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ABSTRACT 
 
Title: MIN3P-THCm Code Enhancements for Reactive Transport Modelling in 

Low Permeability Media 
Report No.: NWMO-TR-2015-12 
Author(s): Mingliang Xie1, Pejman Rasouli1, K. Ulrich Mayer1 and Kerry T. B. MacQuarrie2 
Company: 1Department of Earth, Ocean and Atmospheric Sciences, University of British 

Columbia  
2Department of Civil Engineering, University of New Brunswick 

Date: July 2015 
 
Abstract 
The reactive transport code MIN3P-THCm was enhanced by strengthening its simulation 
capabilities for geochemical processes in low permeability porous media in which transport is 
diffusion-controlled.  Code enhancements include a multisite ion exchange (MIE) model, a 
multicomponent diffusion (MCD) model, and a hybrid multicomponent diffusion (hMCD) model. 
Simulation capabilities were further extended by implementing domain discretization in radial 
coordinates, in addition to standard Cartesian coordinates.  The code enhancements are useful 
for simulating reactive transport in engineered barrier systems and in low permeability host rock 
considered for deep geological repositories.  This report documents the theoretical background, 
the governing equations, and the numerical implementation for these new ion exchange and 
diffusion modules. In addition, relevant sections of the updated user guide are described and 
verification examples for evaluation of the simulation capabilities are provided.   
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1. INTRODUCTION 
 
Reactive transport modelling is an essential tool for the analysis of coupled physical, chemical 
and biological processes in earth systems, and has had significant impact on many fields 
including the evaluation of contaminant migration and attenuation in the subsurface (Steefel et 
al. 2005).  Due to the complexity of coupled reactive transport problems in earth science and a 
high level of diversity in terms of applications, a number of reactive transport codes are being 
actively developed including PHREEQC, HPx, PHT3D, OpenGeoSys (OGS), HYTEC, 
ORCHESTRA, TOUGHREACT, eSTOMP, HYDROGEOCHEM, CrunchFlow, MIN3P-THCm, 
and PFLOTRAN (Steefel et al. 2014).   
 
MIN3P-THCm is a general purpose multicomponent reactive transport code for variably 
saturated porous media; it is characterized by a high degree of flexibility and is applicable to a 
wide range of hydrogeological and geochemical problems. MIN3P-THCm was developed on the 
basis of the MIN3P code (Mayer 1999; Mayer 2002) and further developments including MIN3P-
D (Henderson et al. 2009) and MIN3P-NWMO (Bea et al. 2011).  Chemical processes that can 
be simulated include homogeneous reactions in the aqueous phase, as well as a variety of 
heterogeneous reactions.  The code can simulate groundwater flow, solute transport, and 
geochemical reactions under variable density conditions in non-isothermal systems. The code is 
also suitable for highly saline conditions, can account for fluid pressure changes due to surface 
loading, and includes atmospheric boundary conditions (Bea at al. 2011 and 2012).  MIN3P-
THCm was previously applied to assess long-term geochemical stability in geological 
formations, specifically to evaluate redox stability in crystalline rocks of the Canadian Shield 
(Spiessl et al. 2008), and to simulate flow and reactive transport in a hypothetical sedimentary 
basin subjected to a glaciation/deglaciation cycle (Bea et al. 2011 and 2015). 
  
Recent MIN3P-THCm code enhancements were motivated by participation in two international 
collaborative projects with an emphasis on simulation of transport and geochemical processes 
in low permeability media: (i) the Äspö Task Force on Engineered Barriers - Chemistry (EBS 
TF-C) focused on the study of diffusion and attenuation processes in highly compacted 
bentonite through well-defined laboratory experiments; and (ii) the in-situ diffusion, retention and 
perturbation (DR-A) experiment that was carried out at  the Mont Terri Underground Rock 
Laboratory to investigate diffusion-dominated reactive transport in a claystone formation 
(Opalinus Clay).  This report documents the related code developments. 
 

2. OBJECTIVES AND SCOPE 
 
To increase the capabilities of MIN3P-THCm for reactive transport modelling in low permeability 
porous media, such as engineered barrier materials and host rocks for a DGR, several code 
enhancements have been implemented, including:  
 

• Addition of a multisite ion exchange (MIE) model; 
• Addition of a multicomponent diffusion (MCD) model to account for species-dependent 

diffusion coefficients and electrochemical migration; 
• Addition of a hybrid multicomponent diffusion (hMCD) model to empirically account for 

species-dependent effective diffusion parameters due to processes such as anion 
exclusion and enhanced cation diffusion; 
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• Implementation of radial and cylindrical coordinates in the MCD and hMCD models to 
facilitate simulation of in-situ borehole diffusion experiments. 

 
After each code modification, at least one benchmark was added to the benchmark simulation 
suite to verify the functionality of the new development and to demonstrate its usage.  In 
addition, the new capabilities (i.e. MCD and MIE) of MIN3P-THCm were verified and tested 
through code intercomparison with other reactive transport codes, namely CrunchFlow (Steefel 
2008) and/or PHREEQC (Parkhurst and Appelo 1999), or experimental data.  All code 
development activities were consistent with the QA/QC (Quality Assurance/Quality Control) 
requirements for NWMO software development (i.e. according to Technical Computing Software 
Procedure, Nuclear Waste Management Organization Document Number NWMO-PROC-EN-
0002, Rev. R002).  The version of MIN3P-THCm that includes the above mentioned code 
enhancements is version v1.0.203. 
 

3. MODEL FORMULATION, DEVELOPMENT AND USER GUIDE 
 
The governing equations, with a focus on the new developments, are detailed below. For 
additional details on the general code capabilities of MIN3P-THCm, the reader is referred to 
Mayer et al. (2002), Henderson et al. (2009), and Bea et al. (2011). 
 

3.1 GOVERNING EQUATIONS FOR REACTIVE TRANSPORT 
 
Diffusion is commonly simulated as a part of the hydrodynamic dispersion term (Bear 1972; 
Mayer et al. 2002), with the diffusion coefficient and tortuosity of all species assumed to be 
identical.  However, for clayey materials (e.g. compacted bentonite) mass transport can be 
affected by more complex phenomena such as anion exclusion, species-dependent diffusion, 
and interlayer/surface diffusion.  To account for these processes, alternative and enhanced 
model formulations are required (Shackelford and Moore 2013).  Different approaches have 
been reported in the literature to address the complex phenomena for reactive diffusion in 
dense clayey materials (Bourg et al. 2003; Steefel et al. 2005).  Ion migration in clays is often 
affected by adsorption reactions, in particular for cations, and adsorption reactions are often not 
restricted to a single surface site. For example, the sorption of Cs, K and Rb on illite via ion 
exchange occurs on three different exchange sites with different apparent affinities (Bolt et al. 
1963; Brouwer et al. 1983).  A general Cs sorption model for illite based on three exchange 
sites was developed by Bradbury and Baeyens (2000) and successfully applied to describe Cs 
isotherms in four different argillaceous rocks (i.e. Boom Clay, Oxford Clay, Palfris Marl and 
Opalinus Clay).  A multisite modelling approach for cation exchange processes on illite has 
been successfully applied in predicting Cs sorption under various conditions of pH and ionic 
strength (e.g., Zachara et al. 2002; Bradbury and Baeyens 2011). This model was able to 
represent the different sorption properties of the various exchange sites (e.g. planar and edge 
sites). 
 
Giambalvo et al. (2002) applied a multicomponent diffusion model to simulate fluid-sediment 
interactions considering species dependent diffusion coefficients and electromigration to ensure 
maintenance of local charge balance.  Furthermore, diffuse double layer (DDL) models based 
on the Donnan equilibrium assumption can handle the effect of surface charge in clay minerals 
on the migration of ions (Wersin et al. 2004; Appelo et al. 2008; Galindez et al. 2011).  These 
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latter formulations include detailed descriptions of surface reactivity and/or of the mobility of 
interlayer species.   
 
The following subsections focus on the theoretical background, numerical implementation in 
MIN3P-THCm, and introduce new sections for the MIN3P-THCm user guide related to the 
multisite ion exchange model, multicomponent diffusion model, and the hybrid multicomponent 
diffusion model. 
 

3.1.1 Multisite Ion Exchange 
 
Multicomponent cation exchange can be formulated using the Gaines-Thomas activity 
convention (Appelo and Postma 2003).  Written in general form, cation exchange between the 
cations 𝐴𝐴𝑘𝑘𝑑𝑑 and 𝐴𝐴𝑗𝑗𝑑𝑑 and a multisite exchanger can be expressed as: 
 

𝐴𝐴𝑘𝑘
𝑑𝑑

𝑍𝑍𝑘𝑘
𝑑𝑑 +

𝐴𝐴𝑖𝑖𝑖𝑖
𝑑𝑑 ~(𝑋𝑋𝑖𝑖)𝑍𝑍𝑖𝑖

𝑑𝑑

𝑍𝑍𝑖𝑖
𝑑𝑑   ⟷

𝐴𝐴𝑖𝑖𝑘𝑘
𝑑𝑑 ~(𝑋𝑋𝑖𝑖)𝑍𝑍𝑘𝑘

𝑑𝑑

𝑍𝑍𝑘𝑘
𝑑𝑑 +  

𝐴𝐴𝑖𝑖
𝑑𝑑

𝑍𝑍𝑖𝑖
𝑑𝑑 ,           𝑖𝑖 = 1,𝑁𝑁𝑒𝑒𝑒𝑒 Equation 3-1 

where 𝑍𝑍𝑘𝑘𝑑𝑑 and 𝑍𝑍𝑗𝑗𝑑𝑑 define the charge of the cations 𝐴𝐴𝑘𝑘𝑑𝑑 and 𝐴𝐴𝑗𝑗𝑑𝑑 in [meq mmol-1], while (𝑍𝑍𝑘𝑘𝑑𝑑)-1 and 
(𝑍𝑍𝑗𝑗𝑑𝑑)-1 can be interpreted as the stoichiometric coefficients of the reaction equation.  𝑋𝑋𝑖𝑖 is the 𝑖𝑖𝑡𝑡ℎ 
ion exchange site and 𝑁𝑁𝑒𝑒𝑒𝑒 is the number of exchange sites.  To simplify the description, it is 
convenient to redefine the ion-exchange species as: 
 

Aij
s = Aij

d~(Xi)Zjd Equation 3-2 
 

Aik
s = Aik

d ~(Xi)Zkd Equation 3-3 
 

Substituting Equation 3-2 and Equation 3-3 into Equation 3-1 leads to: 
 

𝐴𝐴𝑘𝑘𝑑𝑑

𝑍𝑍𝑘𝑘𝑑𝑑
+
𝐴𝐴𝑖𝑖𝑗𝑗𝑠𝑠

𝑍𝑍𝑗𝑗𝑑𝑑
⟷

𝐴𝐴𝑖𝑖𝑘𝑘𝑠𝑠

𝑍𝑍𝑘𝑘𝑑𝑑
+  
𝐴𝐴𝑗𝑗𝑑𝑑

𝑍𝑍𝑗𝑗𝑑𝑑
 , 𝑖𝑖 = 1,𝑁𝑁𝑒𝑒𝑒𝑒 

 

Equation 3-4 
 

 
Equation 3-4 can be rearranged to obtain a stoichiometric relationship with a unit stoichiometric 
coefficient for the cation exchange species 𝐴𝐴𝑖𝑖𝑗𝑗𝑠𝑠 : 
 

𝐴𝐴𝑖𝑖𝑗𝑗𝑠𝑠 ⟷
𝑍𝑍𝑗𝑗𝑑𝑑

𝑍𝑍𝑘𝑘𝑑𝑑
𝐴𝐴𝑖𝑖𝑘𝑘𝑠𝑠 +  𝐴𝐴𝑗𝑗𝑑𝑑 −

𝑍𝑍𝑗𝑗𝑑𝑑

𝑍𝑍𝑘𝑘𝑑𝑑
 𝐴𝐴𝑘𝑘𝑑𝑑 , 𝑖𝑖 = 1,𝑁𝑁𝑒𝑒𝑒𝑒 

 

Equation 3-5 
 

 
The stoichiometric relationship in Equation 3-5 expresses cation exchange reactions in a 
general way involving any pair of dissolved cations on the ion exchange site 𝑋𝑋𝑖𝑖.  This 
formulation has to be adjusted to facilitate its incorporation into the existing model equations.  In 
this context, ion-exchange reactions are limited to exchange reactions involving cations, which 
are defined in the geochemical system as components.  Equation 3-5 can be further generalized 
for any pair of ion-exchange reactions as: 
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𝐴𝐴𝑖𝑖𝑗𝑗𝑠𝑠 ⟷ 𝑣𝑣𝑖𝑖𝑗𝑗𝑠𝑠 𝐴𝐴𝑖𝑖𝑘𝑘𝑠𝑠 +  �𝑣𝑣𝑖𝑖𝑗𝑗𝑖𝑖𝑠𝑠
𝑁𝑁𝑐𝑐

𝑖𝑖=1

𝐴𝐴𝑖𝑖𝑑𝑑 , 𝑖𝑖 = 1,𝑁𝑁𝑒𝑒𝑒𝑒;  𝑗𝑗 = 1,𝑁𝑁𝑖𝑖𝑠𝑠 

 

Equation 3-6 
 

where 𝑣𝑣𝑖𝑖𝑗𝑗𝑠𝑠  is the stoichiometric coefficient of the ion-exchanged species 𝐴𝐴𝑖𝑖𝑘𝑘𝑠𝑠  in the 𝑗𝑗𝑡𝑡ℎ ion 
exchange reaction on the 𝑖𝑖𝑡𝑡ℎ   ion exchange site,  which is defined by the ratio of the charge of 
the two competing cations.  𝑁𝑁𝑐𝑐 is the number of aqueous components.  The parameters 𝑣𝑣𝑖𝑖𝑗𝑗𝑖𝑖𝑠𝑠  are 
the stoichiometric coefficients of the components, in the 𝑗𝑗𝑡𝑡ℎ ion exchange reaction on the 𝑖𝑖𝑡𝑡ℎ ion 
exchange site.  𝑁𝑁𝑒𝑒𝑒𝑒 is the number of ion exchange sites, and 𝑁𝑁𝑖𝑖𝑠𝑠 is the number of the ion-
exchanged species on the 𝑖𝑖𝑡𝑡ℎ ion exchange site.  The cations in dissolved form 𝐴𝐴𝑖𝑖𝑑𝑑 can be 
expressed by the corresponding component concentration.  However, because 𝐴𝐴𝑖𝑖𝑗𝑗𝑠𝑠  cannot be 
expressed exclusively in terms of aqueous components, but is dependent on the ion-exchanged 
species 𝐴𝐴𝑖𝑖𝑘𝑘𝑠𝑠  on each cation exchange site, one of the ion-exchanged species has to be chosen 
to represent 𝐴𝐴𝑖𝑖𝑘𝑘𝑠𝑠 .  Based on the stoichiometry defined in Equation 3-6, the law of mass action 
can be applied to obtain a relationship that defines the fractions of the ion-exchanged species 
𝐴𝐴𝑖𝑖𝑗𝑗𝑠𝑠  in terms of equivalent fractions: 

𝛽𝛽𝑖𝑖𝑗𝑗𝑠𝑠 = �𝐾𝐾𝑖𝑖𝑗𝑗𝑠𝑠 �
−1[𝛽𝛽𝑖𝑖𝑘𝑘𝑠𝑠 ]𝑣𝑣𝑖𝑖𝑖𝑖

𝑠𝑠
�(𝛾𝛾𝑖𝑖𝑐𝑐𝐶𝐶𝑖𝑖𝑐𝑐)𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖

𝑠𝑠
𝑁𝑁𝑐𝑐

𝑖𝑖=1

,     𝑖𝑖 = 1,𝑁𝑁𝑒𝑒𝑒𝑒;  𝑗𝑗 = 1,𝑁𝑁𝑖𝑖𝑠𝑠 

 

Equation 3-7 
 

where 𝛽𝛽𝑖𝑖𝑗𝑗𝑠𝑠  and 𝛽𝛽𝑖𝑖𝑘𝑘𝑠𝑠  are the fractions of the ion-exchanged species 𝐴𝐴𝑖𝑖𝑗𝑗𝑠𝑠  and 𝐴𝐴𝑖𝑖𝑘𝑘𝑠𝑠  on the 𝑖𝑖𝑡𝑡ℎ ion 
exchange site in [meq meq-1] and 𝐾𝐾𝑖𝑖𝑗𝑗𝑠𝑠  refers to the selectivity coefficient for the 𝑗𝑗𝑡𝑡ℎ ion-exchange 
reaction on the 𝑖𝑖𝑡𝑡ℎ ion exchange site.  𝛾𝛾𝑖𝑖𝑐𝑐 is the activity coefficient of the 𝑙𝑙𝑡𝑡ℎ component as 
species in solution and  𝐶𝐶𝑖𝑖𝑐𝑐 is the concentration of the 𝑙𝑙𝑡𝑡ℎ component as species in solution. 
Equation 3-7 only provides an explicit relationship for the calculation of 𝛽𝛽𝑖𝑖𝑗𝑗𝑠𝑠  if the fraction 𝛽𝛽𝑖𝑖𝑘𝑘𝑠𝑠  of 
the ion-exchanged species 𝐴𝐴𝑖𝑖𝑘𝑘𝑠𝑠  is known.  It is not possible to determine 𝛽𝛽𝑖𝑖𝑘𝑘𝑠𝑠  using Equation 3-7.  
Therefore, an additional relationship is needed.  This relationship can be defined as the sum of 
the fractions of all ion-exchanged species on the ion exchange site 𝑋𝑋𝑖𝑖, which equals 1 for each 
type of ion exchange site (Appelo and Postma 2003): 

1 = �𝛽𝛽𝑖𝑖𝑗𝑗𝑠𝑠
𝑁𝑁𝑖𝑖
𝑠𝑠

𝑗𝑗=1

,        𝑖𝑖 = 1,𝑁𝑁𝑒𝑒𝑒𝑒 

 

Equation 3-8 
 

Equation 3-7 and Equation 3-8 constitute the set of equations defining the ion-exchange sub-
problem for the multisite ion exchange (MIE) model. 
 

3.1.2 Multicomponent Diffusion 
 
Working towards the goal to simulate complex ion migration phenomena in low permeability 
rock formations, a multicomponent diffusion (MCD) module was implemented in MIN3P-THCm 
(Rasouli 2015).  The revised code enables the simulation of species-dependent diffusion and 
related electro-chemical migration processes (Rasouli 2015). 
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The general equation for diffusion-dominated reactive solute transport in fully saturated porous 
media can be expressed as: 
 

𝜕𝜕�𝜙𝜙𝑒𝑒𝑇𝑇𝑗𝑗𝑎𝑎�
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝑇𝑇𝑗𝑗𝑠𝑠

𝜕𝜕𝜕𝜕
+ ∇ ⋅ 𝐽𝐽𝑖𝑖𝑎𝑎 = 𝑄𝑄𝑗𝑗

𝑎𝑎,𝑎𝑎 + 𝑄𝑄𝑗𝑗
𝑎𝑎,𝑚𝑚 + 𝑄𝑄𝑗𝑗

𝑎𝑎,𝑒𝑒𝑒𝑒𝑡𝑡,    𝑗𝑗 = 1,𝑁𝑁𝑐𝑐 Equation 3-9 

 
subject to the following definitions: 
  
𝑇𝑇𝑗𝑗𝑎𝑎  total aqueous component concentration of the 𝑗𝑗𝑡𝑡ℎ component in [mol L-3 H2O], defined 

as: 
 

𝑇𝑇𝑗𝑗𝑎𝑎 = 𝐶𝐶𝑗𝑗𝑐𝑐 + �𝜈𝜈𝑖𝑖𝑗𝑗𝑒𝑒𝐶𝐶𝑖𝑖𝑒𝑒
𝑁𝑁𝑥𝑥

𝑖𝑖=1

 

 
𝑇𝑇𝑗𝑗𝑠𝑠   total concentration [mol L-3 porous medium] of the 𝑗𝑗𝑡𝑡ℎ aqueous component on the 

exchanger; 
𝑄𝑄𝑗𝑗
𝑎𝑎,𝑎𝑎   internal source and sink terms from intra-aqueous kinetic reactions [mol L-3 porous 

medium T-1]; 
𝑄𝑄𝑗𝑗
𝑎𝑎,𝑚𝑚   source-sink term due to mineral dissolution/precipitation reactions [mol L-3 porous 

medium T-1]; 
𝑄𝑄𝑗𝑗
𝑎𝑎,𝑒𝑒𝑒𝑒𝑡𝑡  external source and sink term [mol L-3 porous medium T-1]; 

𝐶𝐶𝑗𝑗𝑐𝑐  concentrations of the components as species in solution [mol L-3 H2O]; 
𝐶𝐶𝑖𝑖𝑒𝑒  concentrations of complexed species in solution [mol L-3 H2O]; 
𝜈𝜈𝑖𝑖𝑗𝑗𝑒𝑒   stoichiometric coefficients of the 𝑗𝑗𝑡𝑡ℎ component in the 𝑖𝑖𝑡𝑡ℎ complexed species; 
𝜙𝜙𝑒𝑒  effective porosity [-]; 
𝑁𝑁𝑒𝑒   number of aqueous complexes; 
𝑁𝑁𝑐𝑐   number of aqueous components; 
𝐽𝐽𝑗𝑗𝑎𝑎  total diffusive flux of the 𝑗𝑗𝑡𝑡ℎ component [M L-3 T-1], described by the extended Nernst-

Planck equation (Giambalvo et al. 2002): 
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 Equation 3-10 

 
where: 
  
𝐷𝐷0,𝑗𝑗
𝑐𝑐   free diffusion coefficient of the 𝑗𝑗𝑡𝑡ℎ component as species in solution [L2 T-1]; 

𝐷𝐷0,𝑖𝑖
𝑒𝑒   free diffusion coefficient of the 𝑖𝑖𝑡𝑡ℎ complexed species in solution [L2 T-1]; 

𝜙𝜙𝑒𝑒  effective porosity [-];  
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𝜏𝜏𝑒𝑒  effective tortuosity [-];  
𝑧𝑧𝑗𝑗  charge number [-]. 
 
The variables 𝑇𝑇𝑗𝑗𝜀𝜀 (equally applicable for index 𝑘𝑘) in Equation 3-10 are defined as (Giambalvo et 
al. 2002): 
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The formulation outlined in Equation 3-9 through Equation 3-11 assumes that the effective 
porosity and the effective tortuosity are identical for all species. 
 

3.1.3 Hybrid Multicomponent Diffusion 
 
Further development of a hybrid multicomponent diffusion (hMCD) approach combines the 
multicomponent diffusion module with modified equations for species-dependent effective 
porosity and tortuosity.  In essence, correction factors are introduced for the effective porosity 
and tortuosity for each individual species to capture the net effect of processes such as anion 
exclusion and interlayer/surface diffusion.  While this is an empirical approach that requires 
calibration of the individual correction factors to experimental results, it does allow for the 
efficient simulation of several processes that may influence solute migration in low permeability, 
clay-rich media.  Applying this approach consistently to Equation 3-9 through Equation 3-11 
leads to: 
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and 
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Equation 3-13 and Equation 3-15 are species-normalized total concentration terms for the mass 
storage term and diffusive transport term, respectively, accounting for species-dependent 
effective porosities, effective tortuosities, and free phase diffusion coefficients.  Species-
dependent effective tortuosities and porosities are expressed relative to a reference value using 
the correction factors 𝑓𝑓𝜏𝜏,𝑗𝑗

𝑐𝑐  , 𝑓𝑓𝜙𝜙,𝑗𝑗
𝑐𝑐 , 𝑓𝑓𝜏𝜏,𝑖𝑖

𝑒𝑒  and 𝑓𝑓𝜙𝜙,𝑖𝑖
𝑒𝑒 , which are defined as: 

 
𝑓𝑓𝜏𝜏,𝑗𝑗
𝑐𝑐   effective tortuosity correction factor for the 𝑗𝑗𝑡𝑡ℎ component as species in solution [-]; 
𝑓𝑓𝜙𝜙,𝑗𝑗
𝑐𝑐   effective porosity correction factor for the 𝑗𝑗𝑡𝑡ℎ component as species in solution [-]; 
𝑓𝑓𝜏𝜏,𝑖𝑖
𝑒𝑒   effective tortuosity correction factor for the 𝑖𝑖𝑡𝑡ℎ complexed species in solution [-]; 

𝑓𝑓𝜙𝜙,𝑖𝑖
𝑒𝑒  effective porosity correction factor for the 𝑖𝑖𝑡𝑡ℎ complexed species in solution [-]. 

 

3.1.4 Extension of MCD and hMCD Models for Radial or Cylindrical Coordinates 
 
The above equations are expressed in general terms, and apply to a Cartesian coordinate 
system.  For a two-dimensional cylindrical coordinate system the gradient terms in Equation 3-
10 and Equation 3-14 must be replaced with the following terms (Istok 1989): 
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For a one-dimensional radial coordinate system, the gradient terms in Equation 3-10 and 
Equation 3-14 must be replaced with the following term: 
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in which r denotes position along the radial axis.  For simplicity, only the MCD and hMCD 
models for radial coordinate systems are described below.  Both models can be obtained in the 
same manner for cylindrical coordinates. 
 
Combining Equation 3-10, Equation 3-18, and Equation 3-19, the diffusion term for the one- 
dimensional radial coordinate MCD model can be obtained: 
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All other terms remain the same as defined for the Cartesian coordinate system (Equation 3-9). 
 
Similarly, combining Equation 3-14, Equation 3-18, and Equation 3-19, the diffusion term for the 
one-dimensional radial coordinate hMCD model can be obtained: 
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Equation 3-21 
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In a geochemical system dominated by primary species, effective porosity and tortuosity 
corrections for the secondary species can be neglected. 
 
 

3.2 NUMERICAL IMPLEMENTATION AND SOLUTION STRATEGY 
 
The governing equations for groundwater flow, heat transport, and reactive transport are 
implemented in MIN3P-THCm using a finite volume technique for spatial discretization and 
implicit time weighting for the temporal discretization. The reactive transport equations are 
solved using the global implicit approach, employing Newton’s method for linearization (Mayer 
et al. 2002; Mayer and MacQuarrie 2010).  
 

3.2.1 Implementation of Multisite Ion Exchange Model 
 
In order to include ion-exchange reactions into the global mass conservation equations, three 
approaches are possible as described in Mayer (1999): 
 

• Treatment of the ion-exchanged species 𝐴𝐴𝑖𝑖𝑗𝑗𝑠𝑠  as a component; 
• Implicit solution of ion-exchange as a sub-problem; 
• Explicit solution of ion-exchange as a sub-problem by derivation of an explicit 

relationship for the concentration calculation of the ion-exchanged species 𝐴𝐴𝑖𝑖𝑗𝑗𝑠𝑠  in terms 
of aqueous components.  

If the ion-exchanged species 𝐴𝐴𝑖𝑖𝑗𝑗𝑠𝑠  is treated as a component, Equation 3-8 has to be included in 
the global system of mass conservation equations. In such cases, corresponding initial and 
boundary conditions for the ion-exchanged species 𝐴𝐴𝑖𝑖𝑗𝑗𝑠𝑠  are needed, which constitutes a quantity 
not generally available. It is therefore more convenient to treat ion-exchange reactions as a sub-
problem that allows the treatment of all ion-exchanged species as secondary unknowns for the 
global problem. This can be achieved by substituting the equilibrium expression (Equation 3-7) 
for the ion-exchanged species 𝐴𝐴𝑖𝑖𝑗𝑗𝑠𝑠  into Equation 3-8: 

1 = ��𝐾𝐾𝑖𝑖𝑗𝑗𝑠𝑠 �
−1[𝛽𝛽𝑖𝑖𝑘𝑘𝑠𝑠 ]𝑣𝑣𝑖𝑖𝑖𝑖

𝑠𝑠
�(𝛾𝛾𝑖𝑖𝑐𝑐𝐶𝐶𝑖𝑖𝑐𝑐)𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖

𝑠𝑠
𝑁𝑁𝑐𝑐

𝑖𝑖=1

𝑁𝑁𝑖𝑖
𝑠𝑠

𝑗𝑗=1

,   𝑖𝑖 = 1,𝑁𝑁𝑒𝑒𝑠𝑠;  𝑗𝑗 = 1,𝑁𝑁𝑖𝑖𝑠𝑠 

 

Equation 3-22 

This equation contains the implicit solution for the fraction 𝛽𝛽𝑖𝑖𝑘𝑘𝑠𝑠  for the ion-exchanged species 𝐴𝐴𝑖𝑖𝑘𝑘𝑠𝑠  
on the 𝑖𝑖𝑡𝑡ℎ on exchange site. Once 𝛽𝛽𝑖𝑖𝑘𝑘𝑠𝑠  in Equation 3-22 is solved, the explicit solution of the 
fractions of all other ion-exchanged species can be obtained by Equation 3-7. However, an 
explicit solution cannot always be obtained owing to the nonlinearity of Equation 3-22 with 
respect to the fraction 𝛽𝛽𝑖𝑖𝑘𝑘𝑠𝑠  introduced by the stoichiometric coefficients 𝑣𝑣𝑖𝑖𝑗𝑗𝑠𝑠  defining the ratio of 
the charges of the ion-exchanged species pair. An implicit solution of the ion-exchange sub-
problem is necessary if ion-exchange reactions involve trivalent or higher charged cations. 
However, Equation 3-22 can be simplified to a quadratic equation if only mono- and di-valent 
cations are participating in the ion-exchange reactions. 
 
In such a case, an explicit solution can be obtained: 
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𝛽𝛽𝑖𝑖𝑘𝑘𝑠𝑠 =
−𝑏𝑏 + √𝑏𝑏2 − 4𝑎𝑎𝑎𝑎

2𝑎𝑎
,        𝑖𝑖 = 1,𝑁𝑁𝑒𝑒𝑠𝑠 

 

Equation 3-23 
 

where the factors a, b and c are defined as: 
 

𝑎𝑎 = � �𝐾𝐾𝑖𝑖𝑗𝑗𝑠𝑠 �
−1
�(𝛾𝛾𝑖𝑖𝑐𝑐𝐶𝐶𝑖𝑖𝑐𝑐)𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖

𝑠𝑠
𝑁𝑁𝑐𝑐

𝑖𝑖=1

𝑁𝑁𝑖𝑖
𝑠𝑠

𝑗𝑗=1
𝑣𝑣𝑖𝑖𝑖𝑖
𝑠𝑠 =2

,        𝑖𝑖 = 1,𝑁𝑁𝑒𝑒𝑠𝑠; 𝑗𝑗 = 1,𝑁𝑁𝑖𝑖𝑠𝑠 

 

Equation 3-24 
 

𝑏𝑏 = � �𝐾𝐾𝑖𝑖𝑗𝑗𝑠𝑠 �
−1
�(𝛾𝛾𝑖𝑖𝑐𝑐𝐶𝐶𝑖𝑖𝑐𝑐)𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖

𝑠𝑠
𝑁𝑁𝑐𝑐

𝑖𝑖=1

𝑁𝑁𝑖𝑖
𝑠𝑠

𝑗𝑗=1
𝑣𝑣𝑖𝑖𝑖𝑖
𝑠𝑠 =1

,        𝑖𝑖 = 1,𝑁𝑁𝑒𝑒𝑠𝑠; 𝑗𝑗 = 1,𝑁𝑁𝑖𝑖𝑠𝑠 

 

Equation 3-25 
 

 
𝑎𝑎 = −1 
 

Equation 3-26 
 

The fractions of all other ion-exchanged species can be subsequently calculated according to 
Equation 3-7. 
 
The actual concentration of the ion-exchanged species 𝐴𝐴𝑖𝑖𝑗𝑗𝑠𝑠  can be calculated by applying the 
conversion: 
 

𝐶𝐶𝑖𝑖𝑗𝑗𝑠𝑠 = 𝜌𝜌𝑏𝑏
100

𝛼𝛼𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶(𝑍𝑍𝑗𝑗𝑠𝑠)−1𝛽𝛽𝑖𝑖𝑗𝑗𝑠𝑠 , 𝑖𝑖 = 1,𝑁𝑁𝑒𝑒𝑠𝑠;  𝑗𝑗 = 1,𝑁𝑁𝑠𝑠 Equation 3-27 
 
where 𝐶𝐶𝑖𝑖𝑗𝑗𝑠𝑠  is the concentration of the ion-exchanged species 𝐴𝐴𝑖𝑖𝑗𝑗𝑠𝑠  in [mol l-1 bulk], 𝜌𝜌𝑏𝑏 is the dry 
bulk density of the porous medium in [g cm-3 bulk], 𝛼𝛼𝑖𝑖 is the fraction of the 𝑖𝑖𝑡𝑡ℎ ion exchange site 
and CEC is the total cation exchange capacity of the porous medium in [meq (100 g)-1 solid]. 
The factor 100 provides the conversion factor in units of [g (100 g)-1]. 
 
For the Gaines-Thomas activity convention it is assumed that each exchange site Xi has a 
charge of -1. For a single site ion exchange model, the cation exchange capacity (CEC) is equal 
to the sum of the charge equivalent concentrations of the adsorbed competing cations: 
 

𝐶𝐶𝐶𝐶𝐶𝐶 = �𝑍𝑍𝑀𝑀
𝑀𝑀

 𝑞𝑞𝑀𝑀 

 

Equation 3-28 
 

in which 𝑍𝑍𝑀𝑀 and 𝑞𝑞𝑀𝑀 are the charge and molar concentration of the sorbed cation M, 
respectively. 
 
The formulation for the multisite cation exchange model is similar, but includes a summation 
over all exchange sites: 
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𝐶𝐶𝐶𝐶𝐶𝐶 = ��𝑍𝑍𝑀𝑀
𝑀𝑀

 𝑞𝑞(𝑖𝑖)𝑀𝑀
𝑖𝑖

 

 
 

Equation 3-29 
 

where 𝑞𝑞(𝑖𝑖)𝑀𝑀 is the molar concentration of the sorbed cation M on site type i. 
 
 

3.2.2 Implementation of Multicomponent Diffusion Model 
 
The governing equations (Equation 3-9 to Equation 3-11) for the MCD model have been 
implemented using the finite volume discretization method. Fully implicit time weighting is used 
for temporal discretization. For details on the discretized equations, the reader is referred to 
Mayer (1999): 
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 Equation 3-30 
 

 
in which kV  and ke,φ  are the volume and the effective porosity of the 𝑘𝑘𝑡𝑡ℎ control volume, 
respectively. The notations N and N+1 stand for the previous and current time intervals. The 
term DJ  refers to the molecular diffusion component of the multicomponent diffusion flux: 
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and EMJ  refers to the electromigration component of the dispersion flux: 
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  Equation 3-32 

 
where mz  is the charge of the 𝑚𝑚𝑡𝑡ℎ aqueous component.  The terms 1,

,
+N

kljT ε  (equally valid for
1,

,
+N

klnT ε ) refer to: 
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in which 1,
,

+Nc
kljC  is the representative concentration of the 𝑗𝑗𝑡𝑡ℎ component between control 

volumes k and l, and can be calculated based on the arithmetic mean: 
 

2

1,
,
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++
+

+
=

Nc
lj

Nc
kjNc

klj

CC
C  Equation 3-34 

  

klA  is the interfacial area between the control volumes k and l, and kld  is the distance 

between the centroids of the control volumes. The material parameters ( eτ , eφ and 0D ) are 
defined on a control volume basis. It is therefore necessary to determine averaged values used 
for the calculation of interfacial fluxes. The default method is the distance-weighted harmonic 
mean. The representative values of effective porosity e,klφ , effective tortuosity e,klτ  and diffusion 

coefficient klD ,0  can be calculated as: 
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=  Equation 3-37 

 
where kd  and ld  define the spatial extent of the two adjacent control volumes perpendicular to 

the interfacial area klA . 
 

3.2.3 Implementation of Hybrid Multicomponent Diffusion Model 
 
The governing equations (Equation 3-12 to Equation 3-15) for the hMCD model have been 
implemented on the basis of the MCD model: 
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in which the storage term s

jM ,ε  is: 
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The term DJ  refers to the molecular diffusion component of the dispersion flux: 
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and EMJ  refers to the electromigration component of the dispersion flux: 
 

∑

∑
∑

∑

=

+

=

++

++

=
+

∈



















−

+−

=
c

x

c

k
N

n

N
klnn

N

i

Nx
ki

Nx
liij

x
kli

x
i

x
i

Nc
km

Nc
lm

c
klm

c
m

c
m

klekle

N

m
m

N
klj

l kl

kl
EM

Tz

CCDff

CCDff

z

T
d
A

J

1

1,
,

1

1,
,

1,
,,,0,,

1,
,

1,
,,,0,,

,,
1

1,
,

)(

)(

ε

τφ

τφ

ε

η

ν
φτ

   Equation 3-41  

 
where the terms 1,

,
+N

kljT ε  (equally applicable for 1,
,

+N
klnT ε ) refer to: 
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3.2.4 Implementation of MCD and hMCD Models in Radial and Cylindrical Coordinates 
 
The implementations of the MCD and hMCD models in cylindrical coordinates are analogous to 
those in Cartesian coordinates. The difference lies in the grid block shape (Figure 1). 

 
 Figure 1: Grid Block Concept in Cylindrical Coordinates 

 
The finite volume discretization method, which is equivalent to the block-centered finite 
difference method for cylindrical geometry, is applied. The interfacial areas and cell volumes for 
the radial grid are computed using the following formulas (Lapalla et al. 1987). The volume of 
the 𝑘𝑘𝑡𝑡ℎ control volume is calculated as: 
 



14 
 

 

)
2

(2])([ 22 rrzrzrrrVk
∆

−∆∆=∆∆−−= πππ  Equation 3-43 
 

 
The interfacial area between 𝑘𝑘𝑡𝑡ℎ and 𝑙𝑙𝑡𝑡ℎ control volumes for the diffusive flux calculation along 
the radial coordinate can be calculated as: 
 

zrAkl ∆= π2  Equation 3-44 
 

 
Finally, the interfacial area between 𝑘𝑘𝑡𝑡ℎ and 𝑙𝑙𝑡𝑡ℎ control volumes for the diffusive flux calculation 
perpendicular to the radial coordinate can be calculated as: 
 

)
2

(22)(2 rrrrrrkjA ∆
−∆=∆−−= πππ  Equation 3-45 

 
 

3.3 USER GUIDE 
3.3.1 Multisite Ion Exchange (MIE) Model 
 
To apply this model, two keywords are needed in the MIN3P-THCm input file:  1) 'surface sites 
of ion-exchange' (in data block 2: geochemical system) - this keyword activates the model and 
is used to specify the number and names of all ion exchange sites; and 2) 'CEC fraction of 
multisite ion exchange' (in Data Block 14: initial condition - reactive transport) to specify the 
CEC fractions of each site.  Below are two examples: 
 

a. Example for the keyword 'surface sites of ion-exchange' 

'surface sites of ion-exchange' 
3                  ; total number of ion exchange sites 
'-FES'             ; names of sites 
'-II' 
'-PS' 
 

b. Example for the keyword 'CEC fraction of multisite ion exchange' 

'CEC fraction of multisite ion exchange' 
0.0025                         ;'-FES' 
0.20                           ;'-II' 
0.7975                         ;'-PS' 
 

In the example, three ion exchange sites are defined: site -FES with a fraction of 0.25 %, site -II 
with a fraction of 20 %, and site -PS with a fraction of 79.75 %. 
 
It is important to note that the sum of the fractions of all sites should amount to 1.0. In addition, 
the name of each site should begin with ‘-‘. The name of sorbed species should follow the site 
name plus (na). For example mg-PS(na) stands for the sorbed species of Mg2+ on the site –PS 
and exchanges with Na+. Ion exchange reactions are specified in the database file sorption.dbs. 
For example, the ion exchange reaction: 
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2Na-PS + Mg2+ ⇋ Mg-PS2 + 2Na+       logK = 0.59 
 
 is specified in the database sorption.dbs as the following: 
 
'mg-PS(na)'        0.0000    0.59                   2.00  24.31200     
      2  'mg+2'  1.000  'na+1' -2.000     
 
Details on the parameters in the database can be found in the MIN3P-THCm user guide (Mayer 
et al. 2015). 
 

3.3.2 Multicomponent Diffusion (MCD) Model 
 
The MCD model can be activated by including the keyword 'multicomponent diffusion' in Data 
Block 1: global control parameters.  If this option is activated, the free solution diffusion 
coefficients in water (D0) for each primary and secondary species must be provided through the 
databases (i.e. in the file comp.dbs for primary species, in the file complex.dbs for secondary 
species).   
 
Below is an example for the modified database entries (D0 value highlighted in bold) in 
comp.dbs. Free phase diffusion coefficients must be included at the end of each entry in units of 
[m2 s-1]: 
 
ca+2         2.0     6.00  .17           40.08000    .00  0.792d-9 
cd+2         2.0      .00  .00          112.39940    .00  0.719d-9 
cl-1        -1.0     3.00  .01           35.45300    .00  2.032d-9 
 
This means that the D0 of the primary species Ca2+ is 0.792×10-9 m2 s-1, D0 of Cd2+ is   
0.719×10-9 m2 s-1 and D0 of Cl- is 2.032×10-9 m2 s-1. 
 
In addition, an example for entering the D0 value (highlighted in bold) for secondary species in 
the database is shown below. The diffusion coefficients are included in complex.dbs at the end 
of the first line of each datablock: 
 
oh-  13.3620  -13.9980   -1.00 3.50  .00  17.0074   1.00  5.273d-9 
      2   h2o            1.000 h+1           -1.000       
 
This means that the D0 of the secondary species OH- is 5.273×10-9 m2 s-1.  Details on other 
parameters can be found in Mayer et al. (2015). 
 

3.3.3 Hybrid Multicomponent Diffusion (hMCD) Model 
 
The hMCD model can be activated by adding the keyword 'hybrid multicomponent diffusion' to 
Data Block 1: global control parameters.  Then D0 values for each primary and secondary 
species must be specified in the databases comp.dbs and complex.dbs, respectively, in the 
same way as described above for the MCD model.  In addition, the correction factors for 
porosity and tortuosity for each primary and secondary aqueous species must be specified for 
each material group in the domain as follows: 
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1) The correction factors for effective porosity and tortuosity for each primary and secondary 
species may be provided for all material group(s) in Data Block 11: physical parameters - 
reactive transport.  The user may specify correction factors for each material group 
separately.  This feature is useful if the domain includes multiple material groups including 
for example sand and clay. In this case, correction factors are only needed for clay.  If no 
correction factor data are provided for a material group, a default values of 1.0 will be 
applied, which means no modification of the effective porosity or tortuosity. 

 
2) The correction factors for effective porosity of primary species are provided through the 

keyword 'porosity correction factor of primary species for hMCD diffusion' followed by the 
factors of each primary species in the same order as the components defined in Data 
Block 2: geochemical system under 'components'. 

 
3) The correction factors for effective porosity of secondary species are provided through the 

keyword 'porosity correction factor of secondary species for hMCD diffusion' followed by 
the factors of each secondary species in the same order as the species defined in Data 
Block 2: geochemical system under 'secondary aqueous species'. 

 
4) The correction factors for effective tortuosity of primary species are provided through the 

keyword 'tortuosity correction factor of primary species for hMCD diffusion' followed by the 
factors of each primary species in the same order as the components defined in Data 
Block 2: geochemical system under 'components'. 

 
5) The correction factors for effective tortuosity of secondary species are provided through 

the keyword 'tortuosity correction factor of secondary species for hMCD diffusion' followed 
by the factors of each secondary species in the same order as the species defined in Data 
Block 2: geochemical system under 'secondary aqueous species'. 

 
The following example shows the parameter setup for the hMCD model. The example domain 
includes four materials – a circulation chamber, a filter, an open water-filled gap, and a clay 
matrix ('background 1'). The hMCD model is applied only for the clay. The number of primary 
species is 17, while the number of secondary species is 23. 
 
! Data Block 1: global control parameters 
! --------------------------------------------------------------------------- 
! 
'global control parameters' 
'Title: Task 2.2e_og Diffusion of Cs' 
.true.                        ;varsat_flow 
.true.                        ;steady_flow 
.true.                        ;fully_saturated 
.true.                        ;reactive_transport 
 
'hybrid multicomponent diffusion' 
 
'done' 
 
! Data Block 2: geochemical system 
! --------------------------------------------------------------------------- 
! 
'geochemical system' 
 
'use new database format' 
 
'database directory' 
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'.\database\MCDSr85' 
 
'define input units' 
'mol/l' 
 
'components' 
17                  ;number of components (nc-1) 
'cs+1'   ; Cs 
'na+1'              ;component names 
'k+1' 
'mg+2' 
'ca+2' 
'sr+2' 
'cl-1' 
'h+1' 
'o2(aq)' 
'so4-2' 
'co3-2' 
'i-1' 
'br-1' 
'hto' 
'co_60+2' 
'eu+3' 
'sr_85+2' 
 
 
'secondary aqueous species' 
23 
'khso4(aq)' 
'h2so4(aq)' 
'oh-' 
'mgoh+' 
'mgco3aq' 
'mghco3+' 
'mgso4aq' 
'caoh+' 
'cahco3+' 
'caco3aq' 
'caso4aq' 
'cahso4+' 
'naco3-' 
'nahco3aq' 
'naso4-' 
'kso4-' 
'sroh+' 
'hco3-' 
'h2co3aq' 
'hso4-' 
'cscl(aq)' 
'csi(aq)' 
'csbr(aq)' 
 
'linear sorption' 
2 
'sr_85+2'  
'co_60+2' 
 
'done' 
 
 
! Data Block 11: physical parameters - reactive transport  
!--------------------------------------------------------------------------- 
! 
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'physical parameters - reactive transport' 
 
!--------------------------------------------------------------------------- 
'circulation chamber' 
 
'longitudinal dispersivity' 
0.0 
'transverse horizontal dispersivity' 
0.0 
'transverse vertical dispersivity' 
0.0 
'end of zone' 
 
!--------------------------------------------------------------------------- 
! 
'filter' 
'longitudinal dispersivity' 
0.0 
'transverse horizontal dispersivity' 
0.0 
'transverse vertical dispersivity' 
0.0 
'end of zone' 
 
!--------------------------------------------------------------------------- 
! 
'gap' 
'longitudinal dispersivity' 
0.0 
'transverse horizontal dispersivity' 
0.0 
'transverse vertical dispersivity' 
0.0 
'end of zone' 
 
!--------------------------------------------------------------------------- 
! 
'background 1'                  ; refers to clay rock 
'longitudinal dispersivity' 
0.0 
'transverse horizontal dispersivity' 
0.0 
'transverse vertical dispersivity' 
0.0 
 
'porosity correction factor of primary species for hMCD diffusion' 
  1.0     ;'cs+'   
  1.0     ;'na+1' 
  1.0     ;'k+1' 
  1.0     ;'mg+2' 
  1.0     ;'ca+2' 
  1.0     ;'sr+2'  
  0.667   ;'cl-1'  
  1.0     ;'h+1' 
  1.0     ;'o2(aq)' 
  0.667   ;'so4-2' 
  0.667   ;'co3-1' 
  0.533   ;'i-1'  
  0.667   ;'br-1'  
  1.0     ;'HTO' 
  10.0    ;'co_60+2' 
  1.0     ;'eu+3' 
  3.5     ;'sr_85+2' 
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'tortuosity correction factor of primary species for hMCD diffusion' 
  4.8     ;'cs+' 
  1.0     ;'na+1' 
  1.0     ;'k+1' 
  1.0     ;'mg+2' 
  1.0     ;'ca+2' 
  1.0     ;'sr+2'  
  0.55    ;'cl-1'  
  1.0     ;'h+1' 
  1.0     ;'o2(aq)' 
  1.0     ;'so4-2' 
  1.0     ;'co3-1' 
  0.55    ;'i-1' 
  0.38    ;'br-1' 
  1.0     ;'HTO' 
  3.0     ;'co_60+2' 
  1.0     ;'eu+3' 
  2.8     ;'sr_85+2' 
 
'porosity correction factor of secondary species for hMCD diffusion' 
  1.0     ;'khso4(aq)' 
  1.0     ;'h2so4(aq)' 
  1.0     ;'oh-' 
  1.0     ;'mgoh+' 
  1.0     ;'mgco3aq' 
  1.0     ;'mghco3+' 
  1.0     ;'mgso4aq' 
  1.0     ;'caoh+' 
  1.0     ;'cahco3+' 
  1.0     ;'caco3aq' 
  1.0     ;'caso4aq' 
  1.0     ;'cahso4+' 
  1.0     ;'naco3-' 
  1.0     ;'nahco3aq' 
  1.0     ;'naso4-' 
  0.667   ;'kso4-' 
  1.0     ;'sroh+' 
  1.0     ;'hco3-' 
  1.0     ;'h2co3aq' 
  0.667   ;'hso4-' 
  1.0     ;'cscl(aq)' 
  1.0     ;'csi(aq)' 
  1.0     ;'csbr(aq)' 
 
'tortuosity correction factor of secondary species for hMCD diffusion' 
  1.0     ;'khso4(aq)' 
  1.0     ;'h2so4(aq)' 
  0.55    ;'oh-' 
  1.0     ;'mgoh+' 
  1.0     ;'mgco3aq' 
  1.0     ;'mghco3+' 
  1.0     ;'mgso4aq' 
  1.0     ;'caoh+' 
  1.0     ;'cahco3+' 
  1.0     ;'caco3aq' 
  1.0     ;'caso4aq' 
  1.0     ;'cahso4+' 
  1.0     ;'naco3-' 
  1.0     ;'nahco3aq' 
  0.55    ;'naso4-' 
  0.55    ;'kso4-' 
  1.0     ;'sroh+' 
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  0.55    ;'hco3-' 
  1.0     ;'h2co3aq' 
  0.55    ;'hso4-' 
  1.0     ;'cscl(aq)' 
  1.0     ;'csi(aq)' 
  1.0     ;'csbr(aq)' 
'end of zone' 
 
'done' 

 

3.3.4 Radial and Cylindrical Coordinates for MCD and hMCD Models 
 
To use the MCD and hMCD models in radial coordinates, the keyword 'radial coordinates' 
(highlighted in bold in example below) must be added in Data Block 3: spatial discretization. All 
other model input remains unchanged. Using this keyword, the x-coordinate of the Cartesian 
system is converted to the radial coordinate r. The y-coordinate is not used if the radial 
coordinate option is activated. If the z-coordinate is used, a cylindrical coordinate system is 
obtained. An example for a one-dimensional radial coordinate discretization is: 
 
! Data Block 3: spatial discretization 
! --------------------------------------------------------------------------- 
! 
'spatial discretization' 
1                         ;number of discretization intervals in r 
1000     ;number of control volumes in interval r 
0.0000E+00  0.1000E+04  ;rmin, rmax 
1                      ;number of discretization intervals in y 
1                          ;number of control volumes in interval 
0. 1.0                     ;ymin,ymax 
1                          ;number of discretization intervals in z 
1                          ;number of control volumes in interval 
0. 1.0                     ;zmin,zmax 
 
'radial coordinates' 
 
'done' 

 

4. MODEL VERIFICATION 
 
To verify the functionality of the new developments and to demonstrate their usage, at least one 
benchmark has been generated for each code enhancement, as described in the following 
subsections.  The simulation results obtained with MIN3P-THCm are compared with the results 
simulated by CrunchFlow (Steefel 2008) and/or PHREEQC (Parkhurst and Appelo 1999) to 
facilitate verification by means of model intercomparison. 
 

4.1 MULTISITE ION EXCHANGE 

4.1.1 Problem Definition 
 
This hypothetical benchmark is a multisite ion exchange problem with two material groups under 
steady state flow conditions.  The MIN3P-THCm implementation was verified via code inter-
comparison with CrunchFlow. CrunchFlow was previously applied for the simulation of Cs+ 
migration and retardation in the DI-A2 in-situ diffusion experiments in Opalinus Clay at the Mont 
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Terri Underground Rock Laboratory (Wersin et al. 2008) and to investigate Cs+ release 
mechanisms at the Hanford site (Washington) (Zachara et al. 2002; Steefel et al. 2003; Chang 
et al. 2011).  For all simulations using MIN3P-THCm and CrunchFlow, the Gaines-Thomas 
activity convention was applied. 
 

4.1.2 Model Set Up 
 
A one-dimensional, 16.0 m long domain was discretized into 101 control volumes, yielding a 
discretization interval of 0.16 m for the interior control volumes and 0.08 m for the control 
volumes on the boundaries.  The domain contains two material groups: Material I (distributed 
from 0 to 8.0 m) and Material II (from 8.0+ to 16.0m).  For simplicity, both materials have the 
same properties (i.e. hydraulic and transport parameters, CEC, and the same initial chemical 
composition of the pore water) except the CEC fractions of the two exchange site types (i.e. 
sites –X and –Y): the ion exchange site -X in Material I accounts for 90% of the total exchange 
sites, but only 40% for Material II (see Table 2 below).   
 
Boundary conditions for the flow problem consist of a specified hydraulic head of 1.4 m on the 
left boundary and 0.0 m on the right boundary.  The chemical compositions of the initial and 
boundary solutions are listed in Table 1.  Initially, the pore water in the domain has elevated 
concentrations of Mg2+, K+ and Na+. The initial concentrations of the sorbed species on the ion 
exchange sites are calculated by assuming that the ion exchange sites are in equilibrium with 
the initial pore water.  Consequently, the dominant initial sorbed species are Mg-X2, Na-X and 
K-X in Material I, and Mg-Y2 and Na-Y in Material II (Figure 2).  A low pH plume with elevated 
concentrations of Zn2+, Pb2+ and Ca2+ and very low concentrations of Mg2+, K+ and Na+ enters 
the domain from the left boundary via advective and diffusive transport, inducing fluid-rock 
interactions in the form of multisite ion exchange.   
 

 
Figure 2: Initial Sorbed Species Concentration Profiles Simulated by MIN3P-THCm 
(Lines) and CrunchFlow (Symbols), Left Panel – Sorbed Species on Site –X, Right Panel- 
Sorbed Species on Site –Y 
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Table 1: Composition of Initial and Boundary Solutions 

Parameter Boundary solution Initial 
solution Unit 

H+ 3.0 8.0 pH 
aSO4

2- 3.645×10-3 5.147×10-4 [mol L-1]  
Zn2+ 10-3 10-7 [mol L-1] 
Pb2+ 10-3 10-7 [mol L-1] 
Ca2+ 10-3 10-10 [mol L-1] 
Mg2+ 10-10 10-5 [mol L-1] 
K+ 10-10 10-5 [mol L-1] 

Na+ 10-10 10-3 [mol L-1] 
aset to maintain charge balance 
 

 
 
 

4.1.3 Parameters 
 
The physical parameters (material properties) and the parameters for the multisite ion exchange 
reactions are summarized in Table 2. 
 

Table 2: Physical and Chemical Parameters for the Benchmark 

Parameter Symbol Value Unit 
Length of domain L 16.0 [m] 
Porosity 𝜙𝜙 0.25 [-] 
Hydraulic conductivity Kzz 1.0×10-3 [m s-1] 
Free phase diffusion coefficient D0 1.0×10-9 [m2 s-1] 
Longitudinal dispersivity αl 0.01 [m] 
Soil bulk density 𝜌𝜌d 1.875 [g cm-3] 
Cation Exchange Capacity (CEC) CEC 0.733 [meq (100g)-1 solid] 
CEC fraction of site –X in material I F-X1 90% [-] 
CEC fraction of site –Y in material I F-Y1 10% [-] 
CEC fraction of site –X in material II F-X2 40% [-] 
CEC fraction of site –Y in material II F-Y2 60% [-] 

 
 
The ion exchange reactions for both sites ‘-X’ and ‘-Y’ are listed in Table 3.  Exchange 
coefficients for the ‘–Y’ sites were assumed to be 50% larger than for the ‘–X’ sites, to provide a 
testing platform for the multi-site ion exchange model. 
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4.1.4 Results 
 
Due to the ingress of groundwater from the left boundary with elevated concentrations of Zn2+, 
Pb2+ and Ca2+, and lower concentrations of Mg2+, K+ and Na+, the initial pore water in the 
domain is gradually replaced (Figure 3).  After about 7 hours, the pH value at the right boundary 
begins to drop (Figure 3(b)) and after about 15 hours remains constant.  The concentration of 
SO4

2- begins to increase after about 7 hours.  SO4
2- reaches a maximum concentration 

3.645×10-3 mol L-1, the same value as the concentration in the boundary solution, and remains 
constant thereafter.  In contrast, the concentrations of the cations Na+, Mg2+ and K+ begin to 
increase (Figure 3(a)). The maximum concentration of Na+ reaches 5.2×10-3 mol L-1, higher than 
the concentration in the initial (10-3 mol L-1) and boundary (10-10 mol L-1) solutions, which is the 
result of displacement of the initially sorbed Na+ (Na-X and Na-Y) by Zn2+, Pb2+ and Ca2+ (Figure 
4, Figure 5).  Similarly, the cations Mg2+ and K+ show the same trend.  The concentrations of 
sorbed species on both types of exchange sites change accordingly (depicted in Figure 4 at 10 
hours and in Figure 5 at 50 hours). The results show a decrease of the concentrations of the 
initially dominant sorbed species Mg-X2, Mg-Y2, Na-X and Na-Y, and an increase of Zn-X2, Zn-
Y2, Pb-X2, Pb-Y2, Ca-X2 and Ca-Y2. K-X and K-Y behave similarly to Na-X and Na-Y, but the 
concentrations are much lower. 
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Figure 3: Comparison of Breakthrough Curves at the Outflow Boundary Calculated by 
MIN3P-THCm (Lines) and CrunchFlow (Symbols): (a) Total Concentrations of 
Components in the Aqueous Phase, (b) pH, (c) Concentrations of Sorbed Species on Site 
–X, (d) Concentrations of Sorbed Species on Site –Y 
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Table 3: Ion Exchange Reactions Used in the Simulation 

Cation exchange reactions Selectivity coefficients (log Kc) 

1 2Na-X + Mg2+ ⇋ Mg-X2 + 2Na+ 0.6 
2 Na-X + K+ ⇋ K-X + Na+ 0.7 
3 2Na-X + Zn2+ ⇋ Zn-X2 + 2Na+ 0.8 
4 2Na-X + Pb2+ ⇋ Pb-X2 + 2Na+ 1.0458 
5 2Na-X + Ca2+ ⇋ Ca-X2 + 2Na+ 0.8 
6 Na-X + Na+ ⇋ Na-X + Na+ 0.0 
7 2Na-Y + Mg2+ ⇋ Mg-Y2 + 2Na+ 0.9 
8 Na-Y + K+ ⇋ K-Y + Na+ 1.05 
9 2Na-Y + Zn2+ ⇋ Zn-Y2 + 2Na+ 1.2 
10 2Na-Y + Pb2+ ⇋ Pb-Y2 + 2Na+ 1.5687 
11 2Na-Y + Ca2+ ⇋ Ca-Y2 + 2Na+ 1.2 
12 Na-Y + Na+ ⇋ Na-Y + Na+ 0.0 

 
 
 

 
Figure 4: Comparison of Sorbed Species Concentration Profiles at 10 Hours Simulated 
by MIN3P-THCm (Lines) and CrunchFlow (Symbols), Left – Sorbed Species on site –X, 
Right - Sorbed Species on Site –Y 
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Figure 5: Comparison of Sorbed Species Concentration Profiles at 50 Hours Simulated 
by MIN3P-THCm (Lines) and CrunchFlow (Symbols), Left – Sorbed Species on Site –X, 
Right - Sorbed Species on Site –Y 

 
The displacement fronts progress from the inflow boundary towards the right hand side with 
time (Figure 4, Figure 5).  After about 180 hours, the domain has approached an equilibrium 
condition with Zn2+, Pb2+ and Ca2+ both in the aqueous phase (Figure 3(a)) and the sorbed 
species (Figure 3(c) and (d)). At this point in time, the domain is in equilibrium with the inflowing 
groundwater. The simulated results obtained with MIN3P-THCm are in excellent agreement with 
the results obtained with CrunchFlow. 
 

4.1.5 Data Location 
 
Input file: 
 .\Benchmark\benchmarks_new_add\multisite-ionx-V1.0.129\ionx-m-2domains\ionx-2m.dat 
Database 
.\Benchmark\benchmarks_new_add\multisite-ionx-V1.0.129\database\surfx-ionx-phreeqc1 
 

4.2 MULTICOMPONENT DIFFUSION 
 
The multicomponent diffusion formulation implemented in MIN3P-THCm version 1.0.203 was 
verified through several benchmarks (Rasouli 2015) by making comparisons to results obtained 
by CrunchFlow (Steefel 2008) and PHREEQC (Appelo and Wersin 2007; Appelo et al. 2010).  
One of the benchmarks is selected for inclusion in this report and is described below. 
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4.2.1 Problem Definition 
 
This benchmark, involving the diffusion of nitric acid into a NaCl solution, is presented here to 
demonstrate the effect of electromigration and to serve as a verification example for the MCD 
model. 
 

4.2.2 Model Setup 
 
The electromigration problem was simulated in a 1.0 m long, one-dimensional, horizontal 
domain, with a dilute NaCl background solution with pH = 6.  Nitric acid was allowed to diffuse 
into the domain from the left hand side boundary.  The model was discretized into 100 cells with 
Δx = 0.01 m and the simulations were executed for a period of 100 days. 
 
4.2.3 Parameters 
 
The molecular diffusion coefficients (D0) of all components are summarized in Table 4.  The 
domain is homogeneous with a porosity of 0.25. 
 

Table 4: Selected Model Parameters Used for the Simulation of Nitric Acid Diffusion in 
NaCl Solution 

Transport Parameters Symbol Value Units 
Porosity 𝜙𝜙 0.25 - 

Free aqueous diffusion 
coefficients (D0) 

D0(H+)  
D0(Na+)  
D0(Cl-) 
D0(NO3

-)  

9.311 × 10-9 

1.334 × 10-9 

2.032 × 10-9 

1.902 × 10-9 

m2 s-1 

  
 

4.2.4 Results 
 
The concentrations of the ions Na+ and Cl- in the solutions at both boundaries are the same as 
in the initial pore water of the domain (Figure 6 top).  After 100 days, however, concentration 
gradients of both ions Na+ and Cl- were established within the domain (Figure 6).   
 
This behavior is caused by the multicomponent diffusion effect.  Because H+ has a larger 
diffusion coefficient than the anion NO3

- (Table 4), a local charge imbalance is generated within 
the domain that in turn provides the driving force for the diffusion of Na+ and Cl- to maintain local 
charge balance in the solution.  Na+ is expelled from the domain, while Cl- is drawn into the 
domain to maintain charge balance.  The concentration difference of H+ and NO3

- reaches a 
maximum at a position of x=0.3 m after 100 days, coinciding with the location where the 
concentrations of Na+ and Cl- differ the most (Figure 6).  Excellent agreement is obtained 
between MIN3P-THCm, CrunchFlow and PHREEQC. 
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Figure 6: Comparison of Simulated Concentration Profiles Obtained from MIN3P–THCm 
(Lines), CrunchFlow (Open Symbols) and PHREEQC (Filled Symbols) at 100 Days 

 

4.2.5 File Location 

Input file: 
.\Benchmark\benchmarks_standard\reactran\MCD-2 \min3p\test.dat 
Databases: 
.\Benchmark\benchmarks_standard\reactran\MCD-2\min3p\database\ 
 
 

4.3 MULICOMPONENT DIFFUSION IN RADIAL COORDINATES 
 
This benchmark is designed to verify the multicomponent diffusion (MCD) model in radial 
coordinates through code intercomparison with CrunchFlow. 
 

4.3.1 Problem Definition 
 
The problem is based on the benchmark described in section 4.2; however, the problem is 
solved using a radial coordinate system with modified boundary conditions.  
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4.3.2 Model Setup 
 
The electromigration problem was simulated for a one-dimensional system with a radial extent 
of 1.0 m. Nitric acid was allowed to diffuse into the domain from the outer boundary (on the 
right) towards the center of the domain. The initial concentrations of Na+ and Cl- within the 
domain are 1.0×10-4 mol L-1, which is the same in the solution at the right boundary.  The initial 
pH value within the domain is 6.0, while the pH value at the right boundary is 4.0.  The initial 
concentration of the nitric acid within the domain is 1.0×10-6 mol L-1, which is two orders of 
magnitude lower than that at the right boundary.  A zero-flux boundary is assumed at the left 
side of the domain. The model was discretized into 100 cells with Δr = 0.01 m and the 
simulations were executed for a period of 100 days. 
 
4.3.3 Results 
 
Figure 7 compares the species concentration profiles at 100 days.  The concentration profiles of 
Na+ and Cl- within the domain show different concentration gradients, although both species 
were initially present at the same concentration throughout the domain (Figure 7).  This 
behavior is caused by the multicomponent diffusion effect.  The concentration difference of H+ 
and NO3

- reaches a maximum at a position of r = 0.7 m after 100 days, coinciding with the 
location where the concentrations of Na+ and Cl- differ the most (Figure 7).  Excellent agreement 
is obtained between MIN3P-THCm and CrunchFlow. 
 

4.3.4 File Location 

Input file: 
.\Benchmark\benchmarks_standard\reactran\MCD-2-r\min3p\mcd-rc.dat 
Databases: 
.\Benchmark\benchmarks_standard\reactran\MCD-2-r\min3p\database\ 
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Figure 7: Comparison of Simulated Concentration Profiles Obtained from MIN3P–THCm 
(Lines) and CrunchFlow (Symbols) at 100 Days 

 
 

4.4 HYBRID MULTICOMPONENT DIFFUSION IN RADIAL COORDINATES  

4.4.1 Problem Definition 
 
This illustrative example demonstrates the use of the hybrid multicomponent diffusion model in 
radial coordinates.  The example is based on previous simulations of the DR-A in situ borehole 
diffusion experiment at the Mont Terri Underground Rock Laboratory (Xie et al. 2014).  The 
experiment included the injection of tracers into a borehole and the measurement of the tracer 
concentration time curves in the solution circulating through the borehole circulation chamber 
(Fierz and Rösli 2012).  To ensure pure diffusion conditions, the pore water pressure was 
automatically adjusted and the flow rate was monitored until no net flux was observed before 
the tracer diffusion experiment began (Fierz and Rösli 2012). 
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4.4.2 Model Setup 
 
The diffusion of the tracers from the injection solution into the surrounding media can be 
represented by a one-dimensional axial symmetric model as shown in Figure 8.  The problem 
was simulated in a one-dimensional domain, extending 61.5 cm in the radial direction, and 
includes the borehole, a filter, an open gap, and Opalinus Clay (OPA) as the receiving 
geological formation.  The domain was discretized into 165 control volumes.  The final 
simulation time was 189 days. 
 

 
Figure 8: Schematic Diagram of the Simulation Domain Representing the Experimental 
Set-up Including the Borehole (Radius= 3.1 cm) that Contains the Tracers in Solution, 
Filter (4 mm in Thickness), Gap (3 mm in Thickness), and OPA up to A Radius of 61.5 cm. 
A Radial Coordinate System Was Used for the Simulations. 

 
 

4.4.3 Selected Experimental Data 

A mixture of tracers including HTO, 85Sr2+, I- and Br- was added to a tank with synthetic Opalinus 
pore water (Table 5) and injected into the test chamber through the circulation system.  The 
initial chemical composition of the pore water in OPA was specified as listed in Table 6.  The 
concentrations of all tracers were measured at designated times. The measured results, after 
making any necessary corrections for decay, are listed in Table 7.  

 
Table 5: Composition of the Synthetic OPA Pore Water Used in the DR-A Diffusion and 

Sorption Experiments - Phase I (Calculated Based on NAGRA (2012)) 

Element Total concentration [mol L-1] 
               Na+ 2.56×10-01 
               K+ 1.80×10-03 
               Mg2+ 1.85×10-02 
               Ca2+ 2.12×10-02 
               Sr2+ 5.85×10-04 
               Cl- 3.13×10-01 
               SO4

2- 1.45×10-02 
               TOC 1.42×10-03 
               pH 7.56 
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Table 6: Composition of the Initial OPA Pore Water Used in the Simulation of the DR-A 
Diffusion and Sorption Experiments - Phase I (Based on Van Loon et al. 2003) 

Element Total concentration [mol L-1] 
               Na+ 2.40×10-01 
               K+ 1.60×10-03 
               Mg2+ 1.70×10-02 
               Ca2+ 2.60×10-02 
               Sr2+ 5.10×10-04 
               Cl- 3.00×10-01 
               SO4

2- 1.40×10-02 
               CO3

2-/HCO3
- 4.76×10-04 

               pH 7.6 
               Sum cations 0.328 eq L-1 
               Sum anions 0.328 eq L-1 
               Ionic strength 0.39 mol L-1 

 

Table 7: Selected Measured Tracer Concentrations [mol L-1] during the DR-A In-situ 
Diffusion Experiment - Phase I (Calculated Based on NAGRA (2012)) 

Time 
[days] 

HTO 
[mol L-1] 

85Sr2+ 

[mol L-1] 
I- 

[mol L-1] 
Br- 

[mol L-1] 
0.0 1.20×10-10 5.88×10-14 1.11×10-02 1.11×10-02 
0.1 1.11×10-10 5.81×10-14 1.04×10-02 1.05×10-02 
0.3 1.08×10-10 5.27×10-14 1.00×10-02 1.01×10-02 
0.9 1.05×10-10 5.19×10-14 1.00×10-02 1.02×10-02 
1.2 1.05×10-10 5.00×10-14 9.95×10-03 1.00×10-02 
2.0 1.06×10-10 4.95×10-14 9.94×10-03 1.00×10-02 
3.0 1.04×10-10 4.92×10-14 9.81×10-03 9.98×10-03 
4.0 1.04×10-10 4.81×10-14 9.88×10-03 9.95×10-03 
5.0 1.03×10-10 4.68×10-14 9.79×10-03 9.90×10-03 
7.0 1.01×10-10 4.70×10-14 9.77×10-03 9.87×10-03 
10.0 9.92×10-11 4.40×10-14 9.63×10-03 9.71×10-03 
14.0 9.77×10-11 4.25×10-14 9.58×10-03 9.66×10-03 
21.0 9.61×10-11 4.01×10-14 9.56×10-03 9.65×10-03 
29.0 9.49×10-11 3.76×10-14 9.46×10-03 9.55×10-03 
43.0 9.28×10-11 3.49×10-14 9.43×10-03 9.50×10-03 
63.0 8.92×10-11 3.14×10-14 9.19×10-03 9.24×10-03 
85.4 - 2.93×10-14 9.07×10-03 9.05×10-03 

113.0 8.67×10-11 2.77×10-14 8.87×10-03 8.94×10-03 
168.8 8.17×10-11 2.37×10-14 8.46×10-03 8.69×10-03 
- Not measured 
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4.4.4 Parameters 
 
Key modelling parameters used in the simulations are listed in Table 8. 
 

Table 8: General Parameters for the Circulation Chamber, Filter, Gap and OPA 

Parameter Borehole Filter Gap OPA 

Porosity [-] 3.262a 0.45 1.0 0.15 
Solid dry bulk density [kg/m3] - - - 2310.0b 

a borehole capacity      b Bossart (2013) 
 

The free aqueous diffusion coefficients D0 listed in Table 9 were used, which were based on the 
CRC Handbook of Chemistry and Physics (Lide 1994). The effective tortuosity of OPA (𝜏𝜏𝑒𝑒 = 
0.12) is a fitted parameter based on the measured HTO concentration time curve.  Selected 
effective porosity correction factors (𝑓𝑓𝜙𝜙,𝑗𝑗

𝑐𝑐 ) and effective tortuosity correction factors (𝑓𝑓𝜏𝜏,𝑗𝑗
𝑐𝑐 ) for the 

primary species are listed in Table 9, in which the 𝑓𝑓𝜙𝜙,𝑗𝑗
𝑐𝑐  factors for I- and Br- are the measured 

effective porosity values for I- (0.08) and Br- (0.10) divided by the effective porosity measured for 
HTO (0.15) (van Loon et al. 2003). The effective porosity correction factors for all secondary 
species 𝑓𝑓𝜙𝜙,𝑗𝑗

𝑒𝑒  are set to 0.667 for all anions and 1.0 for all other species. The effective tortuosity 
correction factors 𝑓𝑓𝜏𝜏,𝑗𝑗

𝑒𝑒  for species except I- and Br-  are 1.0.  The factor 𝑓𝑓𝜏𝜏,𝑗𝑗
𝑒𝑒  for I- and Br-  are fitted 

to match the measured concentration time curves.  It should be noted that the effect of aquous 
complexation is very limited for this problem, implying that the effect of elemental migration in 
terms of secondary species is close to negligible.  The choice of correction factors for secondary 
species has therefore only a very small effect on the simulation results. 
 

Table 9: Free Aqueous Phase Diffusion Coefficients (D0) (Lide 1994), Correction Factors 

Species D0 [x10-9 m2 s-1] 𝑓𝑓𝜙𝜙,𝑗𝑗
𝑐𝑐  𝑓𝑓𝜏𝜏,𝑗𝑗

𝑐𝑐  Species D0 [x10-9 m2 s-1] 𝑓𝑓𝜙𝜙,𝑗𝑗
𝑐𝑐  𝑓𝑓𝜏𝜏,𝑗𝑗

𝑐𝑐  

H+ 9.311 1.0 1.0 SO4
2- 1.065 0.667 1.0 

Na+ 1.334 1.0 1.0 CO3
2- 0.923 0.667 1.0 

K+ 1.957 1.0 1.0 I- 2.045 0.667 0.55 
Mg2+ 0.706 1.0 1.0 Br- 2.08 0.533 0.38 
Ca2+ 0.792 1.0 1.0 HTO 2.23# 1.0 1.0 
85Sr2+ 0.791 1.0 2.8 Cl- 2.032 0.667 1.0 
# from O'Reilly and Peterson (1971) 
 
 
The linear sorption coefficient (Kd) for the tracer 85Sr2+ was set to 1.0 kg L-1 (Wersin et al. 2008). 

 

4.4.5 Results 

Simulated results show that all tracers diffuse through the filter, gap and into the Opalinus Clay. 
After 189 days, the fronts of all tracers have migrated less than 0.3 m into the clay (Figure 9(d)). 
The uncharged species HTO diffuses the fastest, while other tracers are retarded through anion 



34 
 

 

exclusion (I- and Br-) or sorption (85Sr2+). Simulated concentration time curves of tracers show 
very good agreement to the measured data (Figure 9(a)-(c)). 

 

4.4.6 File Location 
Input file: 
.\Benchmark\ benchmarks_new_add\hMCD-V1.0.203\hmcd.dat 
Databases: 
.\Benchmark\ benchmarks_new_add\hMCD-V1.0.203\database\ 
 

 
Figure 9: Comparison of Experimental (Symbols) and Simulated (Lines) Concentration 
Curves of Tracers  85Sr2+ (a), I- and Br- (b), and HTO (c); and the Concentration Profiles of 
Tracers at 189 Days (d) 
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5. CONCLUSIONS 
 
Several code enhancements have been implemented into the reactive transport simulator 
MIN3P-THCm to improve its capabilities for simulation of diffusion dominated geochemical 
processes.  The multisite ion exchange (MIE) model allows for simulation of cation exchange 
processes on clay minerals (e.g. illite) including different types of exchange sites.  The 
multicomponent diffusion (MCD) model enables MIN3P-THCm to simulate diffusion processes 
in complex geochemical systems including a mixture of cations and anions that diffuse at 
different rates (i.e., due to species-dependent diffusion coefficients D0), but still maintains local 
charge balance within the domain by accounting for electromigration.  An extension of the MCD 
model led to the development of the hybrid multicomponent diffusion (hMCD) model, which 
provides an approach to simulate species-dependent diffusion in low permeability media by 
accounting for anion exclusion, surface and interlayer diffusion in an empirical manner.  Both 
versions of the MCD models were implemented to allow simulations in Cartesian and 
radial/cylindrical coordinates. The theoretical background, the governing equations, information 
on code implementation, updates to the user guide for the new code modules, and verification 
examples for each model have been provided. Model verification was performed through 
intercomparison with the codes CrunchFlow and PHREEQC, showing favorable agreement for 
all cases presented.  The code enhancements are useful for simulating reactive transport in 
engineered barrier systems and in low permeability host rocks considered for deep geological 
repositories. 
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