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Abstract

:

Featured Application


Calibration of uranium transport parameters, distribution and effective diffusion coefficient, using multi-component diffusion approach on the core scale, enables reduced complexity models on the host rock scale, simulation speed-up, quantified geochemistry and mineralogy.




Abstract


Multi-component (MC) diffusion simulations enable a process based and more precise approach to calculate transport and sorption compared to the commonly used single-component (SC) models following Fick’s law. The MC approach takes into account the interaction of chemical species in the porewater with the diffuse double layer (DDL) adhering clay mineral surfaces. We studied the shaly, sandy and carbonate-rich facies of the Opalinus Clay. High clay contents dominate diffusion and sorption of uranium. The MC simulations show shorter diffusion lengths than the SC models due to anion exclusion from the DDL. This hampers diffusion of the predominant species   C a U  O 2    ( C  O 3  )   3   2 −    . On the one side, species concentrations and ionic strengths of the porewater and on the other side surface charge of the clay minerals control the composition and behaviour of the DDL. For some instances, it amplifies the diffusion of uranium. We developed a workflow to transfer computationally intensive MC simulations to SC models via calibrated effective diffusion and distribution coefficients. Simulations for one million years depict maximum uranium diffusion lengths between 10 m and 35 m. With respect to the minimum requirement of a thickness of 100 m, the Opalinus Clay seems to be a suitable host rock for nuclear waste repositories.
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1. Introduction


For the safe storage of especially highly radioactive waste, emplacement in deep subsurface geological repositories is favoured worldwide to ensure the protection of human and nature from the potential radiation exposure of the waste packages for periods of up to one million years [1]. Claystones are among potential host rocks due to their low permeability. Hence, diffusion is the primary transport process in intact formations [2,3,4]. Another important and positive aspect of claystones with regard to the storage of nuclear waste is the high sorption capacity retarding the potential migration of radionuclides.



The diffusive transport through the host rock is quantified with numerical simulations usually using Fick’s law [2]. According to this method, only one diffusion coefficient is used for all species, major and minor ions as well as all radionuclides, in the same way. A more advanced approach is the multi-component (MC) diffusion, where each species in the system is assigned its own diffusion coefficient and transport is calculated separately for the diffuse double layer (DDL) and the free porewater [5,6]. The surfaces of clay minerals are charged due to their internal structure and contact to the external porewater. Dependent on pH of the solution and the hydroxyl groups on the mineral surface the DDL forms, compensating the net surface charge by attraction of counter-ions and repulsion of co-ions [7]. Enhanced transport of counter-ions as well as decreased transport of co-ions occurs in the DDL [2,5]. As a consequence, anionic, cationic and neutral species show different diffusive migration pattern in clay formations [6,8].



The Swiss Opalinus Clay is a potential host rock for the storage of nuclear waste [2]. The formation has been investigated for the last 25 years in the underground research laboratory Mont Terri and hence offers a comprehensive database [9]. Furthermore, the MC diffusion approach has already been successfully applied to the Opalinus Clay to model diffusion experiments, for instance with caesium, sodium, chloride and tritium [6]. The Opalinus Clay is subdivided into shaly, sandy and carbonate-rich facies [10], which differ in their mineralogical composition. As a result of the water rock interaction, the geochemical conditions in the porewaters of the facies vary and impact on sorption and transport of radionuclides [11].



Uranium is one of the main components in spent fuel [12], for which we apply diffusion simulations for the far-field (>50 m) of a potential host rock to assess its migration behaviour. Uranium is redox sensitive and its speciation between U(IV) and U(VI) is controlled by the porewater composition. In the geochemical system of the Opalinus Clay, uranium is mainly present as anionic as well as neutral, ternary uranyl complex bound to calcium and carbonate. In a previous study, the migration of uranium in the Opalinus Clay was assessed in one-dimensional diffusion simulations using Fick’s laws as a function of different partial pressures of carbon dioxide (pCO   2  ) covering the range of measured values for the formation and depending on the mineralogical heterogeneity in the facies [11]. The various facies govern the geochemistry of the system, especially via the pCO   2   and thus by the carbonate and calcium concentrations as well as the resulting pH through which the anionic, ternary uranyl complex   C a U  O 2    ( C  O 3  )   3   2 −     is the predominant species in the system [11]. Based on their results, Hennig et al. [11] prioritized the governing parameters for the sorption of uranium in the Opalinus Clay as follows: pCO   2  , Ca    2 +    concentration, pH, pe and clay mineral quantity. Furthermore, the effect of anion exclusion on the migration lengths was estimated by an adapted porewater diffusion coefficient, what reduced uranium migration by 30%. The work presented here thus aims to extend the findings of Hennig et al. [11] by means of the MC approach.



The first focus in the present study was to assess the deviation between the classical, single-component (SC) and the MC approach in the diffusion lengths of uranium. We know that sorption processes of uranium are facies-dependent [11], hence we investigated and quantified the dependence also for the MC diffusion approach. Many different field and laboratory experiments would be necessary to investigate uranium migration for all geochemical and mineralogical occurrences of the Opalinus Clay. However, those experiments are time-consuming and limited to the metre-scale. In contrast, the safety assessment of a potential nuclear waste repository is required for the host rock scale and for time frames of several hundred thousands of years, what makes numerical simulations indispensable. Unfortunately, MC diffusion on the host rock scale is associated with a huge computational effort. As a second focus, we therefore developed a workflow using MC simulations on the small scale to calibrate transport parameters, which are then used as surrogate of MC diffusion in the SC approach on the host rock scale for simulation times of up to one million years.




2. Methods


For the varying geochemical (Section 2.1) and mineralogical conditions (Section 2.2) in the facies of the Opalinus Clay, one-dimensional diffusion simulations were performed using the MC diffusion approach (Section 2.3) that is implemented in PHREEQC Version 3.5.0 [13].



As first step, we quantified the deviation between the MC approach and the SC method using Fick’s law (Section 2.4) by comparing the calculated diffusion lengths on the metre-scale and thus for acceptable computing times. In a second step, we developed a workflow to calibrate and transfer results of MC diffusion simulations on the metre-scale to the host rock scale (far-field) and a simulation time of one million years. For that, we used a distribution coefficient   K d   (m   3  /kg) and an effective diffusion coefficient   D e   (m   2  /s). The   K d   was calculated from results of PHREEQC (Section 2.2) and was then used to calibrate the   D e   by applying Fick’s laws until the results coincide with the MC simulations. The quality of the workflow was evaluated by comparison with a MC simulation.



The underlying thermodynamic data are described in Hennig et al. [11] and updated with the self-diffusion coefficients in water   D w   (m   2  /s; Section 2.3, Supplementary Materials S1) for the uranium species [14,15] as well as for the porewater components [13]. All simulations were performed for a temperature of 25    ∘  C in regard to the database. Elevated temperatures as expected due to heat generated by the high-level waste or relevant for greater depths can be neglected, because it is shown that it affects neither the porewater composition (<5% for a temperature of 45    ∘  C) [16] nor the migration behaviour of uranium in the Opalinus Clay up to temperatures of 60    ∘  C [17]. All transport simulations were conducted for hydraulic rock properties corresponding to the direction perpendicular to bedding. The uranium source term from the failed high-level waste canisters is represented by a Dirichlet boundary with a constant uranium concentration of 1  μ mol/L [17,18]. Since our focus lies on the migration behaviour of uranium in the far-field, we do not consider the effect of the engineered barriers on the source term [2], such as a delay and retention due to the metal canisters or the bentonite filling. This constraint is a simplification of the nuclear waste repository concept and hence our results need to be considered as maximum diffusion lengths. Neumann boundary is applied to the model outlet.



2.1. Geochemical System of the Opalinus Clay


The facies of the Opalinus Clay are defined in the simulations based on mineralogical and geochemical data from bore hole logs at Mont Terri (Table 1). The concentrations of the main ions in the porewater are averaged for the measurement series and electro neutrality of the solution (±3%) is established via chloride [11]. The composition of the porewater stems from marine origin and the interaction with the minerals, such as cation exchange and/or dissolution as well as precipitation [10,19]. Due to the geological age of the formation and the associated contact time between minerals and porewater, thermodynamic equilibrium between both is assumed [10,19,20,21].



The speciation of uranium in the porewater and its sorption on the Opalinus Clay highly depends on the pCO   2   [11] as it controls the concentrations of carbonates and calcium as well as pH in solution [10,19]. Measurements of pCO   2   in the Opalinus Clay are associated with a degree of uncertainty [10,22,23] and we therefore decided to fix it to   10  − 2.2    bar as recommended for clay formations with similar mineral assemblages [10,21,24]. Depending on pCO   2  , the porewaters of the facies are equilibrated with the carbonates calcite, dolomite and siderite to control pH and the concentrations of calcium, magnesium and iron [25]. For the applied pCO   2   of   10  − 2.2    bar, uranium is mainly present as anionic, ternary uranyl complex   C a U  O 2    ( C  O 3  )   3   2 −     in the porewater [11]. For in-situ conditions, porewater in the Opalinus Clay is moderately reducing [21,23]. An initial E   H   of −227 mV published by Bossart and Thury [26] was chosen and governed in the simulations via an equilibrium with the minerals pyrite and siderite. These minerals, or the redox couple   S  O 4  − 2   / H  S −   , provide the most consistent results with measurements [10,19,21,23].




2.2. Integrating Sorption Processes


The varying mineralogy of the Opalinus Clay is implemented in the simulations with a bottom-up approach [27,28]. The amount of sorption of contaminants in heterogeneous formations can be determined by the additive sorption on individual minerals. It is quantified with mechanistic surface complexation models (SCM) using the two-layer model of Dzombak and Morel [29] and cation exchange [30]. The respective and proven SCM dataset [31] with all surface parameters and reactions is given in the Supplementary Materials of Hennig et al. [11]. We only consider sorption on the main clay minerals illite, illite/smectite mixed layers, kaolinite and chlorite (Scenario MC    4 C l a y   ) as the contribution of the other minerals to the total sorption can be neglected (<1%) [11]. The illite/smectite mixed layers are handled as a combination of the pure clay minerals (illite and smectite) with a proportion of 1:1 [31]. Smectite is a generic term for a group of clay minerals and not further described for the Opalinus Clay. We decided to use montmorillonite as representative because it is the best investigated [31]. Cation exchange is considered for the main cations and uranyl-ions on illite and montmorillonite as exchange phases [11]. The respective reactions are given as well in the Supplementary Materials of Hennig et al. [11]. The distribution coefficient   K d   (m   3  /kg) is defined by the ratio between the amount of a species adsorbed on the solid phase and the amount present in the liquid phase. The   K d   is calculated in PHREEQC for each facies depending on the geochemical and mineralogical conditions following Stockmann et al. [28]. In the literature, sorption of uranium on Opalinus Clay is commonly modeled using only the clay minerals illite and montmorillonite [32,33,34,35]. We followed that approach and assessed the effect of various mineral compositions on the resulting diffusion length (Scenario MC    2 C l a y   ).



Porosity, bulk density and water content vary for each facies [10]. These parameters influence the simulation results as they define the amount of porewater per volume unit Opalinus Clay and the amount of clay minerals per kilogram porewater. Therefore, we performed various scenarios of MC diffusion simulations for the minimum and maximum amount of rock per kilogram porewater (Scenarios MC    m i n    and MC    m a x   , Table 2) as well as with different clay mineral compositions (Scenarios MC    4 C l a y    and MC    2 C l a y   ).




2.3. Modelling Multi-Component Diffusion


In contrast to Fick’s laws, the transport of species in the MC diffusion approach is not based on a concentration gradient but on the electrochemical potential  μ  [5,6,13,37,38]:


  μ =  μ 0  + R T l n α + z F ψ  



(1)




with   μ 0   the standard potential (J/mol), R the gas constant (8.314 J K    − 1    mol    − 1   ), T the absolute temperature (K),  α  the activity (-), z the charge number (-), F the Faraday constant (96,485 J V    − 1    eq    − 1   ) and  ψ  the electrical potential of a charged surface (V). This enables calculation of the diffusive flux in uncharged (free porewater) and charged regions (DDL) of the clay minerals or the interlayer space between the clay layers. Appelo et al. [6] successfully applied the approach for the Opalinus Clay to model a diffusion experiment with neutral, cationic and anionic species. Furthermore, it was used to obtain the porewater composition in the Callovo-Oxfordian clay rock [37].



The diffusive flux of a species in solution   J i   (mol m    − 2    s    − 1   ) as result of the chemical and electrical potential gradients becomes [5,6,13,38]:


   J i  = −    u i   c i     |   z i   | F      ∂  μ i    ∂ x   −    u i   z i   c i     |   z i   |      ∂ ψ   ∂ x    



(2)




with   u i   the mobility in water (m   2   s    − 1    V    − 1   ),   c i   as species concentration in the accessible porewater (mol/m   3  ) and x as spatial coordinate (m). The mobility in Equation (2) is related to the tracer diffusion coefficient in water   D  w , i    (m   2  /s):


   u i  =  D  w , i   ·    |   z i   | F    R T    



(3)







Due to the different transport velocities of ions, a charge with an associated potential is created and thus the gradient of the electrical potential (  ∂ ψ  /  ∂ x  ) in Equation (2). The electrical potential in Equation (1) stems from a charged surface and is therefore fixed without inducing any electrical current. Accordingly, both potentials may differ from each other [5,6,13,38]. If there is no electrical current,   ∑  z i   J i  = 0  . This zero-charge flux condition allows to eliminate the electrical potential gradient (  ∂ ψ  /  ∂ x  ) from Equation (2) by expressing it as a function of the other terms in Equation (2) [5,6,13,38]. Any charge imbalance that may for instance exist in the DDL is maintained by the zero-charge flux condition and hence the equation is also valid, if the solution is not electrically neutral.



Within PHREEQC, the diffusive flux for every species present in the system is calculated as the sum of the transport in the porewater as well as in the DDL for the MC option. Conceptually, the porous medium within a model element is subdivided along its length in paired cells for each mineral present (Figure 1). Accordingly, each pair of cells consists of a charge-balanced solution, the free porewater, and a charged surface with a DDL. In the case of negatively charged surfaces, cations are enriched in the DDL to compensate the remaining net surface charge and anions are excluded. Consequently, the pore space accessible for anions is reduced and so their diffusive flux. This is known as the anion exclusion effect. In the simulations, anion exclusion is controlled by the composition and amount of water in the DDL. The composition of the DDL is calculated as average using the fast and robust method of the Donnan approximation implemented in PHREEQC [13], which assumes a single potential for the DDL as an entity [5]:


   c  i , D D L   =  c i  · e x p    −  z i  F  ψ  D D L     R T     



(4)




with   c  i , D D L    the concentration of species i in the Donnan pore space (mol/m   3  ) and   ψ  D D L    the potential in the DDL (V) to ensure zero charge of the paired cells. The potential   ψ  D D L    of the Donnan volume is adapted to counterbalance the surface charge [13]. Hence, the concentrations in the DDL are linked to the concentrations in the free porewater   c i   (mol/m   3  ) and the surface charge that must be neutralized [39]. The thickness of the DDL is determined via the ionic strengths (Table 1) [36]. MC diffusive transport in a model element is calculated by explicit finite differences for each interface among the cells and summed up for the diffusive transport between two model elements. A more detailed description of the approach can be found in Appelo and Wersin [5], Appelo [38] and Appelo et al. [6].



In porous media, diffusive transport is impeded by tortuosity of the pores, the reduced cross-sectional area available for diffusion and the pore sizes [40], which is reflected by the effective diffusion coefficient   D e   (m   2  /s). PHREEQC assumes that a model element exclusively contains water [13] and therefore the pore water diffusion coefficient   D p   (m   2  /s) is applied instead to calculate the diffusive flux. Equation (5) gives the relation between   D p   and   D e  . In PHREEQC,   D p   is derived analogous to Archie’s law via the self-diffusion coefficient in water   D w   (m   2  /s), the accessible porosity  ϵ  (-) and an empirical exponent n (-):


    D e  ϵ  =  D p  =  D w  ·  ϵ n   



(5)







The empirical exponent n is a constant, medium-specific parameter [41] and needs to be determined for the Opalinus Clay (Section 3) to use the MC approach in PHREEQC. In order to individually calculate the diffusive flux for each species present in the system,   D w   must be assigned in the database. The   D w   of all relevant uranyl species were calculated by molecular-dynamic simulations and are taken from Kerisit and Liu [14] as well as from Liu et al. [15]. In the case of a missing   D w   for an uranium species, the diffusion coefficient of a chemically similar one was chosen to be used instead. All other necessary self-diffusion coefficients stem from the database phreeqc.dat provided with PHREEQC [13]. The selected   D w   are given in the Supplementary Materials S1.



On the metre-scale, MC simulations were performed for each facies (Table 1, Section 2.1) as well as for varying mineral quantities and compositions (Table 2, Section 2.2) for models of 1 m with a spatial resolution of 0.01 m and a simulation time of 100 years. Simulations on the host rock scale were conducted for each facies with a model of 50 m and a spatial resolution of 0.5 m and a simulation time of one million years. Grid independence of the diffusion models on both scales was confirmed by simulations with finer resolutions.




2.4. Modelling Single-Component Diffusion


The classical SC diffusion simulations were conducted in Python-based diffusion models for each facies using Fick’s laws and finite-differences. The spatial resolution is 0.005 m on the small scale (1 m) and 0.25 m on the far-field scale (50 m) to ensure grid independence. Sorption is considered via the distribution coefficient   K d   calculated for every facies in the MC simulation, as described in Section 2.2. Since only one diffusion experiment with uranium in Opalinus Clay of the sandy facies is given in the literature [17], this effective diffusion coefficient is used for all facies in the SC simulations. The   D e   was determined in the experiment for a temperature of 25    ∘  C and perpendicular to bedding with 1.9 × 10    − 12    m   2  /s [17]. Porosities are taken from Table 1.





3. Model Calibration


The medium-specific parameter n required for the MC diffusion approach to determine the effective diffusion coefficient for every species (Equation (5)) was calibrated using an experiment with U(VI) and Opalinus Clay of the sandy facies [17]. We set up a model equal to the one presented in Hennig et al. [11] with the additional application of the MC diffusion approach. For the diffusion experiment, the precise composition of the minerals was not determined. Therefore, the mineral composition used here is based on the results given in Hennig et al. [11] (23 wt.% kaolinite, 9 wt.% illite, 4 wt.% illite/smectite mixed layers and 9 wt.% chlorite) for a clay mineral content of 45 wt.% corresponding to the sandy facies [10]. The parameter n was varied until the best coincidence between the MC diffusion simulations and the experimental data was achieved. For the simulations considering sorption on all clay minerals (MC    4 C l a y   , illite, montmorillonite, chlorite and kaolinite), an exponent n of 2.6 was determined, whereas for the model concept with only two clay minerals (MC    2 C l a y   , illite and montmorillonite) the best match between experimental and modeled data was observed for an n of 2.1. Both results and the experimental data are shown in Figure 2.



In the literature, values for the medium-specific parameter n of 2.4 [42] and 2.5 [4,43,44] are given for Opalinus Clay, which is in line with the value n = 2.6 of our MC    4 C l a y    concept. For bentonite mainly consisting of montmorillonite, a value of n = 1.9 can be found [45], which is similar to the MC    2 C l a y    concept with only illite and montmorillonite as clay minerals and an exponent n = 2.1. However, the experimental data can be reproduced as shown in Figure 2. The relative Root Mean Square Errors (rRMSE) are calculated in relation to the experimental data. The values for the rRMSE are 28% for an n = 2.6 (MC    4 C l a y   ) and 27% for an n = 2.1 (MC    2 C l a y   ). Due to the scattering of the data, we consider our model concepts for the exponents n = 2.6 (MC    4 C l a y   ) and n = 2.1 (MC    2 C l a y   ) as best fit and calibrated for further application.




4. Results


4.1. Multi- and Single-Component Simulations on the Metre-Scale


The difference between MC and SC diffusion was determined depending on mineralogical and geochemical variations in the facies of the Opalinus Clay (Table 1) by quantifying and comparing the resulting migration lengths of uranium. MC diffusion simulations were performed for two model concepts (MC    4 C l a y    and MC    2 C l a y   ), which differ in the clay minerals considered for sorption, to identify the effect of the clay mineral composition on the migration lengths. For all facies, the results of the MC simulations for the two model concepts as well as the SC simulations are shown in Figure 3.



Differences in the migration length between the MC and SC approach are obvious in all facies. After a simulation time of 100 years, the maximum diffusion lengths determined with the MC diffusion approach ranged from 0.12 m in the shaly (MC    4 C l a y   , Figure 3a) up to 0.24 m in the sandy facies (MC    4 C l a y   , Figure 3d). Using the SC diffusion approach, the migration lengths varied between 0.14 m in the shaly (Figure 3a) and 0.23 m in the carbonate-rich facies (Figure 3b). In the shaly and carbonate-rich facies, uranium migrated less far into the Opalinus Clay in the MC simulations compared to SC, whereas, in the sandy facies, it was opposite. The difference in migration length in a facies between the two approaches varied from around 0.07 m less (Figure 3b) up to 0.02 m farther (Figure 3d) into the formation using the MC approach with four clay minerals (MC    4 C L a y   ).



Consideration of only two (MC    2 C l a y   ) instead of four clay minerals (MC    4 C l a y   ) for sorption in the MC simulations led to a farther migration of uranium into the model and thus reduced the difference between MC and SC in the shaly (Shaly-76) as well as carbonate-rich facies (Figure 3a,c). However, uranium still migrated less far into the Opalinus Clay compared to the SC approach. For the second mineral composition representing the shaly facies (Shaly-61), uranium migration was roughly 0.01 m less far into the formation, when using only two clay minerals (MC    2 C l a y   , Figure 3c). In the sandy facies, the migration lengths changed from 0.02 m farther to 0.08 m less into the formation in the MC simulations compared to the SC (Figure 3d).



The results of the MC simulations could be reproduced with the SC approach using the calculated   K d   and calibrated   D e   given in Table 3 with a deviation between 1% and 6% (average 2%) between the calibrated SC and the MC simulations. In the experiment, a   K d   of 0.025 m   3  /kg was identified [17]. All of our calculated   K d   values are an order of magnitude smaller and decrease with the clay mineral content, with only a minimal difference in sorption between the sandy and carbonate-rich facies despite the fact that 20 wt.% more clay minerals are in the sandy facies (Table 3). It is to be highlighted that the   K d   values (Table 3) of the shaly facies are more than twice as large compared to the sandy and carbonate-rich facies. For all facies, the   K d   values and hence sorption were slightly reduced using the MC    2 C l a y    scenario. The calibrated   D e   range from 1 × 10    − 12    m   2  /s to 2.25 × 10    − 12    m   2  /s (Table 3) for the MC    4 C l a y    scenario and thus the experimentally determined value of 1.9 × 10    − 12    m   2  /s from the diffusion experiment of Joseph et al. [17] is within our range. The MC    2 C l a y    scenario only slightly increases the effective diffusion coefficients for the carbonate-rich facies, whereas in the sandy and shaly facies (Shaly-61) it leads to a reduction. For the location with the highest clay mineral content (Shaly-76), the   D e   is equal for both scenarios.



The composition of the DDL was calculated for each clay mineral dependent on the geochemical conditions in a facies using the Donnan approximation implemented in PHREEQC. The total amount of water in the DDL is distributed mainly via illite (72–79%) and montmorillonite (15–20%), followed by kaolinite (5–9%) and chlorite (0.3–0.5%) as a result of the geochemical conditions and mineral composition. The concentrations in the DDL of the clay minerals are shown in Figure 4 for calcium and magnesium (Figure 4a), sulphate and chloride (Figure 4b,c) and uranium (Figure 4d). As the distribution of the different species across the DDL differs only in absolute numbers, we decided to give the results exemplary only for the sandy facies. The highest uranium concentration across the DDL was observed in chlorite (Figure 4d). This also applied to sulphate (Figure 4b), except for the sample Shaly-76. For this mineral composition, the highest sulphate concentrations were found in the DDL of illite. The other ions, such as chloride, calcium or magnesium, were mainly located in the DDL of illite (Figure 4a,b). The concentrations of uranium, magnesium and calcium in the DDL of chlorite decreased along the x-axis, while the sulphate and chloride concentrations simultaneously increased (Figure 4).




4.2. Multi-Component Diffusion for Varying Total Amounts of Minerals on the Metre-Scale


The migration of uranium as a function of the variability of hydro-physical parameters, e.g., porosity or dry bulk density, and the resulting amounts of minerals within a facies of the Opalinus Clay were simulated in minimum and maximum scenarios (MC    m a x    and MC    m i n   , Table 2) using MC diffusion simulations (MC    4 C l a y   ) on the metre-scale. The effect of the total mineral amount on the diffusion lengths was quantified by comparison with the MC simulations based on the averaged data given in Table 1. From the results of the MC simulations,   K d   was calculated and   D e   calibrated to reproduce the MC simulations with the SC approach. Figure 5 shows the results of the MC simulations for the minimum and maximum total amount of rock for all facies as well as the SC simulations using the calibrated transport parameters.



In all facies, uranium migrated farther into the formation for the MC    m i n    scenario. After a simulation time of 100 years, the maximum diffusion length of 0.35 m was determined in the sandy facies (Figure 5d). The difference in migration distance between the two scenarios for the total amount of rock per kg porewater ranged from 0.02 m in the carbonate-rich facies (Figure 5b) to 0.13 m in the sandy facies (Figure 5d). In Figure 5b,d, the diffusion lengths of the maximum scenarios are similar to the simulations using the averaged values of the hydro-physical parameters. For all scenarios and facies, MC simulations could be reproduced with the calibrated transport parameters with a deviation between 1% and 6% (average 3%) between SC and MC simulation (Figure 5).



The   K d   and   D e   for the scenarios presented in Figure 5 are given in Table 3. The calculated   K d   values are unaffected by the variation in total mineral amount, whereas especially the calibrated   D e   of the MC    m i n    more than doubles in some cases compared to the value of 1.9 × 10    − 12    (m   2  /s) determined in the diffusion experiment of Joseph et al. [17]. The   D e   of all scenarios showed the least variation from each other in the carbonate-rich and the highest in the sandy facies.




4.3. Transfer of Multi-Component Diffusion Simulations to the Host Rock Scale


The applicability of   K d   and   D e   calibrated from the 1 m-model to the host rock scale (50 m) was evaluated by comparison with a MC simulation (MC    4 C l a y   ). The other scenarios (MC    m a x   , MC    m i n    and MC    2 C l a y   ) were calculated using the SC approach and the calibrated parameters given in Table 3 to quantify the influence of the mineral composition and total amount on the host rock scale. All results on the host rock scale are shown in Figure 6.



After a simulation time of one million years, diffusion lengths of uranium for the MC    4 C l a y    scenario varied in the facies between 13 m (Figure 6a) and 24 m (Figure 6d). For all facies, the MC simulations could be reproduced on the host rock scale with the   K d   and   D e   calibrated on the small scale with an average deviation of 3% (MC    4 C l a y    and rRMSE, Figure 6). Considering two (MC    2 C l a y   ) or four (MC    4 C l a y   ) clay minerals for sorption did not significantly influence the migration of uranium in the shaly and carbonate-rich facies (Figure 6a–c), whereas, in the sandy facies, it reduced uranium migration by 8 m, from 24 m (MC    4 C l a y   , Figure 6d) to 16 m (MC    2 C l a y   , Figure 6d). The scenarios for the minimum and maximum total amount of minerals per kg porewater led to differences in the diffusion lengths between 2 m (Figure 6b) and 13 m (Figure 6d). Depending on the total amount of rock, maximum diffusion lengths of uranium ranged from 10 m in the shaly (MC    m a x   , Figure 6a) to 35 m in the sandy facies (MC    m i n   , Figure 6d).



The computing times for the individual scenarios in Table 3 varied on the metre-scale between 1 h and 2 h for the MC approach and a few seconds for the SC calculations. On the host rock scale, the MC simulations required a computing time between 5 h and 6 h (6 h = 21,600 s), whereas the SC simulations were done in a few seconds (<10 s). This provides a time saving of four orders of magnitude (factor of 2 × 10   4  ).





5. Discussion


From the study of Hennig et al. [11], we know that sorption processes and thus migration of uranium in the Opalinus Clay are controlled by the calcite-carbonate system. The authors identified the governing parameters in descending priority as follows: pCO   2  , Ca    2 +    concentration, pH, pe and the amount of clay minerals. Hence, geochemistry is more decisive for uranium sorption than the clay mineral content, whereby its influence increases with decreasing amount of clay minerals. This, in turn, results in a facies-dependence of uranium sorption as the heterogeneous mineralogy in the facies leads to differences in the composition of the porewater as a result of water rock interactions. As our geochemical system is identical to the one of Hennig et al. [11], these findings are also valid here. Furthermore, Hennig et al. [11] estimated that anion exclusion reduces the diffusion lengths of uranium by 30%.



5.1. Differences between Single- and Multi-Component Diffusion Approach


Based on the migration lengths of uranium, differences between the SC and MC diffusion approach were quantified on the metre-scale. For the MC    4 C l a y    concept, uranium migrated less far into the model for all facies using the MC approach except for the sandy facies, where it migrated farther (MC    4 C l a y   , Figure 3). We presume that not only sorption processes of uranium are facies-dependent in the Opalinus Clay [11], but also the diffusive transport. The difference is the DDL enveloping the clay mineral surfaces in the calculation with the MC approach.



The effect of anion exclusion reduces uranium migration in the MC diffusion approach. In our simulations, the anionic complex   C a U  O 2    ( C  O 3  )   3   2 −     is the predominant species in the porewater of the Opalinus Clay because of the geochemical system [11]. Due to the negatively charged surfaces of the clay minerals mainly cations are enriched in the respective DDL decreasing the accessible pore space for anionic species and thus reducing their diffusive transport [5,41,46]. For the MC    4 C l a y    simulations, anion exclusion decreased uranium diffusion by about 0.02 m in the shaly and 0.07 m in the carbonate-rich facies corresponding to about 14% and 30% reduction compared to SC, respectively (Figure 3). Thus, for the shaly facies, our results contradict the estimate of Hennig et al. [11] that diffusion lengths are reduced by 30% due to anion exclusion. However, the estimate applies for the carbonate-rich facies. The accessible pore space directly depends on the ionic strength of the porewater with a decreasing thickness of the DDL with increasing ionic strength [36,41]. Therefore, anion exclusion and with it the deviation in migration lengths between the SC and MC approach are different in the shaly and carbonate-rich facies (Figure 3a–c). Due to the lower ionic strength in the carbonate-rich compared to the shaly facies, the DDL is about 0.1 nm thicker (Shaly-76 and Carb-rich, Table 1) and thus anion exclusion is stronger. Accordingly, the deviation between both approaches should be the greatest in the sandy facies with the thickest DDL (Table 1). However, in the case of the sandy facies, uranium migrates farther instead of less into the model for the MC    4 C l a y    simulation compared to the SC (Figure 3d). Only for the MC    2 C l a y    scenario the sandy facies compares with the others as uranium migration is also reduced by 0.08 m, equivalent to about 30%. Therefore, anion exclusion is only one of the effects that explains the deviation in migration lengths between the two approaches. For the shaly as well as carbonate-rich facies, uranium migration is overestimated using the SC approach due to anion exclusion. A general estimate, how strong anion exclusion reduces the diffusion lengths cannot be made because of the dependence on the porewater chemistry. However, the reduced diffusion length due to anion exclusion determined here is an estimate for other clay formations with similar geochemistry and mineralogy.



Uranium mainly sorbs on illite and montmorillonite. The investigated model concepts, MC    4 C l a y    and MC    2 C l a y   , differ in their composition of clay minerals selected (Section 2.2). MC    4 C l a y    is considered with the four clay minerals chlorite, kaolinite, illite and montmorillonite, whereas in the MC    2 C l a y    model only the minerals illite and montmorillonite are taken into account for sorption. The   K d   values calculated in PHREEQC and thus the sorption capacity of the individual facies (Table 3) decrease with the amount of illite and montmorillonite and hence the clay content in general (Table 1). Accordingly, the sample Shaly-76 has the highest sorption capacity followed by Shaly-61, sandy and carbonate-rich with the lowest (MC    4 C l a y   , Table 3). Comparing the   K d   values of both concepts (MC    4 C l a y    and MC    2 C l a y   , Table 3), it becomes clear that the contribution of chlorite and kaolinite to the uranium sorption is only about 10% in the carbonate-rich as well as in the shaly facies and about 30% in the sandy facies. Consequently, the majority of uranium is retained by illite and montmorillonite. From this point of view, one could say that illite and montmorillonite are sufficient to be considered to describe the sorption of uranium with a respective uncertainty for the shaly and carbonate-rich facies. However, this does not apply for the sandy facies as the contribution of chlorite and kaolinite to uranium sorption is in that case much larger with 30%. As already discussed by Hennig et al. [11], sorption in the sandy facies is only slightly larger than in the carbonate-rich due to the geochemistry of the porewater (e.g., pH and Ca    2 +    concentration), although in the sandy facies are about 20 wt.% more clay minerals present. This also applies to our calculated   K d   values of both facies (Table 3) and indicates that the contribution of kaolinite and chlorite to uranium sorption in the sandy facies is increased due to the porewater composition. Thus, we can confirm the findings of Hennig et al. [11] on the facies-dependence of uranium sorption in the Opalinus Clay and the governing role of the porewater geochemistry on sorption processes.



Chlorite plays a geochemical key role for the diffusive uranium transport using the MC diffusion approach. Due to the determined point of zero charge (pzc) of 9.5 for the chlorite used here [47] and the corresponding SCM data for uranium [48], the mineral surface is positively charged in the pH range present in the facies of the Opalinus Clay as a result of the interaction between porewater and prevailing minerals for the applied pCO   2  [11]. This leads to an enrichment of anionic species, such as the predominant anionic, ternary uranyl complex, in the DDL to compensate the remaining net surface charge and thus the highest uranium concentrations could be observed in the DDL of chlorite. This in turn affects the migration behaviour of uranium as the accessible pore space is increased instead of decreased compared to the clay minerals with a negative surface charge. The contribution of chlorite to the total transport of uranium depends on the thickness of the DDL and thus on the ionic strength of the porewater. A lower ionic strength means a thicker DDL and in the case of the chlorite used here an enhanced diffusion of uranium instead of an intensified effect of anion exclusion as it would be the case for the clay minerals with negatively charged surfaces. Therefore, a farther uranium migration into the formation was observed in the sandy facies for the MC    4 C l a y    simulation compared to SC and hence counteracts anion exclusion (Figure 3d). Without chlorite (MC    2 C l a y   , Figure 3d), the anion exclusion effect is fully effective. This emphasizes the important role of chlorite within the system, especially for the migration of uranium or other anionic radionuclides such as selenite in the sandy facies. However, the thermodynamic data used here are based on investigations of an almost pure chlorite sample taken from a granite fracture in the rock laboratory Grimsel (Switzerland) [47,48]. It serves for us as an analogue, because chlorite from the Opalinus Clay has not yet been studied in detail. It therefore remains unclear, whether chlorite from Grimsel and Mont Terri actually correspond in their chemical properties. For instance, a pzc < 7 would result in a negatively charged surface for the geochemical conditions and turn around the behaviour of the system. In this case, the determined migration lengths would correspond to the MC    2 C l a y    scenarios. Accordingly, a detailed characterization of the clay minerals in the Opalinus Clay and of their individual properties is essential and indicates the need for further research.



The sulphate concentration in the porewater limits the contribution of chlorite to uranium migration. In addition to uranium, other anions from the porewater such as chloride or sulphate are also enriched in the DDL of chlorite to compensate the positively charged surface of the mineral. Chloride ions are mainly present in the DDL of illite, whereas for sulphate, similar to for uranium, the highest concentrations have been observed in the DDL of chlorite (Figure 4b). Due to the same negative charge of two, both anions compete with each other in the DDL. This was also determined by the concentrations along the x-axis. With decreasing uranium concentration in the DDL of chlorite, the sulphate concentration simultaneously increases (Figure 4c,d). Accordingly, a higher initial sulphate concentration in the porewater (Table 1) is associated with a potentially lower uranium concentration in the DDL of chlorite and thus less impact of chlorite on the diffusive uranium transport (Figure 3). This also explains the difference between the simulations MC    4 C l a y    and MC    2 C l a y    between the individual facies. Due to the higher initial concentrations of sulphate in the Shaly-76 and carbonate-rich facies (Table 1), chlorite does not contribute significantly to the uranium transport and so mineral selection only affects sorption (Figure 3a,b). On the contrary, the lower sulphate concentration in the porewaters for the sample Shaly-61 and of the sandy facies (Table 1) enable an enhanced uranium transport via the chlorite DDL (Figure 3c,d). Consequently, the chlorite DDL accelerates uranium migration only for low sulphate concentrations.



Besides sulphate, the concentrations of calcium and magnesium in the porewater are also decisive for the influence of the DDL on uranium migration. For instance, Wigger and Van Loon [36] observed in anion diffusion experiments that the negative surface charge was more strongly shielded at the same ionic strength by bivalent cations, such as calcium, compared to monovalent ones, such as sodium. Consequently, the anion exclusion effect is reduced by a higher concentration of bivalent cations [36]. In relation to our results, this means that the anion exclusion effect in the sandy facies is intensified by the lower concentrations of bivalent cations in the porewater compared to the other facies (Table 1) in addition to the thicker DDL. In that way, the geochemistry in the porewaters governs how strong the different DDL affect uranium migration. Thus, we confirm the findings of Hennig et al. [11] that the geochemistry is more decisive than the clay minerals. Furthermore, we can supplement that the geochemistry of the porewater not only controls sorption processes but also the diffusive transport of uranium in the Opalinus Clay. Our results also provide indications for the migration of uranium or other anionic radionuclides in clay formations with similar mineralogy and underline the importance of a detailed determination of the porewater and the geochemical system for each potential site.




5.2. Effect of Varying Mineralogy on Multi-Component Diffusion


The variation of the total mineral amount led to significant differences in the migration lengths. The assumptions inherent in the models regarding the hydro-physical parameters cause uncertainties in the results, since they determine the amount of rock per kg porewater and thus sorption as well as the accessible pore space. Therefore, we studied in minimum and maximum scenarios for the total amount of rock per kg porewater (Section 2.2) on the metre-scale the diffusion lengths.



The distribution coefficient   K d   is unaffected by the variation in the total amount of minerals. In all facies, the   K d   was the same for the minimum and maximum scenarios (MC    m a x    and MC    m i n   , Table 3), although the total amount of minerals differed by up to 6 kg per kg porewater within a facies (Table 2). The   K d   indicates the ratio between sorbed and dissolved species for a defined mineral composition and porewater chemistry. As long as identical proportions of the individual clay minerals are used in the simulations, the total amount of minerals has no influence on the   K d  . However, the total amount of sorbed uranium is affected by this and so is the diffusion length. In many sorption experiments, it has been observed, how strongly uranium sorption depends on the chemical properties of the porewater, such as pH or carbonate concentration [31,49,50]. Furthermore, for the Opalinus Clay, we showed that the porewater chemistry is more decisive for the sorption of uranium than the quantity of clay minerals.



Changing amounts of minerals directly lead to changes in the amount of water in the DDL and in the pore space. For all facies, a farther uranium migration into the formation was observed for the minimum scenario (Figure 5). On the one hand, this is related to the reduced quantity of minerals available for sorption. However, as long as the porewater chemistry does not change, the sorption capacity is only slightly affected. On the other hand, the variation in migration for the investigated scenarios is much more affected due to changes of the total amount of water in the DDL with the mineral quantity. A smaller amount of minerals means, for instance, less water in the DDL of the negatively charged surfaces. Consequently, anion exclusion is attenuated and uranium migrates farther into the formation. This also applies for other clay formations. Furthermore, more pore space for diffusive transport in the minimal scenarios is available compared to the maximum scenario. Concerning the calibrated transport parameters   K d   and   D e   for the different scenarios (Table 3), it becomes clear that the total amount of minerals constrains transport within the facies. It is important to note that the averaged values of the hydro-physical parameters for the locations representing the sandy as well as carbonate-rich facies (Table 1) are very similar to the maximum values for the respective facies (Table 2), therefore the calculated diffusion lengths are also almost identical for the reference (MC    4 C l a y   ) and the maximum scenario (MC    m a x   ). Thus, the priority list for uranium sorption in the Opalinus Clay described by Hennig et al. [11] can also be confirmed for the migration and supplemented with the hydro-physical parameters as follows: pCO   2  , Ca    2 +    concentration, pH, pe, hydro-physical parameters and the amount of clay minerals.




5.3. Implications for the Host Rock Scale


We developed a workflow to set-up surrogate models on the metre-scale for efficient application on the host rock scale. As the previously investigated MC scenarios could be reproduced on the metre-scale with the SC approach using the calibrated   K d   and   D e   (Figure 3 and Figure 5), the application to the host rock scale was evaluated by comparison with a representative MC simulation for each facies and for a simulation time of one million years (Figure 6). The MC    4 C l a y    simulations could be reproduced on the host rock scale with the transport parameters calibrated on the small scale with a deviation between 2% and 4% (Figure 6).



Scale invariance enables the application of the calibrated   K d   and   D e   from the metre-scale to the host rock scale. The properties of a state and chemical processes remain largely or exactly the same and universality is given. Based on our presented modeling workflow, transport parameters for varying mineralogy and chemistry can therefore be determined. Since SC simulations using the calibrated transport parameters only required a few seconds (<10 s) of computing time, this represents time saving on the order of 10   4   for the host rock scale compared to full complexity MC simulations, which require up to 6 h (=21,600 s). This improvement enables performing ‘MC’ diffusion simulations on the host rock scale, for instance for a sequence of facies or in 2D models, with acceptable computing times and without numerous previous experiments otherwise required.



Uranium migration in Opalinus Clay is facies-dependent and its diffusion length is constrained by the rock type itself (shaly, sandy, carbonate-rich), as well as by the respective internal heterogeneity of varying mineral amounts and compositions. On the host rock scale, this results in an offset of up to 25 m between the shaly facies with a maximum amount of clays and the sandy facies with a minimum amount of clays (Figure 6a,d). Within the sandy facies for instance, variations in porosity and bulk densities led to a deviation between the diffusion lengths of up to 13 m (Figure 6d). In contrast, the diffusion lengths in the shaly facies varied by 5 m (Figure 6a) and in the carbonate-rich one even only by 2 m (Figure 6b). Due to the high amount of clay minerals in the shaly facies, heterogeneities are buffered, whereas in the carbonate-rich variations in the hydro-physical parameters are less effective because of the low clay content in combination with the porewater composition. In the case of the sandy facies, the heterogeneity within the individual facies causes a higher uncertainty regarding the diffusion lengths compared to the shaly and carbonate-rich. Our simulation results demonstrate the effect of hydro-physical parameters and the amount of clay minerals on migration, especially on the transport properties. This influence of heterogeneity on transport properties does not only apply to the Opalinus Clay, but it is likely that this is also the case for any other clay formation. In any case, detailed measurements are required because facies or clay formations in general can vary immensely in their properties on the dm-scale, e.g., for the Opalinus Clay through clay layers within the sandy facies and vice versa [51]. It is shown for the sandy facies, compared the shaly and carbonate-rich ones, that, with decreasing clay content within the rock, the variation in mineral composition and its effect on the porewater chemistry and with that on the transport behaviour of uranium increases.



On the host rock scale, it becomes obvious that the shaly facies is best suited for the storage of nuclear waste followed by the carbonate-rich and sandy ones due to the shorter diffusion lengths. The high amount of clay minerals in the shaly facies (>50%) dominates diffusion and sorption processes and hence better compensates chemical and mineralogical heterogeneities compared to the other facies, which is apparent from the shorter diffusion lengths and their smaller span. This also means that the SC approach is sufficient for the shaly as well as carbonate-rich facies, since the deviation in the diffusion lengths for the two approaches but also by the mineralogical heterogeneity itself is negligible. However, the use of the SC approach for the sandy facies results in an over- or underestimation of maximum diffusion length and hence implies a high degree of uncertainty, especially due to the mineralogical heterogeneity. Nevertheless, uranium is still retained in any case within the effective containment zone of a potential host rock with a thickness of 100 m and hence the Opalinus Clay fulfills the minimum requirements for a potential storage site (§22 Article 5 StandAG).



Due to the decisive role of the porewater geochemistry in the system, the diffusion lengths determined here cannot be directly transferred to other sites. However, the insights on the MC diffusion of uranium in clay formations gained here, e.g., the role of the chlorite DDL and the sulphate concentration, can be taken as directions for future works and other sites since uranium is one of the most important radionuclides for the long-term safety of a potential repository. The modular structure of our concept (porewater composition and mineralogy) offers the opportunity to use this workflow for other potential sites or radionuclides, if all data are available.





6. Conclusions and Outlook


The significance of multi-component (MC) compared to single-component (SC) diffusion approaches was shown within one-dimensional simulations on the metre as well as on the host rock scale for uranium transport and sorption in Opalinus Clay depending on varying mineralogy and porewater geochemistry. The MC approach enables a process-based description of diffusive transport as it takes into account the interaction of the involved chemical species with the diffuse double layers (DDL) adhering the clay mineral surfaces. Due to the huge computational effort of MC diffusion simulations on the host rock scale, a surrogate model based on a distribution coefficient   K d   (m   3  /kg) and an effective diffusion coefficient   D e   (m   2  /s) was developed with a workflow to calibrate the parameters on the metre-scale and transfer them as pseudo-MC diffusion to larger scales.



The three facies, shaly, sandy and carbonate-rich, were represented by analyses from boreholes at the underground research laboratory Mont Terri in Switzerland. Porewater geochemistry was controlled by a constant partial pressure of carbon dioxide (pCO   2  ) and mineral equilibria with the carbonates dolomite and calcite as well as siderite and pyrite. The resulting porewater chemistry is facies-dependent and varies with the individual mineral assemblage significantly affecting sorption as well as the diffusive transport.



In the MC diffusion approach implemented in PHREEQC, diffusion coefficients are determined analogous to Archie’s law and hence the medium specific parameter n had to be calibrated for our model. We did this successfully by means of a diffusion experiment with Opalinus Clay and uranium [17]. Based on a bottom-up approach, surface complexation and cation exchange are used to implement sorption processes.



A high clay content (>50 wt.%), such as in the shaly facies of the Opalinus Clay, dominates diffusion and sorption processes of uranium with short migration lengths of 10 to 19 m within one million years depending on their heterogeneity. The MC simulations show shorter diffusion lengths than the SC models, but the differences with less than one metre are almost neglectable. For the carbonate-rich facies, diffusion lengths are 16 m to 18 m using the MC approach with 7 m difference between MC and SC. The simplified SC model overestimates the diffusion length of uranium. For the sandy facies, it depends on the selected mineral composition, if the MC under- or overestimates the SC simulations by 8 m or 2 m, respectively. The migration length ranges between 16 m and 35 m. Considering the clay minerals illite, montmorillonite, chlorite and kaolinite for sorption, the calculated   K d   values ranged between 0.004 m   3  /kg for Shaly-76 with the highest clay mineral content and 0.0014 m   3  /kg for the carbonate-rich with the lowest. The   K d   of the sandy facies with a value of 0.0016 m   3  /kg is only slightly higher despite the 20 wt.% more clay minerals compared to the carbonate-rich highlighting the increasing influence of geochemistry on sorption with decreasing amount of clay minerals.



Variations in migration of uranium in the MC approach can be attributed to the different porewater compositions in the facies in combination with the DDL on the clay mineral surfaces. A high ionic strength reduces the thickness of the DDL and thus the accessible pore space for diffusion is increased. Further, the porewater geochemistry interacts with the charged mineral surfaces. Negatively charged surfaces attract cations and exclude anions to or from the DDL. This is known as anion exclusion effect. The accessible pore space is reduced and the migration of the anions is hampered. This is the reason the MC simulations show shorter diffusions lengths of up to 30% compared to the SC models. A higher concentration of bivalent cations in the porewater shields the negative surface charge of the clay minerals better and hence decreases anion exclusion. The latter is the case within the shaly facies of the Opalinus Clay and reduces the effect of anion exclusion. This, in combination with a higher ionic strength, reduces the diffusion length in the shaly facies by 14% compared to SC. Conversely, positively charged mineral surfaces attract anions. This is the case for chlorite for the studied geochemical system of the Opalinus Clay as it attracts, e.g., the predominant uranium species   C a U  O 2    ( C  O 3  )   3   2 −    . This means an increased accessible pore space for uranium enhancing the diffusive transport compared to the other clay minerals illite, montmorillonite and kaolinite with negatively charged surfaces. This is the reason, why simulations for the sandy facies show increased diffusion lengths for MC compared to SC models. As anion with the same negative charge, sulphate competes with the anionic, ternary uranyl complex in the DDL of chlorite. Therefore, a higher sulphate concentration in the pore water reduces the enhancing influence of chlorite on the uranium transport as can be seen for the shaly and carbonate-rich facies.



Hydro-physical parameters, such as porosity or bulk densities, have an impact on the diffusion lengths as assessed in scenarios with varying total amounts of rock per kg porewater. These parameters determine the ratio between rock and porewater within the pore space and thus control the amount of water in the DDL. Uranium migration can be significantly enhanced by the variation in hydro-physical rock properties in combination with an appropriate composition of the porewater, i.e., a low concentration of sulphate and bivalent cations. Calibrated   D e   for uranium varied for the facies between 8 × 10    − 13    m   2  /s and 4.5 × 10    − 12    m   2  /s. Therefore, uranium diffusion and sorption in the Opalinus Clay is governed in descending priority by pCO   2  , Ca    2 +    concentration, pH, pe, the hydro-physical parameters and the amount of clay minerals.



Due to the high computational costs of MC diffusion simulations, they are inefficient for larger and more complex models such as on the host rock scale. Therefore, we developed a surrogate. Based on the results of the MC simulations on the metre-scale, we determined   K d   and   D e   and showed that they can successfully be applied to the host rock scale and required simulation times up to one million years. In that way, we achieved a time saving on the order of   10 4  . Consequently, a detailed description of porewater chemistry and hydro-physical properties from field or laboratory studies in combination with our workflow using MC diffusion simulations is a powerful tool to quantify uranium migration on the host rock scale for varying mineralogy and geochemistry of potential repository sites in other clay formations. Our workflow offers the possibility for pseudo-MC diffusion simulations applied for complex 2D as well as 3D models accounting for anisotropy and heterogeneity of facies, which will be required in performance assessments of a repository. Further, with the help of our approach, the design of diffusion experiments can be assisted. After a simulation time of one million years, the maximum determined diffusion length of uranium was 35 m in the sandy facies. With respect to the minimum requirement of a thickness of 100 m, the Opalinus Clay seems to be a suitable host rock, as it effectively retains the radionuclide and no adjacent aquifer is reached.
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Abbreviations


The following abbreviations are used in this manuscript:



	DDL
	Diffuse double layer



	  D e  
	Effective diffusion coefficient (m   2  /s)



	  D p  
	Pore diffusion coefficient (m   2  /s)



	  D w  
	Self-diffusion coefficient in water (m   2  /s)



	 ϵ 
	Porosity (-)



	  K d  
	Distribution coefficient (kg/m   3  )



	MC
	Multi-component



	n
	medium-specific, empirical exponent in Archie’s law (-)



	pCO   2  
	Partial pressure of carbon dioxide (bar)



	pzc
	point of zero charge



	rRMSE
	Relative root mean square error (-)



	SC
	Single-component



	SCM
	Surface complexation model
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Figure 1. Concept of the one-dimensional finite-difference diffusion model in PHREEQC. 
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Figure 2. For the model concept considering all clay minerals (kaolinite, illite, montmorillonite and chlorite) for sorption (MC    4 C l a y   , green line), the modeled results match with the experimental data (dots) of the diffusion experiment with U(VI) and Opalinus Clay of the sandy facies for an exponent n of 2.6. For the model taking into account only the two clay minerals illite and montmorillonite (MC    2 C l a y   , blue line), n is 2.1. 
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Figure 3. Concentration of uranium in the porewater of the shaly (a,c), carbonate-rich (b) and sandy facies (d) for the MC diffusion (MC    2 C l a y   , light blue line, and MC    4 C l a y   , dark blue line) as well as the SC approach (SC, orange line). The red, dotted lines represent the results of the simulations based on the SC approach using the   K d   and   D e   calibrated from the MC simulations. The rRMSE indicates the deviation between the simulations with the calibrated parameters and the respective MC simulation. The number behind the shaly facies corresponds to the clay mineral content in wt.%. 
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Figure 4. Concentrations of calcium and magnesium (a), sulphate and chloride (b,c) and uranium (d) in the DDL of the clay minerals for the sandy facies after a simulation time of 100 years and for a pCO   2   of   10  − 2.2    bar. For better clarity, the concentration of sulphate in the DDL of chlorite is given in c as close-up of (b). 
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Figure 5. Concentration of uranium in the porewater of the shaly (a,c), carbonate-rich (b) and sandy facies (d) for the scenarios with minimum (MC    m i n   , 12–13 kg    r o c k   /kg    p w   , light, green line), maximum (MC    m a x   , 15–18 kg    r o c k   /kg    p w   , dark, green line) and average (MC, 14–17 kg    r o c k   /kg    p w   , blue line) total amount of rock per kg porewater. The red, dotted lines represent the results of the simulations based on the SC approach with the   K d   and   D e   calibrated from the MC simulations. 
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Figure 6. Concentration of uranium in the porewater of the shaly (a,c), carbonate-rich (b) and sandy facies (d) for the scenarios with minimum (MC    m i n   , light, green line), maximum (MC    m a x   , dark, green line) and average (MC, blue line) total amount of rock per kg porewater as well as for the concepts considering four (MC    4 C l a y   ) and two clay minerals (MC    2 C l a y   ) for sorption. Dotted lines mean that the SC approach with the calibrated   K d   and   D e   was used, with red representing the results for the MC    4 C l a y    scenario for better visibility. Only MC    4 C l a y    (blue line) is based on the MC diffusion approach. 
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Table 1. Input parameters representing the three facies, shaly, sandy and carbonate-rich. Concentrations are given as average values from the borehole analyses. Shaly-76 and Shaly-61 correspond to the clay mineral content in wt.% at the sampled location.
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	Parameter
	Unit
	Shaly-76      a , b    
	Shaly-61      c , d    
	Sandy      e , f    
	Carb-Rich      g , h    





	pH
	-
	7.13
	7.50
	7.40
	7.28



	   N  a +    
	mmol/L
	281
	230
	121
	195



	   K +   
	mmol/L
	1.93
	1.47
	0.87
	0.73



	   M  g  2 +     
	mmol/L
	21.97
	16.79
	5.91
	15.89



	   C  a  2 +     
	mmol/L
	18.90
	16.03
	6.73
	16.37



	   S  r  2 +     
	mmol/L
	0.46
	0.47
	0.35
	0.44



	   F  e  t o t a l     
	 μ mol/L
	29.62
	8.37    d  
	9.81    f  
	9.81    f  



	   U  t o t a l    
	nmol/L
	2.28    d  
	2.28    d  
	2.52    f  
	2.52    f  



	   C  l −    
	mmol/L
	327
	273
	121
	242



	   S  O  4   2 −     
	mmol/L
	16.79
	12.30
	6.94
	16.03



	   P  O  4   3 −     
	 μ mol/L
	21.65    d  
	21.65    d  
	10.65    f  
	10.65    f  



	Alkalinity
	mmol/L
	3.85
	1.24
	2.61
	2.05



	I    i  
	mol/L
	0.38
	0.32
	0.16
	0.28



	DDL    j  
	nm
	0.49
	0.54
	0.76
	0.57



	Illite
	wt.%
	20
	17
	17
	8



	IS mixed    k  
	wt.%
	16
	12
	8
	6



	Kaolinite
	wt.%
	30
	26
	13
	8



	Chlorite
	wt.%
	10
	6
	7
	4



	∑Clay
	wt.%
	76
	61
	45
	26



	Calcite
	wt.%
	14
	11
	17
	42



	Dolomite
	wt.%
	n.a.
	2
	2
	3



	Siderite
	wt.%
	1
	4
	2
	2



	Porosity  ϵ 
	-
	0.166    l  
	0.162
	0.137    m  
	0.155



	wet water content   w  c  w e t    
	-
	0.068    l  
	0.070
	0.055    m  
	0.063



	dry bulk density   ρ  d b   
	kg/m   3  
	2290    l  
	2280
	2365    m  
	2320



	wet bulk density   ρ  w b   
	kg/m   3  
	2458    l  
	2456
	2498    m  
	2480







n.a., no data available;    a   [22], borehole BPC-C1;    b   [10], borehole BPP-1;    c   [19], borehole BWS-A1;    d   [10], borehole BWS-A1; e [19], borehole BWS-A3;    f   [10], borehole BWS-A3;    g   [10], borehole BGP-1;    h   [10], borehole EPFL;    i   calculated in PHREEQC, pCO   2   = 10    − 2.2    bar;    j   Thickness Donnan-layer, calculated via ionic strength [36];    k   IS mixed, illite/smectite mixed layers;    l   [10], borehole BWS-A6;    m   [10], borehole BWS-E3.
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Table 2. Porosity ( ϵ ), dry and wet bulk density (  ρ  d b    and   ρ  w b   ) as well as wet water content (  w  c  w e t    ) used for the scenarios with the minimum and maximum amount of rock per kilogram porewater for the facies of the Opalinus Clay [10].






Table 2. Porosity ( ϵ ), dry and wet bulk density (  ρ  d b    and   ρ  w b   ) as well as wet water content (  w  c  w e t    ) used for the scenarios with the minimum and maximum amount of rock per kilogram porewater for the facies of the Opalinus Clay [10].





	
Parameter

	
Shaly-76

	
Shaly-61

	
Sandy

	
Carb-Rich




	
Min

	
Max

	
Min

	
Max

	
Min

	
Max

	
Min

	
Max






	
Porosity  ϵ  (-)

	
0.191

	
0.141

	
0.191

	
0.141

	
0.177

	
0.130

	
0.171

	
0.155




	
wet water content   w  c  w e t     (-)

	
0.051

	
0.086

	
0.051

	
0.086

	
0.053

	
0.078

	
0.053

	
0.075




	
dry bulk density   ρ  d b    (kg/m   3  )

	
2230

	
2410

	
2230

	
2410

	
2260

	
2400

	
2280

	
2400




	
wet bulk density   ρ  w b    (kg/m   3  )

	
2420

	
2530

	
2420

	
2530

	
2440

	
2530

	
2450

	
2530




	
Rock per kg porewater (kg    r o c k   /kg    p w   )

	
11.55

	
16.95

	
11.55

	
16.95

	
12.36

	
18.17

	
13.20

	
15.24
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Table 3. Calibrated transport parameters (  K d   and   D e  ) from the different scenarios of the MC diffusion simulations on the metre-scale and after a simulation time of 100 years for the facies of the Opalinus Clay.
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Scenario

	
Parameter

	
Shaly-76

	
Shaly-61

	
Sandy

	
Carb-Rich






	
MC    4 C l a y   

	
  K d   (10    − 3    m   3  /kg)

	
4.04

	
3.09

	
1.55

	
1.43




	
  D e   (10    − 12    m   2  /s)

	
1.50

	
1.60

	
2.25

	
1.00




	
MC    m a x   

	
  K d   (10    − 3    m   3  /kg)

	
4.04

	
3.09

	
1.55

	
1.43




	
  D e   (10    − 12    m   2  /s)

	
1.00

	
1.10

	
2.00

	
1.00




	
MC    m i n   

	
  K d   (10    − 3    m   3  /kg)

	
4.04

	
3.09

	
1.55

	
1.43




	
  D e   (10    − 12    m   2  /s)

	
2.20

	
2.65

	
4.50

	
1.25




	
MC    2 C l a y   

	
  K d   (10    − 3    m   3  /kg)

	
3.64

	
2.71

	
1.10

	
1.29




	
  D e   (10    − 12    m   2  /s)

	
1.50

	
1.40

	
0.80

	
1.15
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