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ABSTRACT

The changes in porosity caused by mineral dissolution/precipitation and the associated changes
in flow, transport and chemical parameters of porous and fractured media are relevant for the
geochemical time-evolution of natural and engineered underground systems. The realistic
representation of natural systems requires modeling tools accounting for the changes in porosity.
Here, we investigate the significance of the dynamic upgrade of the flow, transport and chemical
parameters in reactive transport models with mineral dissolution/precipitation. The water flow,
heat transfer and multicomponent reactive solute transport code, CORE*°VS5, was extended to
take into account the changes in porosity provoked by mineral dissolution/precipitation and their
effect on flow, solute transport and chemical parameters. The improvements implemented in the
code were verified against analytical solutions and the numerical solutions computed with other
reactive transport codes with similar capabilities for isothermal mineral dissolution/precipitation
test cases. Model results computed with CORE*°V5 agree with the analytical and numerical
solutions for several isothermal test cases with porosity feedback. Model results show that failing

to account for the porosity feedback leads to large errors. The porosity feedback effect (PFE) is
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especially relevant in long-term problems with mineral dissolution/precipitation leading to strong
changes in porosity. The PFE is analyzed with a non-isothermal geochemically-reactive transport
model of the long-term (4-10* years) interactions of compacted bentonite with corrosion products
and concrete in a high-level radioactive waste repository in clay. The model predicts pore
clogging in the concrete and at the concrete-clay interface. The thickness of the zone affected by

pore clogging computed with the PFE is smaller than that computed without the PFE.

Keywords: Reactive transport model; CORE*"V5; Porosity feedback effect; Pore clogging,

radioactive waste disposal, non-isothermal

1. Introduction

Groundwater flow, heat transfer, and reactive solute transport models are useful tools for
understanding natural groundwater bodies, quantifying groundwater pollution and evaluating the
performance of waste disposal facilities (Steefel et al., 2005). Reactive transport models have
been used within the following realms: 1) Geothermal systems (Alt-Epping et al., 2013a, 2013b;
Wanner et al., 2014, 2017; Diamond and Alt-Epping, 2014; Xu et al., 2016), 2) Geological
radioactive waste disposal (Yllera et al., 2004; De Windt et al., 2004; Molinero et al., 2004; De
Windt et al., 2007; Samper et al., 2008, 2016; Soler et al., 2008; Zhang et al., 2008; Lu et al.,
2011; Zheng et al., 2010, 2011, 2017; Berner et al., 2013; Kosakowski and Berner, 2013; Mon et
al., 2017; Samper et al., 2018), 3) Geological carbon dioxide storage (Bildstein et al., 2010; Yang
et al.,, 2011, 2014; Wei et al., 2015; Dai et al, 2016, 2018; Todaka and Xu, 2017) and 4)
Environmental remediation (Samper and Yang, 2006; Yang et al., 2008; Jamieson-Hanes et al.,

2012; Wanner et al., 2012; Wanner and Sonnenthal, 2013; Yeh et al., 2013).

Modern reactive transport codes are able to consider a wide range of equilibrium and kinetically
controlled biogeochemical reactions, such as: 1) Homogeneous reactions (aqueous complexation,
acid-base and redox reactions), 2) Mineral dissolution and precipitation reactions, 3) Multisite

surface complexation, 4) Multisite ion exchange reactions, 5) Gas—aqueous phase exchange, and
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6) Microbial reactions. Steefel et al. (2015) described the mathematical and numerical
formulations used in numerical reactive transport codes that consider continuum representations
of flow, transport and reactions in porous media. This approach uses a macroscopic scale by
averaging system properties. Experimental data are essential to reduce the uncertainties in the
parameters and geochemical processes of continuum-scale reactive transport models (Katz et al.,
2011; Fox et al., 2015; Poonoosamy et al., 2015, 2016, Shafizadeh et al., 2020). The solution of
the inverse problem of multicomponent reactive solute transport provides a way to determine
unknown flow and transport parameters by using experimental data (Samper et al., 2006; Dai et
al., 2009, 2012; Wolfsberg et al., 2018). However, the continuum approach is not valid to study
geochemical reactions and the processes controlling the evolution of porous media that occur at
the pore scale. In recent years, significant progress has been made in pore scale investigations
(Molins 2015; Seigneur et al., 2017; Deng et al., 2018). Nevertheless, it is not yet feasible to

simulate reactive transport on larger scales (m - km) by using pore scale approaches.

Numerical simulations of systems in which the dissolution/precipitation of minerals may lead to
significant changes in the porosity are complex because the changes in porosity can modify the
fluid flow and influence transport and chemical reaction parameters (Chagneau et al, 2015; Min
et al.,, 2016). The porosity feedback effect under isothermal conditions is accounted for in
computer codes such as HYTEC (van der Lee et al., 2003), TOUGHREACT (Xu et al., 2004,
2006, 2011), HYDRUS1D-PHREEQC (Simunek et al. 2008, 2009), MIN3P (Mayer et al., 2002),
PHAST (Parkhurst et al., 2002), CRUNCH (Steefel, 2001) and PFlotran (Hammond et al., 2014;
Lichtner et al., 2018). The implementations of the porosity feedback in the reactive transport
codes is commonly verified by comparing numerical results with analytical solutions. However,
only a few analytical solutions for the porosity feedback effect (PFE) are available in the literature
(Lagneau and van der Lee, 2010; Hayek et al., 2011; 2012). Code verification is possible by
comparing model results computed with several codes for appropriate benchmark cases (Xie et

al., 2015; Poonoosamy et al., 2018). Chen and Liu (2002) developed a method to solve a set of
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nonlinear equations coupled with fluid flow, species transport and rock/fluid reactions including
the alteration of porosity and permeability due to mineral-fluid reactions. Shao et al. (2013) used
a numerical model to study the geochemical iterations and the induced changes in the porosity
(clogging) in the Magarin marl rock (Jordan). Seigneur et al. (2018) developed an algorithm to
couple accurately the feedback of chemistry on water consumption, variable porosity and flow in
variably-saturated reactive transport models. Seigneur et al. (2019) reviewed equations of
multiphase flow and reactive transport on the continuum scale, the recent studies carried out on
the pore scale and provided a summary of the more common approaches used to describe evolving
flow and transport parameters due to mineral dissolution/precipitation reactions in reactive

transport models.

The CORE series of reactive transport codes have been developed at the University of A Corufia
since 1991. CORE?®V4 (Samper et al., 2009; 2011) is one of these codes for transient saturated
and unsaturated water flow, heat transport and multicomponent reactive solute transport under
both local chemical equilibrium and kinetic conditions. The flow and transport equations are
solved with Galerkin finite elements and an Euler scheme for time discretization. The chemical
formulation is based on the ion association theory while the extended version of Debye-Hiickel
equation (B-dot) is used to calculate the activity coefficients of aqueous species. CORE*"V4 uses
the EQ3/6 “com” thermodynamic database (Wolery, 1992). The codes of the CORE series have
been widely used to simulate geological radioactive waste disposal facilities that envisage several
engineered barriers such as a metallic canister and a compacted bentonite barrier. Mon et al.
(2017) presented a non-isothermal reactive transport model to simulate the long-term evolution
of a geological repository in clay and quantify the interactions at the interfaces of compacted
bentonite, canister and concrete. This model was calculated with CORE*’V4 by assuming a
constant porosity. Failing to account for the changes in porosity, ¢, may lead to unrealistic results

with porosities out of the feasible interval (0 < ¢ <1).
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Here we investigate the significance of the dynamic update of the flow, transport and chemical
parameters in reactive transport models with mineral dissolution/precipitation. CORE*°V5 has
been developed from CORE*V4 to take into account the PFE due to mineral
dissolution/precipitation under isothermal and non-isothermal conditions. CORE?”V5 has been
verified with one- and two-dimensional analytical solutions (Hayek et al., 2011; 2012). In
addition, numerical solutions obtained with the two versions of the code CORE?® with and
without the PFE have been compared with analytical solutions to illustrate the significance of the
PFE in reactive transport models with mineral dissolution/precipitation. The benchmark proposed
by Xie et al. (2015) has also been used to verify the code against other reactive transport codes.
Furthermore, the capabilities of CORE*V5 have been used to evaluate the importance of the PFE
on the long-term geochemical evolution of a radioactive waste repository in clay by using the
reactive transport model of Mon et al. (2017), which has been extended to account for the PFE.
To the best of our knowledge, this is the first time that the importance of the PFE is studied for
radioactive waste disposal under non-isothermal conditions. The paper presents first the
mathematical formulation of the non-isothermal reactive transport and the dynamic update of the
permeability, the diffusion coefficient and the specific mineral surface. Then, the numerical
implementation in CORE?’V5 is described. Several verification and benchmarking cases are
presented later. Afterwards, the reactive transport model of the long-term geochemical evolution

of a radioactive waste repository in clay is presented.
2. Mathematical formulation

CORE?VS5 is a numerical code that solves simultaneously the equations governing groundwater
flow, heat transport and geochemically-reactive solute transport. The water flow in variably

saturated porous media is given by (Xu et al., 1999):

aSw

V- [K.KV(¥ +2)] +w = ( o

oY
+5uS5) 5 (1)
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The definition of all the symbols used can be found in the Nomenclature. When the diffusion and
dispersion coefficients are similar for all the aqueous species, the reactive transport equations can

be expressed in terms of total dissolved component concentrations, Cy, (Xu et al., 1999):

V- (6DVC) — qV(C) +w(Ci — Co) + 0 =208 k=12, N, )

The set of geochemical reactions consists of: homogeneous reactions such as aqueous
complexation, acid-base and redox reactions and heterogeneous reactions such as mineral
precipitation/dissolution, cation exchange, surface complexation and gas dissolution/exsolution
reactions. The aqueous chemical system is described in terms of N, primary species. The rest of
the species, known as secondary species, can be represented as linear combinations of the primary

species. The total dissolved concentration of a primary species is given by (Xu et al., 1999):

L v v
Cp = + 2?31 VjkXj = Cx + Z?]icl vjk(Kj YIRS ¢’ ) (3)

Heat is transported in the water-solid matrix system by groundwater flow and thermal conduction

through the fluid and the solid. The heat transport equation is given by (Samper et al., 2011):

oT o7, arT
V(AVT — pcy,qT) = Bpcy, e + (1 = 0)pscs a3t~ PmCmG; 4)

CORE®VS5 considers the changes in porosity and updates flow, transport and chemical
parameters. The porosity, ¢, is updated each time step from the computed values of the mineral

volume fractions, f,,, according to:

¢=1-%,", fm )

The changes in the permeability are calculated from the Kozeny-Carman equation (Carman,
1937). This is one of the most widely accepted permeability-porosity relationships which relates
the properties of the porous medium to the flow resistance in pore channels. The Kozeny-Carman

equation provides an expression to relate the permeability, k, to the porosity through:



145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

_ g, =99)%(¢)\?
k= ko (1-¢)? (¢0) ©

The pore diffusion coefficients are updated by using the Archie’s law (Archie, 1942) which
describes the ratio between the effective diffusion of a solute in a porous medium and its diffusion
coefficient in pure water which depends on the tortuosity of the medium and the constrictivity.

This ratio is often described in terms of the geometrical factor:

De )

=2=gm (7

DO T

CORE?PVS5 uses the following kinetic rate law for mineral dissolution/precipitation reactions:
B ONCcHNX  Pmi\( nOm Om

Tm = Smkme & ([1,.5 * al™) (2" — 1) (®)

The specific surface of the minerals in saturated porous media (expressed as the surface of mineral

per unit volume of water) is updated each time step according to:

t
AL = gt ¢ 9

m <pt+1

Eqgs (6), (7), (9) are commonly used in reactive transport models based on the continuum
approach to update flow and transport parameters from the changes in porosity provoked by
mineral dissolution/precipitation (Steefel et al., 2015; Hommel et al. 2018; Poonoosamy et al.,
2018). Although these empirical relationships may not be physically representative of the pore-
scale processes (Seigneur et al.,, 2019), they have proven useful to provide a quantitative

interpretation of observational data under dynamic conditions.

3. Numerical implementation in CORE?P’V5

CORE?®V5 uses a Sequential Iteration Approach (SIA) to solve the coupled solute transport
equations and hydrogeochemical reactions. In this approach, transport and chemical equations are

treated as two different systems which are solved separately in a sequential iterative process (Xu
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et al., 1999; Samper et al., 2011). The set of chemical equations is solved on a node basis after
solving the transport equations. The resulting non-linear equations are solved with an iterative

Newton-Raphson method.

CORE?PV5 has been extended to consider the PFE. It should be noticed that the computational
work increases when the PFE is considered. Alternatively, CORE?’V5 can also compute the
changes in porosity from changes in mineral volume fractions without considering the PFE. If the
porosity feedback is modeled, the code checks that the sum of the porosity and the mineral volume
fractions is equal to 1 in all the nodes of the grid. In addition, a minimum threshold porosity for

clogging is defined by the user.

The porosity is updated each time step according to Eq. (5). Minerals are not allowed to precipitate
anymore when the porosity is smaller than the threshold porosity. However, mineral dissolution
is still allowed although porosity reaches the threshold value. Permeability is updated in the flow
equation each time step based on the Kozeny-Carman equation (see Eq. (6)). Nodal water volumes
are updated with the most recent values of the porosities after solving the flow equations.
Groundwater velocities which are required to evaluate advective and dispersive solute and heat
fluxes are calculated from nodal heads by direct application of Darcy’s Law to the finite element
solution. Diffusion coefficients are updated according to Archie’s law (see Eq. (7)). The
concentrations of dissolved species are calculated in mol per unit volume of water. Nodal water
volumes and the concentrations of dissolved are updated each time step to account for the changes
in the porosity. Mineral specific surfaces in saturated porous media are updated each time step
according to Eq. (9). Model results related to the changes in porosity are printed out over time in

selected output files created by CORE*PVS.

Fig. 1 shows the main flowchart of CORE*’V5 with an indication of the main modifications

performed in the code to consider the PFE.

4. Verification
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4.1. Verification with analytical solutions

The improvements implemented in CORE?*PV5 have been verified with the analytical solutions
presented by Hayek et al. (2011, 2012). They provided a general methodology to derive analytical
solutions for diffusive transport of aqueous species coupled to dissolution/precipitation of a single
mineral with a strong PFE. They also reported several examples for 1-D and 2-D systems to use
analytical solutions for code benchmarking. CORE?’V5 was verified with the analytical solutions
for a mineral M initially at chemical equilibrium with two aqueous species Aq and Bg. Then,

M,y dissolves with a kinetic control according to the following chemical reaction:
Atag) + Blagy @ Ms) (10)

The analytical solutions assume that solute diffusion is the only transport mechanism. The
effective diffusion coefficient is assumed to be proportional to porosity (D. = Dy ¢). The

following kinetic mineral dissolution/precipitation rate law is used:

C1C2

Rin = T |1 — 22| (11)

where ¢; and c; are the concentrations of species 4 and B, respectively, and 4,, is the solid reactive

surface area which is equal to 49 ¢, where 4y is a constant.

4.1.1. 1-D verification test case

The results computed with the 1-D numerical model performed with CORE*V5 were compared
with the analytical solutions of Hayek et al. (2011) (see Eq. (A.1), Eq. (A.2) and Eq. (A.3) in the
Supplementary Material). The model domain has a length equal to 0.05 m and it was discretized
with a regular 1-D finite element grid with 50 elements and 51 nodes. The concentration of the
species B is uniform in space and constant in time (c> = 1 mol/ kg H,O). Initially, each node of

the grid has a different value of ¢; and ¢. In addition, ¢; is fixed at the boundaries of the model (x
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=0 and x = 0.05 m) with time functions obtained from Eq. (A.1). The simulation was run for 10

s with time increments of 1 s. 1-D model parameters are listed in Table 1.

The computed concentration profiles of species 4 at several times agree with those calculated
with the analytical solutions (see Fig. 1S in the Supplementary Material). ¢, at the left boundary
increases with time while it remains unchanged at the right boundary. Fig. 2 shows the comparison
of the computed and analytical porosity profiles. Numerical and analytical solutions agree very
well. The porosity at the left boundary of the model decreases considerably with time, reaching

very small values (clogging).

The computed mineral concentration (in mol/m*® of fluid and in mol/m* of rock) were also
compared with analytical solutions (see Fig. 3 and Fig. 2S). The results computed with
CORE?®VS5 agree with the analytical solutions. The mineral concentration in mol per m® of fluid
volume near the left boundary reaches very high values while the mineral concentration in mol

per m® of rock volume reaches a constant value when the porosity tends to zero.

The significance ofthe PFE is illustrated by comparing the porosity and the mineral concentration
profiles computed with and without the PFE (Fig. 2 and 3). The porosity decreases more quickly
in the run without the PFE. The extent of the model in which the clogging occurs in the run
without the PFE is larger than in the run with the PEF. The PFE is particularly relevant in models

with mineral dissolution/precipitation reactions leading to strong changes in porosity.

4.1.2. 2-D verification test case

The improvements implemented in CORE?V5 for two-dimensional problems have been verified
with an exact analytical solution proposed by Hayek et al. (2012). The 1 m x 1 m model domain
was discretized with a triangular mesh with 736 elements and 406 nodes (Fig. 3S). The simulation
was performed for 1.5-10” s. The time domain was divided into 1500 time periods which in turn

were subdivided into 100 time increments.
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406 different mineral zones and initial waters were defined in the numerical model (one per node)
to define the initial porosities and the nodal concentrations of species 4 and B obtained from Eq.
(A.4), Eq. (A.5) and Eq. (A.6) (see Appendix A in the Supplementary Material). The time
functions calculated with Eq. (A.4) and Eq. (A.5) were used to prescribe the concentrations ¢; and
¢2 at the nodes located along the boundaries of the model, respectively. 2-D model parameters are

listed in Table 1.

Fig. 4S and Fig. 5S show the comparison of the analytical and numerical concentration profiles
of species A4 and B along the first 40 cm of the diagonal of the model domain for selected times.
c; and ¢ at the lower left corner increase with time while they remain constant in the middle of
the domain (¢ = 2¢;). The numerical solutions coincide with the analytical solutions. The product
of c;c; increases exponentially at the lower left corner of the model domain. Consequently, the
mineral M precipitates strongly at the lower left corner because c;c>> K (see Eq. 11). Fig. 4
shows 3-D plots of the spatial distribution of the porosity computed with the analytical and
numerical solutions at 5-10° s and 1.5-107 s. The porosity at the lower left corner of the model

domain at the end of the simulation is very small (pore clogging).

A simulation run was performed with CORE?"V5 without the PFE. The model results computed
with and without the PFE at early times (¢ = 5-10° s) are similar. Later, the differences in model
results increase. The porosity decreases more quickly in the run without the PFE (Fig. 4). Fig. 5
shows the comparison of the porosity profiles computed with and without the PFE and the
analytical solutions along the first 40 cm of the main diagonal of the model. Porosities computed
with the PFE fully agree with those of the analytical solutions. However, the analytical and
numerical solutions show significant differences when the PFE is not considered. The clogging
effect is more important in the run without the PFE because the mineral precipitation is not

restricted in this run.
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4.2. Benchmarking

The previous analytical solutions correspond to initial and boundary conditions which are not
typical of natural systems. CORE*"V5 was verified also with a more realistic benchmark test case
proposed by Xie et al. (2015). This benchmark considers 1D advective-dispersive transport,
aqueous complexation and calcite and gypsum dissolution/precipitation. The Kozeny-Carman
relationship and the Archie’s law are used to relate the permeability, the tortuosity and the pore
diffusion coefficient to the porosity, respectively. The simulation was performed at standard
pressure (atmospheric pressure) and temperature (25° C) and water saturated conditions. The
model domain is 2 m long. It was discretized with a uniform grid size of 0.125 m. The initial
porosity and hydraulic conductivity are uniform and equal to 0.35 and 1.16-10™* m/s, respectively.
The initial hydraulic head is equal to 0 in all the nodes of the grid. The hydraulic head is prescribed
at the inflow (0.007 m) and outflow (0 m). The following kinetic rate law was used for mineral

dissolution/precipitation reactions (Xie et al., 2015):
Rm = _Tm[1 - -Qm] (12)

where r, is rate constant for gypsum (a newly-formed mineral) which is updated as a function of

the mineral volume fraction of calcite according to (Lichtner, 1996):

= 0 (&f (13)

2

Mineral parameters are listed in Table 2.

The simulation was performed for a time period of 1000 years. A sulfuric acid solution flows into
the porous column containing initially calcite (£, = 0.30 m*/m®). The initial pore water is at
chemical equilibrium with respect to calcite and undersaturated with respect to gypsum. The

model accounts for five primary species and 13 aqueous complexes. The chemical composition



283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

13

of the initial and boundary waters are listed in Table 3. Table 4 lists the equilibrium constants and

the aqueous complexation and mineral dissolution/precipitation reactions at 25 °C.

CORE?PV5 was verified with the model results computed with the code MIN3P (Xie et al., 2015).
Fig. 6 shows the comparison of the porosity profiles computed with MIN3P and CORE?V5 at
10, 100 and 1000 years. Initially, the porosity is uniform and equal to 0.35. Later, the porosity
changes due to the inflow of the acidic solution which leads to calcite dissolution and gypsum
precipitation (see Fig. 7 and Fig. 8). Model results show a calcite dissolution front near the inflow
boundary. Therefore, the porosity increases in the first 0.2 m of the model domain and reaches a
value equal to 0.65 after 10 years. The porosity at x = 0.2 m, however, declines due to gypsum
precipitation. The volume fraction of gypsum computed with CORE?’VS at x = 0.2 m is slightly
larger than that computed with MIN3P. Xie et al. (2015) reported some differences among codes
in this point. After 100 years, the length of the model where the porosity is equal to 0.65 increases
due to the advance of the calcite dissolution front. The precipitation of gypsum causes the
reduction of porosity and clogging occurs at x = 0.425 m. After 1000 years, the dissolution front
of calcite does not advance due to the clogging. The porosities and the volume fractions of calcite

and gypsum computed with CORE?V5 generally coincide with those calculated with MIN3P.

The hydraulic conductivities and the hydraulic heads computed with CORE?’VS5 are similar to
those computed with MIN3P (see Fig. 9 and Fig. 6S). Clogging occurs at # = 100 years and causes
a sharp decline of hydraulic heads and a drastic reduction in hydraulic conductivity at x = 0.425
m. The water outflow through the right boundary of the model is also affected by clogging (Fig.
7S). The calculated outflow decreases rapidly after 50 years of simulation. The time evolution of

the water outflow computed with CORE*"VS5 coincides with that of MIN3P.
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5. Reactive transport modeling of a radioactive waste repository in clay

The model of Mon et al. (2017) has been extended by considering the PFE with CORE?"V5. The
results calculated with and without the PFE have been compared up to ¢ = 4-10* years. This time
was selected because the thermal gradients dissipate fully after 2-10* years and the changes in
porosity become especially relevant also after such period of time. The same spatial discretization
has been used in both models to make more reliable the model intercomparison in the clogging
zones (Marty et al., 2009). The model reported by Mon et al. (2017) corresponds to a radioactive
waste repository in clay according to the Spanish Reference Concept. The waste is confined in
cylindrical carbon steel canisters (0.9 m diameter) emplaced in horizontal galleries excavated in
the clay formation. The galleries are protected with a 0.3 m thick concrete support. The canisters
are surrounded by a 0.75 m thick bentonite barrier. The model assumes axial symmetry with
respect to the gallery axis (Fig. 10). The numerical model takes into account the time evolution

of the temperature in the repository (see Fig. 8S).

The reactive transport model considers the following chemical reactions: 1) Canister corrosion,
2) Aqueous reactions such as acid/base, redox and aqueous complexation reactions, 3) Surface
complexation of Fe* and H" on three types of sorption sites; 4) Cation exchange of Ca®’, Mg*',
Na*, K" and Fe?" and 5) Dissolution/precipitation of 16 minerals. The aqueous chemical system
includes 58 aqueous complexes and the following primary species: H,O, Cl", SO4*", HCOs,
AIOH4, H, Ca*", Mg*", Na*, K", Fe*', SiO»(aq) and Ox(aq). All the reactions are assumed at local
chemical equilibrium, except for smectite dissolution and canister corrosion. The corrosion rate
is 2 um/year. The thermal and hydrodynamic model parameters are listed in Table 5. More details

about the model can be found in Mon et al. (2017).

The porosity in the model calculated with CORE*®VS5 is updated according to Eq. (5). The
porosity is not allowed to be less than a threshold value. As an educated guess, this threshold is

taken equal to 10™. The pore diffusion coefficients and the solute tortuosities are updated based
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on Archie’s law with a cementation exponent equal to 4/3 (Millington and Quirk, 1961; see Eq.
(7). Other flow, transport and chemical parameters such as nodal volumes, water velocities,
mineral surface areas and nodal dissolved concentrations are also updated every time step to
account for the changes in porosity. The dynamic update of the flow and transport parameters
from changes in porosity is carried out in the bentonite, concrete and clay. The PFE is not taken

into account in the nodes of the grid that simulate the canister.

Fig. 11 illustrates the radial distribution of the porosity at ¢ = 4-10* years computed with and
without the PFE. Pore clogging in the concrete at £ = 4-10* years is predicted from = 1.33 m to
r = 1.34 m with the PFE and from » = 1.24 m to » = 1.28 m without the PFE. The pore clogging
computed in the concrete near the clay interface is 2.5 cm without the PFE and clogging does not
occur in the model with the PFE. The clogging thickness in the clay near the concrete interface is
0.8 cm and 1.7 cm with and without the PFE , respectively. Magnetite precipitation at the canister-
bentonite interface (» = 0.45 m) causes pore clogging at ¢ = 4-10* years in the model without the
PFE. However, porosity clogging does not occur in this area in the model with the PFE. The
changes in porosity computed with the PFE greatly influence the radial distribution of the

effective diffusion after 4-10* years (Fig. 9S).

The diffusion coefficient of the bentonite near the canister interface is reduced in the model with
the PFE, causing that the precipitation of magnetite in the nodes of the canister near the canister-
bentonite interface computed in the model with PFE is larger than in the model without PFE. For
the same reason, model results with PFE show less magnetite precipitation in the bentonite near

the canister interface than those without the PFE (see Fig. 13).

Fig. 12, Fig. 10S and Fig. 11S show the time evolution of the concentration of the cumulative
mineral precipitation/dissolution in the bentonite (near the concrete interface at » = 1.125 m), the
concrete (midpoint at » = 1.35 m) and the clay (near the interface at » = 1.525 m) computed with

and without the PFE. Negative (positive) values correspond to mineral dissolution (precipitation).
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Model results with the PFE show less brucite precipitation in the bentonite near the concrete
interface (= 1.125 m). Portlandite dissolution in the concrete midpoint computed with the model
without the PFE is slightly faster than that computed with the PFE. All the portlandite is dissolved
after 2-10" years in the model without the PFE and after 2.5-10* years in the model with the PFE.
There are significant differences between the time evolution of the cumulative gypsum, brucite,
sepiolite and calcite precipitation computed with and without PFE in the clay near the concrete
interface (» = 1.525 m). Brucite starts precipitating during the first 10* years and later dissolves
until £ = 3.5-10* years in the model with the PFE. Brucite precipitates slightly in the model with
the PFE. Sepiolite precipitates in both simulations. However, the precipitation of sepiolite
computed without the PFE is slightly larger than that of the model with the PFE. Gypsum
precipitates at 1 = 10° years and dissolves later at # = 10* years in the simulation with the PFE.
Calcite precipitates in both simulations. The precipitation of calcite in the model without the PFE
is larger than in the model with the PFE during the first 2.4-10* years. Then, the precipitation of

calcite in the model with the PFE is larger than in the model without the PFE.

Fig. 13 shows the mineral volume fractions at t =4-10 years computed with and without the PFE.
The model with the PFE calculates less magnetite precipitation than the model without the PFE
at the bentonite-canister interface. After 4-10* years, there is still portlandite in the concrete, from
r=1.23 mto r=1.3 m, in the model without the PFE whereas portlandite remains from » = 1.24
m to » = 1.35 m in the model with the PFE. The results with the PFE show less precipitation of
gypsum, brucite, sepiolite and analcime and more precipitation of calcite than those calculated
without the PFE near the concrete-clay interface. The differences in the precipitation of brucite
and sepiolite affect the pH after 4-10" years at both sides of the concrete-clay interface (see Fig.
14). Most of the published papers have addressed the PFE under isothermal conditions. The
evaluation of the performance of geological radioactive waste disposal facilities requires the use
of non-isothermal geochemically-reactive transport models because the radioactive waste

generates heat and the thermal field and the temperature gradients may prevail for several
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thousands of years. Fig. 14 illustrates clearly that the long-term evolution of the pH is clearly
affected by the temperature field for both constant and variable porosity models. These
predictions are consistent with the numerical findings of Samper et al. (2018) and experimental
observations of Lalan et al. (2016) which show that the temperature plays an important role in the
degradation of calcium silicate hydrate phases and the precipitation of mineral phases. The
changes in porosity for constant temperature are smaller than those computed under
nonisothermal conditions. Therefore, it can be concluded that there is a synergetic effect of

temperature and clogging.

The volume of the precipitated minerals may exceed the porosity of the medium in the most
reactive areas of the model domain. The model accounting for the PFE updates dynamically the
porosity and ensures that the total mineral volume fraction of the precipitated minerals does not
exceed the porosity. The model without the PFE, on the other hand, does not check whether the
total mineral volume fractions of the precipitated minerals exceed the porosity. The model results
computed with the model with the PFE are more realistic. A significant part of the differences
between the results computed with and without the PFE are related to the restriction in the porosity
imposed in the model which accounts for the PFE. The changes in the diffusion coefficient due

to changes in the porosity is another cause of the differences.

Although the mineral evolution computed with the model of the PFE show trends similar to those
of the model without the PFE, the results of both models show significant differences. Magnetite
precipitation in the model with the PFE is smaller than that computed with the model without the
PFE near the bentonite-canister interface due to the decrease of the diffusion coefficient in this
interface which favors more magnetite precipitation in the canister and no clogging at the
bentonite-canister interface. The pH in the concrete front computed with the model with the PFE
is sharper than that computed with the model without the PFE due to the drastic reduction in the

diffusion coefficient caused by the decrease in porosity. The total amounts of brucite, sepiolite
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and gypsum precipitation at the concrete-clay interface computed with the model with the PFE is
smaller than those computed with the model without the PFE due to the restriction on the porosity.
For the most part, the concentrations of dissolved components computed with and without the
PFE at t = 4-10* years are similar. The radial distribution of solute concentrations show jumps at
the location of pore clogging in the concrete (r = 1.35 m). These jumps are generally small except
for dissolved SO4* y Al(OH)s which show large jumps due to solute accumulation in the

bentonite.

6. Conclusions

Most reactive transport models assume transport and chemical parameters such as porosity,
permeability, pore diffusion coefficient and reactive surface areas of minerals remain constant in
time. The significance of the dynamic upgrade of the flow, transport and chemical parameters in
reactive transport models with mineral dissolution/precipitation has been investigated. The water
flow, heat transport and geochemically-reactive solute transport code, CORE?*°VS5, has been
extended to take into account the PFE caused by mineral dissolution/precipitation reactions and
update the flow, transport and chemical parameters. The porosity is updated each time step based
on the changes in the volume fractions of the minerals computed in the previous time step. The
permeability is updated by using a Kozeny-Carman equation while diffusion coefficients and

tortuosities are updated according to Archie’s law.

The improvements implemented in CORE??V5 have been verified with analytical solutions for
diffusion problems coupled with dissolution/precipitation reactions and feedback of the changes
in porosity in 1D and 2D. In addition, CORE?’V5 has been verified against the numerical
solutions of other reactive transport codes for a benchmark test case involving advective transport
in a saturated medium with aqueous complexation and kinetic mineral dissolution/precipitation.
The model results computed with CORE?VS5 reproduce the analytical solutions and the

numerical solutions computed with other reactive transport codes.
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The numerical solutions computed with the updated version of CORE?’V5 have been used to
illustrate the significance of the PFE for several tests cases. Although model results computed
with and without the PFE are similar at early times, they show large differences at late times. The
PFE is particularly relevant in problems with mineral dissolution/precipitation leading to strong
changes in porosity. The porosity decreases more quickly when the PFE is not taken into account.
The thickness of the clogging zones computed without the PFE is larger than that computed with

the PFE.

The updated version of CORE?V5 has been used to model the non-isothermal chemical
interactions of compacted bentonite, corrosion products and concrete in a radioactive waste
repository in clay by taking into account the PFE. The major differences of the porosity computed
with and without the PFE occur in the concrete and at the concrete-clay and canister-bentonite
interfaces. The thickness of pore clogging in the concrete and in the concrete-clay interface
computed with the PFE is smaller than that computed without the PFE. The zones affected by
clogging in the concrete at ¢ = 4-10* years computed with and without the PFE are 1 and 4 cm
thick, respectively. The thickness of clay affected by clogging near the concrete interface is 0.8
cm with the PFE while it is 1.7 cm without the PFE. In addition, there are zones affected by pore
clogging in the concrete near the clay interface and at the canister-bentonite interface in the model
without the PFE. However, porosity clogging does not occur in these areas in the model with the
PFE. On the other hand, there are significant differences in the mineral volume fractions
computed with and without the PFE after 4-10* years. The model with porosity the PFE calculates
less magnetite precipitation than the model without the PFE at the bentonite-canister interface.
The patterns of portlandite dissolution in the concrete computed with and without porosity the
PFE show differences. The model results computed with the PFE show less precipitation of
gypsum, brucite, sepiolite and analcime and more precipitation of calcite at the concrete-clay
interface than those calculated without the PFE. The largest differences in the computed pH after

4-10* years occur at both sides of the concrete-clay interface.
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The reactive transport models presented here demonstrated that the dynamic update of flow and
transport parameters 1is especially relevant in long-term problems with mineral
dissolution/precipitation reactions leading to strong changes in porosity. Modeling tools should
take into account the PFE when modeling both engineered systems and natural environments
where transport and chemical properties can vary significantly in space and time such as
radioactive waste disposal facilities, mine waste deposits and karst systems. However, numerical
simulations with the PFE have significant uncertainty. Realistic simulations of the changes in
porosity and clogging processes will require long-term experimental data to support model
results. Unfortunately, such experimental data are not widely available despite the significant
advances made recently in pore scale investigations. The conclusions of our numerical
simulations are relevant for the performance assessment of the engineered barriers of radioactive
waste repositories and will contribute to reduce model uncertainties and support the hypotheses

usually made in the evaluation of the long-term safety of the repositories.

The long-term geochemical predictions of the radioactive waste repository calculated with the
PFE presented here could be improved by: 1) Adopting a dynamic corrosion front to simulate
canister corrosion in a more realistic manner; 2) Simulating the dissolution/precipitation of all
minerals with kinetic laws and updating the reactive surface areas; and 3) Solving numerical
issues and reducing calculation times to take into account the PFE for a longer period of time (1

Ma).

Nomenclature

Latin terms
Am specific surface of the m-th mineral

A, A" | specific surface of the m-th mineral at times ¢ and ¢+

afmi catalytic effect factor
Ck total dissolved concentration of the k-th component
G dissolved concentration of a fluid source w
Ci molal concentrations of the i-th primary species
cw Cs, cm | specific heat of water, solids and bulk porous medium, respectively

D dispersion tensor
Dy pore diffusion coefficient in pure water
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D, effective diffusion coefficient
Ea apparent activation energy
o volume fraction of the m-th mineral
Ju, fu” | volume fractions of the m-th mineral at times ¢ and ¢ = 0, respectively
K saturated hydraulic conductivity tensor
K mineral solubility constant
K. relative hydraulic conductivity
k ko permeability and initial permeability, respectively
ko kinetic rate constant of the m-th mineral
q Darcy velocity
N number of primary species
N, total number of minerals involved in dissolution/precipitation reactions
Ny number of aqueous secondary species
m cementation exponent
R gas constant
Ry chemical sink/source term of the £-th component
R, mineral dissolution/precipitation rate of the m-th mineral
T effective dissolution/precipitation rate
r, " | effective dissolution/precipitation rates at times ¢ and ¢ = 0, respectively
Sm factor for dissolution (1) and precipitation (-1) of the m-th mineral
Sw water saturation degree
Ss specific storage coefficient
T temperature
Ts mean temperature of the solid
t time
Vin mineral molar volume
w fluid sink/source per unit volume of medium
X; molal concentration of the j-th secondary species
z elevation
Greek terms
y activity coefficient
0 constrictivity

¢, oo | porosity and initial porosity, respectively
¢’ ¢! | porosity at times ¢ and ¢+, respectively
y) thermal conductivity tensor

Nm empirical parameter of kinetics reactions

Vii stoichiometric coefficient of the i-th primary species in the j-th secondary species
0 volumetric water content

Om empirical parameter of kinetics reactions

p, ps, pm | density of water, solids and bulk porous medium, respectively

T medium tortuosity
v pressure head

Q, saturation index (= ion activity product divided by the equilibrium constant)

V-0 divergence operator

V() gradient operator
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768 Fig. 1. Main flowchart of CORE?"V5. Red text shows the main modifications performed in the

769 extended code to take into account the changes in the porosity and update flow, transport and
770 chemical parameters. The definition of all the symbols can be found in the Nomenclature.
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Fig. 3. Comparison of the computed mineral concentration profiles with feedback the PFE
(symbols) and analytical solutions (continuous lines) at selected times for the 1-D verification
test case. The discontinous line shows the computed mineral concentration profiles at the end of
the simulation at = 10° s without the PFE.
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Fig. 4. 3-D plots of the spatial distribution of the porosity calculated with analytical solutions
(left) and with CORE?V5 with (intermediate) and without (right) the without the PFE after
5-10° s (top) and 1.5-107 s (bottom) for the 2-D verification test case.
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Fig. 5. Comparison of the computed porosity profiles with (symbols) and without the without
the PFE (discontinuous lines) and analytical solutions (continuous lines) at selected times for
the 2-D verification test case.
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814  Fig. 10. Scheme of the multibarrier system of a radioactive waste repository in clay according to
815 the Spanish Reference Concept and 1-D finite element grid which accounts for the canister, the

816 bentonite barrier, the concrete liner and the clay formation (Mon et al., 2017).
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821 the PFE.
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Fig. 12. Time evolution of the cumulative mineral dissolution/precipitation in the clay
formation near the concrete interface (» = 1.525 m) computed with and without the without the
PFE (positive for precipitation and negative for dissolution).
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Fig. 13. Mineral volume fractions at = 4-10* years computed without (top) and with (bottom)
the PFE.
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Fig. 14. Radial distribution of the pH computed at ¢ = 10* years with and without the PFE under
non-isothermal conditions and without the PFE under isothermal conditions.

Table 1. Parameters used in 1-D and 2-D numerical models performed to verify the code
CORE?®"VS5 with the analytical solutions (Hayek et al., 2011, 2012).

Parameter 1-D model 2-D model
Dy (m?¥s) 107 107
log(K) -0.16 -0.41
¥ (mol/m?/s) 10710 10712
V,n (m*/mol) 1 1
Ap (m?*/m?) 5-10° 10°

Table 2. Physical and kinetic mineral parameters in the benchmark test case.

rd, Density Mol weight Molar volume
Mineral Update type
(m? mineral/L bulk) (g/cm’) (g/mol) (cm3/mol)
Calcite 5-10°% 2.71 100.09 36.93 Two third
Gypsum 5-10°8 2.32 172.17 74.21 Constant

Table 3. Chemical composition of the initial and boundary waters used in CORE?’VS in the
benchmark test case.
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Primary
Unit Initial condition = Boundary condition
components
pH [-] 9.33 3.0
Ca®* [mol /L] 1.70-10+ 1.00-10*
COs> [mol /L] 2.70-10+ 1.00-10%?
SO4* [mol /L] 1.70-10* 2.00-10!
Na* [mol /L] 3.20-10* 3.96:10"!

Table 4. Reactions and equilibrium constants for aqueous complexation and mineral
dissolution/precipitation reactions at 25°C used in CORE?"VS in the benchmark test case
(Allison et al., 1991; Xie et al., 2015).

Aqueous complexes Log K (25°C)
CaCOs(aq) + H" < Ca?* + HCOx 7.1100
CaHCO;" < Ca*" + HCOx -1.1100
CaOH™+ H'< Ca* + H,0 12.7800
CaSO4(aq) < Ca*" + SO -2.3090
CaHSO," < Ca’" + SO+ + H” -3.0680
CO;* + H" < HCOy 10.3300
COs(aq) + H,O & H" + HCO3~ -6.3510
OH + H" < H,0 13.9980
NaSO4 < Na* + SO4* -0.7000
NaCOs < Na™ + COs* -1.2680
NaHCOs(aq) < Na* + HCOy -0.2500
H,SO04(aq) < SO4* + 2H" 1.0209
HSO4 < H' + SO4* -1.9870
Minerals Log K (25°C)
Calcite CaCOs(s) + H" < Ca*" + HCOx 1.8550
Gypsum CaS042H,0(s) < Ca?* + S04 + 2H,0 -4.5800

Table 5. Thermal and hydrodynamic parameters of the canister, the bentonite barrier, the
concrete liner and the clay formation.
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Carbon steel Bentonite Concrete Clay
Parameter
canister barrier liner formation
Hydraulic conductivity (m/s) 2.75-10°1 2.75-10°1 3.39-1012 4.19-1012
Initial porosity 0.407 0.407 0.085 0.37
Effective diffusion (m%/s) 4.08-10°!" 4.08-10" 8.56-10 5.01-101
Density of the solids (kg/m?) 7860 2700 2513 2778
Specific heat capacity (J/kg°K) 477.66 846.4 1374.32 1118.7
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