
exchange reactions. Cation exchange isotherms for the binary systems Na+ - K+ and Na+ - 
Ca2+are presented. 

Exchange kinetics 

Several experiments have been carried out to estimate the kinetics for the binary exchange 
reactions.  The time to closely approach ion exchange equilibrium is within 4 h as shown in 
Fig. 1 (a). For K, Ba and Cu exchange experiments additional experiments run for 24 h have 
been conducted. The exchanged concentration is approximately the same within error to that 
of 4 h, which indicates that the exchange equilibrium is closely reached. Si release increases 
with time as the sample is being dissolved. Cama et al. (2001) calculated the dissolution rate 
of NaP1 at pH 5 and 25 ºC. Accordingly after 24 h (1440 min) and assuming that the reactive 
surface area is the same as that measured by BET, about 5 µM of Si should be released to 
solution due to NaP1 dissolution. Fig. 1 (b) shows that the measured concentration is two 
orders of magnitude higher. This important difference may be attributed to amorphous glass 



TRePro – Workshop on Modelling of Coupled Transport Reaction Processes, Karlsruhe, 2002 

- 3 - 

dissolution and to the existence of very reactive ultrafine particles. Therefore, we safely 
assume no cation interference due to zeolite dissolution. 
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Figure 1. (a) Evolution of the cation exchange for the binary systems and (b) Si release to 
solution in the system Na+ - K+.  

Temperature effect 

Experiments are conducted at 25, 50 and 70 ± 0.1 ºC to examine the temperature effect on the 
exchange reactions for the binary systems Na+ - K+ and Na+ - Ca2+. Temperature seems not to 
affect the reaction between monovalent cations, whereas it seems to affect between 
monovalent and divalent cations as observed in Fig. 2. 
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Figure 2. Temperature effect on the kinetic behaviour and exchange capacity of the binary 
systems (a) Na+ - K+and (b) Na+ - Ca2+. 

 
Exchange isotherms 

Cation exchange isotherms at 25 ºC for the binary systems Na+ - K+ and Na+ - Ca2+ are plotted 
in terms of Na+ released to solution versus the exchangeable cation in solution in Fig. 3. To 
model the experimental isotherm Langmuir type regressions are used: 
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Figure 3. Exchange isotherms associated to binary systems: (a) Na+ – K+ and (b) Na+ – Ca2+. 
R2 values for the respective Langmuir type regressions are 0.98 and 0.91. 

 
Experimental work for cation exchange at pH 5 is carried out to assess the final values of 
exchange coefficients related to zeolite NaP1 exchange.  Additional experiments, which are 
being currently conducted and the obtained results are going to be discussed during the 
meeting. 
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FULLY COUPLED MODELING OF RADIONUCLIDE MIGRATION 

IN A CLAYEY ROCK DISTURBED BY ALKALINE PLUME 

Laurent De Windt1, Delphine. Pellegrini2 and Jan van der Lee1 

1-Ecole des Mines de Paris (EMP/CIG), 35 rue Saint-Honoré, 77305 Fontainebleau, France; 
E-mail: dewindt@cig.ensmp.fr, vanderlee@cig.ensmp.fr 

2-Institut de Protection et de Sûreté Nucléaire (IPSN/DES), BP6, 92265 Fontenay-aux-Roses, 
France; E-mail: delphine.pellegrini@ipsn.fr 

OBJECTIVES OF THE STUDY 

The disposal of radioactive wastes in clayey formations may require the use of large amounts 
of concrete and cement as a barrier to minimize corrosion of steel containers and radionuclide 
migration and for supporting drifts and disposal vaults. In this context, reactive transport 
modeling of the interactions between cement or concrete and the argillaceous host rock aims 
at estimating the evolution in time of the containment properties of the multi-barriers system. 

The objectives of the paper are to demonstrate that integrating radionuclides migration in the 
modeling of strongly coupled geochemical processes of cement-claystone interactions is 
feasible and that it represents an efficient way to assess the sensitivity and modification of the 
classical Kd and solubility parameters with respect to the chemical evolutions. Two types of 
modeling are considered in the paper: i): calculation of intrinsic solubility limits and Kd 
values backing up on the results of modeling of cement/claystone interactions (radionuclides 
are assumed to be present over the whole domain at any time whatever the scenario), ii)  full 
mechanistic modeling which explicitly introduces radionuclides in the calculation with ad hoc 
assumptions on radionuclide inventory, canister failure, migration pathway, etc.  

The reactive transport code HYTEC (van der Lee and De Windt, 2001), based on the 
geochemical code CHESS (van der Lee, 1998), is used to simulate both the cement-claystone 
interaction processes and the radionuclide migration in 1D and 2D configurations. 
Convective/dispersive and diffuse transport can be simulated for solutes and colloids. A wide 
range of processes such as aqueous chemistry, redox, dissolution/precipitation, surface 
complexation and ion exchange can be modeled at equilibrium or with kinetic control. In 
addition, HYTEC is strongly coupled, i.e. the hydrology (flow and diffusion) may change 
when mineral precipitation or dissolution changes the local porosity (Lagneau, 2000). 

CONTEXT AND MODELING ASSUMPTIONS 

The studied system is a simplified representation of a potential repository site of intermediate 
level radioactive wastes in a deep claystone formation (De Windt et al., 2001). The waste 
disposal design consists of long horizontal tunnels (100 m long, 6 m in diameter) 
perpendicular to handling drifts. For simplicity, it is assumed that the tunnels are entirely 
filled with a young Portland Cement (pH = 13.3 with CSH1.8, portlandite and ettringite as 
principal minerals). The claystone mainly contains clay minerals (illite, montmorillonite) with 
cation exchange properties (CEC = 20 meq/100g), but also quartz, calcite and dolomite. The 
porewater has a pH of 7.7 with sodium, chloride and sulfate as major ions. Diffusion is 
predominant over the whole system and an excavation damaged zone is considered around the 
tunnels. 
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Figure 1. Evolution after 10000 y. 
Extension of the pH disturbance and 
distribution of the mineral with 
radionuclide retention properties (hyp. 
C). 
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Figure 2. Modification of the solubility limit of technetium (hyp. A, intrinsic 
calculation) and of the Kd value of caesium (hyp. C, mechanistic calculation) 
during the first 10000 years.  

 
One of the most problematic issues in cement/rock interactions is to select secondary minerals 
which will be allowed to precipitate in the simulations. Keeping in mind performance 
assessment requirements, we have analyzed in previous studies the effect of the mineralogical 
hypothesis on the extension of the alkaline plume and the claystone degradation [see for 
instance De Windt et al (2001)]. Globally, after 10000 years, the pH is always strongly 
buffered and important mineral transformations occur at the interface, both in cement and 
host rock, over several decimeters. Even beyond the zone of intense mineral transformations, 
the pore water chemistry is disturbed due to an attenuated but continuous flux of OH-, K+ and 
Ca2+ ions over many meters. Four interdependent mechanisms control the pH profile in the 
whole system: diffusion of the alkaline plume, mineralogical buffering, ion exchange and 
sealing of the pore space. Two mineralogical hypotheses are considered in the present paper: 
i) CSH of low Ca/Si ratio, hydroxides and carbonates are introduced in the thermodynamic 
database in addition to the initial minerals of cement and claystone (hyp. A); ii) zeolites, 
cation exchange and surface complexation are introduced too (hyp. C). The EQ3/6 (V8-R6) 
dataset (Wolery, 1992) is selected, but enriched with specific data for the rather well 
documented radionuclides Cs, Sr, Tc and U. As a typical example, Figure 1 provides some 
details on pH and mineralogy around the interface after 10000 years of cement – claystone 
interactions. 

INTRINSIC AND MECHANISTIC SIMULATIONS 

The solubility of technetium has been calculated according to the intrinsic approach over the 
entire domain for hypothesis A using the NEA thermodynamic database (Rard et al., 1999). 
As shown in Figure 2, there is initially a difference of more than two orders of magnitude 
between the theoretical maximum solubility of Tc in cement and claystone porewaters. 
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Figure 3. Examples of mechanistic processes. Evolution over 10000 years of the 
fixed caesium concentration in both cement and claystone and precipitation of 
strontianite, mostly at the cement-claystone interface, in case of strontium 
migration.  
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Figure 4.  In a fully coupled simulation 
(e.g. feedback of chemistry on 
transport), the porosity drop at the 
cement-claystone interface leads to a 
significant decrease of caesium 
migration into the host rock (visualized 
here as a “wall” at y=1.50 m). 

 

 
The calculated values are in good agreement with the compilation of Berner (1999). The 
solubility limit is progressively lessened inside the cement in parallel to the pH drop, whereas 
the propagation of the attenuated alkaline plume in claystone has no effect on solubility. Tc 
solubility is controlled by the balance between complexation with hydroxyl-carbonate ligands 
(TcCO3(OH)3

- species) and oxide precipitation. A similar trend is observed with uranium. In 
both cases, the relation between redox and pH changes has a strong impact on the calculated 
solubility. Obviously, co-precipitation and organic matter complexation should be assessed in 
a further step. 

The second type of modeling is illustrated through the calculation of caesium migration in the 
conservative hypothesis of an early waste package failure just after the resaturation of the near 
field. The simulations take into account cation exchange processes for clay minerals and 
zeolites and surface complexation for CSH (Ames, 1964; Poinssot et al., 1999; Viallis-
Terrisse, 2000). Consequently, Kd profiles can be derived from the calculations in both 
cement and claystone (Fig. 2). In agreement with experiments (Bradbury and Baeyens, 1997), 
the retention of Cs is much less effective in cement than claystone. Within claystone, Cs is 
continuously fixed by illite and montmorillonite (Fig. 3). The competitive effect with calcium 
and potassium ions diffusing from cement leads to a small decrease of the Kd, decrease which 
is partly compensated by the precipitation of the zeolite clinoptilolite close to the interface. 
The diminution of the Kd in the cement is directly related to the re-protonation of silanol type 
sites and the increase of calcium concentration due to pH lessening. Strontium follows a 
similar reaction scheme regarding sorption, but the Sr migration is also coupled to the 
precipitation of carbonate minerals (strontianite, see Fig. 3), or in some cases by co-
precipitation with CSH, at the cement-claystone interface. 
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Important precipitations of calcite or minerals with high molar volume (CSH and zeolites) 
may lead to a dramatic drop of the pore space volume at the cement-claystone interface, 
slowing down, or even stopping, further geochemical evolution of the system (Lagneau, 
2000). Figure 4 gives a brief illustration of the process. The 2D profile of Cs concentration 
has been calculated along the gallery with a fully coupled simulation (feedback of chemistry 
on transport) of the cement – claystone interactions after 5000 y. A local permanent source of 
Cs is assumed in the cement, but sealing at the interface prevent it from migrating into the 
claystone (at least in this simplified but demonstrative theoretical calculation). 

CONCLUSIONS 

The paper demonstrates that integrating radionuclide migration in the modeling of strongly 
coupled geochemical processes of cement-claystone interactions is feasible. This represents 
an effective alternative to the traditional Kd and solubility limit approach, although there are 
still significant limitations due to the disponibility of relevant data. Meanwhile, it also helps to 
assess the sensitivity and modification of these transport parameters with respect to the 
evolution of the system in time and space. 
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FRACTURE IN GRIMSEL (CRR PROJECT).  
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SUMMARY 

This article presents the interpretation of several tracer tests carried out at the Grimsel Test 
Site. They were undertaken with Uranine as conservative tracer, and a cocktail containing Th 
and Hf as homologues of tetravalent actinides and Tb as analogue of trivalent actinides 
aiming at predicting the behaviour of radionuclides in an in situ test. Hydrodynamic 
parameters were obtained by automatic calibration of flow and conservative solute transport. 
The set of parameters resulting from the flow simulation have been fed into a reactive 
transport model together with Kd values obtained from laboratory experiments. Our work 
presents the calibration of the model with the conservative tracer tests, the hydrogeochemical 
conceptual model, the implementation in a 2D multicomponent reactive transport code, and 
the predictions for the in situ injection of active cocktails with and without colloids. 

INTRODUCTION: 

The performance assessment of the storage of radioactive waste in deep geological 
repositories needs understanding of the detailed processes, which affect the transport of 
radionuclides in a real scale. With this aim in mind, a lot of experiments were carried out in 
field and in laboratories but few of them used radionuclides with a high specific activiy. 

In order to reinforce our knowledge about the behaviour of these elements in the geosphere, 
the CRR project (Colloids and Radionuclides Retardation) focuses on fundamental processes, 
which affect the radionuclide transport. An in situ experiment is planned, which consists in 
injecting a cocktail of radionuclides (U(VI), Sr(II), Cs(I), Tc(IV), Th(IV), Np(V), Pu(IV) and 
Am(III)) at low concentrations in order to study their behaviour in the geological environment 
of the possible repository, with and without the presence of bentonite colloids. The redox state 
of the system will remain unchanged. Previous studies determined geochemical solubilities of 
radionuclides and the composition of the radionuclide cocktail, dealt with the interpretation of 
laboratory and field experiments to calibrate the hydrodynamic parameters of the model, and 
the design of the experiments using reactive transport codes. These field experiments take 
place in the MI fracture of the Grimsel Test Site in Switzerland. 

The objective of this article is to present the results of the prediction of the behaviour of 
several radionuclides that will be included in the injection cocktail, and to assess the effect of 
added bentonite colloids into the cocktail.  

METHODOLOGY 

The in situ experiments will take place between two boreholes separated by 2.5 m in a well-
characterised fracture. 

PHAST (Parkhust et al., 2000), a 3-dimensional multicomponent reactive transport code, has 
been used to model the tracer tests. As a first step, the calibration of the model has been done 
with the interpretation of the conservative tracer test with uranine. Because PHAST solves 
direct problem, in a first stage the automatic inverse modelling has been carried out with 
Transin II (Medina et al., 1996). The resulting heads and set of hydraulics parameters have 
been used to build up the conceptual model with PHAST, whose domain is far more restricted 
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around the dipole of interest, which enables a finer discretisation (Figure 1 and Figure 2). The 
simulations are steady state, in a homogenous domain. The final set of hydraulic parameters 
obtained is T=8.8·10-7 m2·s-1, αL=2·10-1 m, αT=1.5·10-2 m, φ=9·10-3, which agrees with 
previous studies (Meier et al., 1998). 

Qinj=10ml/min

Qext=150ml/min

BC: H=15m

BC: Q=0

BC: H=17.5m
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Figure 1: Model structure implemented in PHAST with the piezometric results. The boundary 
conditions are extracted from a larger scale model.  
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Figure 2: Breakthrough curve for the calibration of the conservative tracer test with a large 
scale model using Transin II, and with a finer model using PHAST. 
 
Several tracer tests were undertaken with Th and Hf as analogues of tetravalent actinides and 
Tb as analogue of the trivalent actinide Am. The homologues’ breakthrough curve occurs at 
the same time as uranine, probably transported by naturally occurring colloids. Only 40% of 
the total injected mass is recovered. The remaining mass is thought to be reversibly retained 
on the surface of the fracture filling material, resulting in too low concentrations in the 
outflowing solution as to be detected by the analytical technique. Kd values obtained from 
laboratory experiments (Geckeis et al., 2000) and (Missana et al., 2000) were introduced in 
PHAST. The results of the simulations indicate that the recovery of the sorbing tracers 
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affected appear below the detection limits of the technique used in the analysis, in agreement 
with the experimental observations.  

Two cases have been studied for the reactive transport modelling, with and without the 
addition of bentonite colloids in the injection cocktail. 

The surface complexation processes considered are:  
>X-OH +Am(OH)2

2+ =>X-O-Am(OH)2
+ + H+   logKFFM=-5.76;logKcolloids=-1.81 

>X-OH +Pu(OH)4(aq) =>X-O-Pu(OH)4
+ + H+  logKFFM=-6.52; logKcolloids= -3.02 

>X-OH +UO2(OH)3
- =>X-O-UO2(OH)3

2+ + H+  logKFFM=-6.67; logKcolloids=-5.27 
>X-OH +Th(OH)4 =>X-O-Th(OH)4

+ + H+  logKFFM=-6.52; logKcolloids=-3.02 
>X-OH +TcO(OH)2=>X-O-TcO(OH)2

+ + H+  logKFFM= -6.36; logKcolloids= -5.62 
 
These chemical equilibria are based upon the study of the speciation of each radionuclide 
under the conditions of the Grimsel groundwater (pH = 9.5, log[HCO3-] = -3.54) and on the 
determination of the distribution coefficients (Kd) in laboratory conditions (Missana et al., 
2000) and (Geckeis et al., 2000). 

With the addition of bentonite colloids, radionuclides may be sorbed onto the surface of the 
fracture filling material (FFM) as well as onto the surface of the bentonite. The largest 
colloids are filtered off within the fracture, whereas the smallest ones are transported with the 
water flow, as the conservative tracer (Fierz et al., 2001). These processes are depicted in 
Figure 3. Given that those colloids travelling with the water flow do not have any influence 
on the radionuclide migration behaviour, we have only considered the colloid fraction 
retained in the fracture.  

FFM surface

Injection cocktail with RN  

small colloid-bound RN

large colloid-bound RN
 

 
Figure 3: Conceptual model of the radionuclide behaviour, when bentonite colloids are added 
into the injection cocktail. 
 

RESULTS  

Figure 4 shows the results of the simulation of the injection of the active cocktail without 
bentonite colloids. Np is considered to behave as conservative, because no sorption is 
assumed in our simulation (Möri, 2001). Under the simulation conditions, the maximum 
concentration of Np is at 80 min and a total recovery is achieved after 28 hours. On the 
contrary, sorbing radionuclides are not totally recovered after 21 days. The stronger is the 
sorption constant, the later, the lower and the wider is the peak of the breakthrough curve. As 
expected, the first arrival of the hexavalent uranium will occur before the first arrival of the 
tetra and trivalent actinides. The model reproduces the sorption characteristics derived in 
previous equations since U, Th and Pu display a similar behaviour. However, since the limit 
of detection of the analytical technique is higher than the maximum concentration of the peak, 
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Pu could be detected before one hour of pumping time, and Am and U will be detected after 4 
hours of pumping provided that our assumptions are correct. 

In the case of the injection of the active cocktail with bentonite colloids (Figure 4), we can 
compare the behaviour of radionuclides in the fracture with and without the presence of 
colloids. We can conclude that the strength of sorption is very similar for U, Th and Pu in the 
two cases, whereas Am has not reached the extraction borehole after 21 days of simulation 
yet. The effect of colloids is noticeable because the difference between the sorption constants 
is of several orders of magnitude. Otherwise, the breakthrough curve is not affected, because 
the quantity of colloids present in the domain is small. If we compare the logarithmic 
constants in the two cases, we realize that: the higher the oxidation state of an actinide, the 
lower is the difference between the logarithmic sorption constant onto FFM surface and onto 
bentonite colloid surface; also, the larger the difference in the normalised concentrations of 
the sorbed radionuclides onto the two surfaces, the lower the influence of the sorption onto 
bentonite colloids on the breakthrough curve of the element. 
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Figure 4: Injection of the cocktail without bentonite colloids (Run#31) and with bentonite 
colloids (Run#32). Simulation of the breakthrough of Am, Pu, U, Th, Tc and Np. Horizontal 
lines stand for the limit of detection of the technique used in the analysis of the outflowing 
solution, either radiochemical (Am, Np, Tc and Pu) or ICP-MS (Th and U). 
 

CONCLUSIONS 

The presence of colloids introduces two kinds of behaviour in the chemical transport of the 
homologues, which have been reproduced by means of a multicomponent reactive transport 
model. On the one hand, "small-size" colloids accelerate the transport of the attached 
sorbates. On the other hand, the "large-size" colloids that suffer from filtration increase the 
duration of the test and eventually may prevent the recovery of some radionuclides such as 
Am, regardless the duration of the experiment.  
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ABSTRACT  

We focus our investigations on the large scale transport behavior of nonlinear reactive 
transport processes in heterogeneous aquifers. The adsorption process is described by an 
equilibrium isotherm of Freundlich type. In a stochastic modeling approach we analyze 
temporal moments of breakthrough curves and evaluate large scale parameters, in which the 
influence of small scale variations is appropriately considered. In linear transport theory the 
large scale transport is characterized by the same type of homogeneous transport equation as 
on the smaller scale, replacing the transport parameters by equivalent effective parameters. In 
the nonlinear transport case, we will demonstrate that the large concentration gradients at the 
front cause an additional dispersive flux, resulting in a decrease of peak concentrations and 
less steeper profiles of averaged breakthrough curves in the heterogeneous realization. We 
propose to modify the equivalent large scale transport equation by a supplementary term. 

INTRODUCTION 

Transport through heterogeneous aquifers is often investigated with stochastic models. The 
stochastic theory is well established and linear transport phenomena have been studied using 
analytical and numerical methods (Dagan, 1984; Attinger et al., 1999; Cirpka, 2000). 

Although nonlinear adsorbing transport quite often occurs in natural environment, these 
processes are less investigated so far (Bosma, 1996; Berglund, 1996; Attinger, 2000). The 
objective of this work is to characterize the large scale behavior of nonlinear adsorbing 
transport by analysis of temporal moments of breakthrough curves. Our method sets a useful 
link to many field studies, where in only few monitoring wells current depth averaged 
concentrations are measured.  

IDENTIFICATION OF TRANSPORT PARAMETERS BY MEANS OF TEMPORAL 
MOMENTS 

Adsorbing transport of solute cloud in a heterogeneous porous medium is described by an 
advection-dispersion equation: 

                                                                                                                     (1) 

Here θ is the porosity of the medium, c(x,t) the dissolved and cads(x,t) the adsorbed 
concentration. Dij denotes the entries of the local dispersion tensor. Due to fluctuations of the 
permeability, the Darcy velocity ui(x) varies spatially. It can be split into the large scale flow 
field u  and its deviation from that value, )(~)( xuuxu += . 

The tracer is injected into the domain over the inflow boundary pulse like in space and time. 
The flux concentration in the inflow is uniformly distributed over the inflow boundary. The 
concentration gradient normal to the outflow boundary is assumed to be zero. We model the 
adsorption by an equilibrium isotherm of Freundlich type, 

0)),(),()((),( ),( =∂−∂+∂+∂ tcDtcutctc
ji xijixadstt xxxxx ρθ
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•                         

 (2) 

with a Freundlich exponent 1>p≥0 and a Freundlich distribution coefficient KD. The nonlinear 
adsorption leads to a concentration dependent retardation. Smaller concentrations are more 
strongly retarded than larger ones. As shown in figure 2, it results an asymmetric 
concentration profile with a self-sharpening front and a long tailing behind the front. 

Transport behavior on scales much larger than the scale of heterogeneity can be analyzed 
using a stochastic modeling approach: A spatially fluctuating parameter is considered as 
single realization of a stochastic process defined by the ensemble of all possible realizations. 
If the stochastic properties of the process are known, appropriate ensemble average values can 
be evaluated. These ensemble average values describe the ensemble of all realizations in a 
probabilistic way. However, a stochastic process sampling a representative part of the 
heterogeneous medium might approach its own mean value if the medium is assumed to be 
ergodic.  

It is convenient to characterize the transport behavior on large scales by the same type of 
transport equation as on smaller scales, replacing the transport parameters by equivalent large 
scale transport parameters. An appropriately defined averaging procedure yields the 
equivalent transport parameters.  

For nonlinear transport we propose a new identification method of transport parameters. We 
analyze generalized temporal moments of cross-sectional averaged breakthrough curves, 
which express especially the nonlinear transport character. Equivalent transport parameters 
can be defined as an adept combination of first and second moments of both the dissolved and 
adsorbed concentrations integrated over the outflow boundary of the domain.  

NUMERICAL QUASI ONE–DIMENSIONAL RESULTS 

In order to determine the large scale transport behavior we consider a two-dimensional 
numerical test case with a log-normal distributed permeability field (mean value: smk f /10 4−= , 

variance: 12.02 =fσ  and correlation length: mlx  1= ). Assuming a constant head gradient we 

construct a spatially variable flow field with smu /10 4−=  in x-direction. The domain 
contains 360 by 200 cells, resolved by elements of grid size ∆x=∆y=0.1m, and covers 36 
correlation lengths in longitudinal direction. The nonlinear adsorption is parameterized by a 
Freundlich exponent p=0.75 and a Freundlich coefficient KD=7.5·10-5 (g/m2)1-p. The transport 
problem is solved with the method of upstream finite differences with a Courant number 
equal to 0.5.  

For illustration, figure 1 shows the concentration distribution after time t=9.5·106 s. The 
fluctuating velocity field leads to travel time differences between solute particles in different 
streamlines and the originally uniformly distributed line source is irregularly deformed. The 
heterogeneous structure of the domain causes an enhancement of the longitudinal dispersion 
coefficient. This is illustrated in figure 2, where we compare averaged breakthrough curves in 
the heterogeneous domain with those in the homogeneous small scale one. Different as in 
linear transport theory, enlarged longitudinal macrodispersion coefficients have a different 
impact on concentration profiles. The spreading of the plume is mainly caused by nonlinear 
adsorption effects.  

As described above, we use the first and second moment of averaged breakthrough curves for 
identification of large scale transport parameters. According to our approach, the large scale 
velocity corresponds to the mean groundwater velocity,  

),(),( tcKtc p
Dads xx =
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                                                            (3) 

In figure 3 we plot the numerical results for the macrodispersion coefficient. Due to ensemble 
mixing the dispersion increases continuously. After about five correlation lengths the plume 
has spread over a representative part of the medium and reaches the asymptotic regime. The 
results for nonlinear transport are compared with our calculations for nonreactive transport. 
As expected from theoretical investigations by perturbation theory [Attinger et al. (2000)], the 
asymptotic value is equivalent to the result in linear transport theory: 

                           
iixflinear

ens
ii

tens
ii DulDtD >>Π=∞ → ∞→ 2/)()( 2σ          (4) 

EQUIVALENT HOMOGENEOUS TRANSPORT MODEL 

Assuming self-averaging property, we are allowed to replace the heterogeneous transport 
system by an equivalent homogeneous one. Instead of small scale transport parameters we 
insert the evaluated effective parameters. For many practical applications it is significant, 
whether the equivalent homogeneous equation reproduces properly the heterogeneous 
transport. In case of linear adsorption the macrodispersion coefficients exactly approximate 
the heterogeneous transport. The large scale transport is given by the same type of differential 
equation. 

In case of nonlinear adsorption the situation differs. In figure 4 we compare the breakthrough 
curve averaged over the outflow boundary in the stochastic realization and the breakthrough 
curve in the equivalent homogeneous domain. As we can see, the tailing is quite well 
reproduced. In contrast, the peak concentration in the heterogeneous medium is lower and 
also the front steepness decreases. This effect does not depend on the magnitude of 
longitudinal dispersion.  

We can show that this so-called “nonlocal” effect originates from local effects at the self-
sharpened front. We assume that high concentration gradients generate an additional 
dispersive flux at the Freundlich front. Accordingly, the macrodispersion consists of two 
different processes: a Fickian macrodispersion and a local mass transfer at the front, 
proportional to the current peak concentration.  

Thus, the corrected equivalent homogeneous transport equation can be written as: 

                       0)*,()()( * =±∂∂−∂++ ± txcxcDcuc
K

c x
ens

xx
pD

εα
θ

ρ                    (5) 

Here c  are upscaled homogeneous concentrations and Dens corresponds to the 
macrodispersion coefficient in (4). The last term in (5) affects only the front at x*, which is 
defined as the position on the front edge with half peak concentration. It causes a reduction of 
the maximal peak concentration. Mass is transferred from regions at the front smaller than x* 
to regions greater than x*. 

CONCLUSION 

Temporal moments are a useful tool for characterization of both linear and nonlinear 
adsorbing transport in heterogeneous media. Knowledge of the actual magnitude of transport 
parameters and processes can be essential in risk assessment and remediation schemes for 
estimation of first arrival and cleanup times, peak concentrations etc. In a stochastic sense one 
can replace the heterogeneous transport equation by a homogeneous one with appropriately 
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averaged large scale transport parameters. In linear transport, equivalent transport parameters 
can be identified by means of averaged breakthrough curves. They consistently reproduce the 
heterogeneous medium. In case of nonlinear adsorption dispersive fluxes at the Freundlich 
front causes an additional front broadening and reduction of peak concentrations. 
Consequently, equivalent transport is given by a modified transport equation. 
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Figure 3: Dispersion of ensemble mixing for 
transport without reaction and with Freundlich 
adsorption 

Figure 1: Concentration profile for t=9.5·106 s Figure 2: Averaged breakthrough curves 

Figure 4: Breakthrough curves in averaged 
heterogeneous realization and in equivalent 
homogeneous medium 
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ABSTRACT 

A simulation model has been developed in order to deduce the effective transport parameters 
from porous media. In a first approach the model delivers a 3D sphere agglomeration model 
with variable grain size distributions. In a second approach, real pore structures can be 
implemented from Micro-Computer-Tomography (µCT) data. In the negative space (3D pore 
structure), the model simulates multiphase flow and transport of dissolved components and 
particles based on the numerical solution of the Navier-Stokes-equation and the Lattice-
Boltzmann method. Statistical analysis and homogenisation of simulation data delivers the 
effective transport parameters, such as specific and relative permeabilities, dispersivity and 
tortuosity. The simulations give an insight into complexity and heterogeneous dynamics of 
microscopic flow and transport in porous media. 

INTRODUCTION 

The flow and transport processes in porous media are linked directly to its pore space 
geometry, fluid properties and dissolved constituents (Dagan, 1989;  Sahimi, 1993;  
Stockman, 1999; Martys et al., 2000). Although the pore space is the site of many relevant 
chemical reactions involving trace element partitioning between fluid and solid matrix, it is 
not adequately represented in conventional advective-dispersive transport models. The 
heterogeneity in pore space distribution and gas/fluid phase distribution, e.g., determines the 
sites of cement formation and, in feedback, the hydraulic flow distribution condition. A direct 
geometrical deduction of the effective hydraulic and transport parameters  in complex natural 
subsurface environment with a high grade of heterogeneity is currently not possible. A 
microscopic view and simulation of pore scale processes gives an insight of the complexity 
and dynamics of these processes to understand the fluid/rock-interactions. This contribution 
discusses the development of a microstructural model of the pore space as a first step in a true 
physicochemical model of coupled transport reaction processes. 

MODELING AND REPRESENTING POROUS MEDIA 

For fluid and transport simulations, the model requires a 3D pore structure represented by a 
voxel system (domain). A granular porous media, such as sand or gravel, can be represented 
by an agglomeration of spheres with a specific and variable grain size distribution. Here we 
present a 3D sphere agglomeration model based on geometrical-mathematical solutions by 
sequentially solving sets of sphere-equations (eq. 1). The result is a sphere agglomeration 
with up to two million spheres approaching most dense packing with defined diameter 
distribution.  With simple geometric operations, the model can directly derive fundamental 
parameters (porosity), generate porosity profiles and estimate a geometric tortuosity.  

The mathematical formulation for this problem are sets of sphere equations to be solved: 
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where xA, xB, xC = vector of middle point of the spheres, rA, rB, rC = radii of the spheres and rD 

= radius of the new sphere for agglomeration. The results of the equation system are two 
possible vectors of middle point for the new sphere. 

 

 
 

Figure 1. Sphere agglomerations with different agglomeration  
conditions (bidisperse distribution, graded stratification) 

 
Figure 1 shows two examples of sphere agglomerations with different grain-size distributions. 
Any size distribution function can be built to generate a hypothetical agglomeration. Simple 
geometric calculation delivers the overall geometric porosity referring to a vector space. The 
inner surface and specific surface can be calculated analogous over the sum of sphere 
surfaces.  

 
 
Figure 2. 3D voxel system (pore system) of 
Fontainebleau sandstone (Biswal et al., 1999) 

Another approach is the representation of porous 
structures calculated from analysis of real sample 
geometry by Micro-Computer-Tomography. This data 
presents the porous structure more realistic than 
models. Figure 2 shows a sample of a Fantainebleau 
sandstone from the image processing data. With the 
help of percolation theory and special algorithms, the 
pore network can be derived (Hilfer, 1996; Turek, 
1999; Lindquist and Venkatarangan, 1999; Martys et 
al., 2000). 
 

MODELING FLUID FLOW AND TRANSPORT 

The fundamental equation for fluid flow in microscopic scale is the time depended Navier-
Stokes equation for incompressible fluids: 

{
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where v = fluid velocity vector, ρ = fluid density, η = fluid viscosity, p = fluid pressure and f 
= external force vector. To solve the Navier-Stokes equation, the porous media must be 
discretized.  Our model uses a finite difference marker and cell method (3D voxel system).  

The velocity vector field is to be solved by an explicit update scheme, and the pressure field 
by a successive overrelaxation scheme for every time step (Rage, 1996; Turek, 1999). Under 
constant flux boundary conditions the iteration stops after development of a steady state 
velocity vector field, with equal flux into and out of the model space, and a linear pressure 
gradient results in the mean flow direction of the overall pressure field. The accuracy of this 
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solving scheme can be tested in simple geometric configurations (like Hagen-Poiseuille) 
(Enzmann, 2000).  

In this model, no input hydrodynamic material parameters are required. The flow conditions 
in model space are only dependent on pressure drop, external forces and viscose friction. The 
pressure drop and viscose friction is dependent on the inner boundaries of the model space, 
such as grain surfaces. The effective hydraulic parameters can be delivered from the velocity 
vector field and pressure drop. The pressure drop under constant flux on one boundary is 
almost linear in the profile of the cylinder (cf. Figure 5) and does not correlate with average 
local porosity. On the other hand, there is a strong negative correlation between average fluid 
velocity and local porosity due to the Hagen-Poiseuille equation as shown in Figure 4. This is 
the prerequisite to calculate permeability from Darcy’s law (Figure 4 and 5).  

The Lattice-Boltzmann method is applied to model multiphase flow and transport. This 
method is based on the kinetic gas theory and is a powerful alternative computational fluid 
dynamic (CFD) method (Martys et al., 2000; Stockmann, 1999;  Martys and Chen, 1996). The 
Lattice-Boltzmann equation for each phase α can be written as: 
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Figure 3. 3d element (voxel) with 19 
velocity vectors (D3Q19) 

We use a D3Q19 model (3D voxel and 19 velocity vectors 
field, Figure 3). For each time step, a particle distribution is 
calculated on each vector (progradation). The collision term 
on the right side of the equation is based on an equilibrium 
(Maxwell) distribution. The relaxation parameter τ is 
coherent with the viscosity of each phase or diffusion 
coefficient for each species. Macroscopic variables 
(density, pressure and velocity) are obtained from simple 
additivity principle (momentum sums). Mass and 
momentum conservation achieves the incompressible 
Navier-Stokes equation.  

 
Surface tension forces and body forces (fluid acceleration) can be easily integrated. Also any 
kind of boundary conditions (von Neumann, Dirichlet) are possible.  

SIMULATION RESULTS 

First simulation results in profiles through a hypothetical pore geometry show the strong 
negative correlation expected between porosity and average fluid velocity (Figure 4).  

 
Figure 4. Average fluid velocity of simulated media in 
cylinder profile (mean flow direction) 

Figure 5. Average fluid pressure of simulated media in 
cylinder profile (mean flow direction) 
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fluid velocity distribution

particle velocity distribution

point of initial fluid velocity

equal median velocity

 
Figure 6. Distribution of particle and fluid velocity 
   

The statistical variance of velocity vectors and 
particle velocity correlates with hydrodynamic 
dispersion (Figure 6). Results of various pore 
models are compared with results from flow 
and tracer experiments with real columns filled 
with glass beads. The simulated data shows a 
high dependence on the variance in pore space 
geometry. The same qualitative relationship 
can be found with the experimental results 
(Enzmann 2000). Moreover, colloidal latex 
particle breakthrough calculated by the pore 
model is comparable with analytical solutions 
of the conventional advective-dispersive 
transport equation (Enzmann 2000). 

 

FUTURE WORK 

The extension by coupling with geochemical reactions such as pore cement formation or trace 
element adsorption is the next step of physicochemical model sophistication. This is 
facilitated due to the fact that the surfaces of porous media are exactly defined from sphere 
agglomeration or 3D image processing data (µCT). 
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In natural systems, the fate as well as the potential hazard of chemicals is controlled to a 
notable extent by their affinity for solid phases or by chemical transformations mediated by 
solid surfaces. Consequently, physicochemical reactions occurring at the solid-liquid interface 
are of central importance to a broad variety of environmentally relevant phenomena including 
the transport of contaminants in the subsurface zone, waste water treatment, or bioavailability 
of nutrients.  

Focusing on the spreading of chemicals in subsurface systems, substantial progress has been 
made in understanding and predicting the transport of non-reactive (inert) chemicals in 
heterogeneous subsurface systems. Our ability to quantify transport phenomena involving 
reactive chemicals, however, is by far less advanced. ‘Predictive’ reactive transport models 
require an adequate description of chemical processes occurring at the solid-liquid interface as 
well as in solution. Despite their importance, the structure of interfacial systems as well as the 
mechanisms and pathways of chemical reactions taking place at the solid-solution interface 
are not yet well understood on a ‘molecular’ level. Such a detailed level of understanding, 
however, corresponds to a fundamental prerequisite in order to be able to predict the reactivity 
of interfacial systems and resulting reactive transport phenomena. 

Our predictive capabilities are further hampered by the chemical complexity of natural 
systems. Natural porous media are not only structurally (physically) but also chemically 
extremely complex. Generally, various chemicals can be involved – in a competitive manner 
– in a single process and the coupling of several simultaneous chemical processes must be 
considered. Consequently, a microscopic, mechanistic approach is required in order to be able 
to understand the interfacial reactivity and reactive transport phenomena in complex natural 
systems.  

Various novel applications of modern spectroscopic methods – in particular synchrotron-
based techniques – provide unique opportunities for probing interfacial systems on a 
molecular-level. By applying these forefront techniques one is capable to gain fundamental 
insights into atomic structure of solid-solution interfaces. Furthermore, by identifying reactive 
functional surface groups (reactants) and interfacial species (products), these techniques are 
able to elucidate – on a molecular level – mechanisms and pathways of reactions occurring at 
interfaces. Consequently, using synchrotron radiation, molecular-level information becomes 
experimentally accessible that has hitherto been impossible to obtain. This allows identifying 
the key geochemical processes – even in complex natural systems.   

Based on the example of the field-scale subsurface migration of Strontium at the Chalk River 
Nuclear Laboratory site (Figure 1), we demonstrate the importance of molecular level 
information as essential ‘interior condition’ in reactive transport modeling. In the past, various 
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studies attempted to explain the transport behavior of Strontium in the Chalk River Aquifer 
based on bulk mineralogical properties of the geologic media or on equilibrium-based 
chemical speciation in the aqueous solution. However, transport models using chemical sub-
models building up on such approaches and generally deduced from macroscopic studies were 
not able to reproduce the main characteristics of the observed Strontium transport.  
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Figure 1: Spreading of aqueous Strontium in the Chalk River aquifer following disposal. 

 
 

Most recent, we employed different X-ray absorption spectroscopy (XAS) techniques to gain 
new insights into the interfacial chemistry of Sr. The experimental data obtained permit the 
molecular-level (mechanistic) rationalization of the observed field-scale transport phenomena.    

Our findings demonstrate the importance of coupling physical transport to chemical models 
which were based on (micro)spectroscopic, mechanistic information and accordingly 
represent ‘physical reality’. 
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Mobile colloidal particles have been identified to be involved in a broad variety of 
environmentally relevant processes (Jenny and Smith, 1935, Muecke, 1979, Khilar and 
Fogler, 1987, Ryan and Elimelech, 1996). A considerable number of these processes may 
have hazardous consequences. Most recently, mobile colloidal particles have been reported to 
be a potentially relevant transport pathway for strongly sorbing contaminants (Vinten et al., 
1983, Grolimund et al., 1996, Grolimund and Borkovec, 2001, Grolimund et al., 2001). 
Thereby the colloidal particles act as highly mobile contaminant carries and enhance in such a 
way the spreading of sorbing pollutants in subsurface systems. Therefore, considering 
potential hazardous incidents due to mobilized colloidal particles should represent a critical 
task in risk assessment of any subsurface contamination problem, in the development of 
remediation strategies, as well as in recharge and waste water management. In order to judge 
or predict the susceptibility of a subsurface system to the phenomena of enhanced 
contaminant transport by mobile colloidal particles, a detailed understanding of the following 
processes is required (Ryan and Elimelech, 1996): (i) the generation of mobile colloidal 
particles, (ii) the life-time of these particles within the system, and (iii) the association of the 
contaminant with the mobile particles. In the present paper various aspects of the diverse 
problem of enhanced contaminant transport by in-situ mobilized colloid particles will be 
addressed.  

A comprehensive set of laboratory-scale column experiments was performed in order to 
investigate relevant fundamental processes such as particle mobilization, particle deposition 
and transport, as well as multicomponent contaminant transport phenomena. In addition, 
dynamic light scattering techniques were used to study the aggregation behavior of in-situ 
mobilized colloidal particles over a wide range of solution conditions. Complementary 
analytical techniques were applied in order to enlighten the physical and chemical properties 
of the mobilized particles. The knowledge about structure and dynamic of each process 
obtained by these individual experimental investigations were compiled and incorporated into 
an extended contaminant transport model. The resulting set of coupled, non-linear partial 
differential equations was solved numerically and used to simulate and analyze contaminant 
transport experiments where in-situ mobilized colloidal particles have been proven to be a 
dominant transport pathway (Grolimund et al., 1996). 

Information about the general nature of the particle release process was obtained by studying 
mobilization phenomena in natural porous media under well-controlled conditions. A 
pronounced non-exponential release behavior, the finite supply of colloidal particles and the 
strong dependence of the observed release kinetic on chemical system parameters turn out to 
represent general characteristics of the release process. The non-exponential release behavior 
can be rationalized in terms of a broad distribution of populations of particles. This 
heterogeneity of the colloidal particles initially present in the system results in characteristic 
release pattern (Grolimund and Borkovec, 2001, Grolimund et al., 2001). Further, as a 
consequence of the sensitivity of the release process on the present chemical conditions, a 
distinct interplay between mobilization of colloidal particles and multicomponent transport 
phenomena could be established. An illustrative example is depicted in Figure 1. The outflow 
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pattern for an experiment with variations in the ionic strength and simultaneous presence of 
different components (sodium and calcium) is shown. The sequence of feed solutions is 
summarized in Figure 1a. The corresponding breakthrough patterns of sodium and calcium 
are shown in a semilogarithmic representation in Figure 1b. The breakthrough behavior of 
these two major cations governs the particle release pattern shown in Figure 1c. Each 
reduction in ionic strength results in a sudden increase of the particle concentration in the 
outflow. Furthermore, the observed tail of this peak ends abruptly with the arrival of the 
retarded exchange front (compare course of the calcium concentration, Figure 1b).  

 
 

 

Figure 1: Release of colloidal particles in the simultaneous presence of sodium and calcium. The feed 
solutions (a) contain a constant sodium/calcium molar ratio of 200:1. The mobilization is 
induced by step-wise changes in normality. (b) Resulting outflow pattern of sodium and 
calcium in a semi-logarithmic scale. (c) Concentration of colloidal particles suspended in the 
outflow in a semi-logarithmic representation. In spite of the presence of divalent cations in 
the outflow mobilization of particles can be observed. 

 
After mobilization, the life-time of colloidal particles is mainly determined by convective 
transport, particle (re-)deposition, and the aggregation behavior. The morphology and 
structure of the porous media influences the convective transport of the mobile particles 
which can be distinctly different from a conservative tracer. The processes of particle (re-
)deposition and aggregation turned out to be dominantly influenced by solution chemistry as 
well as the surface chemical properties of the colloidal particles and the porous media. As an 
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example, the influence of the electrolyte concentration, counterion valence, and solution pH 
on the deposition rate coefficient is shown in Figure 2. 
 
 

 
 

 

Figure 2: Influence of solution chemistry on particle deposition kinetics in packed soil columns. 
Effect of electrolyte (NaCl or CaCl2) concentration, counterion valence (Na+ and Ca2+), and 
solution pH (pH 4.0 or 5.5, controlled by azide buffer) on deposition rate coefficients and 
experimental collision efficiencies for in-situ mobilized soil particles in their parent porous 
medium. 

 
 
The three processes of particle mobilization, deposition and aggregation occur in general 
simultaneously. However, the relative importance of each of these processes is strongly 
dependent on the present chemical and physical conditions. 

An extended transport model considering colloidal phenomena was formulated based on 
various independent experiments, each focusing on one particular process in an isolated 
fashion. This model was successful in the description of coupled multicomponent transport 
and particle mobilization phenomena taking place simultaneously in natural porous media. 
This modeling attempt clearly demonstrated the pronounced impact of ionic strength, solution 
and surface composition on particle release rates. Furthermore, the model was able to predict 
the observed breakthrough pattern of complex contaminant transport experiments, including 
the phenomena of enhanced contaminant transport by in-situ mobilized colloidal particles.  

In conclusion, experiments and model calculation clearly demonstrated the potential 
importance of in-situ mobilized colloidal particles as a predominant transport vector of 
contaminants in natural subsurface systems. The experimentally simulated situations and the 
observed processes are likely to be operational in the field. Nevertheless, one has to be careful 
in translating the results obtained in laboratory column studies into actual field situations. 
Additional systematic investigations concerning mobilization and transport phenomena 
including natural, heterogeneous systems as well as well-characterized model systems are 
needed. Especially the combination of experimental investigations and mathematical 
modelling corresponds to a powerful tool in order to achieve a refined understanding of the 
chemical or physical system parameters controlling particle release under field conditions. 
Such efforts would result in an improved ability to understand and predict the susceptibility of 
natural systems for hazardous phenomena induced by mobilized colloidal particles such as 
enhanced transport of contaminant associated with mobile particles. 
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Hydrous ferric oxide plays a significant role in the sorption of organic and inorganic 
contaminants in soils, aquifers and aquatic environments. This is due to its ubiquity, to the 
extremely high specific surface area and to the reactivity of the hydroxylated surface sites. 
Hydrous ferric oxide is made up of unit crystallites of nanometer size, aggregated to form 
microporous aggregates. To reach the surface sites, the sorbates must diffuse through pores of 
subnanometer to nanometer size. Diffusion slows down the sorption kinetics. Sorption 
equilibrium therefore depends on parameters such as aggregate size and ratio of micropores to 
larger pores. To reach complete equilibrium it can take several years. 

Due to the hydroxylation reaction, hydrous ferric oxide surfaces carry variable, pH dependent 
charge. To balance the surface charge, a diffuse layer of counterions develops, that extends 
over several nanometers away from the surface. In a microporous aggregate, a « squeezed » 
diffuse layer establishes in the pore space, with ion concentrations that differ from those in the 
bulk solution. The objective of the present study is to describe the electrostatically controlled 
ion concentrations in the pores by a simple model and to investigate whether micropore 
diffusion can be defined as a function of the pore chemistry and the free ion diffusion 
coefficient.  

Experiments are conducted with strontium as the sorbate. Strontium contamination originates 
mainly from Sr-90, a fission product of spent  fuel. Compared to other heavy metals, 
strontium has low surface affinity and therefore it tends to accumulate in the aqueous phase. 
Hydrous ferric oxide is one of the more relevant sorbents.  

To investigate the diffusion of strontium in hydrous ferric oxide, we have developed a method 
to produce compact microporous hydrous ferric oxide aggregates. These aggregates have an 
average size of 230 µm. The size distribution of the aggregates is narrowed to a range of 200-
300 µm by wet sieving. 

Experiments are conducted in a system of advective flow. A chromatographic column is filled 
with the hydrous ferric oxide aggregates. The material is equilibrated by pumping a 10-3 M 
NaNO3 electrolyte solution with a given pH through the column, using an HPLC pump at a 
flow rate of 0.2 ml min-1. Once equilibrium is reached, the inflowing solution is switched to a 
10-4 M Sr(NO3)2 solution of identical background electrolyte and pH. The effluent is collected 
with a fraction collector. Strontium is analysed by ICP-MS on the mass 88, effluent pH is 
measured online. A NaNO3 salt pulse, recorded by conductivity measurement is used to 
determine the mobile pore volume.  
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For a pH above 4, results show 
that the strontium breakthrough 
is retarded, indicating sorption 
to hydrous ferric oxide. The 
breakthrough curves show a 
significant tailing indicating 
that sorption is diffusion limited 
(Figure 1). 
For quantitative assessment of 
the kinetic sorption experiment 
we have developed a transport 
model using ORCHESTRA 
(Meeussen, 2000), an object 
oriented framework for 
composing chemical speciation 
and transport models. In our 
model, sorption is described by 
the surface complexation two-
layer model by Dzombak and 
Morel (1990). Transport is 
implemented as one-
dimensional advective – 
dispersive flow. The slow ion 
diffusion into the micropores of 
the aggregates, responsible for 
the tailing of the strontium breakthrough curve, is described in terms of the free ion diffusion 
coefficient, a tortuosity factor and an « electrostatic constrictivity factor ». Spherical diffusion 
is solved numerically. The tortuosity factor is fixed at 0.5, based on the assumption that the 
particles in the aggregate can be described as packed monosize spheres. The electrostatic 
constrictivity is a fitting factor that expresses the influence of the pore chemistry on the ion 
diffusion process. Under conditions of pH 6.7 the experimental data are best fitted with a 
constrictivity factor of 0.001 (Figure 1). Combining with tortuosity, the overall factor lowers 
the micropore diffusion coefficient by a factor 2000 relative to the free diffusion coefficient. 
As the charge at the hydrous ferric oxide surface changes, the distribution of counter ions in 
the pore space changes too. Additional experiments are now being performed at conditions of 
higher pH, where we expect higher counter cation concentrations in the micropores, and 
therefore a lower electrostatic constrictivity factor for strontium diffusion.  
We are in the course of developing an electrostatic model to replace the empirical 
constrictivity factors by a mechanistic concept that describes the average chemical conditions 
in the pore. This is achieved by considering the overall electroneutrality condition of the 
system « inner aggregate surfaces / micropore solution » and by describing the transition of 
ion concentrations in the pore solution and in the free solution by the Boltzmann factor. First 
results will be presented. 
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 Figure 1 : Breakthrough curve of Sr2+ through a column of hydrous 
ferric oxide aggregates. Prior to the experiment, the column fill is 
equilibrated with an electrolyte solution of 10-3 M NaNO3 at pH 
6.7.The experiment is conducted with an inflowing solution of 10-4 
M Sr(NO3)2 in 10-3 M NaNO3 at pH 6.7. C/C0 corresponds to the 
molar ratio of effluent to influent Sr2+ concentration.To fit the data, 
60 % of sorption sites were defined as « accessible without 
diffusion ». 

Mobile pore volume

0 50 100 150 200

C
/C

0

0.0

0.2

0.4

0.6

0.8

1.0

experimental data
tortuosity  0.5
constrictivity  0.002
constrictivity  0.001



TRePro – Workshop on Modelling of Coupled Transport Reaction Processes, Karlsruhe, 2002 

- 31 - 

 

MIGRATION OF AMD WATER IN CARBONATE BUFFERED AQUIFERS - 

COLUMN FLOW EXPERIMENTS AND THEIR MODELLING 

Nils Hoth, Jan Hutschenreuter and Frieder Häfner 
Institute of Drilling Engineering and Fluid Mining, Technical University of Freiberg  

Agricolastr. 22, 09599 Freiberg, Germany; E-mail: Nils.Hoth@tbt.tu-freiberg.de 

INTRODUCTION  

The closure of brown coal opencast mines leads to the question of the future influence of the 
surrounding aquifers by dump waters. For an open cast mine in the northern part of the 
“Niederlausitzer Brown Coal District” a predictive 2D transport modelling study was carried 
out (Hoth et al. 2001). Therefore the reactive transport code PCGEOFIM (Sames, 1995; 2000) 
was used. The model shows an retention of the dissolved iron content of dump waters by iron 
hydroxide formation and exchanger buffering. The pH value was buffered by carbonate 
dissolution. A sulphate front arose in the gypsum level. Based on these modelling studies 
several column flow experiments were carried out to characterise the effectiveness of the 
predicted buffering systems. Dump water was infiltrated into cores originated from the 
surrounding aquifer. The paper points out results of the experiments and their modelling. 

MATERIALS AND METHODS  

Three column flow experiments were carried out at 60 cm long columns, with a 11.5 cm 
diameter. In the further text the experiment " SVJ 2 " is exemplary discussed. The column 
was filtrated by dump water with a constant rate of 6,04 ml/h. The infiltrating dump water 
was pumped from a dump water measuring point and conserved under nitrogen atmosphere. 
The total porosity of the column material amounts to 0.31. The effective porosity arose as a 
result of tracer experiments and is equal 0.2. Due to the non unique characteristics of salt 
tracers (comp. Postma & Apello) was it not possible to determine the longitudinal 
dispersivity. At the in- and outlet a continuous measurement of pH, EC and EH was realised. 
The outflowing water was also characterised by the measurement of the following parameters 
after filtration (0,45 µm): titremetric – alkalinity, acidity ; photometric - Fe2+, Feges , Siges, 
SO42-, Cl- ; ICP-OES - Na, K, Ca, Mg, Al, As, Cd, Co, Cr, Cu1, Fe, Mn, Ni, Pb, Zn, Si, S. 
Plausibility of analyses was checked by ion balance calculations with the program PHREEQC 
2.0 (Parkhurst & Appelo, 1999). The ion balance errors of the analyses were in the range 4 to 
8 %. 

The initial and the final state of the filtrated core were characterised. Before the flow 
experiments at both ends a section was separated. After the experiments the core was 
separated into 4 sections. The following investigations were realised: grain size distribution 
analysis, indication of the pore water condition (GBL- extraction after VWV, 1995), 
sequential extraction as well as the investigation of TC/ TIC content by IR- detection. The 
sequential extraction after Zeien & Bruemmer (1989) was used in a simplified procedure. The 
fist step of the extraction was performed with 1M ammonium nitrate, the second step with 1M 
ammonium acetate (50% acetic acid) and the third step with 0,2 M di-ammonium-oxalat-
monohydrat (oxalic acid, ammonia solution). The first step indicates the composition of CEC 
(cation exchange capacity) and easily soluble mineral phases (gypsum). Carbonates are 
indicated by the second step, while the third step summarises manganese oxides, organic 
matter and badly crystalline ferrihydroxides. Additionally the sand and pelite fraction was 

                                                
1  The content of trace metals of the used infiltrating dump water was at the level of the detection limit, while for 
the column outflow the values was below this limit. Therefore trace metals were not considered within the 
modelling. 
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investigated by means of SEM-EDX at selected samples. Because the lack of an ESEM the 
samples were dried and carbon-vaporised. 

For the modelling of the experiments two models were used, the first is the 1D – transport 
tool within PHREEQC 2.0 (Parkhurst & Appelo, 1999). This code divides the transport 
calculation in convection, dispersion and hydrogeochemical interactions. The convective 
mass transport is based on “upstream weighting”. The second model is PCGEOFIM. This 
Finite Volume- code solves the convection- dispersion equation in one step. Subsequently the 
hydrogeochemical interactions are calculated with PHREEQC (Sames,1995). The convective 
mass transport is based on a “Flux Limiter weighting”.  

The following hydrogeochemical processes were considered: mineral precipitation and 
dissolution processes, cation- exchange processes, complexation and redox processes. 
Reactive minerals were represented in the model by calcite, dolomite, siderite, rhodochrosite, 
gypsum, Fe(OH)3(a) and SiO2(a). The initial content of carbonate phases was derived from 
the second step of the sequential extraction. Step one of the extraction supplied the initial 
composition of the cation exchanger. The equilibrium state, necessary for the transport 
modelling, was calculated with the relevant thermodynamically constants of the database 
“phreeqc.dat” (Parkhurst & Appelo, 1999). 

RESULTS AND DISCUSSION  

Table 1 summarises the average chemical values of infiltrating solution and the initial pore 
water. The infiltrating dump water shows a high Fe, SO4 concentrations (sulphide weathering) 
as well as sign of carbonate buffering (Ca, Mg, DIC- content), reductive processes (DIC) and 
silicate weathering (silicic acid = Sitot). 
 

Table 1 – Concentration of infiltrating solution (second row) and initial pore water (third row) 
[mmol/l] (Fe3+, not detected – values calculated from pe, DIC calculated from acidity and 
alkalinity measurements) 

pH [-] pe[-] Ca2+ Fe2+ Fe3+ DIC SO4
2- Mg2+ Siges Mnges Cl- K+ Na+ 

6.6 2.37 12.5 1.37 3.3*10-5 21.5 14.5 7.53 0.543 0.04 0.151 0.436 2.25 
7.29 1.71 5.76 8.9*10-3 3.2*10-7 4.0 3.96 0.61 0.083 0.007 2.7 0.15 1.26 
 

Figure 1: Comparison of PHREEQC results (variant 1)with observed values– SO4
2-, DIC, 
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Figure 1 and 2 depict a comparison of the PHREEQC results and the observed values. The 
break-through of Ca, SO4 and DIC occurs between an exchanged effective pore volume of 1 
to 2. The model can not reconstruct the Ca and DIC curves exactly. The pH value (not shown) 
drops to a level of 6.7, which is well captured by the model. The measured concentration 
values for Fetot, Mntot and Sitot can not be explained with the chosen model conception. 

Figure 2: Comparison of PHREEQC results (variant 1) with observed values – Fetot, Mntot, 
Sitot 
 

In contrast to the modelling the measured Fetot values does not increase at the column outlet2. 
The measured Mntot concentrations rise continuously and achieve values above the infiltrate 
concentration. The silicic acid values (indicated as silicium) are during the entire experiment 
below the infiltrate concentration. This shows a significant retention of silicic acid. Again, 
this can not be explained by the used model conception.  

That is why a second model uses a distinct conception. A manganese reduction was included, 
according to eq. 1. The rate definition in eq. 1 follows Postma & Appelo [2000]. The MnO2 

content was derived from the results of step 3 of the sequential extraction. Further the 
saturation index for SiO2(a) was assumed -0.8, resulting in a stronger retention of silicic acid. 

Figure 3 shows the results of the second model. Obviously the Fetot, Mntot and Sitot 
concentrations fits the observed values with a reasonable accuracy. 
 

2 Fe 2+ + MnO2 + 2 H2O → 2 FeOOH +Mn2+ + 2 H+  (eq. 1) 
 

The influence of the manganese reduction on the Fetot and Mntot concentrations is confirmed 
by the pore water measurements following the experiment. The iron concentrations drops 
significantly from inlet to outlet of the core. This is accompanied with an increase of the Mn 
concentrations. The SEM investigations confirm the validity of the SiO2(a) saturation index 
adjustment. The retention of SiO2(a) occurs by a aggregation with carbonates. Due to the 
consideration of model minerals and equilibrium processes, this phenomena is only be 
explainable with adjustment of the saturation index. The generation of mass balances for the 
different components causes serious problems. The steps of the sequential extraction do not 
                                                
2 The measured value for 4.2 pore volumes is an exception. 
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exactly differentiate the bond type of the components. Additionally the heterogeneity of the 
solid phase is hardly to assure. Further the TIC solid phase analysis results deviate from the 
results of the sequential extraction (second step). 

The modelling by means of PCGEOFIM show similar results to PHREEQC. The “upstream 
weighting” of the 1D PHREEQC transport tool causes a larger numerical dispersion. 

Figure 3: Comparison of PHREEQC results (variant 2) with observed values – Fetot, Mntot, 
Sitot 
 

However the sharper fronts of the PCGEOFIM modelling are accompanied with numerical 
oscillations. 

CONCLUSIONS  

The results of the column flow experiments confirm the conclusions of the predictive 2D 
model (Hoth et al., 2001). The modelling of the column flow experiments shows that the 
measured Mn, Fe values at the outlet can be explained by manganese reduction. This causes a 
retention of iron and simultaneously a manganese mobilisation. 

A substantial difficulty of the modelling of reactive inorganic transport systems is the 
quantitative indication of the reactive mineral phases. For that purpose sequential extractions 
are essential investigation methods. The assignment of bond types to the different extraction 
steps is probably superimposed by kinetic effects. That is why the characterisation of the 
initial conditions and the generation of mass balances for the different components are 
difficult. The SEM investigations clarify that the formed mineral phases are often “solid 
solutions”. This process can not exactly modelled with the thermodynamic equilibrium data 
of the used model minerals. 

For the modelling of the transport processes the weighting scheme of convective mass 
transport is important. To improve the understanding of column experiments a parameter 
estimation considering cation exchange coefficients, saturation index etc. should be a next 
step. However a secured process understanding is therefore very substantial.   
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In groundwater redox processes mediate the transport behavior of numerous elements, e.g. 
heavy metals and arsenic. These elements can be divided into two groups, which react 
differently. The first group reacts directly during electron transfer and changes the redox state, 
whereas the second group reacts with typical products of redox processes consuming organic 
substance, as e.g. the sulfide anion. To predict the geochemical behavior, concentrations in 
water, and transport velocities of these compounds, redox processes have to be coupled to 
transport. This coupling cannot be obtained in batch systems and transport experiments have 
to be conducted.  

Groundwater contamination of arsenic leads to severe health risks in drinking water supplies 
in India, Bangladesh and some other countries (e.g. Conference on Water Rock Interaction, 
Calgliari Sardengna 2001). The origin of the arsenic contamination is often geogenetic. 
Processes of arsenic mobilization and transport seem to be directly dependent on the redox 
processes as e.g. pyrite oxidation and degradation of organic substance. Since a couple of 
years, transport experiments in columns have been run in my team (and of course also by 
others) in order to improve knowledge of the transport behavior of the redox species As (III) 
and As (V)  under various geochemical conditions (Haury et al. 2000). In spring and summer 
2000,  large scale transport experiments at the Cape Cod Site near Boston (Mass., USA) were 
performed in close cooperation with scientist of the USGS. The project was funded by the 
DFG and supported by the USGS Toxic Substances Program. The experiments should show a 
redox-induced transport behavior under natural conditions. 

The Cape Cod Site is a famous hydrogeological test site of the USGS and consists of an array 
of more than 900 multisampling wells which are built in a former gravel pit in a stratified 
sand and gravel aquifer of glacial origin. Following a long-term contamination by sewage 
waters, a redox zonation occurs in the aquifer. Whereas the upper 3-4 meters are oxic (pristine 
zone), a suboxic zone and in 20 meter depth also an anoxic zone have developed during 
decades due to the degradation of organic substance. Preliminary studies in German 
groundwaters showed that an oxidation of As (III) has to be expected under oxic and suboxic 
conditions, whereas As(V) is only reduced in an anoxic environment (Tretner et al. 2001). 
Thus, in each redox zone a specific tracer experiment was run. We injected arsenic (III) into 
the oxic and the suboxic zone using a pulse injection of high loads of As (III) in 900 m3 water. 
Bromide was used as an ideal tracer to find out the physical transport properties. The results 
of redox-processes and transport behavior of the corresponding arsenic redox species are 
shown and discussed in the presentation. The different geochemical environments lead to 
different kinetics of the processes and result in huge differences of the arsenic mobility 
(Stadler et al. 2001). The reduction of As (V) under iron reducing conditions seems to be the 
most important scenario to mobilize arsenic (Hoehn et al. 2001). We studied this process 
coupled to transport injecting As (V) continuously over a period of 4 weeks into the anoxic 
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layer of the Cape Cod aquifer. The results of the As (V) tracer test indicate that the 
mobilization can be obtained by small amounts of sulfide (Hoehn et al. 2001). Further studies 
will focus on solid phase processes and the modelling of the tracer tests. 
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INTRODUCTION 

A generally accepted concept of the deep disposal of radio-active waste is the concept of a 
multibarrier system in which different barriers guarantee the long-term confinement of the 
waste and a long-term protection of man and environment. A sequence of possible barriers is, 
e.g., the waste matrix, backfill material, concrete liner, and the geological host formation 
(clays, salt, granite). Of course, the pore water solution of the different barriers will interact 
with each other and this may significantly change the effectiveness of a barrier. For example, 
the chemical composition of the pore water in the concrete, used either as backfill material or 
as a liner, typically has a high pH-value and high concentrations of Na, K, and Ca and is not 
in equilibrium with the geological layer. Thus, migration of chemical components from the 
concrete water to the geological layer may cause significant alterations of its physical and 
chemical properties. 

In the current Belgian research programme of deep disposal of high and intermediate level 
waste, the Boom Clay geological layer at Mol is the reference site. In this study, therefore, the 
interaction between so-called young concrete water (pH ∼  13) and Boom Clay is investigated. 
The objectives are to develop a conceptual geochemical model to simulate the interactions 
and to validate this geochemical model by means of the reactive transport code PHREEQC 
(Parkhurst and Appelo, 1999) using experimental data. In this paper, we present a first 
geochemical model and some preliminary model simulations. 

MATERIALS AND METHODS 

Experimental set-up 
A clay core containing undisturbed samples of the Boom Clay was placed in a flow through 
experiment with water representative for young concrete water, called here alkaline water or 
plume (see below). The core was 0.032 m long and had a diameter of 0.038 m. At each side, a 
filter of 0.002 m was placed. At one side, the alkaline water was added with a flux of 0.431 
m³ day-1. Outflow pH and concentrations of several elements such as Al, Ca, K, Mg, Na, and 
Si were measured at regular moments during more than 1000 days. 

 
Geochemical model 
The Boom Clay mineralogy was represented by 10 minerals: quartz, albite, microcline, 
calcite, and the clay minerals kaolinite, illite, chlorite, and three forms of montmorillonite. 
Formula, thermodynamic equilibrium constants and amount in 100 g Boom Clay are given in 
Table 1. The rate of dissolution and precipitation of these minerals are described with: 

 
( )K

QkArate −= 1      (1) 

where rate is the dissolution rate (mole sec-1), A is the reactive surface area (m²), Q is the ionic 
product, K the equilibrium constant, and k is the rate coefficient (mole sec-1 m-2). In this study, 
the rate coefficient, k, is defined as a function of pH: 
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pHbak +=)log(      (2) 
or 

ba OHactk )(10 −=      (3) 
 
where a and b are two mineral dependent parameters (see Table 1) and act(OH-) is the activity 
of OH-. Since the rate coefficient of calcite is much larger than those of the other minerals, 
equilibrium precipitation and dissolution of calcite is assumed. Reactive surface areas of the 
individual minerals are based on literature values and these values are then scaled to the 
measured surface area of the Boom clay, i.e., 44 m² g-1 (Table 1; log K values are from the 
database from PHREEQC). 

 
Table 1: Names, formula, equilibrium constant (K), weight percentages (W), reactive surface 
areas (A) and number of moles (n) in 100g Boom Clay, and a and b coefficients for the model 
of the Boom Clay mineralogy. 
 

Name Formula log K 

(%) 

A 
(m²) 

n a 
 

b 

Quartz 
Albite 
Microcline 
Calcite 
Kaolinite 
Illite 
Chlorite 
Montmor.-Ca 
Montmor.-Na 
Montmor.-Mg 

SiO2 
NaAlSi3O8 
KAlSi3O8 
CaCO3 
Al2Si2O5(OH)4 
K0.6Mg0.25Al1.8Al0.5Si3.5O10(OH)2 
Mg5Al2Si3O10(OH)8 
Ca0.165Mg0.33Al1.67Si4O10(OH)2 
Na0.33Mg0.33Al1.67Si4O10(OH)2 
Mg0.495Al1.67Si4O10(OH)2 

-3.99 
2.76 
-0.28 
1.85 
6.81 
43.3 

71.75 
2.49 
2.48 
2.39 

45 
2 
8 
2 
7 

5.5 
4.3 
6 

4.3 
5 

180 
0.12 
1.20 
0.40 
70 

909 
711 
992 
711 
826 

0.7450 
0.0076 
0.0287 
0.0199 
0.0271 
0.0143 
0.0077 
0.0164 
0.0117 
0.0138 

-15.44(1) 
-14.10(1) 
-15.10(2) 

- 
-15.68(1) 
-12.31(3) 
-12.31(4) 
-12.31(4) 
-12.31(4) 
-12.31(4) 

0.3 
0.3 
0.3 
- 

0.3 
0.34 
0.34 
0.34 
0.34 
0.34 

(1) Eq. 2, Walther, 1996; (2) Eq. 2, Blum and Stilling, 1995 stating the kinetics of microcline is one order of 
magnitude slower than that of albite; (3) Eq. 3, Huertas et al., 2001; (4)Eq. 3, set equal to parameters of illite. 
 
Since there is a large amount of clay minerals, especially smectites, in the Boom Clay, 
exchange of cations between the water and the Boom Clay was taken into account. The cation 
exchange capacity of Boom Clay is 30 meq / 100 g. Ion exchange reactions are written as half 
reactions in the Gaines-Thomas convention (see Parkhurst and Appelo, 1999). 

Typical secondary minerals formed in high pH solutions are so-called calcium silicium 
hydrate-phases (CSH). In this study, we used three CSH-phases with different Ca/Si ratios, 
represented by tobermorite14A (Ca/Si=0.833), hillebrandite (Ca/Si=1.333), and okenite 
(Ca/Si=0.5) (Table 2). Studies of Opalinus shale in high pH solutions showed that analcime (a 
Na zeolite) was formed with NaOH (Chermak, 1992), and phillipsite and K-feldspar 
(microcline) was formed with KOH (Chermak, 1993). These two secondary minerals were 
also included in the geochemical model (Table 2). In experimental studies of the interaction 
of Boom Clay with Ordinary Portland Cement, Read et al. (2001) observed the formation of a 
Mg-aluminate hydroxide and Mg-silicate hydroxide gel with a composition corresponding to 
hydrotalcite and sepiolite and are therefore included in the model (Table 2). Precipitation 
processes were treated kinetically with the rate coefficient equal to 10-9 mole sec-1 m-2, i.e. 
faster than the kinetic reaction of the primary minerals. The latter two minerals (hydrotalcite 
and sepiolite) and analcime are assumed to be in equilibrium. Most K-values for the 
secondary minerals are from the HATCHES-database (Hatches, 2000). 
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Table 2: Formula and equilibrium constants for the 
secondary minerals.  
 

Name Formula log K 
Tobermorite14A 
Hillebrandite 
Okenite 
Analcime 
Phillipsite 
Hydrotalcite 
Sepiolite 

Ca5Si6H21O27.5 
Ca2SiO3(OH)2(H20)0.17 
CaSi2O4(OH)2.H2O 
Na0.96Al0.96Si2.04O6.H20 
Na0.5K0.5AlSi3O8.H2O 
Mg4Al2(OH)14.3H20 
Mg2Si3O7.5OH.3H20 

63.84 
36.82 
10.38 
6.14 
-19.87 
75.34 
15.76 

 

MODELLING 

The PHREEQC-model (Parkhurst and Appelo, 1999) was used to model the transport of an 
alkaline plume through an intact Boom Clay sample. The composition of the initial water in 
the clay core and of the alkaline water were measured and are given in Table 3. The flow 
domain contained 18 cells of 0.002 m of which the first and the last one consist of inert 
material, and thus only homogeneous aqueous reactions are taken into account. In the 
remaining 16 cells, following additional reactions can occur: dissolution/precipitation of 
primary minerals, dissolution/precipitation of secondary minerals, and ion exchange. Water is 
moving with a velocity of 1.12 10-8 m sec-1. Solute transport is described by the convection 
dispersion equation. The molecular diffusion and dispersion is described with an effective 
dispersivity of 0.023 m. Simulations were performed for a total duration of 1000 days. 

Table 3:  Elemental composition of initial water and the 
alkaline plume (mg l-1). 
 

 Initial 
composition 

Boom Clay water 

Alkaline plume 

Al 
Ca 
K 
Mg 
Na 
Si 

0.00027 
1.3 
8 

0.7 
447 
8.8 

8.07 
8.28 
5500 
0.47 
1490 
97.6 

pH 
pCO2 

8.55 
-2.42 

13.04 
equilibrium with calcite 

 

PRELIMINARY MODELLING RESULTS 

Some first modelling results are plotted in Figure 1. We show the simulated pH, K-, Si-, and 
Na-concentration of the outflow together with the experimental observations. The 
geochemical model predicts a faster increase in pH compared to the observations. This is also 
observed for K and Si. The model predicts a complete depletion of Na which is not in 
accordance with the observation. This may be due to immediate precipitation of analcime. 
Obviously, kinetic precipitation of analcime has to be considered in further research. For the 
pH, a fast modelled increase is observed in the beginning of the flow through and a small 
underestimation is observed at the end of the model simulations. Both the end concentrations 
of K and Si are reasonable close. This is especially important for Si given the difference 
between the inflow concentration (∼ 100 mg l-1) and the outflow concentration (∼  400 mg l-1). 
The large difference between simulated and observed Na outflow concentration may be due to 
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the equilibrium precipitation of analcime, or to neglecting some important Na-controlling 
process.  

As part of a sensitivity analysis, we increased the a-parameters in Eqs. 2 and 3 with a value of 
1. Corresponding simulation results are also plotted in Figure 1. For this fast model, simulated 
outflow concentrations respond slower than the observations.  

As a conclusion of these preliminary model result, we believe that this geochemical model is 
a good starting point for further adaptations, given the very complex interactions between an 
alkaline plume and Boom Clay. In further research, we will include/remove several other 
possible secondary minerals based on literature study until we get a similar behaviour 
between measured and calculated outflow concentrations. In addition, some more precise 
processes, such as changing reactive surface area and porosity changes and its effect on 
kinetics and flow and transport properties, respectively, will be included in the geochemical 
model. 

 

 
Figure 1: Comparison between observed outflow pH and concentration (dots), simulation 
results with the geochemical model (full line), simulation results with the 'fast' geochemical 
model (dashed line) of the pH, K-, Si-, and Na-concentration. 
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CODE DEVELOPMENT FOR  MODELING OF COUPLED EFFECTS AT CORROSION 
OF CARBON STEEL CONTAINERS UNDER REPOSITORY CONDITIONS 

E. Korthaus 

Forschungszentrum Karlsruhe (FZK), Institut für Nukleare Entsorgungstechnik (INE),  
P.O.B. 3640, D-76021 Karlsruhe, Federal Republic of Germany; E-mail: korthaus@ine.fzk.de 
 
The general corrosion of steel containers and the development of the pore-fluid chemistry in 
the adjacent backfill material are a result of several coupled processes: 

 
• Electrochemical corrosion processes of the container surface 
• Reactive transport of dissolved chemical species in the pore-fluid 
• Changes of backfill porosity due to precipitation of corrosion products or other 

precipitation/dissolution effects 
• Growth of (more or less) protective layers on the container surface 
• Generation and build-up of hydrogen at the container surface 

 
The 1-dimensional code TRANSAL is being developed as a numerical modelling approach to 
these effects. The main objectives are the support of the interpretation of corrosion tests and a 
prediction of long-term corrosion rates and near-field chemistry under repository conditions. 
The current version of TRANSAL consists of several iteratively coupled programm parts for 
the calculation of 

 
• Saturated porous flow for porosities under the influence of precipitation/dissolution 

effects and of thermomechanic convergence/consolidation  
• Diffusive and advective mass transport (with linear sorption) 
• Thermodynamic equilibrium and precipitation/dissolution at high ionic strength and 

elevated temperatures (Pitzer’s formalism for the calculation of activity coefficients).  
• Parts of the THCC code (Carnahan, 1987) were used to develop this module. 
• Kinetic effects in complexation and precipitation/dissolution with the aid of variable 

equilibrium constants 
• Electrochemical corrosion rate and potential as a function of the composition and 

transport characteristics of the adjacent pore-fluid   
  
Calculations were performed in order to test and to improve the numerical procedures. Most 
of them were focused on the reactive transport in the pore-fluid and used a fixed corrosion 
rate (assuming a constant source of Fe++, OH-) as a boundary condition. A considerable 
numerical effort was introduced when the oxidation kinetics of Fe++ by dissolved oxygen 
were taken into account under aerobic initial conditions. Some exemplary results, the 
development of pH and Eh distributions, are shown in figures 1 – 2 . A column of 0.1mol 
NaCl of 0.5m length at 25°C was considered in this test case. The aquatic species Na+, Fe++, 
Fe3+, H+, Cl-, OH-, Fe(OH)2(aq), Fe(OH)3(aq), Fe(OH)2

+ and O2(aq) and the solids Fe(OH)2, 
FeOOH, Fe2O3 and Fe3O4  were taken into account in the model. 
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        Fig. 1  Development of pH near the ‘corrosion plane’ 
 

     Fig. 2  Development of redox potential (from Fe3+/ Fe++ ratio) 
 
 

When the calculation of the electrochemical corrosion rate (based on kinetic data from Marsh, 
1988) is introduced in this test case instead of using a fixed source term, it is found that the 
reduction of O2 is the dominating cathodic reaction for a very short time only, because the 
supply of O2 is limited by diffusion. In parallel, while the electrode potential is slightly 
decreasing, the water reduction reaction is rising to a small value remaining constant hereafter 
(Fig. 3). It is the dominating cathodic reaction because of the alkaline conditions prevailing 
near the corrosion plane in this test case. The situation would be quite different under acidic 
conditions as found in magnesium rich brines at elevated  temperatures. The reduction of  H+ 
then will be the dominating cathodic reaction, giving rise to a more pronounced coupling 
between corrosion rate and pore-fluid chemistry. 
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Apart from the obvious need of additional data for an adequate modelling of the pore-fluid 
chemistry, it is well known that a more realistic prediction of long-term corrosion rates will 
not be possible without taking into account of the effects of protective layers. The search for a 
method to handle this problem will be started in the near future.    

 
 

Fig. 3  Anodic and cathodic current densities of Fe corrosion in NaCl solution  
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MODELLING OF COLLOID TRANSPORT IN A GRIMSEL SHEAR-ZONE 

Georg Kosakowski 

Waste Management Laboratory, Paul Scherrer Institute , CH-5232 Villigen PSI, 
Switzerland; E-mail: georg.kosakowski@psi.ch 

 
Since more than 15 years tracer migration experiments are performed at Nagra's Grimsel Test 
Site. The recent Colloid and Radionuclide Retardation project (CRR) investigates the 
influence of bentonite colloids on radionuclide transport through a shear zone in the granitic 
host rock. Several tracer experiments were carried out in different hydraulic dipoles. After 
evaluation of the experiments one dipole (dipole 1) was chosen for the final experiments with 
colloids in February/March 2002.  

The preliminary tests in dipole 1 are evaluated with a method already successfully applied 
during the Migration Experiments by Hadermann and Heer (1996) in a different part of the 
shear zone. Their method replaces the shear zone by a set of parallel fractures embedded in a 
porous rock matrix of finite thickness. Processes included are advection and dispersion in the 
fracture, diffusion from the fracture into the matrix (matrix diffusion), and sorption in the 
matrix. A comparison of the material parameters applied by Hadermann and Herr (1996) and 
those from the present study shows no significant differences.  

The preliminary tests also showed a significant tailing in the breakthrough of colloids which 
cannot be explained by matrix diffusion or with the conventional model based on transport in 
a homogeneous domain. This observation could be interpreted as non-Fickian transport, 
which is characterized by non-Fickian scale-dependent spreading of contaminant plumes, 
unusually early breakthrough times or unusually long late time tails in measured breakthrough 
curves (e.g. Becker and Shapiro, 2000). 

The limitations in describing non-Fickian solute and particle migration with conventional 
models was the reason to fit the colloid breakthrough with the Continuous Time Random 
Walk (CTRW) approach. The CTRW-approach was developed and applied to transport in 
fracture networks and heterogeneous porous media (Berkowitz and Scher, 1998; Berkowitz et 
al., 2001; Kosakowski et al., 2001).  
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COMPARISON OF DOUBLE LAYER MODELS IN TRANSPORT PROBLEMS 

Johannes Lützenkirchen and Bernhard Kienzler 
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D-76021 Karlsruhe, Germany; E-mail: johannes@ine.fzk.de  
 
For the description of adsorption phenomena on oxide minerals a wide range of 
(semi)mechanistic surface complexation models are available. They have in common that 
they separate the free energy of adsorption into an intrinsic chemical and a coulombic 
contribution. By defining surface species in terms of surface chemical reactions and 
reactivities the intrinsic contribution is qualitatively defined. The coulombic term is 
determined by the structure of the electrical double layer, which forms at charged solid/water 
interfaces. The contributions to the overall free energy of the formation of surface species can 
be computed if one assumes a picture for the two aspects.  

Unfortunately, a wide range of pictures exist how surface species are defined and how the 
electrical double layer is envisioned. This may for example be due to different objectives of 
the modelling i.e. a simple or a comprehensive model may be used to either just describe data 
or to attempt a structural representation on the macroscopic level, respectively.  

There is at present no way to experimentally distinguish quantitatively between the 
contributions of the two terms and modellers are free to combine different complexities of the 
various components of surface complexation theory, which results in a wide range of model 
variations.  

Thus the various existing models differ in the way the different components of the surface 
complexation approach are treated. The fundamental model is usually decided on when the 
sorbent acid-base properties are described, although some features still can be added in the 
subsequent modelling of the contaminant adsorption data. On the simplest level of surface 
complexation theory, any model encompasses decisions on:  

- The proton ad(de)sorption mechanism: one may, for example, assume a 1-pK or a 2-pK 
protonation mechanism. The 1-pK approach involves only one proton ad(de)sorption step 
within the usual range of pH, so that surface groups will be present in no more than two 
states. The 2-pK approach generally involves two consecutive protonation steps (3 states) 
within a relatively narrow range of pH (the range is dependent on model 
parameterisation).  

- The treatment of surface heterogeneity: one may distinguish between discrete and 
continuous heterogeneity of surface sites. Discrete heterogeneity involves the allocation of 
a specific affinity to a specific site type. The simplest case would be a one site model with 
a defined stability constant for all species formed on this site. Continuous heterogeneity 
involves a distribution function for the reactivities. The most complex case would be a 
multi-site model with distribution functions of the reactivities of all species formed on all 
sites.  

- Electrical double layer: one has to account for the contribution of charge formation at the 
oxide/electrolyte interface. This is possible by defining a model for the structure of this 
interface. Different models of various degree of complexity exist which allow a more or 
less detailed picture (see figure 1). 

 
With the complexity of the model, the number of parameters required usually increases. From 
various modelling exercises it has become clear that parameters are frequently correlated with 
each other and that a unique model parameter set can rarely be obtained. Combination of 
methods (i.e. macroscopic adsorption data with structural “microscopic” data) may improve 
that issue to some extent in particular for well-defined sorbents.  
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Figure 1: Electrostatic standard models as they are used in standard speciation codes handling 
surface complexation models. 
 

In general however, many models will yield good descriptions of one data set. This is shown 
for goethite surface charge in figure 2. In this example two advanced approaches to handle 
multi-site features (discrete heterogeneity) with predicted proton affinities (Hiemstra et al., 
1996) based on goethite bulk structure; Rustad et al. (1996) based on molecular modelling) 
allow a very similar description of goethite surface charge, although the individual 
contributions to the charge are very different in the two models.  

Approaches to compare the respective model performances are desirable. In this contribution 
an attempt is made to compare the performance of various models in transport problems. This 
attempt encompasses model calibration on available batch adsorption data and subsequent 
application in predicting breakthrough curves with the individual models under identical 
hydrodynamic conditions.  

In a first step the surface complexation models tested are applied to a set of adsorption data. 
This encompasses the respective modelling of the acid-base properties of the sorbent and the 
use of the extracted model parameters in the fitting of the adsorption data.  
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Figure 2: Prediction of goethite surface charge based on two different approaches. ph is the 
negative logarithm of the free proton concentration.  
 

The descriptions of the adsorption data are usually in good agreement. However, the 
underlying proton data (i.e. surface charge vs. pH curves) may show differences concerning 
the goodness of fit. In the description of static batch adsorption experiments this is not crucial 
since the outcome of interest (i.e. the description of the adsorption curves) is similar. 
However, concerning dynamic column experiments two situations may be discussed:  

- situations where the system is buffered with respect to the pH: here it is expected that 
models which are equally successful in describing batch experimental data will result in 
comparable breakthrough curves. 

- situations where a pH front moves through the system: in such cases it is expected that the 
quality of the underlying acid-base model (i.e. the description of surface charge vs. pH 
curves) will strongly influence the breakthrough curve.  

Different surface complexation models have been used to obtain a good model for batch 
titration and adsorption data sets measured under various conditions.  

Using a reactive transport code these models have been applied to the above cases. Results 
and consequences are discussed.  
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INTRODUCTION 

The excellent sealing properties of bentonites have made them primary candidate materials 
for backfill purposes and technical barriers in the multibarrier design of radioactive waste 
repositories in many countries. It is the strong swelling property that provides the unique 
sealing qualities of bentonite. As the clay hydrates and swells, the path for water flow 
becomes complex, as the clay platelets intersperse. The very common and most commercially 
available bentonites are composed primarily of the clay mineral montmorillonite, and it 
determines crucially the swelling behaviour of bentonite. It is also responsible for its excellent 
ability to adsorb cationic radionuclides, preventing their dispersion out of the waste disposal 
site. One of the bentonites, considered for the use in geological disposal facilities, is MX-80 
Wyoming bentonite, consisting to 75 mass percents of MX-80 Wyoming montmorillonite. In 
this work we present results of a Monte Carlo (MC) simulation of the MX-80 Wyoming 
montmorillonite – water system. 

METHODS 

Model of the clay mineral 

To start MC simulation of the clay mineral-water system, information is necessary about the 
coordinates of atoms constituting the clay mineral. As these coordinates are not 
experimentally available, we have used the method of structural modelling for their 
determination (Smoliar-Zviagina, 1993). On the basis of the unit-cell parameters and of the 
mineralogical composition this method allows computing atomic coordinates to a precision of 
0.01 Å. The unit-cell parameters have been taken from (Tsipursky and Drits, 1984; Mueller-
Vonmoos and Kahr, 1983): a=5.16 Å, b=8.98 Å, c=9.6 Å, α=90°, β=99.5°, γ=90°. The unit-
cell formula has been derived from suggestions of (Tsipursky and Drits, 1984; Mueller-
Vonmoos and Kahr, 1983; Kasbohm et al., 1998) to be: 

( )( ) ( )3
0.6 7.9 0.1 3.1 0.4 0.5 20 4

Na Si Al Al Fe Mg O OH+  

We have taken 10 unit cells (5 in crystallographic direction a and 2 in direction b) as a 
representative portion of a clay mineral layer in our simulation. The resulting simulation box 
thus occupies a 25.8x17.96 Å2 patch of basal area and has a c-dimension starting from 9.6 Å 
for the dehydrated state and increasing, depending on the amount of interlayer water.  

Three dimensional periodic boundary conditions are applied to the simulation box, in order to 
model the whole clay mineral, which means that the computational box is surrounded in a 
space-filling way by replica boxes with identical contents. Although such a procedure results 
in an infinite stack of infinite clay platelets, it should still have the same swelling and 
intercalation properties as a real clay mineral. It was shown that the properties of such a 
relatively small simulation box are still representative of the macroscopic system and are not 
influenced by artificial long-range symmetry of the imposed periodic lattice (Skipper et al., 
1995). 
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Model of the interactions 

Potential energies of interactions in the resulting system of an infinite number of atoms are 
calculated with help of Eq. (1). 

( ) ( )( )0
1 1 1 1 1 1

4 ij ij ij ijB r D rColoumb MCY
ij ij ij i j ij ij ij

i j i j i j

U U U U q q r A e C eπε
∞ ∞ ∞ ∞ ∞ ∞

− −

= = = = = =

= = + = + −∑∑ ∑∑ ∑∑  (1) 

where the MCY potential model (Matsuoka et al., 1976) is used to represent short-range 
interactions. The Ewald technique (Ewald, 1921) is used to handle the Coulomb interaction 
part and the cut-off distance of 9 Å is used to manage calculation of short-range interactions. 

Monte Carlo Simulation 

A Fortran 90 program of MC simulations in isothermal-constant stress ensemble was written 
according to the methodology described in (Skipper et al., 1995). A Monte Carlo move in this 
ensemble consists of either: 1) a change of volume of the simulation box, thus allowing to 
model clay mineral swelling; or 2) a change of the center of mass coordinates of a randomly 
selected atom/molecule; or 3) a change of the orientation of a randomly selected molecule. 
MC moves are organised in cycles, during which a MC move of type 2 or 3 is applied to 
every interlayer atom/molecule once per cycle on the average. Moves involving a change in 
volume were attempted once per 5 cycles. 

Equilibration in the system was assumed, when the average potential energy and the average 
layer spacing in the system had reached constant values. This typically took 15,000 MC 
cycles, which, for example, corresponds to about 1,000,000 Monte Carlo moves for 64 water 
molecules and 6 Na+ cations in the interlayer space of the simulation box. The simulation was 
then allowed to proceed for another 5,000 cycles for data sampling. From these data, average 
potential energies, average layer spacings, interlayer atomic density profiles and radial 
distribution functions were calculated. 

A series of simulations with different numbers of interlayer water molecules was carried out. 
A stress of 105 Pa normal to the clay mineral layers was applied, and the temperature was 
fixed at 300 K in all simulations. 

RESULTS AND DISCUSSION 

Interlayer water structure 

To describe the structure of a system consisting of atoms or molecules, the radial distribution 
function g(r) is commonly used, which gives the probability of finding a pair of atoms a 
distance r apart, relative to the probability of finding such a pair with distance r for a chaotic 
distribution of atoms at the same density (Figure 1). The oxygen-oxygen (O-O), hydrogen-
oxygen (H-O), and hydrogen-hydrogen (H-H) radial distribution functions obtained in 
simulation show principal agreement with those for the bulk water obtained from neutron 
diffraction experiments (Soper et al., 1997). Detailed comparison reveals, that the position of 
the peaks for the O-O curve did not change, whereas those for the H-O and H-H curves were 
shifted by about 0.1 Å. The position of the peak of the H-O curve indicates longer hydrogen 
bonds (1.9 Å) as compared to the bulk liquid (1.8 Å). It is also interesting that interlayer water 
in contrast to bulk water shows another rather sharp peak at 5.2 Å, which can be contributed 
to the interlayer cation solvation effects. According to diffraction experiments (Skipper and 
Neilson, 1989) the first peak in the Na+-O curve occurs at 2.35 Å, a value perfectly coinciding 
with that obtained in our simulation (Figure 1). 

From the data as given in Fig. 1, coordination numbers can be calculated, which yield 
information on the hydration state of interlayer atoms. For example, the Na+-O coordination 
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number was found to be 2.6 in the montmorillonite, whereas for bulk water, it is 6 (Soper et 
al. 1997). Basal oxygen atoms can also participate in the hydration of interlayer species. The 
coordination number of Na+ with basal oxygen Ob atoms is equal to 0.8, giving a total 
coordination number nNa-O,Ob=3.4. 
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Fig. 1: Radial distribution functions for MX-80 Wyoming montmorillonite. Water content 
160 mg/g clay 
 

These findings indicate some differences in the structure of interlayer water and of bulk water, 
and show that Na+ cations are not fully hydrated at the given water content. The latter 
observation is supported also by interlayer density profiles of water atoms as given in 
Figure 2. This Figure shows the probability g(z) of finding an H or O atom at distance z from 
one of the clay layer surfaces. It follows that at the given water content, water is concentrated 
in one single layer in the middle of the interlayer space, whereas the full hydration of 
interlayer cations would require at least two distinct water layers. 

Swelling curve 

Figure 3 presents the swelling curve obtained in a series of our simulation experiments with 
different initial amounts of interlayer water as well as the swelling curves obtained in the 
experiment of Kraehenbuehl et al. (1987), carried out with different amounts of pre-adsorbed 
water on MX-80 Wyoming montmorillonite, and in the experiment of Calvet (1973), carried 
out with a Na-montmorillonite. The swelling behaviour of montmorillonites is characterised 
by a stepwise change in layer spacing at certain water contents. This behaviour has been 
successfully simulated in our experiment and the layer spacings obtained in our simulations 
have values that are very close to those obtained by Calvet (1973). However, there are 
differences in the values of layer spacing between simulated swelling curve and swelling 
curve in (Kraehenbuehl et al., 1987), which may be explained by the fact that the MX-80 
Wyoming montmorillonite used by obtained by Kraehenbuehl et al. contained 4% Mg2+, 10% 
Ca2+ and 86% Na+ as exchangeable interlayer cations (Mueller-Vonmoos and Kahr, 1983) 
compared to a 100% Na+ content in our simulations.  

The experimental layer spacings for a montmorillonite with only Mg2+ and Ca2+ cations in the 
interlayer space (Kraehenbuehl et al., 1987) were very similar to those obtained in the 
experiment with MX-80 Wyoming montmorillonite. Thus, the presence of these cations in the 
interlayer space of the montmorillonite affects significantly its swelling behaviour and we 
consider it to be a source of the differences between the experimental and simulated swelling 
curves. 
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Fig. 2: Interlayer density profiles for  
MX-80 Wyoming montmorillonite. 
Water content 160 mg/g clay 
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Fig. 3: Experimental and simulated swelling 

curves. 

CONCLUSIONS 

The interlayer water structure, hydration characteristics of interlayer cations and the swelling 
behaviour of MX-80 Wyoming montmorillonite can be reliably simulated with help of the 
Monte Carlo method. This provides the possibility to also simulate the adsorption of different 
cationic radionuclides by this clay mineral and thus to predict behaviour of the bentonite-
water-cationic radionuclides system. It is also expected that our Monte Carlo approach is 
capable to additionally simulate the behaviour of the bentonite-water-cationic radionuclides 
system under the condition of saturated salt solutions in view of the concept of waste 
repositories in geological salt formations. Further developments are possible, to make 
predictions about the long-term stability of the adsorption of radionuclides by bentonites in 
technical barriers. 
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INTRODUCTION 

Mining dumps and industrial tailings mostly emit toxic substances, thus representing an only 
hardly calculable hazard for human and environment. The practiced assessment based on total 
or short-time leachable concentrations (e.g. DEV S4 test in Germany) does barely permit a 
firm prognosis of the long-term behavior and is discussed controversially at present (Vehlow 
et al., 2001). Dynamical techniques (column or lysimeter tests) facilitate a better 
approximation to real conditions like solid/solution ratio, the transport of dissolved or 
colloidal components and diffusive gas exchange in the vadose zone. Such experiments are 
indispensable for parameter estimation and verification of reactive transport models at least at 
laboratory scale. 

The following investigations were carried out at the Freiberg University of Mining and 
Technology and funded by Federal Ministry of Education and Research (02WA9366/1). 

MATERIALS AND METHODS 

Material of a mine waste dump of Kupferschiefer mining in the south-eastern Harz foreland 
was investigated. The dump of the shaft "Zirkel-Schacht" is situated about 10 km north of the 
town of Eisleben and was built up from 1891 to 1927. It consists of a base of mainly 
carbonatic caprock (Zechsteinkarbonat Ca1) and thereupon deposited low-grade ore. The total 
volume of the dump is 3.5 million m³, the height is 60 m. 

A borehole of 18 m depth was sunken in the low-grade ore. Samples were taken in 2-meter-
intervals. One sample of caprock material was taken from the surface. Representative aliquots 
were air dried, sieved (mesh size 2 mm) and milled < 30 µm. The mineralogical (XRD) and 
chemical composition (total digestion, ICP-OES) were analyzed. 

Laboratory columns (polypropylene, inner diameter 40 mm, length 200 mm) were filled with 
material of grain size < 10 mm: column 1 to 4 with low-grade ore (allocation of depth cf. 
table 1) and column 5 with caprock. The material was wetted to the originally measured water 
content (θ ≈ 0.05) and conditioned for two months at 10.0 ± 0.8 °C. After that the columns 
were unsaturated flown through with MilliQ water at a temperature of 10.0 ± 0.8 °C, applying 
a Darcy-velocity of v = 1.8 (± 0.1) · 10-6 m s-1. A recirculation technique of  a total volume of 
150 ml was applied over a time period of 64 days. This part of experiment, percolation, is 
indicated with "P" furthermore. Equilibrium experiments were carried out with 50 g solid in 
25 ml MilliQ over 90 days in closed bottles (equilibrium experiment indicated with "E"). 

Samples of 2 ml were taken at the columns outflow beginning after 0.5 d with steady 
doubling of time distance up to 64 days (additional samples at 12 and 24 days) and 
immediately replaced with aliquot volumes of MilliQ in the reservoir. pH and dissolved 
oxygen were measured with combination electrodes, alkalinity by acid capacity titration 
(standard deviation s = 5 %), concentrations of chloride, sulfate (IC, s = 15 and 20 % 
respectively), Mg, Ca, Mn, Zn (ICP-MS, s = 5 %), and Cu, Cd, Pb (ICP-MS, s = 10 %). 

Geochemical modeling was done using the speciation code EQ3/6 (Wolery, 1992). The data 
base "HMW" from Harvie et al. (1984) extended by data for heavy metals (from different 
sources, documented in Mibus, 2001) was utilized. 
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RESULTS AND DISCUSSION 

Composition of solids: The mineralogical composition over the profile is shown in table 1. 
The rock matrix consists of about 50 % silicate phases, less than 50 % carbonates and 
gypsum, few percent of residual sulfides (mainly pyrite FeS2 and sphalerite ZnS), and a small 
amount of the crystalline secondary phase cerussite (PbCO3). An elution of the karstifyable 
material by infiltrating water occurs in the upper part of the profile (0 to 4 m) where the more 
resistant silicates are enriched. Moreover the dissolution of dolomite proceeds faster than that 
of calcite inducing a calcite/dolomite ratio increasing with depth. In karst hydrogeology this 
phenomenon is known as dedolomitization (Bischoff et al., 1994). In calcium rich pore waters 
(due to gypsum dissolution) dolomite dissolves incongruently precipitating calcite. 
Magnesium and sulfate become enriched in solution. 

 
Table 1. Mineralogical composition in a vertical profile of low-grade ore and a sample of 
caprock material from mining dump Zirkel-Schacht (in wt.-%), grain size < 2 mm 
 

depth [m] quartz muscovite albite calcite dolomite gypsum pyrite sphalerite galena cerussite column 
0 - 2 26,9 37,8 8,3 16,5 6,0 1,4 0,5 0,8 < 0,5 1,2 
2 - 4 21,3 34,3 4,5 20,8 12,5 3,4 < 0,5 1,5 < 0,5 1,0 

1 

4 - 6 18,7 29,1 4,4 21,5 14,4 7,7 < 0,5 2,1 < 0,5 1,1 
6 - 8 17,9 29,2 5,7 19,9 13,5 8,5 0,7 2,5 0,6 1,3 

2 

8 - 10 20,3 28,6 5,5 19,7 16,1 6,1 1,1 1,4 < 0,5 1,0 
10 - 12 18,5 29,2 5,7 22,9 12,3 7,0 1,0 1,9 < 0,5 1,2 

3 

12 - 14 18,6 29,0 4,9 21,4 14,7 7,4 1,2 1,4 < 0,5 0,8 
14 - 16 18,7 29,9 5,3 23,6 12,4 6,1 1,3 1,7 < 0,5 0,8 
16 - 18 17,6 31,5 6,3 21,1 12,2 6,2 1,8 1,8 < 0,5 1,0 

4 

caprock 19,5 35,1 5,7 27,8 8,7 2,6 < 0,5 < 0,5 < 0,5 < 0,5 5 

 
Beside the above mentioned cerussite there exist other secondary minerals that are not 
detectable in the whole rock sample: X-ray amorphous phases like ferrihydrite (Fe2O3 · nH2O) 
and Zn(OH)2(amorph) or small amounts of basic copper sulfate (brochantite Cu4SO4 (OH)6). 

Column experiments: The circulating waters are of neutral to weak alkaline and oxygenated 
character. Selected concentration-time-curves at the outflow are shown in figure 1. There are 
significant differences between the solution in contact with low-grade ore (column 1 to 3; also 
4, but not shown) and that with carbonatic caprock (column 5) in pH and concentration of 
HCO3

-, but also heavy metals (e.g. zinc) due to mineralogical and geochemical composition 

of solids. Figure 1. pH and Mg concentration as function of time in percolation (P) and equilibrium (E) experiment 
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The time development of pH is characterized by three stages: 

• decrease of pH until t = 2 days 
• steep increase until t = 16 days 
• slight decrease and equilibration 
The initial decrease traces back to displacement of equilibrated pore waters, the following 
increase by carbonate dissolution. The striking transient pH-maximum at t = 16 d suggests a 
temporary oversaturation by decomposition of a metastable phase. 

The concentration of HCO3
- developed similarly to pH. Calcium and sulfate concentration 

(not shown) are only little variably over total experimental time due to gypsum equilibrium, 
thus providing a nearly constant ionic strength in solution of about 7·10-2 molal. Magnesium 
concentration, in contrast, continuously increases with time not attaining a steady state within 
percolation time. The mole fraction of magnesium in solution is thus increasing from 0.09 
after 24 hours to 0.13 after full percolation time of 64 days and 0.26 in equilibrium 
experiment. In connection with the found mineralogical peculiarities the development of the 
Ca/Mg-ratio in solution and the transient maximum of pH (and HCO3

- concentration) are 
attributed to the dedolomitization reaction. 

The theoretical description and graphical representation of the solubility of binary solid phase 
systems in aqueous solution is possible based on the total solubility product ΣΠ according to 
Lippmann (1980). For the system CaCO3-MgCO3-H2O applies:  

 
where aCa2+ denotes activity of Ca2+ in solution etc. Figure 2 presents the solubility of the 
system mentioned above. The soluti of calcite, magnesite and dolomite are calculated as 
follows (Lippmann, 1980): ΣΠcalcite = Kcalcite/(1-Xl,Mg), ΣΠmagnesite = Kmagnesite/Xl,Mg, and 
ΣΠdolomite = (Kdolomite/((1-Xl,Mg)·Xl,Mg)))

1/2 where K is the solubility product of the respective 
mineral phase taken from Harvie et al. (1984) and Xl,Mg is the mole fraction of magnesium in 
solution. In this diagram the development of solution composition (ion activity product, IAP) 
in column 3 (P) and respective equilibrium experiment (E) is plotted (circle symbols) 
neglecting the initial phase of pore water displacement. 
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Figure 2. Development of solution composition (IAP) in the Lippmann 
diagram (column 3) 
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The IAP coming from the solution field converges the solutus of calcite to exceed it, i.e. 
solution is oversaturated with calcite. This induces calcite precipitation thus depleting the 
degree of oversaturation. The draw back below the solutus is not completely clarified, but 
unfortunately there was a refill of evaporation loss some days before. In equilibrium 
experiment (E) the IAP nearly meets the triple point where calcite, dolomite and solution are 
stable. The mole fraction of magnesium in solution continuously increases. The composition 
of the solid carbonates changes to the more stable calcite at least in the outer lattice planes 
that are available to heterogeneous reactions. 

Saturation of minerals and the gas phase: From the calculation of  saturation indices from 
solution composition (inverse modeling) it is to be seen, that the ion concentrations are 
controlled mostly by solid phase equilibria. 

First, the main components are discussed. Equilibrium to gypsum and calcite is attained in all 
low-grade ore columns after end of percolation test, whereas equilibrium to dolomite is 
reached only in equilibrium test (cf. fig. 2). In column 5 (caprock) the equilibrium to gypsum 
is attained only in equilibrium test. Even tough few percent of gypsum are contained in the 
caprock (cf. table 1), there is no equilibrium with this solid in the column. The existence of 
preferred flow paths in the porous media might be the reason for this phenomenon. Gypsum, 
enriched in finer grains, is contacted only limited by the fluid, moving in wide pore canals. 

Mineral equilibria to secondary heavy metal compounds are also calculated. In all solutions 
from low-grade ore (P and E) the solubilities of lead and zinc are limited by cerussite (PbCO3) 
and ε-Zn(OH)2 respectively, whereas smithsonite (ZnCO3) is clearly oversaturated. This 
agrees with the found mineralogical composition. In contrast, in the carbonatic caprock zinc 
solubility is controlled by smithsonite equilibrium. According to solution chemical and 
spectroscopic investigations from Temmam et al. (2000) Zn2+ may isomorphic substitute Ca2+ 
in the (1014)-plane of the calcite lattice. Due to higher calcite content and lower zinc 
concentration in the caprock, this immobilization mechanism seems to be proximate. 

The results of inverse modeling indicate a pCO2 of  10-3 (P) to 10-2.5 (E). There is only limited 
gas exchange with the atmosphere, in particular in the closed bottles. 

 

CONCLUSIONS 

The investigated processes of water rock interaction are mostly dominated by mineral 
equilibria, which exhibit different adjustment times. The calcite and dolomite equilibrium 
determines the development of alkalinity with typical temporary oversaturation. Such 
complicated reaction paths are usually not identified by "crude" batch experiments. 

The formation of preferred flow paths may even affect the solution composition in particular 
cases. In these experiments an estimation of transport parameters was not yet carried out, but 
is planned for the future to apply reactive transport codes for modeling these processes. 
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ABSTRACT 

To understand the effects of pH and composition of the solutions used to equilibrate untreated 
bentonite in feasibility studies, the sorption behavior of strontium (II) on a purified bentonite 
has been investigated and the results compared with those for sorption onto natural bentonite. 
Batch sorption experiments were performed at different NaClO4 concentrations, pH range  
2-10 and 10-5 Sr2+ mol/dm3.  

The resulting data are modeled by considering ion exchange and surface complexation 
processes. Ion exchange constants and surface complexation constants are determined in 
terms of 1-site structural-charge surface sites (X-layer sites) and 2-site variable-charge surface 
sites (edge OH groups) model using the PHREEQC code.  

Sorption of strontium (II) shows pH dependence with edges at pH > 7, an inverse relation of 
the sorption with ionic strength and significantly higher sorption for the purified bentonite at 
ionic strength ≤ 0.1 M. At high ionic strength strontium (II) sorption is not affected by the 
impurities. At low ionic strength, the effect of the cationic inventory of natural bentonite 
becomes important and the modeling predicts lower sorption for the natural bentonite as 
found experimentally.  

INTRODUCTION 

Bentonite clay has low permeability, swelling capability and excellent sorption potential for 
cationic radionuclides (Pusch et al., 1999). However, the sorptive capabilities are very much 
dependent on the prevailing conditions and a further understanding of the surface chemical 
properties of montmorillonite, the major component in bentonite, in near-neutral and alkali 
media is essential for establishing a chemical model for the bentonite/water interaction 
applicable for repository conditions (Pusch et al., 1999; Eriksen et al., 1999; Muurinen, 1994; 
Melamed and Pitkänen, 1994). 

Sorption of strontium on bentonite has been widely studied (Carroll et al., 2001; Chen et al., 
1998; Poinssot et al., 1999) because of the potential for migration away from waste disposal 
and nuclear test sites into the accessible environment.  Strontium retardation at low pH is 
assumed to take place entirely by cation exchange with the permanent-charge sites on the 
interlayer basal planes and less-abundant sites on the external surface, depending on solutions 
conditions. At high pH, strontium also sorbs at surface-hydroxyl sites at the clay edges where 
the crystal structure is interrupted. Assuming the major sorption processes to be ion exchange 
and surface complexation (Chen et al., 1998), the mean distance between the charged clay 
surface and a cation is expected to be strongly influenced by the charge (II) and ionic radius 
(1.18 Å) and thereby by hydration radius (rSr

2+ (aq) ~ 2.74 Å). Surface complexation is 
expected to be correlated to the stability of the first hydrolysis complex, Sr2+ + OH- = SrOH +, 
log K= 0.86. 

Migration studies on bentonite are normally carried out with natural bentonites having an 
inventory of exchangeable cations and also impurities, such as CaCO3 and CaSO4 (Melamed 
and Pitkänen, 1994). To understand the effects of pH and composition of the solutions used to 
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equilibrate untreated bentonite in feasibility studies, the sorption of Sr on natural and purified 
Wyoming bentonite was experimentally studied at different NaClO4 concentrations and pH. 

EXPERIMENTAL 

Purified Na-montmorillonite was prepared from commercial American Colloid Co. type MX-
80 (Wyoming Na-bentonite). The bentonite MX-80 has a clay content (< 2 µm) of 
approximately 85% and a montmorillonite content of 80-90 wt % of this fraction. The 
remaining silt fraction contains quartz, feldspar and some micas, sulfides and oxides (Pusch et 
al., 1999). The mineralogical and chemical characterization of the MX-80 Wyoming 
bentonite, is shown in Table 1.  

The major part of the accessory minerals was removed using the procedure given by Wieland 
et al. (1994). The solutions were prepared from analytical grade chemicals and Millipore 
deionized water. HClO4 and NaOH 0.1 M were used to adjust the pH. 85Sr was purchased 
from DuPont Scandinavia as strontium chloride in aqueous solution. 
 

Table 1 Data for MX-80 and purified MX-80 (Wieland et al., 1994) 
 

Parameter Natural MX-80 Purified MX-80 
Cation-exchange capacity, [X]T 0.75 meq g-1 0.85 meq g-1 

Amphoteric edge sites [SOH]T 28.4 µmol g-1 28.4 µmol g-1 

Edge surface area 3.0  m2 g-1 3.0  m2 g-1 
Exchangeable Na 80.8 % 100 % 
Exchangeable Ca 12.8 %  
Exchangeable Mg 5.5 %  
Exchangeable K 0.9 %  
Total carbonate  (as CaCO3) 1.5  wt %  
Total quartz ≈ 23 wt % ≈ 15 wt % 
CaSO4 impurity 0.58 wt %  
MgSO4 impurity 0.02 wt %  
NaCl impurity 0.01 wt % 0.01 wt % 
KCl impurity 0.01 wt %  
Specific density 2700 kg m-3 2700 kg m-3 

 

Sorption was measured in batch experiments with 0.1 g bentonite and 20 cm3 1 to10-2 M 
NaClO4 and 10-5 M 85Sr radionuclide spiked solution in the pH-range 2 - 10. The clay 
suspensions were centrifuged at 6000 rpm and solution samples analyzed by γ-counting using 
a germanium detector and multichannel analyzer. The distribution coefficients are calculated 
using the relation Kd = ((Ci –Ce) / Ce ) V/m where Ci, Ce denote initial and equilibrium 
concentrations in solution and V/m solution-to-mass ratio. 

MODELING 

A two-site surface complexation model including cation exchange was developed with 
PHREEQC code (Parkhurst, 1995) using the database Wateq4f.dat. The experimental results 
of the interaction between natural MX-80 Wyoming bentonite and purified bentonite with 
NaClO4 solutions at different ionic strength under aerobic conditions are interpreted with the 
following assumptions: 
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(1) Initial equilibration of the natural bentonite with spiked solutions changes the 
concentration of the solution. pH increases because of the dissolution of calcite in natural 
bentonite and the ion exchange reaction. 

 

2 Na-X + CaCO3 + H2O  ↔ CaX2 + 2 Na+ + HCO3
- + OH- 

CaCO3(s) + H+ ↔ Ca2+ + HCO3
-   where X is an ion-exchange site of montmorillonite. 

 
(2) Formation of the following aqueous complexes at neutral-alkali pH has been considered: 

MgOH+, NaCO3
-, CaCO3, MgCO3, HCO3

-, NaHCO3, CaHCO3
+, MgHCO3

+, MgOH+, 
CaOH+, SrOH+, Ca(OH)2, Mg(OH)2, Sr(OH)2, SrCO3, SrSO4. 

 

(3) Precipitation of the following solids has been considered: Mg(OH)2 (s), Ca(OH)2 (s), 
Sr(OH)2 (s). 

 

(4) Fitting of the data is based on the surface chemical equilibrium reactions in Table 2 as 
well as the parameters in Table 1. 

 

Table 2. Surface chemical reactions and equilibrium constants for montmorillonite (Wieland 
et al., 1994). (SOH accounts for strong surface sites and WOH for weak surface sites.  
X- represents ion exchange sites). 
 

Reaction log K 

SOH + H+ = SOH2
+ 5.4 

SOH = SO- + H+ - 6.7 

WOH + H+ = WOH2
+ 4.5 

WOH = WO-  + H+ - 7.9 

Na+ + X¯   = NaX 20.00 

K+ + X¯   = KX 20.26 

Mg2+ + 2 X¯   = MgX2 40.17 

Ca2+ + 2 X¯   = CaX2 40.21 

 

RESULTS AND DISCUSSION 

Sorption data for Sr2+ on natural and purified bentonite at different supporting electrolyte 
concentration and pH are plotted in Figure 1. Sorption varies with the Na+ concentration of 
the supporting electrolyte, is strongly dependent on the Ca2+ concentration in the solution and 
displays a sorption edge at pH > 7. 

The dominating sorption mechanism for Sr2+ is a combination of ion exchange and outer 
sphere complexation (Carroll et al., 2001; Chen et al., 1998). The increase in Sr2+ sorption at 
pH > 7 is caused by surface complexation. Based on the bentonite data given in Table 1 and 
Table 2 the Sr2+ data in the pH range 2 to 10 for 0.01 to 1 M supporting electrolyte can be 
fairy well fitted (Figure 2) by the reactions and equilibrium constants for strontium given in  
Table 3. 

Despite uncertainties in the amount of soluble impurities in the bentonite, the model describes 
successfully the experimental data. The Sr2+ sorption by cation exchange is influenced by the 
concentration of the supporting electrolyte and therefore in direct competition with Ca2+ and 
Mg2+. This can be seen when comparing Figure 2(a) and (b). 
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Figure 1. Sr2+ sorption data on natural and purified bentonite. pH effect at different ionic 
strength, full symbols are for data on natural bentonite and empty symbols for purified 
bentonite. 
 
Table 3. Reactions and equilibrium constants used in the modeling. 
 

 Reactions   log K 
H+ + X¯  = HX 21.0 
Sr2+ + 2 X¯   = SrX2 42.1 
SOH + Sr2+ = SOSr+ + H+ 6.0 
SOH + SrOH+ = SOSrOH + H+ -5.0 
WOH + Sr2+ = WOSr+ + H+ -5.5 
WOH + SrOH+ = WOSrOH + H+ -9.2 
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Figure 2. Experimental and calculated data for Sr sorption on MX-80. (a) Sr sorption on 
natural bentonite. (b) Sr sorption on purified bentonite.  
 
Sr2+ sorbs much more strongly on bentonite in the absence of impurities at I ≤ 0.1 M. At high 
pH the calcite (CaCO3 (s)) found in natural bentonite may not dissolve, and therefore Sr2+ is no 
longer in competition with Ca2+ but with Na+ and displays similar Kd values with natural and 
purified bentonite. Deprotonation of the surface sites (SiOH/AlOH/MgOH represented as 
SOH or WOH, for strong or weak sites) takes place when pH increases. As can be seen at low 
ionic strength or in purified bentonite, there is a first sorption edge at pH around 4, due to the 
weak surface sites.  
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At high Na+ concentrations (≥ 1 M), Na+ can even to some extent replace Ca2+ on the 
permanently charged surface sites (CaX2 + 2Na+

 (excess) = 2NaX + Ca2+), and again similar Kd 
values with natural and purified bentonite are found. 

CONCLUSIONS 

A chemical model for the clay/electrolyte interactions, which simulates simultaneously: ion 
exchange, hydrolysis of clay edges and surface complexation is presented for strontium 
sorption on bentonite. The model can explain the sorption on natural bentonite, accounting for 
the amount of inventory phases competing with strontium, and on purified bentonite, where 
all the impurities have been depleted.  
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Depending on the solution composition lead exhibits solubilities which differ by orders of 
magnitude. Assuming a non-variable element-specific solubility for lead may therefore lead to 
erroneous source terms in codes for the calculation of the probable outflow of lead from 
underground repositories. 

We set up to couple an already existing code from GRS for the modelling of nuclide mobility 
in the near field of underground repositories with a geochemical code, which calculates 
mineral-solution equilibria. Thermodynamic calculations are performed on the basis of 
minimizing the global Gibbs Free Energy of the system. Activity coefficients of dissolved 
species are calculated utilizing the Pitzer formalism. Each run starts off with the total 
elemental composition of aqueous and solid phases. It returns the new equilibrium 
composition in terms of concentrations of aqueous phase constituents and discrete mineral 
phases.  

The existing database accounts for solutions of the seawater system and lead. It will be 
extended for further elements of interest, such as I, Se, and Fe.  

To check the performance of the new program a model was set up for a simple underground 
repository, which consists of three segments: a single disposal chamber for lead-containing 
hazardous waste, a drift filled up with brown coal fly ash, and a third one filled with rock salt. 
At the beginning, the disposal containing chamber is flooded with salt solution and lead is 
mobilized. In each segment lead solubility is calculated and, depending on the actual solution 
composition, defined masses of lead-containing mineral phases are formed accordingly.  

The presentation gives an account about model results and the differences which turn up in 
comparison to calculations where non-variable element-specific solubility is assumed.  
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RADIONUCLIDE TRANSPORT AND SORPTION IN HETEROGENEOUS MEDIA 

FOR PERFORMANCE ASSESSMENT STUDIES 

Ulrich Noseck  and Eckhard Fein 
Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) mbH  

Theodor-Heuss-Straße 4, 38 122 Braunschweig, Germany; E-mail: nos@grs.de 

INTRODUCTION 

Licensing of a nuclear waste repository in geological formations requires the demonstration of 
the post-closure safety of the facility. This involves the extensive use of models to assess the 
potential evolution of the system with respect to the behaviour of the waste, release of 
radionuclides, and their migration through the geosphere and the uptake by man. Hence, 
detailed understanding of the groundwater flow and the associated transport of radionuclides 
is required. For that large three-dimensional areas and long time periods have to be 
considered. From these requirements the numerical code d3f (distributed density-driven flow) 
to model density-driven flow through porous media was developed (Fein et al., 1999).  
In a next step the development of a transport code was initiated with the intention to enable 
the model to predict besides advective, dispersive and diffusive transport all important 
retention effects for the pollutants (Fein et al., 2001). On that behalf the new computer code 
comprises linear as well as non-linear element-specific adsorption, i.e. Henry isotherms, and 
Langmuir or Freundlich isotherms, respectively. Equilibrium or kinetically controlled 
adsorption can be modelled. Precipitation processes are modelled by element-specific 
solubility limits. To take into account the effect of complexation the influence of agents like 
EDTA on Henry isotherms and solubility limits can be considered. Furthermore, pollutants 
may migrate into regions with immobile porewater where they are adsorbed onto the matrix 
material. Besides that the code comprises a module to model speciation coupled to transport 
processes. 

APPLICATION 

Up to now long-term safety analyses are performed using at best three-dimensional 
groundwater simulations but the transport and the retention of radionuclides through the 
geosphere is usually modelled one-dimensionally. The new transport code is developed to 
especially perform large three-dimensional areas. Currently the code is in the state of 
comprehensive testing. In this period the main emphasis is laid on two-dimensional test cases. 

The following generic test case describes a density-driven flow pattern. It consists of two very 
highly conductive aquifers above a salt dome. The lower aquifer communicates with the 
upper through a window in the separating stratum of low permeability.  

In the upper part of Fig. 1 the modelled region, its boundary conditions and the permeabilities 
are depicted. As is shown in the figure the inflow boundary is the upper right edge and the 
outflow boundary is the upper left edge. The top of the model is established as recharge area. 
All other boundaries are impermeable. Due to pressure distribution a flow from the inflow to 
the outflow boundary is induced. The bottom diagram of Fig. 1 shows the velocity field of the 
density-driven flow together with the salt concentration distribution 

 



TRePro – Workshop on Modelling of Coupled Transport Reaction Processes, Karlsruhe, 2002 

- 67 - 

 

  

 
Figure 1 Modelled region and boundary conditions (top) and density-driven flow field 

and salt concentration distribution (bottom) 
 
 
Transport calculations are performed based on a typical scenario for a radioactive waste 
repository in a salt formation (Brenner et al., 2000). In the considered repository concept 
25000 thm (tons of heavy metal) spent fuel are disposed of in Pollux casks in five separated 
emplacement sections. The radionuclide flux from the repository has been calculated for a 
brine intrusion scenario, where it is assumed that in the surroundings of each emplacement 
section brine inclusions with a volume of 225 m3 are located and brine additionally intrudes 
via an anhydrite vein. The radionuclide flux from the central field of the repository calculated 
for this case is used as radionuclide source for the transport in the far field. 

Heterogeneity in the modelled area is also assumed by different sorption properties of the 
stratigraphic layers. Results for the transport behaviour of the radionuclide spectrum for 
different test cases will be presented.  

CONCLUDING REMARKS 

This examples illustrates the ability of the new computer code to model transport and sorption 
in heterogeneous media. After finishing the code development and after passing the needed 
tests it will become feasible to perform more realistic calculations of dilution and non-linear 
sorption in large and heterogeneous media even for extremely long time scales as it is 
required for PA. It is also intended to show first results for transport coupled with speciation. 
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Repositories for low and intermediate level nuclear waste contain large amounts of 
cementitious material. Due to the steep geochemical gradients between the cementitious 
repository and the host rock, a variety of chemical reactions will occur: degradation of the 
cement by formation water, formation of secondary minerals and related changes of porosity 
and hydraulic conductivity, as well as temporal changes of mineral sorption properties for 
radionuclides in the near- and far-field of the repository. Many laboratory investigations focus 
on the cement-host-rock interaction in one-dimensional (column) experiments. Depending on 
the chemical composition of the water used for degrading the cement, experimental results 
range from clogging the one-dimensional system (mainly under CO2 conditions due to calcite 
precipitation) to increased transport through the cement samples (Reardon, 1992; Bateman, 
Coombs et al., 1998; Pfingsten and Shiotsuki, 1998; Jakob, Sarott et al., 1999). The majority 
of these experiments have been modelled successfully by sophisticated one-dimensional 
reactive transport models and the major geochemical and transport processes have been 
identified. As, for example, the degradation of cement paste by deionised water in a one-
dimensional set-up, where dissolution and accompanied increase of porosity and hydraulic 
conductivity of the sample was described successfully by coupling hydraulic, transport and 
chemical processes (Pfingsten and Shiotsuki, 1998). Latter shows that one-dimensional 
experiments and their modelling, as well as the calculation of complex reactions at the 
cement-host-rock interface, showed a coupling between geochemical reactions and transport 
parameters, e.g. the dependency of the effective diffusion coefficient or hydraulic 
conductivity on porosity produced by dissolution, which can be investigated in simple one-
dimensional systems, too.  

However, it might be inappropriate just using such one-dimensional model approaches to 
describe the long-term behaviour of a complex geochemical reactive, heterogeneous near-
field of a cementitious repository. These one-dimensional approaches may be applicable to 
describe column experiments of simple geometry − a first step, in addition to batch 
experiments, to gain dynamic system and process understanding. A lot of approaches deal 
with simple boundary conditions, stimulated by well defined laboratory experiments in order 
to achieve or investigate individual process understanding, or, if modelling is concerned, 
simply by limited computer resources. However, when transferring these results to real near-
field conditions, dimension, geometry, heterogeneity and boundary conditions on field-scale 
have to be considered carefully. The following one-dimensional modelling example shows, 
how the time scale and / or the general behaviour of a cement-host-rock water interaction may 
change due to an obviously small change of a system set-up. For the model domain, shown in 
Fig. 1, it is assumed that diffusion, induced by strong chemical gradients between the rock 
water and the cement water, is the dominant transport process; a negligible hydraulic gradient 
acts in x direction. Initially, a constant chemical composition is assumed along the cement 
area and the host rock area, which are assumed to be constant in time at the model boundaries 
left and right. Reactive transport is calculated using MCOTAC (Pfingsten, 1996), including 
advection, dispersion, diffusion, equilibrium chemical reactions for solutes and solids and an 
incongruent dissolution model for CSH phases (Berner, 1988). For two scenarios with 
different location of the cement-host-rock interface (Fig. 1), the temporal system development 
is calculated. In Fig. 2, results are shown for the distribution of the mineral fronts, porosity, 
pH and total dissolved Ca along the model domain. 
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Fig. 1: One-dimensional model set-up for the degradation of hardened cement paste, 
represented by a Calcium Silicate Hydrate (CSH) –gel, by rock water for two different 
locations of the interface between the cement paste and the rock water. (a) The 
boundary is placed to the left of the model domain, assuming there a constant rock 
water composition. (b) The boundary is placed in the middle of model area, assuming 
constant water composition at the left (rock water) and the right (cement water). 

For set-up (a) and (b), the initial compositions of cement, cement water and rock water are the 
same, but the model solids are allowed to precipitate or dissolve for set-up (a) only within the 
cement column, the model domain, whereas for set-up (b) the solids are also allowed to 
precipitate in the area with rock water. An initial porosity of 17.5% is assumed for the whole 
model domain (rock and cement area). In set-up (a), the steep chemical gradients are induced 
between the water compositions at the interface (here equivalent with the location of the 
boundary) permanently, leading to an “accelerated migration”, simply induced by the choice 
of this boundary condition. Calcite precipitates inside the column and has to replace 
dissolving CSH there with the effect that a high amount of calcite is necessary first to replace 
the CSH volume fraction and then further to reduce the porosity. The calculations for set-up 
(b) give noticeable differences. Calcite precipitation is now left to the interface in the rock 
water area (calcite is assumed to be present in the rock initially) and the CSH dissolution is 
less extended inside the CSH-zone. The 60 mol/lfluid level for CSH is about 0.2 m from the 
inlet for case (a) and only about 0.1 m for case (b). The reason is that now the chemical 
gradients across the interface are smoothed out slightly slowing down the transport driving 
forces. The Ca concentration profile is still low along the model area, not only at the left 
boundary. Although less CSH was calculated to dissolve during 2000 years of interaction, the 
porosity in the rock water area was calculated to be nearly zero, lower than for the diffusion 
scenario (a). That is because the locations of dissolution and precipitation are separated from 
each other for model set-up (b). Calcite precipitate does not have to replace dissolved CSH 
volume fraction first to finally decrease the initial porosity. The amount of Ca from dissolved 
CSH is used at a different place, in the rock water area, to precipitate calcite. This causes a 
local porosity reduction, spatially separated from the CSH dissolution area. 

The modelling of these two diffusion examples demonstrates that the choice of the 
(appropriate) boundary condition and model domain will have an influence on the results of 
the apparently similar model set-ups. The decision, which is appropriate and applicable to a 
cementitious repository near-field, depends on the assumptions made with respect to 
hydrology, host rock and repository properties, geometry and heterogeneity of the near-field. 
Set-up (a) may be used if there is a large reservoir at the left boundary in contact with the 
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cement, which might be simple to set-up in a laboratory experiment to guarantee a simple, 
defined boundary condition. However, for real repository conditions, water flow to the 
cement-host-rock interface is limited and a set-up (a)-type boundary condition is not very 
likely (but is often used in one-dimensional reactive transport calculations). 

It seems questionable that simple system set-ups, as described above, are sufficient to the 
needs of performance assessment, which should include quantitatively the timescale for 
degradation of repository components and the related release of radionuclides. Nevertheless, 
these one-dimensional approaches show results, which will help to set-up more sophisticated 
near-field scenarios in performance assessment studies. The extrapolation from such 
experiments to multi-dimensional real scenarios in nature is difficult. Results from column 
experiments and one-dimensional modelling indicated that, due to mineral reactions, 
hydraulic and transport properties, such as porosity, hydraulic conductivity, flow field and 
velocity, change with time. It is not possible to rigorously account for these processes in a real 
repository near-field with one-dimensional modelling, since e.g. the flow field is at least two-
dimensional and may change locally from increased flow to zero flow. Heterogeneity and 
geometry together with reactive transport (mineral precipitation and dissolution and related 
changes for porosity, hydraulic conductivity and sorption properties for radionuclides) have to 
be taken into account. 
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Fig. 2: Concentration distribution for Catotal, pH, porosity, model solids and C/S ratio 

(calcium to silica ratio in cement) along the column for diffusion dominated transport 
for two different locations of the interface between cement and host rock: set-up (a) 
right, (b) left, (see Fig. 1) after 2000 years of interaction. The detailed geochemical 
system set-up is described in (Pfingsten, 1996). 

 
Here, investigations were focused on the choice of the boundary conditions for a one-
dimensional system set-up for reactive transport processes at a cement-host-rock interface, 
analogue to a near-field of a cementitious repository. A constant concentration boundary 
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chosen at a host rock-cement interface leads to fast degradation of a cement in a diffusion 
dominated system. If the interface is chosen to be within the model domain, the degradation is 
slower, and the porosity is calculated to be lower outside the cement due to spatially separated 
dissolution and precipitation. The latter is of special interest when investigating clogging 
processes and their related time scales. In order to overcome the limitations of one-
dimensional modelling, performance assessment modelling should at least include two-
dimensional coupled hydraulic and reactive transport processes, as reported by (Pfingsten, 
2001)  for a simplified “small-scale repository near-field”.  
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INTRODUCTION 

To evaluate the performance of a geologic repository for high-level nuclear waste, at least 
four classes of basic processes need to be considered. These are (i) thermal (T), (ii) 
mechanical (M), (iii) hydrologic (H), and (iv) chemical (C) (Tsang, 1991, Manteufel, et al., 
1993; Soler, 1999).  There is a wide variety of related processes within each of the four 
classes.  For example, conductive, convective, and radiative heat transfer are all included in 
the thermal process category.  The exact rates of these processes and the interactions among 
them at the space and time scales of a repository are complex and depend upon the particular 
concept (e.g., nature of geologic medium, disposal in the saturated or unsaturated zone, 
backfilled or not, heat emitting or cooled waste) selected for disposal.  Challenging aspects of 
reactive transport include formulating appropriate conceptual models of the couplings, 
estimating kinetic parameters needed to incorporate them in performance assessment models, 
and numerically solving the resulting highly non-linear equations. 

In theory, all couplings should be fully included as that will assure that all effects are fully 
reflected in the results.  In practice, including all couplings is neither possible nor necessary.  
The practical question then is how does one determine which couplings are to be included, 
why, and how.  Note that exclusion of any coupling from performance assessment will be 
carefully scrutinized by the regulator and other stakeholders. Therefore, sufficient technical 
bases must be developed for any exclusions as well as for the way included processes are 
incorporated in performance assessment. 

The challenges of capturing coupled reaction processes in performance assessment are 
discussed in this paper. 

NATURE OF PERFORMANCE ASSESSMENT 

The overall objective of building a repository is to protect human health and the environment 
from adverse effects of radiation.  Performance assessments together with other corroborative 
evidence (e.g., natural analogs) are used to demonstrate the safety of the repository.  Because 
performance is to be estimated for a very long period (thousands to millions of years), use of 
mathematical models to simulate the behavior of the repository is the main method for 
performance assessment, although other supporting evidence also plays an important part in 
developing an overall safety case.  At the present stage of scientific understanding and the 
state of computational capabilities, it is impossible to precisely simulate the evolution of the 
repository.  Not only are the mechanisms of some of the basic processes in imperfectly 
characterized heterogeneous geologic environment only approximately known, the condition 
under which the repository will be required to function in the future (e.g., future scenarios) 
cannot be fully known a priori.  Therefore, current performance assessments provide neither a 
deterministic ‘prediction’ of the future states of the repository nor a calculation of the actual 
dose to real people.  At best, performance assessment provides an estimate of the risk (dose) 
under possible future conditions from the repository to hypothetical people along with the 
likelihood of exceeding that risk (dose). Presumably, if the likelihood of exceeding a safe 
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dose (or regulatory limit) is acceptably small and other evidence corroborates this conclusion, 
then society can decide to proceed with the construction of the repository. 

Despite the pessimism about the state of art of performance assessment expressed in the 
above paragraph, one should still conduct these analyses with as much rigor and realism as is 
possible.  In fact, the practice of performance assessment has progressed tremendously over 
the years and today it is certainly capable of analyzing a wide variety of phenomena.  
Analysis capabilities are expected to improve even more in the future.  To take advantage of 
such improvements, most repository programs envision a staged process including a period of 
performance confirmation.  A time period varying from tens to hundreds of years may elapse 
before the repository is permanently sealed.  During this period, data gathering and updates to 
performance assessments are expected to continue.  Many repository programs allow 
modifications to repository design or, if new information leads to the conclusion that the 
project is unsafe, to reverse the waste emplacement process.  The reversal of waste 
emplacement is obviously a costly decision, therefore, a certain minimum level of analytical 
sophistication and accuracy is deemed necessary for the initial decision to begin construction.  
Analyses of effects of coupled processes must be considered to meet the minimum 
requirement. 

The process of assessing repository safety through simulations is often depicted as 
hierarchical with at  least three levels.  At the bottom of this hierarchy is the most detailed 
mechanistic investigation of individual processes.  At the second level are subsystem 
investigations with some simplifications (generally in terms of lumping in space and or time) 
in representation of multiple processes.  At the top of the hierarchy is performance 
assessment, which incorporates all components of the repository system and all relevant 
processes and couplings between them but in a simplified manner.  The simplified 
performance assessment models, also called abstracted models, are obtained by one or more 
of (i) incorporating intermediate results of complex mechanistic process models in the form of 
pre-calculated tables or curves, (ii) ignoring certain processes or parts of processes by 
assuming some conservative value of selected parameter(s), (iii) lumping space variation into 
a small number of discrete homogeneous regions, (iv) lumping time variation into a small 
number of discrete constant process-rate, time intervals, (v) collapsing the dimensionality of 
the problem, (vi) including the effect of certain processes in the uncertainty range of 
parameters, (vii) approximating non-linear processes by linear equations, (viii) incorporating 
the effect of coupled processes heuristically, and (ix) simplifying based on the results of 
sensitivity analyses. Generally, simplifications necessary to conduct a performance 
assessment are justified through demonstrations that the adopted simplifications will most 
likely lead to a pessimistic result and hence the (unknowable) actual risk (or consequence) 
will most likely be less than the estimated risk (or consequence). An important consideration 
for the safety case is to document in a transparent and traceable manner the reasons for 
inclusion/exclusion of various processes and couplings.   

REACTIVE TRANSPORT  

Reactive transport processes manifest themselves in both the near- and the far-field of a 
repository.  The complexity is far greater in the near field where all of the four classes (T, M, 
H, and C) of processes may play a significant role compared to the far field where the thermal 
and mechanical effects may be ignored. The near field of a repository is exceedingly 
important because it determines the radionuclide source term, which in turn effects all far-
field dose estimates.  

The basic strategy for deciding which coupled processes to include is to base it on their effect 
on the final safety measure (e.g., dose or health effects), if possible, or on some intermediate 
safety measure (e.g., container life, contaminant residence time).  For example, it is not in 
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dispute that heat transfer in the near field can significantly affect drift stability, the rates of 
chemical reactions, and flow.  However, the rates of heat transfer are affected only slightly by 
chemical reactions.  If the repository is to be located in the unsaturated zone and the design 
does not include backfill, as is the case in the United States for the proposed repository at 
Yucca Mountain, then drift collapse may impede heat transfer.  But if the repository is in the 
saturated zone (as is the case in most nations) or backfill is used in the unsaturated zone, then 
the effect of drift collapse (mechanical process) on heat transfer may be neglected after 
demonstration that these effects are indeed small.  Heat transfer and water flow processes are 
bilaterally coupled (T⇔H) strongly (especially if above boiling temperatures are expected) in 
the unsaturated zone but have only significant unidirectional coupling (T→H) in the saturated 
zone, because flow rates are low.  Rates of chemical reactions are affected both by the rates of 
water flow and heat transfer, therefore in the unsaturated zone one should consider T⇔H→C 
but in the saturated zone, one may just consider T→H→C couplings.  Note that mineral 
dissolution and precipitation processes may alter the hydrologic regime (H←C) but such 
processes are generally slow (unless above boiling temperatures persist for long periods) and 
may be incorporated by suitable parameter changes. 

A few computer codes with varying capabilities are currently available for simulating coupled 
reaction transport processes [e.g., TOUGHREACT (Xu and Pruess, 1998) and MULTIFLO 
(Painter et al., 2001)].  MULTIFLO (Painter et al., 2001) is a flexible computer code that has 
been developed by the Center for Nuclear Waste Regulatory Analyses on behalf of the 
U.S. Nuclear Regulatory Commission.  This code may be used for reviewing a potential 
License Application from the US Department of Energy for the proposed repository at 
Yucca Mountain in Nevada.  Note that MULTIFLO incorporates process-level models and 
only its selected output in the form of tables will be used as input in the Total-system 
Performance Assessment code (TPA code) (Mohanty et al., 2002).  As stated before, it is 
important to justify the inclusion/exclusion of a coupling by at least approximately estimating 
the effect of the coupling through process-level models. 

In the far field, a class of retention processes (e.g., sorption, precipitation, colloid formation, 
and matrix diffusion) is possibly the most important for performance assessment.  This 
process class is strongly coupled unidirectionally with water flow rates (e.g., H→C) and the 
chemistry of the water and rocks.  The art of mechanistic modeling of sorption processes 
using basic thermodynamic data has advanced significantly in recent years, but it is still too 
complex and computationally intensive to include directly in performance assessment models.  
Again, the strategies for incorporating the effects of these coupled processes may include (i) 
use of constant conservative sorption coefficients or (ii) the explicit effects of chemistry 
variation (e.g., pH) on sorption coefficients (e.g., Turner and Pabalan, 1999). 

INCORPORATION OF UNCERTAINTIES 

Another layer of complexity is imposed on performance assessment models by the desirability 
of including  uncertainties in conceptual and parameter models.  Because the conceptual 
models are eventually translated into parametric mathematical models, it is not always 
possible to uniquely separate these two types of uncertainties.  While there are deterministic 
method of parameter uncertainty analysis (primarily sensitivity analyses with conservative 
values), the most accepted approach is to use probabilistic methods.  In the probabilistic 
approach, the uncertain parameters are ascribed probability distributions (joint distributions 
for correlated parameters) rather than a single best value and the probability distributions are 
propagated (generally through Monte Carlo methods) through the model to obtain the 
probability distribution of the safety measure(s).  Inclusion of uncertainties in coupled 
processes remains a challenge, especially at the process-level, due primarily to computational 
constraints.  Sometimes, it is argued that  data sufficient for assigning probability distributions 
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to parameters are not available and therefore deterministic analyses with conservative values 
are more appropriate.  In this regard, it should be noted that the exact form of the probability 
distributions are not so important as their ranges and the first two moments.  Normally, if 
there are sufficient data to justify conservative choices, then the same data will be sufficient 
for assigning probability distributions.   

AN EXAMPLE 

A number of examples related to incorporation of effects of coupled process will be included 
in the presentation.  Table 1 below demonstrates how some reactive processes can have a 
significant effect on estimated repository performance.  Column 2 in this table provides the 
measured concentrations in the pore waters in the unsaturated zone above the proposed 
repository at Yucca Mountain.  Column 3 shows concentration calculated by the Department 
of Energy using a model that considers T⇔H→C processes; primarily cycles of evaporation, 
condensation, and mineral dissolution and precipitation.  Of  interest in Column 3 are the 
chloride and flouride concentrations which are important to corrosion processes of titanium 
and C22 alloy, the materials used for engineered barrier components.  The flouride 
concentration is large enough that it must be factored into the corrosion model and if it affects 
the dose significantly, then it must also be included in the performance assessment model.  
Columns 4 and 5 show concentrations from laboratory experiments using waters of chemical 
composition given in column 2 and evaporated in the absence or presence of solid rock.  The 
presence of solid rock is to study the effect of possible drift collapse. 

 
Unsaturated Zone Environment Drift Environment 

 
 
 

Solution 
Components 

1Ambient 
Temperature Pore 

Water Composition 
(Reinterpreted 

Analytical Data) 
(mg/kg) 

1Thermally 
Evolved Water 
Composition  
Predicted by 

Coupled THC 
Model 

(mg/kg) 

2Evaporated 
Groundwater 
Composition 

(e.g., No Drift 
Collapse) 
(mg/kg) 

2Evaporated 
Water in 

Presence of Tuff 
(e.g., Drift 
Collapse) 
(mg/kg) 

pH 8.55 7.23 5.6 5.4 

Na+ 100.9 972.5 2,077 3,574 

K+ 3.6 1,548 973 1,622 

Mg++ 6.3 1154 1949 2889 

Ca++ 79.0 937.9 6,010 10,249 

SiO2(aq) 86.5 2072.8 340 355 

HCO3- 157.4 18.8 <37 <36 

SO4- 116.2 8,914 1,564 1,516 

Cl- 116.6 1318.7 19,248 30,359 

NO3- n/a n/a 2,647 4,344 

F- 5.9 63 <301 <284 
1CRWMS M&O.  “Total System Performance Assessment for the Site Recommendation.”  TDF-WIS-PA-00001, 
Revision 00.  Las Vegas, Nevada:  CRWMS M&O. 2000. 
2Rosenberg et. al.  “Evaporation of Topopah Spring Tuff Pore Water.”  UCRL-ID-135765.  Livermore, 
California:  Lawrence Livermore National Laboratory.  2000. 
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CONCLUSIONS 

A suitable and pragmatic strategy for inclusion of effects of coupled processes in estimating 
the performance of a repository should be developed that is consistent with the disposal 
concept.  Most countries have adopted a staged repository program.  An important element of 
staged programs is the recognition that scientific knowledge will continue to progress during 
the period between repository construction and the decision to permanently close it.  
Therefore, the more complex effects such as from coupled processes may be incorporated 
initially only in a simplified manner and enhanced later to provide increased confidence that 
the safety standards are not violated.  The aim of the strategy, therefore, should be to assure 
that the simplifications adopted have a reasonably low likelihood of leading to non-
conservative results.    

DISCLAIMER 

This report was prepared to document work performed by the Center for Nuclear Waste 
Regulatory Analyses (CNWRA) for the U.S. Nuclear Regulatory Commission (NRC) under 
Contract No. NRC–02–97–009. The activities reported here were performed on behalf of the 
NRC Office of Nuclear Material Safety and Safeguards, Division of Waste Management. The 
report is an independent product of the CNWRA and does not necessarily reflect the view or 
regulatory position of the NRC. 
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ELEMENTS IN COMPACTED BENTONITE – SELENIUM (SE) – 

Haruo Sato and Shinya Miyamoto 
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INTRODUCTION 

At JNC, research has been performed to investigate the geochemistry and radionuclide 
migration in buffer materials and the geosphere. Experiments and modelling studies have 
been carried out related to the geological disposal of high-level radioactive waste (HLW) as a 
link in the chain of a follow-up of the second progress report (H-12 report) (JNC, 2000), 
which has explained the technical feasibility of the geological disposal of HLW in Japan. 
Although much data have been reported with respect to diffusion and sorption of 
radionuclides in bentonite so far, almost all data have been obtained under air condition. Data 
for redox sensitive elements obtained under reducing conditions, reflecting conditions for a 
deep geological environment, are limited. Selenium, important for dose evaluation in safety 
assessment (79Se: half-life T1/2 > 6.5E4y), is one of the redox sensitive elements. It is known 
from conventional studies that Se forms anions in solution and is slightly sorbing on bentonite 
(e.g. Shibutani and Yui, 1996). Selenium is found in oxidation states between –II and VI. In 
the pH range of natural waters, SeO4

2– is predominant under strongly oxidizing conditions 
(Ticknor et al., 1988), while HSe– dominates under reducing conditions (Ticknor et al., 1988, 
Brookins, 1988). Thus, the chemical speciation of Se depends on the redox condition and pH 
of the solution, which may result in a limited retardation of Se in bentonite. 

The authors have proposed an experimental method to investigate non-steady state diffusion 
of Se in compacted bentonite under reducing conditions in a previous study (Sato, 1998), 
where a density dependency of the apparent diffusivities (Da) for Se is reported. However, 
quantitative data and information on the effect of redox potential on retardation properties in 
compacted bentonite as well as thermodynamic data for Se diffusion are lacking. Thereon, in 
this study, Da values for Se, among other redox sensitive elements, for diffusion in 
compacted bentonite are obtained under reducing conditions as a function of silica sand 
content and temperature. The effect of the redox potential on diffusion of Se is discussed. 

EXPERIMENTAL 

The experiments were carried out by an in-diffusion method (e.g. Sato, 1998). Table I shows 
the experimental conditions. A Na-bentonite, Kunigel-V1® (Kunimine Industries Co. Ltd.), 
of which a lot of data regarding fundamental properties have been reported, was used in a 
series of diffusion experiments. The major constituent clay minerals of the bentonite are Na-
smectite and chalcedony, which makes up 46-49 and 37-38wt%, respectively (Ito et al., 
1994). The details of the minerals are described in the literature of (Ito et al., 1994). The 
diffusion experiments were performed at a dry density of 1.6 Mg/m3. Since Se is redox 
sensitive, all diffusion experiments were carried out in a controlled N2 atmosphere glove box 
to reproduce a relevant disposal condition. The experiments were furthermore carried out at 
room temperature (22.5Û&�� DQG� ��Û&� LQ� RUGHU� WR� GLVFXVV� GLIIXVLRQ� EHKDYLRXU�
thermodynamically. 

The diffusion experiments were carried out using acrylic diffusion columns, which have a 
cylindrical space of 20mm in diameter and 20mm in thickness. The bentonite powder dried at 
110Û&�PRUH�WKDQ�RYHUQLJKW�ZDV�ILOOHG�LQWR�WKH�F\OLQGULFDO�VSDFH�WRJHWKHU�ZLWK�VLOLFD�VDQG��7KH�
diffusion columns with bentonite were evacuated for air by exchanging with N2 gas in a 
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vacuum chamber and were then transferred to a controlled N2 atmosphere glove box. The 
diffusion columns were immersed in degassed distilled water with Na2S2O4 (sodium 
dithionate) for about 5 months to be saturated. Throughout the saturation of the bentonite, the 
bentonite was constantly contacted with the degassed distilled water with Na2S2O4 in order to 
keep the Eh low via alumina ceramic filters with a pore size of 2µm used to prevent the 
bentonite from swelling. 

After the saturation of the bentonite, a small volume of Na2
75SeO3 (50µl, about 22 kBq) was 

pipetted on the surface of one end of each cylindrical bentonite sample and a blind lid was 
then sealed shut. The other end of the bentonite remained in contact with degassed distilled 
water with Na2S2O4 via ceramic filter. The Eh and pH of the solution contacting the bentonite 
were monitored throughout the saturation and diffusion experiments. Although the reductant 
was added to obtain initially a concentration of [Na2S2O4] = 5.2E-3 M, it was then added to 
adjust the Eh of the solution if necessary. In this case, the final concentrations of Na2S2O4 
were 8.2E-3 M at 22.5Û&� DQG� ���(-2 M at 60Û&�� UHVSHFWLYHO\�� $IWHU� WKH� GLIIXVLRQ� SHULRGV��
each cylindrical bentonite sample was cut with a knife into about 1mm thick slices. Each slice 
was immediately weighed in order to calculate distance from the surface of bentonite 
specimen and was analyzed for radioactivity with a Geiger Müller (GM) counter (Aloka Co. 
Ltd.). Since the half-life of 75Se is short (119.8d), the concentration profiles were determined 
by correcting for radioactive decay. 

The background of βγ-radioactivity from bentonite was also measured as a function of dry 
density (0.8, 1.6, 1.8 Mg/m3) and slice thickness (0.5, 1.0, 5.0mm). 

 
Table 1 Experimental conditions for diffusion experiments 

 
Item Condition 

Method In-diffusion method 

Bentonite Kunigel-V1® (content of Na-smectite: 46-49wt%) 

Dry density of bentonite 1.6 Mg/m3 (sample size: φ20mmx20mm) 

Silica sand content 0, 30, 50wt% (mixed with silica sand with particle sizes of 

  1–5mm and 0.1–1mm at a mixture ratio of 1:1) 

Tracer solution 75Se (Na2SeO3 solution: 2.63 MBq/5ml (1.3E-8 M)) 

(carrier concentration) 50ppm-Se (6.3E-4 M) 

Introduced tracer quantity 50ml/sample (21.96 kBq/sample) 

Temperature 22.5±2.5Û&��������Û& 

Atmosphere  N2 atmosphere (O2 concentration < 1ppm) 

Saturated solution Degassed distilled water + Na2S2O4 (initial [Na2S2O4] = 5.2E-3 M) 

pH of contacted solution 7–7.5 (pH of solution contacted with bentonite) 

Diffusing period 1–14 days 

Repeatability n = 2 
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RESULTS AND DISCUSSION 

Effect of redox potential on Da values of Se in compacted bentonite 

The obtained counts per minute (cpm) were approximately at the same level as for natural 
radioactivity during the measurements and it became clear that the obtained cpm values were 
not originated from bentonite. Therefore, an average value was used in the calculations for the 
Se concentration profiles. 

Although the Eh of the solution contacted with bentonite rose a little as time evolved for the 
diffusion experiments at 60Û&�� LW� ZDV� VWDEOH� DW� DURXQG� –400mV at 22.5Û&� WKURXJKRXW� WKH�
saturation and diffusion experiments. The dominant species of Se in the porewater of 
bentonite under these conditions is predicted from Eh-pH diagrams to be HSe– (Ticknor et al., 
1988, Brookins, 1988). 

The Da values for Se were determined based on the Fickian law (Crank, 1975) considering 
radioactive decay. Since the tracer solution includes 50ppm of Se (6.3E-4 M) as a carrier, it is 
considered that Se precipitated at the surface of bentonite and that the boundary concentration 
was controlled by the solubility of Se. The Da values for Se were determined by a least 
squares fits to the concentration profiles. In the actual calculations of Da values, IDBENTO1, 
a numerical analysis code for a least squares fitting based on a difference method, was used. 
The details of this code are described in (Sato and Miyamoto, 2001). 

 
Figure 1 Dependencies of Da values for Se on silica sand content and temperature 
 
Figure 1 shows dependencies of Da values for Se on silica sand content and temperature. The 
effects of silica sand content and temperature on Da are overall summarized as follows: 
(1)The Da values show a tendency to increase with increasing silica sand content. 
(2)The Da values show a tendency to increase with increasing temperature. 
(3)The increasing rate of Da with temperature is approximately constant, independent on 

silica sand content. 
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Figure 2 shows Da values for various elements previously reported together with new data for 
Se with respect to Kunigel-V1® as a function of dry density. The Da values obtained for Se  
under reducing conditions are about one order of magnitude smaller than those for SeO3

2– 
obtained under anaerobic conditions (Sato and Shibutani, 1994). Therefore, Se is strongly 
retarded under reducing conditions. The reason might be explained by the fact that different 
sorption processes for different species in the porewater are related to different redox 
potentials. 
 

 
Figure 2 Dependencies of Da values for various elements reported to date together with 
new data for Se on the dry density. Selenium marked (ox) was measured under anaerobic 
conditions, but not under reducing conditions. 
 
Correlations between Da values and smectite partial density 

Figure 3 shows correlations between Da values for Se and smectite partial density, which was 
defined only by density of the smectite aggregates in bentonite (Sato and Miyamoto, 2001). 
The Da values were well correlative with smectite partial density for both temperatures. This 
indicates that Se diffusion is predominantly controlled by the properties in part of smectite. 

 
Activation energy (∆Ea) for Da 
Activation energies for Da values of Se were calculated from the temperature dependency of 
the Da values. The calculated ∆Ea values were in a range of 17 to 32 kJ/mol and no 
systematic tendency with respect to smectite partial density was found. The ∆Ea values of 
ionic diffusivities in free water (Do) for popular ions are generally 15 to 25 kJ/mol and ∆Ea 
values obtained in this study are similar to those, although ∆Ea values obtained in this study 
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are slightly higher. A reason might be that the properties of the porewater of compacted 
bentonite are different from that of free water. 

 

 
Figure 3 Correlations between Da values for Se and smectite partial density 
 

CONCLUSIONS 

The Da values for Se in compacted Na-bentonite were obtained at a dry density of 1.6 Mg/m3 
as a function of silica sand content and temperature under reducing conditions. The 
conclusion is summarized as follows. 

(1)The Da values for Se obtained under reducing conditions are about one order of magnitude 

smaller than those for SeO3
2– obtained under anaerobic conditions and it was found that Se 

was strongly retarded under reducing conditions 

(2)The Da values increased with increasing silica sand content and temperature. 

(3)The Da values were well correlated to the smectite partial density, which indicates that Se 

diffusion is predominantly controlled by the properties of smectite. 

(4)The ∆Ea values for Da values of Se, in a range of 17 to 32 kJ/mol, were similar to those 

for Do values of popular ions. 
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Institut für Nukleare Entsorgung (INE), Forschungszentrum Karlsruhe, P.O. Box 3460,  
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INTRODUCTION 

In natural aquifers, aquatic colloids are ubiquitous and take part in geochemical solid-water-
interface reactions (Kim, 1986; McCarthy & Zachara, 1989). Colloidal transport of inorganic 
nanophases is strongly correlated to the presence of humic substances, either for colloidal 
stabilization via surface charge reversal (Kretzschmar & Sticher, 1997) or by initiating 
dissolution of sediment grain coatings (iron oxyhydroxides) and mobilization of clay colloids 
(Swartz & Gschwend, 1998). The metastable, low crystalline iron oxyhydroxide 2-line 
ferrihydrite (2LFh) is frequently found as the dominant inorganic Fe-colloid species in aquatic 
systems including the Gorleben system, but appears also as sediment grain surface coatings 
determining therefore the sorption properties of the sediment. Sorption experiments reveal 
that actinides such as Np(V) are reversibly bound onto 2LFh (Girvin et al., 1991), whereas 
239Pu (V/VI) shows a very slow desorption rate from iron oxide surfaces (Lu et al., 1998). 
Coprecipitation studies from Grigoriev et al. (2001) have demonstrated, that Pu(IV) and 
Np(IV) produce mixed hydroxides with Fe(III). Due to the metastable nature of 2LFh, a 
possible structural entrapment of actinides in colloidal stable secondary phases 
(goethite/hematite) might lead to an irreversible actinide binding. Np(V) binding changes with 
2LFh alteration have been observed by Sakamoto et al. (1994) and Nagano et al. (1999) 
showed by Rietveld refinement analysis a substitution of structural Fe by the Am homologue 
Nd in the hematite structure.  

The aim of this study is to discuss the influence of 2LFh and its thermal transformation 
product (i. e. hematite) on the mobility of Am(III) by colloid stability, batch and column 
migration experiments. 

MATERIALS AND METHODS  

For the preparation of 59Fe spiked 2-line-ferrihydrite (2LFh), the synthesis described in 
Schwertmann & Cornell (1991) was modified using an irradiated 99.99+ % pure iron foil 
(GoodFellow, Germany). 2LFh/Am coprecipitates (later referred to as 2LFh/Am) were 
synthesised by adding 2ml of the 59Fe stock solution (pH < 1) to a 3 ml aliquot of 241Am(III) 
stock solution and adjusting the suspension to pH 6 with 1 M KOH. Washing up to five times 
with Milli-Q water was performed to purify the synthesized 2LFh/Am precipitates. 
Tempering 2LFh/Am over a period of 7d at 70°C in an oven generated the transformation 
products (later referred as Hae/Am). The pH value was set to 6 and adjusted once a day. X-ray 
diffraction analysis of the transformations products indicate hematite as major mineral 
component. Photon Correlation Spectroscopy (PCS) analysis showed an intensity weighted 
mean colloid size of 259 ± 127 nm for the 2LFh/Am sample and a slightly lower colloid size 
of 180 ± 80 nm for Hae/Am. To determine the fraction of exchangeable, poorly crystalline 
(bioavailable) and total 241Am in the colloidal phases an operational three-step extraction 
scheme selective for iron oxides was used (Loeppert & Inskeep, 1996). The influence of 
humic substance concentration on the coagulation kinetics of 2LFh was investigated with PCS 
by adding 2LFh colloids to the untreated Gorleben groundwater with a dissolved organic 
carbon (DOC) range from 0.9 to 81.6 mgC/dm3. The 2LFh colloid concentration was adjusted 
to 1.8 mg/L or 5.6 mg/L. 
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Column experiments were performed under inert gas atmosphere (Ar + 1 % CO2) in a glove 
box. For the flow-through column experiments the Pleistocene quartz sand (Artinger et al., 
1998) was equilibrated in separate columns with Gorleben groundwater and circulated for a 
period of 3 months. Continuous injection of approximately one pore volume of Am/2LFh 
spiked groundwater was initiated. The contact time of Am with colloids (2LFh/humics) is 
varied in a single column experiment by continuous injection of approximately one pore 
volume Am spiked groundwater into the column. In the case of the quantitative tritiated water 
(HTO) elution, dispersion effects in the column could be neglected and the Am recovery was 
directly detectable from the breakthrough curve. Isotopes under investigation (241Am, 243Am, 
59Fe and HTO) were detected by γ-spectrometry and/or liquid scintillation counting. 

RESULTS AND DISCUSSION  

The PCS measurements on the coagulation kinetics of 2LFh in the different Gorleben 
groundwater revealed a strong dependence of aggregation on the DOC concentration (Fig. 1). 
Fast coagulation of 2LFh colloids could be observed for the groundwater of low (0.9-5.0 
mgC/L) DOC concentration (GoHy-182, -412), whereas the colloids were stabilized in 
groundwater of higher DOC content (GoHy-532,-2227) with 22.6-81.6 mgC/L. Zetapotential 

(ζ) measurements of the purified 
2LFh revealed, that the isoelectrical 
point is at pHIEP 8.7 and a positive ζ-
potential of +22 mV was found at pH 
6.5 (GoHy-182) and +16 mV at pH 
7.5 (GoHy-532), respectively. The 
2LFh-humic associations showed a 
decrease of the positively charged 
2LFh surface to more negative values 
with increasing DOC content from -5 
mV in GoHy-182 to -30 mV in 
GoHy-2227. Similar results were 
obtained from fatty acid and 
Suwannee humic/fulvic acid sorption 
experiments on hematite colloids 
(Liang & Morgan, 1990). The results 
revealed that the negatively charged 
humics sorbed onto the 2LFh surface 
force, via charge neutralization, a 
2LFh colloid destabilization in 
Gorleben groundwater of low DOC 
concentration, whereas higher DOC 
concentrations were sufficient to 

exceed the critical coagulation concentration (CCC) and stabilize 2LFh colloids in the mg/L 
range.  
The results of the migration experiments including the Am and 2LFh recoveries are shown in 
Fig. 2. 59Fe was used as an indicator for iron colloids in the migration experiments. HTO 
breakthrough is quantitative and in the range of quantitative HTO elution the [Am]/[Am]0 
ratio corresponds directly to the recovery of colloid-borne Am. The migration velocity for the 
iron colloids is 13 % higher (retardation factor Rf = 0.87) than that of HTO in GoHy-532 due 
to their larger colloid size (Fig. 2) and therefore, a pronounced pore size exclusion effect. The 
breakthrough of 2LFh/Am colloids in groundwater GoHy-182 (0.9 mgC/L) could not be 
determined due to the low concentration of 241Am and 59Fe in the column outlet fractions, but 

Figure 1: Time dependent 2LFh colloid hydro-
dynamic diameter (dH) change by dynamic light 
scattering (PCS) analysis in Gorleben groundwater 
(� GoHy-182: 0.9 mg/L DOC; l,� GoHy-412: 5.0 
mg/L DOC; �*R+\-532: 22.6 mg/L DOC; u 
GoHy-2227: 81.6 mg/L). 2LFh colloid concentration 
adjusted to 5.6 mg/L (filled symbols) or 1.85 mg/L 
(open symbols). 
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the total 241Am recovery of 0.5% showed no enhancement of Am mobility by 2LFh addition. 
The unretarded Am mobility in GoHy-532 groundwater changed from 7.9 % total recovery 
for humic colloid-borne migration to 10.2 % Am recovery after addition of 2LFh with a 2LFh 
recovery of 31.3 %. In all conducted experiments using GoHy-532 groundwater 59Fe was 
detectable in the column outlet fraction showing that initially positively charged 2LFh 
colloids are partly mobile in near neutral pH of Gorleben groundwater rich in humic 
substances. However, the Am mobility is not significantly enhanced compared to humic 

colloid borne migration. This 
can be explained by the total 
241Am/59Fe recovery ratio of 
0.33 (Fig. 3). This ratio shows 
that a large fraction of the 2LFh 
bound Am (67 %) dissociates 
from the iron colloid surface 
and afterwards adsorbs to the 
column sediment. The 
experiments with 2LFh/Am 
colloids revealed higher 
recoveries for 241Am and 59Fe, 
but the total Am/Fe recovery 
ratio increased only from 0.33 
to 0.41. These results show that 
also a major part of the Am on 
2LFh/Am colloids is reversibly 
bond. The Hae/Am colloids 
show a completely different 
effect on Am mobility, with an 
increase of 241Am recovery to 
39.0 % and a 59Fe recovery of 
46.0 %. The Am/Fe total 
recovery ratio thus increased to 
0.85 indicating a reduced ex-
changeable Am fraction of ~ 15 
%. Contrary to the unaltered 
2LFh experiments, the Am/Fe 
ratio in the column outlet 
fractions decreased from almost 
1 to a plateau value of 0.8, 
which could be attributed to a 
kinetically controlled Am 
desorption from 2LFh onto 
humics during the initial stage 
of the experiment.  
 
The selective extraction 
procedures on the iron ox-
ide/hydroxide colloids prior to 
injection validate the changes in 
Am binding. The NH4-oxalate-
oxalic acid extractable Fe(O) 
changes from 99 % for 2LFh 
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Figure 2: Breakthrough curves of 241Am (left side), 59Fe 
(right side) and recoveries R as a function of colloid type 
( ∆ : humic bond Am, �: Am sorbed on 2LFh, �: 
2LFh/Am, n: Hae/Am). Here, C/C0 is the ratio of the outlet 
to inlet concentration of 241Am and 59Fe, respectively. 
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Figure 3: The recovery ratio
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over 77 % in the 2LFh/Am sample to 33 % in the Hae/Am sample, therefore documenting the 
change in iron colloid mineralogy. 
The parallel measured release of 241Am via selective iron phase dissolution showed that 90 % 
of the 2LFh sorbed Am is salt exchangeable (Am(E)), with a slight decrease to 78 % Am(E) in 
the 2LFh/Am sample and a strong decrease to 19 % in the Hae/Am sample. However, the 
results also revealed, that the Am in the Hae/Am sample is mostly Fe(O) extractable (76%) 
whereas the major fraction of iron is citrate-dithionite-bicarbonate (Fe(T)) extractable. The 
extraction results suggest a preferential binding of Am in the 33% Fe(O) of lower crystallinity 
and demonstrate that 2LFh recrystallization and secondary mineral formation (i.e. hematite) 
changes drastically the Am/mineral interaction kinetics. This point is of crucial importance 
for the Am mobility, either for sediment fixation via crystal entrapment or as shown in this 
work via colloidal mobilization enhancing the Am mobility in a near natural system. 

CONCLUSIONS  

The relevance of colloidal transport to enhance the actinide mobility in the natural envi-
ronment depends, among others on the reversibility of metal ion colloid binding. In this paper, 
the influence of the metastable, low crystalline precursor phase 2-line ferrihydrite (2LFh) and 
the possible structural entrapment of Am(III) in transformation products (thermal treatment at 
70°C over 7d) on the colloidal mobility of Am was investigated in batch and column 
migration experiments. Laser light scattering analysis (PCS) demonstrated a fast 2LFh aggre-
gation (1.8-5.6 mg2LFh/L) in Gorleben groundwater of low humic content (1-7 mgC/L), 
which can be attributed to surface charge neutralization detected via zeta potential 
measurements. The results demonstrated that humic substances can intervene in the aquatic 
subsurface actinide interaction not only as immediate actinide carrier but also as stabilizing 
agent for an inorganic colloid mediated mobilization. The column experiments showed in 
groundwater with low humic content no significant enhancement of humic colloid bond Am 
recovery (R = 0.5 %). Contrary to this, in humic rich groundwater (30-90 mgC/L) the 2LFh 
colloids remained stable and showed an almost fivefold increase of the unretarded Am 
mobility in the case of transformed 2LFh (mainly hematite). Iron oxide/hydroxide selective 
extractions indicated a strengthening of Am from salt exchangeable in 2LFh to NH4-oxalate-
oxalic acid extractable in transformed 2LFh. Additionally, batch experiments revealed no 
equilibrium state for 2LFh colloid and 241Am sorption onto Gorleben sand after 165 days, 
therefor indicating that metal colloid association/dissociation and colloid sediment attachment 
kinetics are a key issue for the actinide mobility. 
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GENERAL 

Transreac is a software to simulate corrosion processes of structures made of mineral building 
materials. It is characterized by single modules representing the most important partial 
processes of a corrosion process combined in an algorithm incremental in time and space. Fig. 
1 gives an overview.  

 

 
 
Fig. 1. General structure of Transreac 
 

INTERNAL STRUCTURE 

The following partial processes of a corrosion process are incorporated: 
 

• Transreac contents a module for the calculation of transport processes. The program is 
able to calculate the transfer of heat and moisture, the heat conduction, water vapour 
diffusion, capillary suction of a solvent and solved species, diffusion of different 
solved species, the transport of ions by the diffusion potential caused by the different 
diffusive velocities of the ions and the flow of solvent and solved species by a seepage 
pressure. 

 
• Another essential module of the algorithm deals with the calculation of the chemical 

reactions caused by the transport processes which change the chemical compositions 
at the volume elements. They are quantitatively determined by the repeated calculation 
of the thermodynamic and kinetic stable phase assemblage at the individual volume 
elements. To determine the thermodynamic stable phase assemblage, an algorithm that 
optimize the Gibbs free energy at the volume elements in combination with a Pitzer 
module for the determination of the activity coefficients of the solved species is used.  
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• The precipitation or dissolution of solid phases leads to a change of porosity and 

results in an alteration of the transport parameters and the material strength. This 
changes are also considered. 

 
• In another module the resulting corrosive effects, for example the loss of bearing 

capacity, loss of mass from the surface and the rise of cracks are calculated. 
 
This program structure is the basis to calculate very different corrosion processes without 
change of the underlying model. Transreac is also able to simulate the corrosion behaviour of 
concrete in contact with solutions with very complex and variable chemical compositions and 
under variable and changing environmental conditions. 

SCIENTIFIC MODELS 

A detailed description of the underlying scientific models is given in (Schmidt-Döhl, 1996; 
Schmidt-Döhl and Rostásy, 1999a; 1999b). In addition to this papers the following 
information is necessary.  

In the meantime it is possible to calculate all transport processes as 2 D processes. It is 
possible to calculate the transport processes of heat and moisture now on the basis of the 
model of Künzel (1994) with some simplifications. In addition to Schmidt-Döhl (1996) and 
Schmidt-Döhl and Rostásy (1999a; 1999b) it is possible now to calculate the flow of solvent 
and solved species by a seepage pressure. The actualisation of the permeability coefficient K 
in the corroded volume elements of the structure is based on the following equation of Gaber 
(1989). re is an equivalent pore radius. The coefficient a was used by Gaber (1989) to adjust 
experimental and calculated values. During simulations with Transreac the factor re

2⋅a is 
determined by the permeability coefficient and the porosity parameters of the uncorroded 
material and is assumed to be unaffected. The relevant porosity of the corroded material ε is 
determined by the concentrations of the solid phases and their densities. 

arK e ⋅⋅= 28ε  

 

EXPERIMENTAL VERIFICATION AND APPLICATION 

Transreac was experimentally tested for the simulation of chemical attack on concrete and 
cement mortar by acid, sulfate, ammonium-, magnesium- and chloride-solutions and on 
sandstone by acid with and without sulfate. Fig. 2 shows as an example an experimental result 
of a corrosion experiment with cement mortar in contact with Na2SO4-solution resulting in the 
new formation of ettringite. The corresponding simulations, using only the properties of the 
uncorroded material, resulted in a good correspondence of measured and calculated data.  

ACTUAL AIMS OF RESEARCH 

In connection with Prof. Triantafyllidis (Lehrstuhl für Grundbau und Bodenmechanik, 
Universität Bochum) the time dependent maximum load of ground anchors in soils containing 
aggressive carbon dioxide is modeled. In addition to experimental examinations Transreac is 
used to simulate the dimension of the corroded zone of the injection mortar as a function of 
time and to interpolate and extrapolate the experimental results. 

In Germany all disposal sites for very hazardous waste are located in former salt mines. In 
such disposal sites mineral building materials can be attacked by salt solutions if such 
solutions arise. Their corrosion behaviour is therefore of great importance for the safety 
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concept. Because of the long interesting time span, this problem is unsolvable without 
computer simulations. Because of its structure and comprehensive functions Transreac is very 
well suitable for such simulations. Transreac was able to calculate the dimension of the 
corroded zone of concrete structures in contact with high concentrated salt solutions as a 
function of time. These simulations cover a time span of some thousand years. Of course the 
correct function of the algorithm in this special chemical system was tested by comparing 
calculated results with results of short time laboratory experiments. In an actual project the 
change of the permeability of structures made of some special mineral building materials 
during percolation with aggressive solutions is prognosticated. 

 
 

              
 
Fig. 2: Ettringite-profile of cement mortar after 303 days of sulphate attack (from Schmidt-
Döhl and Rostásy (1999c)). 
 
The aim of another project is, to extend Transreac to an adaptive model. Adaptive model in 
this case means that the model is able to improve its accuracy itself by the use of measured 
data from the structure. This concept of an adaptive durability prognosis therefore needs a 
time span for observing the structure. But it takes into account the real properties of the built 
structure. Another advantage is, that the accuracy of the durability prognosis is improved, in 
spite of the possibility to use only crude estimated initial material properties. This research is 
a part project of the collaborative research center SFB 477 (http://www.sfb477.tu-bs.de) "life 
cycle assessment of structures via innovative monitoring" of the Deutsche Forschungsgemein-
schaft. The extension of Transreac to an adaptive model and first results are described in 
detail in Schmidt-Döhl et al. (2000). 
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Another project has the aim to extend Transreac to a probabilistic model by combining it with 
a Monte-Carlo-simulation. A precondition for this extension is the reduction of calculation 
time by using more efficient algorithms. In addition, the extended program will allow the 
simulation of redox-reactions, which is not possible at the moment, because of the 
incorporated GEM-module. This research is part of the priority program “prognosis of the 
time dependent chemical-physical damage of mineral building materials” of the Deutsche 
Forschungsgemeinschaft.  

REMARKS, OPERATION AND TERMS OF DELIVERY 

Transreac is available for MS-Windows-systems. The program system, the source code of the 
post-processor (Fortran), a simulation example and the manual are available without charges. 
Support is with costs. The output-language of the program and the manual is in German. The 
pre-processor does not include an automatic examination of the input data for completeness 
and to be plausible. It is therefore absolutely necessary to understand and examine every input 
parameter of Transreac when starting to simulate a new problem. The initial period to get 
familiar with the program system is at least 6 months. Good knowledge of physical chemistry 
is necessary. It is therefore highly recommended to charge the testing laboratory for civil 
engineering in Braunschweig to solve a corrosion problem with Transreac. 
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HUMIC COLLOID BORNE AMERICIUM MIGRATION: A STRONGLY COUPLED 

TRANSPORT/REACTION PROCESS 

W. Schüßler, R. Artinger, B. Kienzler and J.I. Kim 
Forschungszentrum Karlsruhe, Institut für Nukleare Entsorgungstechnik, P.O. Box 3640 

 D-76021 Karlsruhe, Germany; E--mail: wolfram@ine.fzk.de 
 

The Gorleben salt dome (Lower Saxony, Germany) has been investigated for disposal of high 
level radioactive waste (HLW). In the aquifer system overlying the salt dome, dissolved 
organic carbon (DOC) concentrations up to 200 mg/L are found (Buckau, 1991). This DOC 
mainly consists of colloidal humic and fulvic acids. As humic colloids strongly bind 
multivalent metal ions (Czerwinski et al., 1996), their potential impact on the migration of 
radionuclides, especially actinides, has to be determined for performance assessment.  

Laboratory investigations on humate mediated metal ion transport has been conducted by both 
column and batch experiments (e.g. (Zeh, 1993, Randall et al., 1994, Klotz and Lazik, 1995, 
Artinger et al., 1998). The results of these experiments are attributed to and modeled by three 
different approaches: 

(1) Filtering of metal ion bearing colloids. 

(2) Sorption/exchange of metal ion bearing colloids with sediment bound humic matter. 

(3) Dissociation of colloid bound metal ions followed by sorption onto the sediment. 

 

Filtration processes of colloids are functions of flow velocity and particle size. Therefore, if 
one assumes filtration of metal ion bearing colloids, a change in the flow velocity in column 
experiments would be expected to have considerable influence on the size distribution of the 
of humic colloid in the effluent. Under the same assumption a variation of the reaction time 
prior to the pulse injection could only affect the metal recovery, if the size distribution of the 
humic colloid bound metal ion is changed.  

Assuming local equilibrium, sorption or exchange of metal ion bearing colloids with sediment 
bound humic matter, and dissociation of colloid bound metal ions followed by sorption onto 
the sediment results always in a retardation of the metal ion breakthrough compared to an 
ideal tracer. Taking into account kinetically controlled reactions for both mechanisms allows 
to account for retarded and unretarded fractions. 

Attempts to model humic colloid/actinide migration experiments by means of thermodynamic 
equilibrium have not been successful. This is due to the lack of identification and 
quantification of unambiguous equilibrium. 

The Ca breakthrough of an experiment of Klotz and Lang, 1996 in a humic rich groundwater 
by means of thermodynamic equilibrium can be modeled with Ca surface interaction or 
without Ca surface interaction. Calculations using the first assumption results in non retarded 
Ca breakethrough (Rf = 1) with a recovery of 100 %. Using the second assumption a retarded 
Ca fraction is calculated. In contradiction the observed Ca breakthrough curve showed a 
minor peak with a retention factor of 1 and a major peak with a retention factor of 
approximately 8. The only way to model this experiment with an equilibrium approach is the 
ad hoc assumption of the existence of two different non interacting Ca species. The 
distribution between these two species can not be defined prior to the experiment, and 
consequently, no prediction of the elution behavior is possible.  
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Using actinide sorption experiments to predict actinide migration experiments arises another 
problem. Distribution coefficients (Kd values) determined in batch experiments can only be 
used to predict the retention factors observed in column experiments, if local equilibrium can 
be assumed. Zeh,1993 predicted from Am-batch-Kd-values an Am-breakthrough with a 
retention factor of 250. In contradiction the column experiments showed about 70 % of the 
Am to elute unretarded (Rf = 1). Consequently, he suspected kinetically controlled processes 
to be involved in the metal ion humic acid association/dissociation reactions. Also several 
other experimentalists (Choppin and Nash, 1981, Yu et al., 1996, Cacheris and Choppin, 
1987, Bonifazi et al., 1996, Rao et al., 1994) discussed kinetically controlled metal ion humic 
acid interactions.  

At our institute the colloid borne Am(III) transport was investigated in laboratory for 
Gorleben groundwater/sand systems. Both batch and column experiments were performed for 
4 different groundwaters with humic substance concentrations from 6 to 100 mg/l (DOC). In 
the batch experiment, the sorption equilibrium was not attained up to a reaction time of 250 
days (Fig. 1). The determined sorption coefficient increased during the reaction period by two 
orders of magnitude. Enhanced humic substance concentrations were found to reduce the 
sorption onto the sediment.  
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Figure 3: Experimental and modeling results of the temporal development of the distribution 
coefficient in four Gorleben groundwater sand systems The shaded area corresponds to the 
model results (KICAM), taking into account the model uncertainty of a factor of 3. 
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The column experiments were performed varying the pore water flow velocity, the column 
length and the Am/groundwater contact time prior to injection onto the column from one 
experiment to another. The recovery of Am(III) was found to increase with increasing pore 
water flow velocity (Fig. 2), with decreasing column length, with increasing Am/groundwater 
contact time, and with increasing DOC. 

Attempts to model these results by means of thermodynamic equilibrium in combination with 
filtration of humic colloids were not successful. Consequently, a kinetic model, i.e. 
Kinetically Controlled Availability Model (KICAM, Fig. 3), was developed to adequately 
describe actinide sorption and transport in laboratory batch and column experiments. The 
KICAM is based on the kinetics of the reactions of Am with humic colloids.  

 

 

Figure 4: Am breakthrough curves and recovery in column experiments for a Gorleben
groundwater/sand system (GoHy-2227) rich in humic colloids (100 mg DOC dm-3)  for
different  pore water flow velocities in the column.   
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Model parameters are determined by fitting to experimental data. The result is an adequate 
and consistent description of both column and batch experiments (see Fig. 1 shaded areas) 
under various conditions and verifies the predominant impact of humic colloids on the 
chemical behavior of actinide ions in groundwater. The approach appears to be a major 
achievement compared to previous attempts applying equilibrium approaches in combination 
with filtering of colloids. 
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INTRODUCTION 

Cement is a major component of the engineered barrier system in proposed underground 
repositories for low- and intermediate-level radioactive waste. The interaction between the 
hyperalkaline solutions derived from the degradation of cement and the rocks hosting such 
repositories may change the physical and chemical properties of the host rock. 

Two examples of reactive transport modeling of the evolution of such systems will be shown. 
One corresponds to the case of the proposed repository at Wellenberg (Switzerland), where 
the host rock is a fractured marl. The other one has to do with the GTS-HPF project (Grimsel 
Test Site - Hyperalkaline Plume in Fractured Rock), where the rock is a fractured 
granodiorite. 

In all the cases a modified version of the GIMRT software package (Steefel and Yabusaki, 
1996) has been used for the reactive transport calculations. Both diffusive/dispersive and 
advective solute transport are taken into account in the calculations. Mineral reactions are 
described by kinetic rate laws. The reaction rates for the primary minerals are based on 
experimentally-determined rates published in the literature and geometric considerations 
regarding mineral surface areas. Relatively fast rates for the secondary minerals have been 
used, so the results resemble the local equilibrium solution for these minerals.  

THE CASE OF WELLENBERG 

Calculations simulating the interaction between hyperalkaline solutions and a fractured marl, 
at 25oC, have been performed. Solute transport and chemical reaction are considered in both a 
high permeability zone (fracture), where advection is important, and the wall rock, where 
diffusion is the dominant transport mechanism.  

The primary minerals that make up the rock in the simulations are calcite, dolomite, quartz, 
and muscovite (as a surrogate for illite, illite/smectite, and chlorite). The fluid flow system 
under consideration is a two-dimensional porous medium (marl, 1% porosity), with a high 
permeability zone simulating a fracture (10% porosity) crossing the domain. The fracture 
starts right at the flow inlet boundary, which is equivalent to the assumption of a worst case 
scenario, with a highly conductive feature starting right at the repository. The dimensions of 
the domain are 6 m per 1 m, and the fracture width is 10 cm. The fluid flow field is updated 
during the course of the simulations by solving the equation of conservation of fluid mass 
with the updated porosities and permeabilities. Permeabilities are updated according to 
Kozeny’s equation. 

The composition of the solutions entering the domain is derived from modeling studies of the 
degradation of cement under the conditions at the proposed underground repository at 
Wellenberg (Neall, 1994). These are high-pH solutions at equilibrium with calcite and 
undersaturated with respect to the other primary minerals. 

Four different cases have been considered. These four cases are representative of the two 
different types of groundwater (a more dilute NaHCO3-type and a more saline NaCl-type) 
present  at Wellenberg and two different stages in the process of degradation of cement (pH 
13.5 and pH 12.5). 
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The results of the calculations show only small differences between the NaHCO3 system and 
the NaCl system. However, the results with the two different pH values are quite different. In 
both cases, the flow velocity in the fracture diminishes with time, due to a decrease in 
porosity. However, the decrease in porosity and flow velocity is much more pronounced in 
the lower pH case. Also, the extent of the zone of mineral alteration along the fracture is much 
more limited in the lower pH case (1 to 2 m along the fracture after 20000 years). For the 
higher pH case, mineral alteration affects the whole length of the flow domain along the 
fracture (6 m) after only 5000 y. 

One of the main mineral reactions in these systems is the dissolution of the dolomite initially 
present in the rock (fracture) and its replacement (partial or total) by calcite. A markedly 
advancing reaction front is defined by this reaction in the higher pH system.  

The magnesium released by the dissolution of dolomite is taken by the precipitation of brucite 
and sepiolite (a Mg-phyllosilicate). Brucite dominates near the fracture inlet and at earlier 
stages of the process. Sepiolite is the dominant Mg-containing phase further from the fracture 
inlet and also at later stages (brucite tends to dissolve and be replaced by sepiolite with time 
in the lower pH cases). 

Other secondary minerals that precipitate during the simulations are analcime and natrolite 
(zeolites) and tobermorite (a CSH phase). The amount of reaction affecting quartz 
(dissolution) and muscovite (dissolution and precipitation) is relatively minor. 

Since the biggest source of uncertainty for the reaction rates arises from the value of the 
surface areas used for the primary minerals, additional calculations making use of smaller 
values of these areas have also been performed. The results show that the smaller surface 
areas result in a smaller reactivity of the system and smaller porosity changes. These smaller 
porosity changes mean that porosities near the fracture inlet are larger than in the calculations 
with larger surface areas. The larger porosities translate into larger Darcy velocities along the 
fracture (less favorable for the performance of a repository), showing that the coupling 
between chemical reaction, which drives the changes in porosity, and fluid flow is very 
important.  

In summary, the results of the simulations suggest that the net result of the interaction 
between the high-pH solutions derived from the degradation of cement and the fractured marl 
is a reduction of porosity and water velocity along the fractures. This result would actually be 
highly beneficial for the performance of a repository hosted by the Valanginian marls at 
Wellenberg. However, the magnitude and scale (spatial and temporal) of this evolution is 
open to a large degree of uncertainty. 

THE HPF PROJECT AT THE GRIMSEL TEST SITE 

One of the objectives of the GTS-HPF project is to study the alteration of the Grimsel 
granodiorite due to the circulation of high-pH solutions derived from the degradation of 
cement through the fractures present in the rock. A K-Na-Ca-rich high-pH solution is 
currently being continuously injected through a borehole into a fracture. An extraction 
borehole is located about one meter away from the injection borehole. The planned duration 
of the experiment is one year. A laboratory version of the experiment was performed at the 
University of Bern. 

(a)One-dimensional simulations. The primary minerals that make up the rock in the 
simulations are quartz, albite, microcline, phlogopite and muscovite. A number of possible 
secondary phases have been considered in the calculations (brucite, ettringite, gibbsite, 
kaolinite, portlandite and several zeolites, CSH and CASH phases). Maximum available 
mineral surface areas are estimated from BET measurements of fault gouge. The initial 
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surface areas for the secondary minerals in the model are about 10000 times smaller than for 
the primary minerals. Temperature is 12oC. 

The fluid flow system under consideration is a one-dimensional porous medium simulating a 
single flow path through a fracture which is filled by fault gouge. 

The model results show that the circulation of the hyperalkaline solution through the fracture 
causes the dissolution of albite, microcline and quartz in the fault gouge (the solutions reach 
saturation with respect to microcline in a relatively short distance). Muscovite dissolves close 
to the injection borehole and precipitates further away. Phlogopite does not react. Regarding 
the secondary minerals, there is precipitation of tobermorite (a CSH phase) close to the 
injection borehole and prehnite (a CASH phase) further away. There is also minor mesolite (a 
Na-Ca-zeolite) precipitation towards the end of the prehnite zone. 

Maximum surface areas in the model are constrained by BET measurements of the specific 
surface area of fault gouge material (8 m2/g). However, this only provides maximum available 
surface areas. It is possible that the solutions do not have access to all the mineral surface 
area. The extension of the reaction zones and the amount of mineral that reacts depends on the 
available surface area for reaction. The results (magnitude, mineralogy and extension of the 
reaction zones) from both the field experiment and the small-scale laboratory experiment 
should provide constraints regarding the values of the surface areas to be used in the 
calculations.  

All the results show a decrease in porosity close to the injection borehole and an increase in 
porosity further away. Such an evolution of the porosity of the fracture infill would be 
beneficial for the performance of a repository, and it is consistent with the results of the 
laboratory experiment, which indicate a decrease in the permeability of the fracture with time. 

(b)Two-dimensional simulations have been performed making use of the heterogeneous 
flow field calculated from the results of conservative tracer tests at the Grimsel Test Site 
(Pfingsten and Soler, 2002). The domain of the simulations is a square region of the fracture 
plane including the injection and extraction boreholes (Fig. 1). Mineral surface areas (ranges 
of values) are calculated from specific surface areas (BET) measured on the fine-grained fault 
gouge filling the fractures and geometric considerations.  

The interaction between the injected hyperalkaline solution and the rock (fault gouge filling 
the fracture) causes a series of mineral reactions. The main processes are the dissolution of 
albite and precipitation of tobermorite (CSH phase), prehnite (CASH phase) and mesolite 
(Na-Ca zeolite) close to the injection borehole, which causes a decrease in porosity, and the 
precipitation of natrolite and analcime (Na-zeolites) farther away down the flow field. Figure 
1 shows the pH distribution in the fracture after one year since the start of injection of the 
high-pH solution (the planned duration of the experiment). The two plots correspond to two 
different values of the initial surface areas of the primary minerals. A single value of porosity 
(30%) was used in the calculations. Also, the flow field was not updated during the 
calculations (Darcy velocities were assumed to be constant with time). Even with these 
simplifications, the results show that a large degree of spatial heterogeneity is expected, given 
the heterogeneous nature of the flow field. Also, the amount of reaction (reflected in the 
figure by changes in pH) is greatly dependent on the available reactive surface area. 
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Figure 1: pH distribution in the fracture after one year since the start of injection of the high-
pH solution. The circles show the location of the injection and extraction boreholes. The 
arrows show the flow field in the fracture. The two figures correspond to initial surface areas 
for primary minerals of the order of 106 m2/m3rock (left) and 107 m2/m3rock (right). 

CONCLUSIONS 

The results of reactive transport calculations simulating the interaction between the 
hyperalkaline solutions derived from the degradation of cement and potential host rocks for 
repositories of low- and intermediate-level radioactive waste suggest that mineral reaction 
will tend to progressively seal the pores of the rocks and diminish the hydraulic conductivity 
of these systems. The results from small-scale laboratory experiments with Grimsel 
granodiorite and Opalinus Clay (Adler, 2001) support these modeling conclusions. 
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Bitumen is being used for many years in France as an embedding matrix for the conditioning 
of low and medium level activity waste resulting from nuclear effluent treatment. Long term 
management options for this kind of waste include at present deep geological disposal. As a 
consequence, research programmes are being conducted by CEA and COGEMA in order to 
assess the long-term leaching behaviour of bituminized waste in deep geological conditions. 
For this purpose, the COLONBO model has been developed to predict the release of chemical 
species through the bitumen matrix and the subsequent radionuclide migration in the deep 
geological near field.  

 
Several assumptions have been used to enable the build-up of the COLONBO model. 
Radionuclides initially present in the waste package are associated with a mixture of soluble 
(NaNO3 and Na2SO4) and slightly soluble (mainly BaSO4) salts. These salts resulting from the 
effluent insolubilization treatment, are considered to be homogeneously dispersed in the 
bitumen matrix. Under leaching, adsorption and solubilization of water in the bitumen occur 
at the wasteform surface, followed by diffusive transport of water through the bitumen matrix. 
As a consequence, the soluble salts are progressively dissolved by water accumulation, 
resulting in a local swelling of the waste package. This swelling itself induces a local 
alteration of the diffusive properties of the bitumen matrix, allowing an outward diffusion of 
inactive dissolved salts and radionuclides. Although radionuclides are supposed to be 
associated with the least soluble salts used in the coprecipitation process, precise knowledge 
about their speciation are still lacking. Therefore, the release of each radionuclide is described 
by a lump solubility parameter. Chemical species can then diffuse through the storage facility 
near field (clay or concrete engineered barrier). The COLONBO model enables to account for 
up to three different barriers described by their respective porosity, diffusion and retention 
(Kd) parameters. In the whole system, water concentration profiles, the position of salt 
dissolution fronts and radionuclide near field migration are described by water conservation 
and Fickian diffusion equations in each area (waste package + barriers) of the wasteform. Due 
to the diffusive character of the transport, the alteration and radionuclide release proceed with 
the square root of time (provided that the salt concentration outside the system is kept 
constant). Our paper details the model specifications and gives some typical numerical results. 
Some related experimental issues will be also discussed in order to statue on the model 
validity. 
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The simulation of redox fronts has often been a numerical challenge for coupled transport-
chemistry codes, because they display sharp contrasts of aqueous and mineral speciation 
pushing numerical solvers to their limits. The « Pôle Géochimie Transport », grouping several 
research institutes in France (CEA, IRSN, EdF, ENSMP), has proposed a stepwise benchmark 
from a 1-D purely diffusive test-case to a 2-D configuration, coupling diffusion, convection 
and the development of redox fronts. 

The geochemical scenario is based on the injection of iron, simulating a canister corrosion, at 
one limit of a porous medium in which alumino-silicates and carbonates react and transform 
to new iron bearing phases. 

First results of the benchmark in 1-D configurations, obtained with Hytec and Chemtrap are 
presented and commented. 
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Spatial profiles of main minerals after 5000 years of iron injection (scenario 2). The iron is 
injected at x = 0 cm. Upon the injection of iron, goethite is reduced and transformed with 
kaolinite to produce chamosite. When the initial goethite is exhausted, the excess iron forms 
an internal zone with accumulation of secondary goethite together with chamosite. The excess 
silica precipitates as chalcedony.  
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EGFIH	JLKMFONQPSRTH%UWVXKMY[Z\JL]_^a`bFdc'eFIVgf_VXhX]i^a`bFejlk VXf_FmN%FIn9o�]_HbFpnqNbFdrDZgKM]_n

s	t<u KM`bFOv%Zg]_H	J7w7VXHbVXK4eF u
xXx sgyXy�z VgHaJLZg]_H%FI{bfiF|Zg` u%z KLZgH k F
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��� F�Y�Vg{b]_fi]iJT� u Zg�b��ZgKMFIH	JOn�VXfi`b{b]_fi]iJT�'ZgHbN�JLV|�<] k ]�JT��VgU � F|Z|�a��VXK � Zg�|Z�K�NbVX`%nOY�FpJLZgf_ndZgHbN�KLZ�Nb]_VXHa`<�k f_]_N%FIn�]iH�n�`b{bnM`bKMU�Z k FdZg^a`b]iUWFpK�n�n�JLKMVXHbhXf��[NbFp�.FpHbNbnqVXH�J � Fmn�VXfi`%JL]iVXH k�� FpY�]inMJ�KM�[Zgn��GFpf_f,Zgn�VXH�]_H	J�FIK��Z k JL]iVXHbn9�q]�J � Y�]_HbFpKLZgf�ZgH%N k VXfif_VX]iN�ZgfQ� � Zgn�FpnI�O��K�h	ZgH%] k Z�HbN�]_H%VXK�h	Z�Hb] kdk VXfif_VX]iNbn7ZgK�F�VXY�H%]_�bKMFIn�FpH	J
]iH�H�Z�JL`%KLZgf.Y�FpNb]�Z Z�HbN�HbVgJLZg{bfi��]_H�nM`b{bnM`bKMU�Z k F¡nM�4nMJ�FIY�nqZgHbN6ZgK�F9VgU¢JLFpH k VXHbnM]_NbFpK�FpN'ZgnG�.VgJ�FIH	JL]_Zgf_f��K�Zg�b]_N��gF � ] k f_Fpn£UWVXK �¤VXf_fi`%J�ZgH	J�nI�¦¥ � FpJ � FIK k VXfif_VX]iN�Zgf8JLK�ZgHbn��¤VXK�J�]_n£Fp§.F k JL]��XF u � V¨�GF©�XFpK u k K�]iJ�] k Zgf_f��NbFp�.FpHbNbn�VXH�J � F�n�JLKMFIHbhgJ � VgU�J � F�{¤VXHbN�UWVXKMY�FpN��q]iJ � J � F k VgHaJLZgY�]_H�ZgH	J[ZgHbN�Zgfin�V¦VXH�J � F�Z k �J�`�Zgf8Y�VX{b]_fi]iJT�6VgUªJ � F k VXf_fiVX]_N�Z�f«nM�.F k ]_FpnI��¬7FIZ k J�]i�gF�J�KLZgH%n��¤VXKMJdY�V<NbFpf_nmZ�K�F�]_H k K�FIZgn�]iHbhXfi�'`bn�FpN¦UWVXKhXKMVX`bHbN<��Z�J�FIKd�.Vgf_f_`<JL]_VgH�nMJL`%Nb]_FpnI� ��� Fp� k Vg`b�bf_F�Y�] k K�VX{b]iVXf_VghX] k Zgf�ZgHbN®�VgKdhgFIV k�� FIY�] k Zgf2K�FIZ k J�]_VXH%n
�q]�J �$� �<N%K�V4N%�4H�ZgY�] k Y�]_hXK�Z�JL]iVXH'VgU¯n��¤F k ]_FpnOZ�HbN u n�VgY�F©JL]_Y�FIn u ]_H k f_`%NbF k VXfif_VX]iN�Zgf*JLK�ZgHbnM�.VXK�J|�£°�`%FJ�V Z k FIK�J�Zg]iH[f�Z k�± ]_H[n k ]iFIH	JL]�² k³± HbV¨�qfiFINbhXF9ZgHbN k VXHbnMFIHbnM`bn�VXH�J � F³Y[Z�JMJLFpK u K�F©JLFIH	J�]_VXH�Y�F k�� ZgHb]in�Y�nVgU k Vgf_f_Vg]_N�Zgf4n��¤F k ]_Fpn¯Z�K�F�hXFpHbFIK�Zgf_f���Nb]in�KMFIh	ZgKMNbFIN,�8w³FpK�F��GF7ZgN%NbK�Fpn�nlJ � ]in8]_n�nM`bF�]_H£J�FIK�Y�n8VgU,Z9J � FpVXKM�
UWVXK k VXf_fiVX]_NbZgf.KMFpJ�FIH	JL]iVXH�]iH´�.VXKMVX`bn�Y�FINb]_Z%�
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��K�hXZgHb] k ZgHbN´]_HbVgK�h	ZgH%] k9k VXf_fiVX]_N%n�ZgKMF�VXY�Hb]_�bKMFInMFIH	Jq]_H�H�Z\JL`bK�ZgfQY�FINb]_Z ZgHbN´HbVgJLZg{bf��[]iH�n�`b{bnM`bKMU�Z k F
n��<n�JLFpY�np����HbF'VgUmJ � F�²bK�nMJ k VXfif_VX]iN�Zgf�Z�f_FIK�JLn � Zgn[{¤FIFpH�hX]i�gFIH�JT�¯V�NbF k ZgN%FIn´ZghXV¦{	��KMFIn�FIZgK k�� FIn� � V�UWVg`bHbN�J � Z�J9KLZgNb]iVXHa` k fi]_NbFpn³nM` k�� Zgn³�bf_`%J�VXHb]i`bYºZgHbN�ZgY�FpK�] k ]_`%Y»JLK�Z¨�gFIfiFIN�V¨�XFpKmZ[nM]_hXHb]�² k Z�HaJNb]inMJLZgH k Fq]iH k VXf_fiVX]_NbZgf4UWVgK�Yº¼½E � ZgY���FpJ¯ZgfC� u�¾¨¿XÀXÁ<Â � K�Z|�<]inªZgHbN�Ã³`%JMJ�Zgfif ub¾|¿XÀ	tXÄ � ��� Fpn�F k VXH k f_`bnM]_VXH%n� Z|�gF�{.FpFIH k VXH%²�KMY�FpN�Y�VXK�F�K�F k FIH	J�fi�¦{a�¦ÅmFIKMnMJ�]_Hbh�FpJ£Z�fC�_¼½ÅmFIKMnMJL]iHbh6FpJ�ZgfC� uG¾¨¿g¿X¿	Ä ZgHbN k VXf_fiVX]_NbZgfJ�KLZgHbnM�.VgKMJ � Zgn�{¤FIFIH�K�F k VXhXH%]_�IFpN�Z�n�Z�H�]iY��¤VXKMJLZgH	J£Y�F k�� ZgH%]_n�YÆUWVXK£Y�]ihXKLZ\JL]_VgH�VgU k�� FIY�] k Zgf_n£]iHH�Z\JL`bK�ZgfanM�4nMJ�FIY�nD]_HdhXFpHbFIK�ZgfC�Do�`bf�JL]�� k VXY��¤VXHbFIH	J*J�KLZgHbnM�.VgKMJ k V4NbFIn�� � ] k�� Zgf_nMV9Z kIk Vg`bH	J«UWVXK�K�FIZ k J�]i�gF
k VXf_fiVX]_N�Z�f.nM�.F k ]_Fpn9Z�K�FmHbF©�XFIK�J � Fpf_Fpn�n9n k ZgK k F��
r«ZgKMJ[VgU�J � F'Zg{%n�FIH k F�VgU k VXfif_VX]iN�ZgfGY�]_hgKLZ�J�]_VXH�]iH�K�FIZ k J�]i�gF6J�KLZgHbnM�.VgKMJ�Y�V4NbFIfin�]_n�K�FIf_Z�JLFpN�J�V¦J � FZg{%n�FIH k F�VgUGNbZ�J�Zg{bZgn�Fpnd]iH k fi`bNb]iHbh k VXfif_VX]iNbn�Z�HbN$K�F|Z k JL]iVXHbn��q]�J � n�`bK�U�Z k FpnO]iH$hXFIHbFpKLZgf½� j � k FI�<JOUWVXK
J � F�n�`%KMU�Z k F k VXY��bfiF©�%Z�JL]iVXH�NbZ�J�Z�UWVgK � �4NbK�Vg`bn UWFIKMK�] k V|�%]iNbF[�%K�VX�¤VXn�FpN�Y�VgK�F�J � ZgH�Z'NbF k ZgNbF´ZghgV



¼�°��IVXY {bZ ± ZgHbN'o�VXKMFIf u*¾¨¿X¿Xy	ÄÇu HbV�FI^a`b]i��ZgfiFIH	J7N�Z�JLZgn�F©J7UWVgK7V�J � FpK7nMVXf_]iN´� � ZgnMFIn u k Vgf_f_Vg]_N�Zgf¤VXKqY�]_H<�FpKLZgf u � Z�n�{.FpFIH��b`%{bf_]in � FpN�n�]iH k F��8È9HbVgJ � FIKG��ZgKMJGVgU*J � F9�bKMVX{bf_FpYÉVgU k VXfif_VX]iN�ZgfbJ�KLZgHbnM�.VgKMJ�Y�V4NbFIfi]_Hbh]in�K�F©JLFpHaJ�]_VXH,��EGVXfif_VX]iN�Zgf8KMFpJLFpH	JL]_VgH�]_n u Nb`bF�JLV�J � F�nM]_�IF[ZgHbN�nM`bKMU�Z k F��bKMVX�¤FIKMJ�]_FpnOVgU�J � F k VXf_fiVX]_N%n unM`b{4ÊMF k J[J�V�n � VXK�J�ZgHbNËf_VXHbh�K�ZgHbhXF�¼WFIfiF k J�K�VXn�J�Z�J�] k Ä UWVXK k FIn u � � ] k�� NbV$HbV�J�²%J�]_H	JLV�J � F k VXY�Y�VgHUWK�ZgY�F©�GVgK ± VgU«J � FpK�Y�V<N%�4H�Z�Y�] k FI^a`b]if_]_{%K�]_`%Y»Y�V<NbFpf_np�Go6VXK�FpV;�gFIK u � � FpH'J � F¡J�KLZgH%n��¤VXKMJ�FIN'Y�Z�JMJLFIK]in k VXY��¤VXn�FpN£VgU®f�ZgKMhXFIK�n��¤F k ]_Fpn u n�` k�� ZgnDVXK�h	Z�Hb] k Y[Z k K�V\�TY�VXf_F k `bfiFInG¼�Fg�Shb� u UW`bf��<] k ZgH%N � `%Y�] k �T{¤VX`bH%Nk VXH	J�ZgY�]_H�Z�HaJ�n u � FpK�{b] k ]iNbFIn u �.FpnMJL] k ]iNbFIn Ä©u ]_H%Nb`bnMJ�K�]_Zgf%nMVXfi�gFIH	JLn u � � VXn�� � Z�JLF k VXY��%f_F©�<FpnlZgHbN k VXH	JLZgY��]iH�Z�JLFpN�]_H%VXK�h	Z�Hb] kmk VXf_fiVX]_N�Z�fQ��ZgK�JL] k f_Fpn ¼WFg�Shb� u k f_Z|���bZgKMJ�] k fiFIn u nM]_fi] k Z k VXf_fiVX]_Nbn u � �<N%K�V|�<]_NbFpn Ä©u ± ]iHbFpJ�] k nn�J�ZgK�JLn¯J�V��bf_Z|�[ZdK�VXfiF�� � ] k�� Z\§,F k JLnGZgNbnMVXK��%J�]_VXH u Fpn��¤F k ]_Zgf_f��£]_H k VXfi`bY�H�FÇ�%�¤FIKM]_Y�FIH	JLnGZ�J¯K�FIf_Z�JL]��XFpfi�� ]ih ��Ì V¨��KLZ�J�FIn9¼½ÍGVg` k�� ZgKMN[FpJGZgf½� u�¾¨¿gÀXÀ%Â ÍGK�`%n�n�FIZg` u.¾¨¿X¿	ÁXÄ �DÈ³fiJ � VX`bh � ]_Y��¤VXKMJLZgH	J u ]_H�J � F7�%K�FInMFIH	J
k VXH	JLF©�4J7�GFd�bKMVX�.Vgn�FmJLV£UWV k `bnqVXH�J � FdKMFpJ�FIH	JL]iVXH�VgHbfi�g�
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È#n�]iY��bfi]i²�FpN£n�]i�IF©�ÒK�Fpf�Z�J�FIN k f�Z�n�n�]�² k Z\JL]_VgH�V�UQK�F©JLFpHaJ�]_VXH�Y�F k�� ZgHb]in�Y�n8UWVXK k VXfif_VX]iN�Zgf%�bZgKMJ�] k fiFInl]_nl]if_f_`%n��J�KLZ�J�FIN¡{	� z ]_h%� ¾ �«w³FpK�F8�¯FªN%]_nMJ�]_Hbhg`b]_n ��k VXH%nMJLKM] k JL]_VgH�¼W²�f�JLKLZ\JL]_VgH Ä ZgH%NmhXKLZ|�4]iJLZ�JL]iVXH�Zgf\n�FpNb]_Y�FIH	J�Z\JL]_VgHUWVXK«K�Fpf�Z�J�]i�XFpfi�df�Z�K�hXFª��ZgK�JL] k f_Fpn u ]½�ÓF��«�q]�J � Nb]_ZgY�FpJLFpK�n«n�`b�¤FIKM]_VXK�JLV ¾�Ô Y���È kpk `bY `%f�Z�J�]_VXHO]_H n�J�ZghXHbZgH	J�pVXHbFIn�¼LÕ©Ö<×ÙØ�Ú4Û©ØCÜIÝ4Õ Ä Y�Z|��{¤F k VXY�F�n�]_hgHb]i² k ZgH	J�UWVXKmnMY[Zgfif_FpK9n�]i�IFpN��bZgKMJ�] k fiFInp� ��� F�V¨�XFpKLZgfif2Fp§.F k JdVgUJ � ]_n�JT�4�¤F£VgUªK�FpJ�FIH	JL]iVXH$]_n u � V¨�GF©�XFpK u Y[Zg]iHbfi�6Z�H¦Z�NbNb]iJ�]_VXHbZgf�JLZg]_fi]_Hbh�VgUlJ � F£{bK�FIZ ± J � KMVX`bh �$k `%KM�XF uhXFpHbFIK�Zgf_f���F©�<�bf_Zg]_H%FIN�{	� ± ]_HbF©JL] k KMFpJ�FIH	JL]iVXH�ZgH%N®�VXK¡NbVX`%{bf_FÇ�T�¤VXK�VXnM]iJT�$Z��b�bK�VXZ k�� FInp� j fiF k JLK�VgnMJ�Z\JL] kUWVXK k FpnGZgf���Z|�4nlF©�<]_n�JªZgHbN�Y[Z|��f_F|Z�N�J�V¡K�FpJ�FIH	JL]iVXH�VgU k VXfif_VX]iNbnI��RTH�Y�VXn�J8H�Z�J�`bKLZgf�Y�FIN%]�Z u k VXf_fiVX]_N%n2ZgKMFFÇ�%�¤F k JLFpN´J�V�{¤F³nMY[Z�f_fCÞ�VgJ � FIK��q]_n�F u ²bfiJLK�Z�JL]iVXH�ZgHbN[nMFINb]iY�FpH	J�Z�J�]_VXH��GVg`bf_N � Z¨�gF9]iY�Y�VX{b]if_]_�pFIN�J � FIY]iH¦JL]iY�F�� j fiF k JLK�VgnMJ�Z\JL] k K�F©JLFpHaJ�]_VXH¦�q]iJ � u Fp�gFIH	JL`�Z�f_fi� u ZgNbN%]iJL]iVXH�Zgf8F©§,F k J�n VgU�n�J�ZghXHbZgH	J �IVgHbFIn£Z�HbNVgJ � FIK ± ]iHbFpJ�] k �%K�V k FInMn�Fpn�KMFIf_Z�JLFpN�JLV�J � FIKMY[ZgfªY�VgJL]iVXH u ]in�J � FIK�F©UWVXK�F[�bK�VX{bZg{bfi��J � F��bK�FpNbVXY�]_H�Z�HaJKMFpJLFpH	JL]_VgH��bKMV k FInMnI�
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��� FGK�FpJ�FIH	JL]iVXH VgU k VXfif_VX]iNbn*]_n�NbFpJ�FIKMY�]iHbFIN {	�¡J � F9àLÛ©áâÛ©ã�á�äCå\ã6Õ�Ý©æ%Ý4Õ©ä¢á�çlVgUbJ � FGY�FINb]i`bY u ZqUW`bH k J�]_VXH�VgUn � VXKMJ��ªZgHbN�]iH	JLFIKMY�FpNb]�Z\JLF7KLZgHbhgF�]_H	JLFpKMU�Z k F³UWVXK k FpnI�lRÒJ�]in�]_Y��.VgKMJ�Z�HaJlJ�V nMJ�K�FInMn�J � F�N<�<HbZgY�] k H�Z\JL`bKMFVgU�J � F[KMFpJ�FIH	JL]iVXH k Z���Z k ]�JT�¤Þ�Fpf_F k JLKMVXnMJLZ�JL] k UWVgK k Fpn NbFp�.FpHbN�VXH�J � F[fiV k ZgflhXFIV k�� FIY�] k Zgf k VXH%Nb]iJ�]_VXHbn
nM` k�� Z�n ��w u ]_VXH%] k n�JLKMFIHbhgJ � ZgHbNèY�]_HbFpKLZgfln�`%KMU�Z k F k�� ZgKLZ k JLFpK�]inMJL] k n nM` k�� Zgn n�]�JLFÇ�TNbFpHbn�]�JT�X� ��� Fp�J � FIKMFpUWVXKMF'��ZgKM�è]iH�JL]iY�F�ZgHbN�n���Z k F u Fpn��¤F k ]_Zgf_f��è]_H k�� FIY�] k Zgf_f����XFpKM��K�F|Z k JL]��XF�nM�4nMJ�FIY�n�n�` k�� Z�nk FIY�FIH	JM� k f�Z|�´]iHaJ�FIK�U�Z k Fpn ¼�°�F�¥�]_HbN%J7F©J�Zgf½� u�ÁgyXy%¾;Ä � ��� FdUWVgf_f_V¨�q]iHbh£n�`bK�U�Z k FdFIH%FIK�hg]_FIn�¼WUWKMVXY»� � ] k��J � FmUWVXK k FIn7K�FInM`bfiJ Ä k ZgH6{¤F k VXHbnM]_NbFpK�FIN,Þ
é Fpf_F k JLKMVXnMJLZ�JL] k FIHbFpK�hg�´N%`bFmJLV�n�`bK�U�Z k F[¼�N%F Ä �%K�VgJ�VXH�Z�J�]_VXH u k VXY��bfiF©�%Z�JL]iVXH Â
é Fpf_F k JLKMVXY�ZghXHbF©JL] k Y�VXfiF k `bf�ZgKGFIHbFpK�hg��¼¢��ZgH�N%FIK�¥�ZgZgf_n�UWVXK k Fpn Ä
é n � VXK�JM�TK�ZgHbhXFdÍGVgK�H´FIHbFpK�hX]iFIn
é nM`bKMU�Z k F � �4NbK�Z�JL]iVXH´FIHbFpK�hg�
é FpHbFIKMhg�´K�Fpn�`bf�JL]iHbh£UWK�VXY»Z��%K�FpUWFpK�FpHaJ�]�Zgf*VgK�]_FpH	J�Z�J�]_VXH�VgU�¼�{%]_�¤VXf�ZgK Ä �GZ�JLFpKqY�VXfiF k `bf_Fpn



��� F£²�KMnMJmJT�¯V�FpHbFIKMhX]_Fpn¡ZgK�F£fi] ± FIfi�6JLV�N%VXY�]iH�Z�J�F�J � F�Z\J�J�Z k�� Y�FpH	J¡�bK�V k Fpn�n¡{b`%Jm�gFIKM��n � VXK�JM�ÒKLZgHbhgF
ÍGVgK�H�UWVXK k FInGY[Z|���bf�Z|��Z�nM]_hXHb]�² k Z�HaJGK�VXfiF7�q]�J � KMFInM�.F k J�JLVOJ � F9²<�bZ\JL]_VgH�K�FIZ k J�]_VXHQ�8v<`bKMU�Z k F�KMVX`bh � �
HbFpn�n�]in9Z�H']_Y��¤VXKMJLZgH	J7U�Z k JLVgK7�q]�J � KMFInM�.F k J9J�V[KMFp�XFpK�nM]_{b]if_]iJT�´VgK7J�V�²%�%Z�J�]_VXH6UWVXK k FIn9]iH�hgFIHbFpKLZgfG¼�RTnâ�
K�ZgFIf_Z k�� �<]if_]*Z�HbN6¥¦FIH%HbFIKMnMJLK|êVXY u*¾¨¿X¿Xë	Ä � z VXK�F©�%ZgY��bfiF u�z ]ihX`bKMF Á ]if_fi`bnMJ�KLZ�J�FIn�nM`bKMU�Z k F¡K�VX`bh � HbFInMn9Z\JY�VXf_F k `bf_ZgK�f_Fp�gFIf<Nb`bF�JLV9�bK�VgJ�K�`bN%]_Hbh9UW`%H k J�]_VXH�Z�f<hXKMVX`b�bnDVgU.Z9n�]if_] k Z³nM`bKMU�Z k FG�q]iJ � HbFI`<JLKLZ�f v4] �¡w
ZgH%N�HbFIh	Z\JL]i�gFIf�� k�� Z�K�hXFpN v<] �Oì>�mÈ³nmZ[K�Fpn�`bf�J u J � F �¤VX]_H	J9VgUªZ k J�]_VXH'VgUlFIfiF k J�K�VXn�J�Z�J�] k UWVXK k FInm]_nnMf_]_h � J�fi��ZgN%��ZgH k FIN��q]�J � K�Fpn��¤F k J³JLV£J � FOVXH%FOVgU���ZgH'N%FIK�¥�ZgZgf_n7ZgHbN�ÍGVXKMH6UWVgK k Fpn u � � ] k�� K�FpNb` k FInJ � F¡V;�gFIK�Zgf_f>Z�JMJLK�Z k J�]i�XF�UWVgK k Fm�gFIKM� k f_VXnMFmJLV£J � F¡nM`bKMU�Z k Fg�
o'Z\J � FpY[Z�J�] k Zgf8F©�<�bKMFIn�nM]_VXH%n ZgKMF�Z|��Zg]if�Zg{bfiFOJ�V�nM]_Y `bf_Z�JLF J � F�FIHbFpK�hX]iFIn¡Y�FpH	JL]_VgHbFIN¦Zg{¤V;�gF u f_F|Z�Nb]_HbhJ�V�n�V\� k Z�f_f_FpN�áâå\áCÝg×mä¢ã�áâÛ©àMÝ4Õ©á�äCå\ãíÛ©ã,Û©à½îgç�æ¤àLåâïl×_Û�Ü[�gZ�f_]_N�UWVXK�JT�¯V�nM`bKMU�Z k FInè¼¢��ZgH N%FIK�ð>FpF u�¾¨¿X¿ x Ä �°�]iK�F k JqY�FIZgn�`%K�FIY�FIH	J7VgU�J � F¡KMFIn�`%fiJL]iHbh£UWVXK k FInq]_n��¤VXnMn�]_{%f_F��4]�Z J � FOZ\JLVXY�] k UWVXK k FdY�] k K�VXn k VX�¤Fg� z VXKKMFIf�Z\JL]i�gFIf��m�b`bKMF¯Y�Z�JLFpK�]_Zgf_nQnM` k�� Zgn k Vgf_f_Vg]_N�Zgf\n�]if_] k Z u ZqKLZ�J � FIK>hXV4V<NOZghXKMFIFpY�FpHaJ�]in�Vg{bn�FpKM�XFpN£{.F©JT�GFpFIHJ � F[J � FIVXK���ZgH%N�F©�<�¤FIK�]iY�FpH	J�Zgf¯K�FInM`bfiJ�n�¼WFg�Shb� z ]ihb� s	Ä �6¥ � FIH�J � F�JT�¯V�n�`bK�U�Z k Fpn�Zg�b�bKMV	Z k�� �gFIKM�
k f_VXnMFIfi� u J � F�ZghgK�FIFpY�FpH	J ]_ndf_Fpn�n k VXH	�4]_H k ]_Hbh�� � ] k�� ]inO�¤VXnMn�]_{%fi�$Nb`bF�JLV6J � F�Fp§.F k J VgU��bKMVgJLKM`bNb]_H%hnM`bKMU�Z k FOhgK�VX`b�%n³Z�n7]if_fi`bnMJ�KLZ�J�FIN�{	� z ]ihb� Á �
��� F�²%�%Z�J�]_VXH k Z���Z k ]�JT� uDñXu ]inmNbFp²bHbFIN¦{a��J � F�Y[Z;�%]iY `bYòH4`%Y {.FpK¡VgU k VXf_fiVX]_N%nmZ kIk `bY `bf_Z�JLFpN$]_H�ZnM]_HbhXfiFmf�Z|�XFpKqVXH�J � F¡Y�FINb]i`bY»nM`bKMU�Z k F�¼WFg�Shb�lZ£nLZgH%N'hXK�Zg]_H u Z UWKLZ k JL`bKMF¡�GZgfif Ä ZgH%N�hX]��XFpH�{	�¤Þ

ñ9ó ôÁaõ s ¼¢öI÷ Ä�ø ¼ ¾¨Ä
� � FpK�F'÷�]_n£J � F k VXf_fiVX]_N�K�ZgNb]i`bn�¼½ZgnMn�`bY�]_Hbh$nM� � FIKM] k Zgf k VXfif_VX]iNbn Ä Z�HbNèöI÷�KMFI�bKMFInMFIH	JLn�Z�H�ÛWù�Û�Õ©á�ä¢úgÛK�ZgNb]_`%n�VgU¡J � F k Vgf_f_Vg]_N u ]iH k fi`bNb]_H%h�Fp�gFIH	JL`�Z�fdKMFI�b`%f_n�]��XF�UWVXK k Fpn6{¤FpJT�¯FIFpH J � F k VXfif_VX]iNbnI� ô ]_n�J � FV¨�XFpKLZgfifb²%�%Z�JL]iVXH��bK�Vg{�Zg{b]if_]iJT� u ô�ûèü y%ý�ýi¾pþ ZgHbN�Z k VXY��bf_FÇ� UW`bH k JL]iVXH�V�U,Fpf_F k JLKMVXnMJLZ�JL] k u ��ZgH�NbFIK8¥�ZXZgf_nZgH%N�Í¯VXK�H�FIH%FIK�hg]_FInlZ�HbN£J � F�J � FIKMY[Zgf%Y�VgJ�]_VXH�VgU®J � F k VXf_fiVX]_NQ�«o�VgK�F��bKMF k ]in�Fpfi� u ô ó ô®ÿ���ô�� u � � FIKMFnM`b{bn k K�]i�%JLn���Z�HbN ñ K�F©UWFIK�JLV��bKM]_Y�ZgKM��¼�n�JLK�VgHbh Ä ZgHbN´n�F k VXH%N�ZgKM��¼¢�GFIZ ± Ä {%]_HbNb]iHbh£UWVXK k FInpÞ

ô®ÿ ó � ¼��
	��� � Ä ü ¾ � � ¼���	��� ÿ Äâþ ¼ ÁgÄ
ô�� ó ü ¾ � � ¼�� � 	���� � Äâþ ü ¾ � ô®ÿ þ ¼ sXÄ

�q]�J � Þ � ¼�� Ä8ó FÇ�<������� �������� ø�� ý ¼! Ä�
	O]in J � F´FpHbFIKMhg�èVgU7J � F´K�Fp�b`bfin�]i�gF´{�ZgK�KM]_FpK u � ÿ J � F�FpHbFIKMhg��VgU7J � F´�bKM]_Y�ZgKM�¦Y�]_Hb]iY `bYÆZgHbN"� �J � F�FIH%FIK�h��[VgU*J � F9nMF k VXHbN�ZgK���Y�]_Hb]iY `bY6�2v4`b{bn�Fp^a`bFIH	J7FIHbFpK�hg��Y�Z\�<]_Y�ZOZgH%N�Y�]iHb]_Y�Z¡ZgK�F³]_hXH%VXK�FpNnM]_H k F[J � F©��Z�K�F�hXFpHbFIK�Zgf_f����XFpKM��nMY[Z�f_fC� ��� F�`%H ± HbV¨�qHË�bZgKLZgY�FpJ�FIKd]_n#� u J � F¦Û�Ü¨Õ�Ý©æ�Û´Õ�å¨Û%$�Õ©äCÛ©ã�á u�4]_Fpf_Nb]iHbh'& ¾ UWVXK£Z'J � FIK�Y�Zgf¯FIHbFpK�hg��V�U(�)�+*	gÅ�ZgHbN y ]�U�J � F��bKMVX{�Zg{%]_f_]�JT�$JLV�FIn k Zg�¤F�UWK�VgYÆJ � F�bKM]_Y�ZgKM�[Y�]iHb]_Y�`bYÉ]_n�]_H%F©�<]_n�JLFIH	JI�ªÈ0��Zgfi`bF � ]ih � FIK�J � ZgH ¾ hXFIHbFpKLZgfifi��]_Y��bf_]iFInGZgH´F©�4JLFpK�H�Zgf>nMVX`bK k FVgUlFpHbFIKMhg� k Zg�bZg{bf_FdVgU8N%FIn�VgK�{b]iHbh[J � F k Vgf_f_Vg]_N u nM` k�� Zgn � �4NbKMV<N<�<HbZgY�] k UWVgK k FpnI� ��� F �bKMVX{�Zg{%]_f_]inMJ�] kH�Z\JL`bKMF£VgU ô VXKM]_hX]iH�Z�JLFpn9UWK�VgY�J � F£KLZgH%NbVXY�HbFInMnmVgU¯J � FIKMY[Z�fDY�VgJL]iVXHQ�drDZgK�ZgY�FpJLFpK³ö£]inmZ�UW`bH k JL]_VgHVgU>Fpf_F k JLKMVXnMJLZ�JL] k UWVgK k Fpn�{¤FpJT�¯FIFIH´��Z�KMJL] k fiFInI�Dw³FpH k Fm{¤VgJ � ô ZgHbN�ö7��ZgKM���q]�J � J � F k�� FpY�]inMJ�KM��VgU*J � FnMVXf_`%J�]_VXH,�



v<VdU�ZgK u VXHbf���ZOY�VXHbV\�Tf�Z|�gFIKlVgU k VXf_fiVX]_N%n8]_n k V¨�XFpK�FIN�{	��J � F7²%�%Z�J�]_VXH k Zg�bZ k ]�JT�X�2È³nGn�V4VXH[Zgn k V	ZghX`%f�Z\�J�]_VXHOV kpk `bKMn u J � F�Fp§.F k JL]��XF¯²<�bZ\JL]_VgH k Zg�bZ k ]�JT�ON%KLZgY�Z�JL] k Zgfifi�³]_H k K�FIZgn�FpnI�2ÈËJ � FpVXK�F©JL] k ZgfaNbFp�gFIfiVX�bY�FIH	JVgU ñ `bH%NbFIK k VXZghX`bf_Z�JL]iHbh k VXH%Nb]iJ�]_VXHbnG]_nqZ|��Zg]_f_Zg{bf_F9ZgHbN´J�Z ± FInqJ � FmUWVXfif_V¨�q]_H%h�UWVXK�Y6Þ
ñ�ó ü ¾ � � ô-, þ ôÁ õ s ¼¢öI÷ Ä�ø ¼ tgÄ

� � FpK�F ô , NbFpHbVgJ�FIn�J � F k V	Z�hX`bf�Z\JL]_VgH��bKMVX{�Zg{%]_f_]�JT��¼�N%Fp�XFpf_VX�¤FIN$nM]_Y�]_f�Z�K�fi��JLV ô Ä ZgHbN.�$]in³J � F Ha`bY��{¤FIKdVgU�f_Z¨�gFIKMnO�¤VXn�nM]_{bfiF�]_H$J � F k `bKMK�FIH	J�nM�4nMJ�FIY u K�Fpf�Z�J�FIN$JLV6J � F��.VgK�F©�ÒhXFIVgY�F©JLKM��{b`%J�Zgf_nMV6J�V�J � F
k V	ZghX`bf_Z�JL]iVXH��bKMVX{�Zg{b]if_]�JT� u � FIH k FpUWVXK�J � JLV�FIfiF k J�K�VXn�J�Z�J�] k nI�
v<]iH k FmnM`bKMU�Z k F�UWVXK k FInqZ�K�F9J � F�K�Fpn�`bf�J�VgU�n�`%KMU�Z k F k VXY��bf_FÇ�%Z�JL]iVXH[KMF|Z k JL]_VgHbn u J � F9J � FIVXK��[�gFIKM��{bK�]iF Ì �VX`<JLf_]iHbFIN'Zg{¤V;�gF Zgfif_V¨�qn7`bn³J�V[F©�<�bKMFInMn k VXfif_VX]iN�Zgf,²%�%Z�J�]_VXH'ZgHbN k V	Zghg`bf�Z�J�]_VXH6Zgn9Z�UW`bH k JL]iVXH'VgUDJLK�`%F
hXFpV k�� FIY�] k Z�fQ��ZgK�ZgY�F©JLFpK�n u nM` k�� Z�n7�bw Z�HbN�]iVXHb] k nMJ�K�FIH%hgJ � � ��� F¡J � FIVXK�� � Zgnq{¤FIFIH6]_Y��bfiFIY�FIH	JLFpN]iH´J � FmhXFpV k�� FpY�] k Zgf k V4NbFOE�w j vbv´ZgHbN´]_fif_`bn�JLK�Z�JLFpN[UWVXKqZ n�]iY��%f_F�n��<n�JLFpYºVgU k VXfif_VX]iN�Zgf�UWFIKMK�] k V|�<]_N%F
]iH k VXH	J�Z k J7�q]�J � ^a`�ZgK�JL�dhXKLZg]iHbnd¼W��ZgH6NbFpK³ð*FpF u>¾¨¿X¿XÀXÄ � � Zg{bf_F ¾ n�`%Y�Y�ZgK�]i�IFpn�J � FdnM�4nMJ�FIY u NbFp²�H%FIN{	� KMFIf_Z�JL]��XFIf��¡�GFpf_f ± HbV¨�qH u J � FIKMY�V4N%�4H�ZgY�] k FIH	JL]�JL]iFInDVgHbfi�¤Þ�NbFInM�b]iJ�FGJ � F k VXY��bf_FÇ�%]�JT�dVgU�J � F¯J � FpVXKM� uVXH%fi���XFIK��[UWF©� `%H ± HbV¨�qHbn7ZgK�F�fiFpU¢J¯UWVXK¯� � ] k�� hXV4V<N�FpnMJ�]_Y�Z�JLFpn k ZgH�{¤F�Y�ZgNbF�� z ]_hg`bK�F/  n � V¨�qn�J � F²%�%Z�J�]_VXH k Zg��Z k ]iJT�£Z�nlZ9UW`bH k J�]_VXH�VgU®JT�¯V ± Fp�	�Ò��ZgKM]�Zg{%f_FIn u ��w�ZgHbN�]iVXHb] k nMJ�K�FIH%hgJ � � ��� F�²�hX`bKMF�n � V¨�qnZgH�]_H k K�FIZgn�FpN k Z���Z k ]�JT�6ZgK�Vg`bHbN�J � Fd��w V�U2�IFpK�V k�� ZgK�hgF u ZgHbN'ZgH'V¨�XFpKLZgfif*]_H k K�FIZgn�FdVgU2J � F�Z�Y�VX`%HaJVgU,²%�<FIN k VXf_fiVX]_Nbn2�q]�J � ]_VXHb] k nMJ�K�FIH%hgJ � � ��� ]_nª]_nªF©�<�.F k J�FIN u n�]_H k F�Z\J � ]_h � ]_VXHb] k nMJ�K�FIH%hgJ � u K�Fp�b`bf_nM]i�gFUWVXK k Fpn7J�FIHbN´JLV£�¯F|Z ± FIHQ�
w7FIH k Fd�¯FON%]_n��¤VXnMFmVgU2Z£hXFpV k�� FIY�] k Z�fQY�V4NbFpf,� � ] k�� Z kpk VX`%HaJ�n7UWVgK k VXfif_VX]iN�Zgf®K�F©JLFIH	J�]_VXHQ�¯E�w j v%v6]_n
J � FqhXFIV k�� FIY�] k Zgf%KMF|Z k JL]iVXH£Y�V4Nb`bfiF�VgU.w10 �qj E u � FIH k F³w20 �qj E k ZgH�`bn�F�J � ]_n2UWFIZ�JL`bKMF�JLV¡n�]iY `bf_Z�JLFY�]_hXK�Z�JL]iVXH�VgU«K�FIZ k J�]i�gF k VXf_fiVX]_N%nI�

��·�ÑªÑ�· µ ¸43 µ65 ��}¡� µ · ¶
RTH��.FpKMUWF k J³ZgH�ZgfiVXhg�[J�V[Z�^4`%FIVX`bn7n��¤F k ]_Fpn u k VXfif_VX]iNbn�]iH6HbZ�JL`bK�Zgf>Zg^a`b]�UWFIK�n7ZgKMF¡n�`b{4ÊMF k J³JLV�ZgN%�XF k J�]_VXH uNb]in��¤FIKMn�]_VgH�ZgHbN�N%]i§.`bn�]iVXHQ� ��� Fp�'ZgKMFOJ � FIK�F©UWVXK�F�K�F|Z�Nb]_f��´]_H k VXK��¤VXKLZ\JLFIN�]_H6JLKLZ�Hbn��¤VXKMJ³Y�V<NbFpf_n u {b`<JJ � Z�J7]_n�hgFIHbFpKLZgfifi��H%VgJqn�`87 k ]_FIH	JqJLV�Z kpk VX`%HaJqUWVXK k VXf_fiVX]_NbZgf®Fp§.F k J�n7�q]�J � K�Fph	ZgKMN´J�V��.VXfif_`%JLZgH	JLn�Z�HbNY�FpJLZgf_n8]iH��bZgKMJ�] k `%f�ZgKp�«RTHbN%FIFIN u k VXf_fiVX]_Nbn2Z k J¯Zgn8KMF|Z k JL]i�gF³nM`bKMU�Z k FIn u fi] ± F�Y�]iHbFIK�Zgf%nM`bKMU�Z k FIn u {b`<JªJ � Fp�ZgKMF�Y�VX{b]_fiF u `bHbfiFInMn2K�F©J�Zg]iHbFIN {	�O�bK�V k Fpn�nMFInlZgn«VX`%JLfi]_HbFpN Zg{¤V¨�XF��lo�VXKMFIV¨�XFpK u k Vgf_f_Vg]_Nbn k Z�H {.F k KMF|Z�J�FINZ�J k�� FpY�] k Zgf8UWK�VgHaJ�n�¼WFg�Shb��K�FpNbV|�¦UWKMVXH	JLn Ä©u J � `bnOUWVXKMY�]iHbh6Z�HbF©�ÉY�Vg{b]_fiF£� � ZgnMF��q]iJ � u F©�XFpHaJ�`�Zgfifi� uHbF©�ÐK�FIZ k J�]i�gF�nM`bKMU�Z k FInp�[RTH	�XFpK�n�Fpfi� u k VXfif_VX]iNbn9Y�Z|��Nb]in�n�Vgfi�XF�ZgnmJ � Fp�$FIH	J�FIKd�IVXHbFpnd� � FIK�F�J � Fp��ZgKMFJ � FIKMY�V4N%�4H�ZgY�] k Zgf_f���`%HbnMJLZg{bf_F u VXK k VXZghX`bf_Z�JLF¡ZgH%N6�%K�F k ]_�b]�J�Z�J�Fg�
w20 �qj EË]in2Z�K�FIZ k J�]i�gFGJLK�ZgHbn��¤VXK�J k V4NbF k `bK�KMFIH	JLf���`bnMFIN£UWVXK2hgK�VX`bH%N%��Z\JLFIKD�.VXfif_`%J�]_VXHdnMJ�`bNb]iFIn u n�Z�UWFpJT�ZgnMn�Fpn�n�Y�FIH	J³VgU«H4` k f_FIZgK��GZgnMJ�FdN%]_n��¤VXn�Zgf_n u hXFpV k�� FpY�] k Zgf.nMJ�`bNb]_Fpn7ZgHbN´]_H	JLFpK��bKMFpJLZ�JL]iVXH�VgU«f�Zg{¤VXK�Z�JLVXK��k VXf_`bY�H�F©�<�¤FIKM]_Y�FIH	JLn�¼¢�gZ�H�NbFIK´ð*FIF�F©J´Zgf½� u JL]iVXH Ä � w20 �qj E�]iH	JLFIhgKLZ�J�FIn�Y�VXnMJ�VgU¡J � F�nM�.F k ]�² k�bKMV k FInMn�FIn�UWVXK ]iHbVXK�hXZgHb] k ZgHbNËVXK�hXZgHb] k�k VXfif_VX]iN�Zgfªn��¤F k ]_FIn�ZgH%NèJ � FIKMFpUWVXKMF6Zgf_fiV;�qnOJLV�^a`�ZgH	JL]�U¢��J � F
F©§,F k JdVgU k VXfif_VX]iNbn9]iH�hXFIV k�� FIY�] k Zgf_f�� k VXY��bf_FÇ��n��<n�JLFpY�np��°�`bK�]iHbh�J � F£�¯VXK ± n � VX� u �GF£�q]if_f�VX`%JLfi]_HbFnMVXY�F7ZgnM�.F k J�nªV�UQw20 �qj E�ZgHbN�n � V¨��F©�%ZgY��bf_Fpn8VgU k VXfif_VX]iN<�TFpH � ZgH k FIN Y�]_hgKLZ�J�]_VXHO]_H��.VgK�VX`bn8Y�FIN%]�Z%�



� ß Ï ß � ßm¶ � ß �
ÍGVg` k�� ZgKMN u ° � u ¥�V4V4N u ÈO� u E�ZgY��%{.Fpf_f u o¦� u Ã ± FIN%]��âÅm]i�I�|Z u r«�ªZgH%N!¬7ZgV u r«�³¼ ¾¨¿gÀXÀ	Ä Þ v<VXK��<JL]_VgHHbVXH%FI^a`b]_fi]_{bKM]_`bYÉNb`%K�]_H%h�nMVXf_`<JLFmJLK�ZgHbn��¤VXK�J|�:98;:<¯å\ã�áÒÝ>=?;-@�çgÚgàLå\×A; u¤Á Þ ÁgyX¿CB%ÁgÁgs �
ÍGKM`bn�nMF|Zg` u o��l¼ ¾¨¿g¿	ÁXÄ Þ�Ã³VXHbFp^a`b]_fi]_{bKM]_`bY J�KLZgHbnM�.VgKMJmVgUªVXKMh	ZgHb] k�k�� FpY�] k ZgfinIÞqJ � F�]_Y���Z k J9VgUª�.VgK�F©��GZ�JLFpKq�gFIfiV k ]iJT�X�:98;:<¯å\ã�áCÝ>=?;�@9çXÚgàLå\×A; u®¿ Þ s	tgs6B<sXëXÀ �
E � Z�Y�� u ° � u o�FIKMK�]�J u ¥��*ZgH%N'0ªVX`%Hbh u *%�l¼ ¾¨¿XÀ	ÁXÄ Þ�r«V�JLFIH	J�]�ZgfDUWVgK�J � F£K�Zg�b]_N�J�KLZgHbnM�.VgKMJ¡VgUª�bfi`%JLV��Hb]i`bY ]_H�hXKMVX`bHbN%�GZ�J�FIKOZgnON%FIY�VXHbnMJ�KLZ�J�FIN¦{a� k VXK�F k Vgf_`bY�H¦n�JL`bN%]_FInp�[RTH�ð>`<JL�IF u ¥�� u FpNb]iJ�VXK uDFE Õ©äCÛ©ã�á�ä ï�ÕHG³Ý\Ü©ä_ÜJI|å\à(K�Ý	ÚgäCåIÝ4Õ©á�ä¢úgÛML�Ý\Ü©áTÛON�Ýgã¤Ý¨î4ÛP=[Û©ã�á D ubt Þ x  t6B x t  u Ã7Fp����0ªVgK ± �
°�F�¥�]_HbN<J u ð8� u r�FIfif_FIhgK�]_H%] u ° �>ZgHbN��gZ�H�NbFpK ð*FIF u *%�¯¼ Ágygy%¾;Ä Þ#¬qF|Z k JL]��XF�JLKLZ�Hbn��¤VXKMJOY�V<NbFpf_]iHbh´VgU��w#{b`%§.FIK�]iHbh�]iH k FIY�FIH	JG� k f�Z|��n��<n�JLFpY�np�DRTH´EG]iNb` u FINb]�JLVXK u L6ÝgáâÛ©àÇØ�Kqå¨ÕFQOR©ã�áTÛ©à�Ý4Õ©á�äCå\ã%Ü u ��ZghXFpn
¾¨s%¾¨t6B¤¾¨s%¾|À%u v<ZgK�N�Z�]_hXHbF�¼WRÒJ�Zgfi]_F Ä Þ

°��pVXY {�Z ± u ° �aZgHbN�o�VXKMFIf uaz �¤¼ ¾¨¿X¿gy	Ä Þ E Ö4à%IpÝ4Õ�Û#<¯åS=9æ¤×_ÛUTaÝgá�äCå\ã�N�åIÚ4Û©×Ùä¢ã4îV;W@�çgÚgàLå\ÖaÜ1X�Û©à©àÇäCÕ#YJTXä�Ú4Û©�*gV � H�¥�]if_Fp�[ZÐv<VXH%n u Ã³F©�\0ªVXK ± �
RTnMKLZgFpf�Z k�� �4]_fi] u *%�lZgHbNè¥�FpHbHbFIKMnMJ�K¨êVXY u wd�7¼ ¾¨¿X¿gë	Ä Þò¬7Vgf_F�VgU � �4NbK�Z�JL]iVXH�ZgHbNè��Z�J�FIK�nMJ�K�` k JL`bKMF�]iH{b]iVXf_VXhg] k Z�f.Z�HbN k VXf_fiVX]_NbZgf.]iH	JLFIK�Z k J�]_VXH,�^]¡Ýgá�Ö4à�Û u®s x ¿ Þ ÁgÀ	t6B%Á�¿	t �
ÅmFIKMnMJ�]_Hbh u È�� u j UW`bKMN u ° � uGz ]iHbHbFph	ZgH u ° � u ¬7V ± VX� u ° � u v<Y�]iJ � u ° �lZ�HbN ��� VXY��%n�VXH u *%�7¼ ¾¨¿X¿g¿	Ä Þo�]ihXKLZ�J�]_VXH[VgUD�%f_`%J�VXHb]_`%Y»]_H�hgK�VX`bH%N6�GZ�JLFpK7Z�JqJ � FdÃ³F©��ZgN�Z � F©J9v<]iJ�Fg�_]mÝgá½Ö4àLÛ u.sg¿ x Þ tgëCB%t�¿ �
� KLZ|�4]_n u *%�bZgH%N´Ã³`%JMJ�Zgfif u wO�*¼ ¾¨¿XÀ	tgÄ Þ9È JLKLZ�Hbn��¤VXKMJ k V4NbF9UWVXK�K�ZgNb]iV k VXf_fiVX]_N£Y�]_hXK�Z�JL]iVXHQÞ>�q]iJ � Zgn�nMFIn�nâ�Y�FIH	J�V�UqZgH�Z k JL`bZgflf_V¨���TfiFp�XFpf8��Zgn�JLF�nM]iJ�Fg��RTH�N�Ýgá�;:KqÛ�Ü`; E å¨Õ`; u �gVXf_`%Y�Fa b �VgU9Ü©çS=9æ�;Dæ¤àLå¨Õ`; u��ZghgFIn ¿XëX¿CB4¿ x ë �
��ZgH!N%FIK�ð*FpF u *%�³¼ ¾¨¿g¿ x Ä ÞcN�åIÚedÛ©×Ùä_ÜIÝgá�äCå\ã�ÚgÖ�Õ�åS=9æ�å\à©áTÛP=[Û©ã�á9îedÛ¨å¨ÕFf4ä�=£ä!gIÖ�Û'Û©á ÚgÖ�á�àMÝgã%ÜTæ�å\à©á Ú4Û�Ü
àMÝ	ÚgäCå\ã�Ö®Õ©×hdÛ©ä�Ú4Û�Ü�Û©ã�æ¤àidÛ�Ü¨Û©ã,Õ�Û�Ú4Û[Õ�å\×¢×_å
jk Ú4Û�Ü©� r � °ÐJ � Fpn�]_n u ejlk VXf_F£N%FInOo�]_H%FIn¡NbF�rDZgKM]_n u rDZgKM]_n uz KLZgH k Fg�

��ZgH�N%FIK³ð>FpF u *%�D¼ ¾¨¿X¿XÀXÄ Þ ��� FIKMY�V4N%�4H�ZgY�] k ZgHbN�Y[Z\J � FpY[Z�J�] k Zgf k VgH k Fp�%JLn�V�UªE�w j vbv.� � F k�� H%] k Z�f¬qFI�¤VXKMJ7ð>w�o'g¬³°¡ ¿XÀ  sX¿<u EGR�c u ej8k VXfiFdN%FIn³o�]_H%FInqNbFdrDZgKM]_n u®z VgHaJLZg]_H%FI{bfiF|Zg` u%z KLZgH k Fg�
��ZgH¦NbFIKOð*FIF u *%� u °�F£¥�]_HbN<J u ðl� u ð�Z�hXHbF|Z�` u�l ��ZgHbN�cmVX{bfiFpJ u r��ª¼ Ágygy	Á<u n�`b{bY�]iJMJLFpN�UWVXK¡�b`%{bf_] k Z\�JL]iVXH Ä Þ o�V<N%`bf_FÇ�TVXKM]_FIH	J�FIN�Y�V<NbFpf_]iHbh'VgU7KMF|Z k JL]i�gF�JLK�ZgHbn��¤VXK�J �q]iJ � w10 �qj E9�m<¯åS=9æ¤Ö4áTÛ©à�ÜMno³Û�å¨Ü¨Õ©äCÛ©ã,Õ�Û�Ü©�
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z ]ihX`bKMF ¾ Þ2°�]i§.FIK�FpH	J�K�F©JLFpHaJ�]_VXH�Y�F k�� ZgHb]in�Y�n¯UWVXKª��ZgK�JL] k f_Fpn¯]iH[�¤VXK�Vg`bnGVXKªUWKLZ k JL`bKMFIN�Y�FIN%]�Zd�q]�J � ZgHZg�%�bK�V|�<]_Y�Z�JLFmN%FI�¤FIHbNbFpH k FOVXH6n�]_�pFg�

z ]ihX`bKMF Á Þ�v k�� FpY[Z\JL] k ]if_f_`%nMJLK�Z�JL]iVXH�VgUDY�VXfiF k `bf�ZgK�KMVX`bh � HbFInMn9{	�´�bK�V�JLK�`%Nb]_Hbh�n�`%KMU�Z k F�hXKMVX`b�bnqUWVXK7ZnM]_f_] k Z nM`bKMU�Z k Fg�
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Ï-ÊWËÇ·?ÌÎÍÐÏCË�ÑCÍ?Ò
k VXH k FIH	JLK�Z�JL]iVXH Þ ¾ ha�f
nM]iJ�FmNbFIHbnM]iJT�´VgU z FX¼C�mw Ä �Ï �mw Þ y � yX¿Xs Ô FI^<�Y ønM]iJ�FmNbFIHbnM]iJT�´VgU z FX¼C�mw ÄvÓÏ �mw Þ s � x  t Ô FI^<�Y øK�ZgNb]i`bn Þ ¾¨y HbY
nM�.F k ]�² k n�`bK�U�Z k F Þ ëX¿ � s  Y ø �h
�gVXf_`%Y�] k Y[Z�n�n Þ s%¾g¾  ± ha�Y ÏÔ.Õ¨Ö`×CØ_ØPÙPÕVÚCÛ�Ü%×CÝ¡Þ`ßz F	¼C�mw Ä �Ï �¡w � wHàâá z F	¼½�mw Ä �Ï �mw ø à f_Vgh®¼�ã Äló x ý Ág¿
z F	¼C�mw Ä�ÓÏ �mw � wHàäá z F	¼C�mw Ä�ÓÏ �mw ø à f_Vgh®¼�ã Äló x ý Ág¿
z F	¼C�mw Ä �Ï �¡w á z FX¼C�mw Ä �Ï � ì � w/à f_VXh®¼!ã Äló � À<ý ¿Xs
z F	¼C�mw Ä�ÓÏ �mw á z F	¼½�mw Ä�ÓÏ � ì � wHà f_VXh®¼!ã Äló � À<ý ¿Xsåaæ�ç¡è6é6êëÒ
k VXH k FIH	JLK�Z�JL]iVXH Þ ¾ ± ha�f
nM]iJ�FmNbFIHbnM]iJT�´VgU ì�`�Z�KMJL� �mw ÞJ Ô FI^<�Y ø�gVXf_`%Y�] k Y[Z�n�n Þ Ágë  À ± ha�Y ÏnM�.F k ]�² k n�`bK�U�Z k F Þ y � yXy%¾ Y ø �hÔ.Õ¨Ö`×CØ_ØPÙPÕVÚCÛ�Ü%×CÝ¡Þ`ßì�`�ZgKMJ�� �¡w á ìm`bZgKMJ�� � ì � w/à f_VXh�¼�ã Äló � x ýÓyì�`�ZgKMJ�� �¡Ã³Zíá ì�`�ZgK�JL� �mwî��wHà � Ã³Zbà�f_VXh�¼�ã Äló � ë%ý x5 Ê�ï�Ê)èCç
ðHÒ
Fpf_F k JLKMVXfi�aJ�F ÞlÃ³Z	EGf
N%]_n�nMVXf_`<JL]_VgH Þ_ñ Ü�ÞFÕ¡òSó!Ù ñ�%K�F k ]_�b]�J�Z�J�]_VXH Þ_ñ Ü�ÞFÕ¡òSó!Ù ñ

� Zg{bfiF ¾ Þ¡rDZgK�ZgY�FpJLFpK k VXH<²�hX`bK�Z�JL]iVXH�UWVXK9J � F�nM]_Y `%f�Z�J�]_VXH�VgU¯²<�bZ\JL]_VgH�]iH��bK�Fpn�FpH k F�VgU k V	Zghg`bf�Z�J�]_VXHVgU2Z � �4NbKMVX`bnqUWFIKMK�] k V|�<]_N%FdnM`bn��¤FIH%n�]_VgH�]iH�Z£^a`�ZgK�JL�dY�FpNb]_`%Y ¼ Ì Z�Jqn�`bK�U�Z k Fpn Ä �
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z ]ihX`bKMFO bÞ z ]��%Z�J�]_VXH k Zg��Z k ]iJT��Nb]_ZghXK�ZgY ¼ ñ\Ä UWVgK³Z k VXf_fiVX]_N�Z�f � �4NbK�Vg`bn³UWFpK�K�] k V|�%]iNbF¡n�`bnM�.FpHbn�]iVXH�Z�HbNZd�bf�ZgH%F7^a`�Z�KMJL�7n�`%KMU�Z k Fg�¯E�Zgf k `bf�Z\JLFIN�{	�[E�w j vbv�`%n�]_H%hdJ � F9��Z�KLZgY�FpJ�FIK k VXH<²�hX`bK�Z�JL]iVXH�V�U � Zg{bf_F ¾Xu� ó ¾gu � óÉ¾¨y �
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SORPTION AND REACTIVE TRANSPORT A MULTICOMPONENT PROBLEM? 

W.H. van Riemsdijk 
Department of Environmental Sciences, Subdepartment of Soil Quality, 

P.O.Box 8005  6700 EC Wageningen, Wageningen University, The Netherlands 
E-mail: Willem.vanriemsdijk@bodsch.benp.wag-ur.nl 

 
In order to be able to make reasonable predictions about transport of chemicals in the 
environment one should have insight in a quantitative sense in the (multiple) interactions 
which affect the distribution of the compound of interest over the solution and the solid phase 
during the transport. The interaction of a toxic substance present at trace levels will in general 
not affect the chemistry of the solution of the porous medium, other than the concentration of 
the toxic trace compound. In that ideal situation one might use a mono-component reactive 
transport approach. In case of non-linear adsorptive interaction one can easily predict the 
transport if the adsorption curve is known for the medium and compound of interest if an 
equilibrium approach is justified. The transport velocity of an acid or base front at constant 
salt level can for instance be treated as a pseudo mono-component problem if the adsorption 
of H and OH with the solid phase determine the interaction between solid and solution. 

 

The next step which may complicate the problem is when reaction kinetics are of relevance. 
Calculation of the Damkohler number, which depends on the rate constant of the reaction, the 
flow velocity of the groundwater and the transport distance, will give an idea whether kinetics 
are of relevance. It will also give an idea of the time scale of the adsorption/desorption 
experiment which may be required to follow the reaction. Especially for reactions which may 
need very long time periods to reach equilibrium it is important to realize how long one 
should follow the reaction kinetics in order to be of relevance for the problem one wants to 
study or calculate. Such problems are already quite complex to study, although we still 
assume that we can simplify the problem to a mono-component transport problem. One 
example is the (simplified) transport of phosphate present in liquid manure which is spread in 
high amounts over the soil. The difference in the measured phosphate adsorption to a sandy 
soil at a given phosphate concentration between a reaction time of one day or one year can 
easily be a factor two.  

 

Also in the area of colloid facilitated transport, the kinetics and reversibility of the reaction 
are of paramount importance for the predicted mobility of the trace element which supposedly 
is bound to the mobile colloid like dissolved organic carbon (DOC).  

 

The mobility of DOC itself may also be an important issue in case of risk assessment if the 
concentration of DOC varies during transport. One should in that case know what the 
interaction is between the DOC and the porous matrix through which the aqueous solution is 
being transported and in addition to knowledge on the interaction between the chemical of 
interest and the DOC. It is rather common in the literature on DOC transport to treat the DOC 
as if it is one substance with (average) properties which interacts with the solid phase. 
However DOC is a complex mixture of Humic acids (HA), Fulvic acids (FA) and other 
organic molecules. In principle each type of organic molecule will have its own interaction 
behavior with the solid matrix and the chemical of interest. The adsorption affinity and 
kinetics of the various types of organic molecules may differ, which can lead to competitive 
multi component interactions. I will give some examples of the phenomena which one can 
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encounter in studying DOC adsorption/desorption and transport and I will  give examples 
how such problems can be tackled.  

 

I will also show some very recent results on transport data of HA and FA through soil 
columns and show the multiple type of interactions which occur. The main mechanisms 
which can be observed in such experiment will also be discussed 
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WORKSHOP PROGRAMME 
 
 

 Wednesday, March 20  

 

9:00 - 9:15   OPENING AND WELCOME ADDRESS 

 P. Fritz, Forschungszentrum Karlsruhe (Germany)  

 

Session PA COUPLED TRANSPORT REACTION MODELING IN 

PERFORMANCE ASSESSMENT 

Presiding: B. Sagar (USA) and B. Kienzler (Germany) 

  

9:15 - 10:00   COUPLED TRANSPORT REACTION MODELING IN 

PERFORMANCE ASSESSMENT  

 B. Sagar (invited), L. Browning and S. Painter, Center for Nuclear 

Waste Regulatory Analyses, San Antonio, USA  

10:00 - 10:30 RADIONUCLIDE TRANSPORT AND SORPTION IN 

HETEROGENEOUS MEDIA FOR PERFORMANCE 

ASSESSMENT STUDIES  

U. Nosek and E. Fein, Gesellschaft für Anlagen- und 

Reaktorsicherheit (GRS), Braunschweig, Germany  

 

10:30 - 11:00  COFFEE BREAK  

 

Session A COUPLING OF SORPTION PROCESSES AND TRANSPORT  

 Presiding: W. van Riemsdijk  (Netherlands) and J. Lützenkirchen 

(Germany)  

 

11:00 - 11:45   SORPTION AND REACTIVE TRANSPORT A 

MULTICOMPONENT PROBLEM?  

 W. van Riemsdijk (invited), University of Wageningen, The 

Netherlands 
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11:45 - 12:15 CHARACTERIZATION OF NONLINEAR TRANSPORT BEHAVIOR 

IN HETEROGENEOUS POROUS MEDIA BY MEANS OF 

BREAKTHROUGH CURVES  

 J. Dimitrova, S. Attinger and W. Kinzelbach, Institute of 

Hydromechanics and Water Resources Management, ETH Zürich, 

Switzerland  

 

12:15 - 13:45 LUNCH  

 

13:45 - 14:15 TOWARDS OBTAINING THE EXCHANGE COEFFICIENTS OF 

SYNTHETIC ZEOLITE NAP1; MULTICOMPONENT ION 

EXCHANGE TO BE COUPLED TO TRANSPORT  

 J. Cama, A. Garrido, X. Querol and C. Ayora, Institute of Earth 

Science “Jaume Almera”, CSIC, Barcelona, Catalonia, Spain  

14:15 - 14:45 MODELING STRONTIUM SORPTION IN NATURAL AND 

PURIFIED BENTONITE CLAY  

 M. Molera, T. Eriksen and S. Wold, Royal Institute of Technology, 

Department of Chemistry, Stockholm, Sweden   

14:45 - 15:15 SPREADING OF REACTIVE CHEMICALS IN NATURAL POROUS 

MEDIA: FROM THE ATOMIC TO THE FIELD SCALE.  

 D. Grolimund, J.A. Warner, X.X. Carrier, G.E. Brown, Jr. Swiss Light 

Source (SLS) and Waste Management Laboratory, PSI, 

Switzerland, USA, France  

15:15 - 15:45 MONTE CARLO SIMULATION OF THE SWELLING BEHAVIOUR 

OF MX-80 WYOMING MONTMORILLONITE  

 A. Meleshyn and C. Bunnenberg, Center for Radiation Protection 

and Radioecology (ZSR), Hannover, Germany  

 

15:45 - 16:15  COFFEE BREAK  

 

Session B COUPLING OF REDOX PROCESSES AND TRANSPORT  

 Presiding: M. Isenbeck-Schröter (Germany) and W.Schüßler 

(Germany)  
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16:15 - 17:00 COUPLING OF REDOX PROCESSES AND TRANSPORT: 

TRACER TESTS WITH ARSENIC (III) AND ARSENIC (V) AT THE 

CAPE COD SITE  

 M. Isenbeck-Schröter et al. (invited) , Institute of Environmental 

Geochemistry, University of Heidelberg, Germany, USA, Denmark 

17:00 - 17:30 EFFECT OF REDOX POTENTIAL ON DIFFUSION OF REDOX 

SENSITIVE ELEMENTS IN COMPACTED BENTONITE – 

SELENIUM (Se)  

 H. Sato and S. Miyamoto, Japan Nuclear Cycle Development 

Institute (JNC), Tokai-mura, Japan  

17:30 - 18:00 CODE DEVELOPMENT FOR  MODELING OF COUPLED 

EFFECTS AT CORROSION OF CARBON STEEL CONTAINERS 

UNDER REPOSITORY CONDITIONS  

 E. Korthaus, Institute for Nuclear Waste Management, 

Forschungszentrum Karlsruhe, Germany  

 

18:30 - 22:00 POSTER SESSION WITH BUFFET  

 

 

 Thursday, March 21  

 

Session C COUPLING OF DISSOLUTION / PRECIPITATION PROCESSES 

AND TRANSPORT  

 Presiding: J. Soler (Spain) and W.Pfingsten (Switzerland)  

 

9:15 – 10:00   HIGH-pH PLUME. REACTIVE TRANSPORT SIMULATIONS  

 J. Soler (invited) and U.K. Mäder, Institute of Earth Science “Jaume 

Almera”, CSIC, Barcelona, Catalonia, Spain, Switzerland  

  

10:00 - 10:30  COFFEE BREAK 

  

10:30 - 11:00  FULLY COUPLED MODELING OF CS AND U MIGRATION IN A 

CLAYEY ROCK DISTURBED BY ALKALINE PLUME  
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 L. De Windt, D. Pellegrini, J. van der Lee and V. Lagneau, École 

des Mines de Paris, Fontainbleau, France  

11:00 - 12:00 REACTIVE TRANSPORT MODELLING OF INTERACTION BOOM 

CLAY – CEMENT WATER: EXPERIMENTAL DATA AND 

PRELIMINARY MODELLING RESULTS  

 D. Jacques, SCK�&(1��0RO��%HOJLXP  

 

12:00 - 13:15 LUNCH  

 

Session D INFLUENCE OF COLLOIDS ON TRANSPORT PHENOMENA  

 Presiding: J. van der Lee (France) and D.Grolimund (Switzerland)

  

13:15- 14:00 COLLOIDS IN FRACTURED AND POROUS HYDROGEOLOGIC 

MEDIUM  

 J. van der Lee (invited) and L. de Windt, École des Mines de Paris, 

Fontainbleau, France  

14:00 - 14:30 EFFECT OF COLLOIDAL IRON HYDROXIDE 

TRANSFORMATION ON ACTINIDE MOBILITY IN GORLEBEN 

GROUNDWATER  

 T. Schäfer, R. Artinger, K. Dardenne, A. Bauer and J.-I. Kim, 

Institute for Nuclear Waste Management, Forschungszentrum 

Karlsruhe, Germany  

14:30 - 15:00 QUANTITATIVE MODELLING OF COLLOID FACILITATED 

TRANSPORT IN NATURAL POROUS MEDIA  

 D. Grolimund and M. Borkovec, Analytical and Biophysical 

Environmental Chemistry,University of Geneva, Switzerland  

 

15:00 - 15:30  COFFEE BREAK  

 

15:30 - 16:00 HUMIC COLLOID BORNE AMERICIUM MIGRATION: A 

STRONGLY COUPLED TRANSPORT/REACTION PROCESS  

 W. Schüßler, R. Artinger, B. Kienzler and J.-I. Kim, Institute for 

Nuclear Waste Management, Forschungszentrum Karlsruhe, 

Germany  
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16:00 - 16:15 WORKSHOP SUMMARY AND CONCLUSIONS  

 B. Sagar, Center for Nuclear Waste Regulatory Analyses, San 

Antonio, USA  

16:15 - 17:00 DISCUSSION  

17:00 CLOSING OF WORKSHOP  

 

 

 

 Poster 

 

REACTIVE TRANSPORT MODELLING OF RADIONUCLIDES ALONG A SINGLE 

FRACTURE IN GRIMSEL GRANITE (CRR PRJECT). 

A. Delos, L. Duro and J. Guimerà. Enviros QuantiSci S.L., Av. Universitat Autònoma, 

Barcelona, Spain 

 

A MICROSCOPIC SCALE LOW PARAMETER MODEL FOR SIMULATION OF 

FLOW AND TRANSPORT IN POROUS MEDIA 

F. Enzmann, M. Kersten and T. Hofmann, Institute of Geosciences, University of 

Mainz, Germany 

 

DIFFUSION-LIMITED SORPTION OF STRONTIUM BY MICROPOROUS 

HYDROUS FERRIC OXIDE: MODELLING ELECTROSTATIC CONSTRAINTS 

A. Hofmann, W. van Beinum, J. C. L.. Meeussen and R. Kretzschmar, Institut für 

Terrestrische Ökologie, ETH Zürich, Switzerland 

 

MIGRATION OF AMD WATER IN CARBONATE BUFFERED AQUIFERS - 

COLUMN FLOW EXPERIMENTS AND THEIR MODELLING 

N. Hoth, J. Hutschenreuter and F. Häfner, Institute of Drilling Engineering and Fluid 

Mining, Technical University of Freiberg, Germany 

 

MODELLING OF COLLOID TRANSPORT IN A GRIMSEL SHEAR ZONE 

G.Kosakowski, Waste Management Laboratory, PSI, Switzerland 
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COMPARISON OF DOUBLE LAYER MODELS IN TRANSPORT PROBLEMS 

J. Lützenkirchen and B. Kienzler, Institute for Nuclear Waste Management, 

Forschungszentrum Karlsruhe, Germany 

 

COLUMN EXPERIMENTS WITH HEAP MATERIAL OF KUPFERSCHIEFER 

MINING AND THERMODYNAMIC INTERPRETATION 

J. Mibus, Forschungszentrum Rossendorf, Dresden, Germany 

 

MODELLING OF LEAD MOBILITY BY COUPLING TRANSPORT AND CHEMICAL 

PROCESSES 

H. C. Moog, D. Buhmann, T. Kühle, and S. Hagemann, Gesellschaft für Anlagen- 

und Reaktorsicherheit (GRS), Braunschweig, Germany 

 

MODELLING CEMENT-ROCK-WATER INTERACTIONS - THE INFLUENCE OF 

SELECTED BOUNDARY CONDITIONS 

W. Pfingsten, Waste Management Laboratory, PSI, Switzerland 

 

PROGRAM SYSTEM TRANSREAC 

F. Schmidt-Döhl, Testing Laboratory for Civil Engineering, Braunschweig, Germany 

 

COLONBO: A DIFFUSION-BASED MODEL TO ASSESS RADIONUCLIDE 

RELEASE AND MIGRATION DURING DEEP GEOLOGICAL DISPOSAL OF 

BITUMINIZED WASTE 

C. Tiffreau, B.Simondi-Teisseire, I. Felines, S. Camaro, P.P. Vistoli and V. Blanc, 

CEA Centre d'Etudes de Cadarache, Département d'Etudes des Déchets, St Paul lez 

Durance, France 

 

PÔLE GÉOCHIMIE TRANSPORT  - BENCHMARK II - : A STUDY OF THE 

EFFECTS OF IRON INJECTION IN A REACTIVE POROUS MEDIUM, IN THE 

SCOPE OF HLW NEAR-FIELD INTERACTIONS 

L. Trotignon, P. Montarnal, E. Piault, O. Bildstein, M.-E. Stoeckel, J. Van der Lee, 

CEA Centre d'Etudes de Cadarache, Département d'Etudes des Déchets, St Paul lez 

Durance, France 
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