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Abstract:

The evolution of porosity due to dissolution/precipitation processes of minerals and the
associated change of transport parameters are of major interest for natural geological
environments and engineered underground structures. We designed a reproducible and fast to
conduct 2D experiment, which is flexible enough to investigate several process couplings
implemented in the numerical code OpenGeosys-GEM (OGS-GEM). We investigated advective-
diffusive transport of solutes, effect of liquid phase density on advective transport, and
kinetically controlled dissolution/precipitation reactions causing porosity changes. In addition,
the system allowed to investigate the influence of microscopic (pore scale) processes on
macroscopic (continuum scale) transport. A Plexiglas tank of dimension 10 x 10 cm was filled
with a 1 cm thick reactive layer consisting of a bimodal grain size distribution of celestite
(SrSO,4) crystals, sandwiched between two layers of sand. A barium chloride solution was
injected into the tank causing an asymmetric flow field to develop. As the barium chloride
reached the celestite region, dissolution of celestite was initiated and barite precipitated. Due to
the higher molar volume of barite, its precipitation caused a porosity decrease and thus also a
decrease in the permeability of the porous medium. The change of flow in space and time was
observed via injection of conservative tracers and analysis of effluents. In addition, an extensive
post-mortem analysis of the reacted medium was conducted. We could successfully model the
flow (with and without fluid density effects) and the transport of conservative tracers with a
(continuum scale) reactive transport model. The prediction of the reactive experiments initially
failed. Only the inclusion of information from post-mortem analysis gave a satisfactory match
for the case where the flow field changed due to dissolution/precipitation reactions. We
concentrated on the refinement of post-mortem analysis and the investigation of the
dissolution/precipitation mechanisms at the pore scale. Our analytical techniques combined
scanning electron microscopy (SEM) and synchrotron X-ray micro-diffraction/micro-
fluorescence performed at the XAS beamline (Swiss Light Source). The newly formed phases
include an epitaxial growth of barite micro-crystals on large celestite crystals (epitaxial growth)
and a nano-crystalline barite phase (resulting from the dissolution of small celestite crystals) with
residues of celestite crystals in the pore interstices. Classical nucleation theory, using well-
established and estimated parameters describing barite precipitation, was applied to explain the
mineralogical changes occurring in our system. Our pore scale investigation showed limits of the
continuum scale reactive transport model. Although kinetic effects were implemented by fixing
two distinct rates for the dissolution of large and small celestite crystals, instantaneous
precipitation of barite was assumed as soon as oversaturation occurred. Precipitation kinetics,
passivation of large celestite crystals and metastability of supersaturated solutions, i.e. the
conditions under which nucleation cannot occur despite high supersaturation, were neglected.
These results will be used to develop a pore scale model that describes precipitation and
dissolution of crystals at the pore scale for various transport and chemical conditions. Pore scale
modelling can be used to parameterize constitutive equations to introduce pore-scale corrections
into macroscopic (continuum) reactive transport models. Microscopic understanding of the
system is fundamental for modelling from the pore to the continuum scale.
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Chapter 1: Introduction
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1. Motivation of this study

Water-rock interactions are important processes that govern the evolution of many natural and
engineered subsurface systems. These interactions include, among others, the precipitation and
dissolution of minerals which also alters the rock porosity. As pore space geometry, pore
connectivity, pore radii and pore shapes define the transport of fluids and solutes, the alteration
of porosity also modifies the transport properties of the rocks.

Porosity changes are involved in complex interactions between physical and (bio) chemical
processes. The understanding of porosity evolution is important and widely studied, as this is a
key factor for the behaviour or performance of natural and engineered systems in the
underground.

e Precipitation of minerals such as carbonates, silicates, sulphates and phosphates of
calcium, barium and magnesium are commonly found in the subsurface. They can cause
a significant reduction in porosity and permeability by plugging pore throats of aquifer
and reservoir media (Saripalli et al., 2001).

e During bioremediation, pore space clogging due to mineral precipitation as well as gas
production by microbial activity, can lead to a reduction of the effective porosity and
hydraulic conductivity (Seifert and Engesgaard, 2012; Thullner et al., 2002). This
decreases the efficiency of bioremediation of polluted groundwater.

e During injection of CO, into geological formations, the CO, mixes with ground waters
(or brines) and interacts with rock minerals. It is expected that the binding of CO; in
newly formed mineral phases causes significant changes in porosity and permeability
(Cailly et al., 2005).

e Porosity changes due to mineral precipitation/dissolution are also being actively
investigated in connection with the deep geological disposal of nuclear waste. In such
installations chemically very different materials such as clays and concretes, come into
contact (Gaucher and Blanc, 2006). At interfaces between cement based materials and
clay based materials or clay host rocks the mixing of pore waters will lead to the
dissolution and precipitation of minerals and might result in pore clogging after long
times (Jenni et al., 2014; Gaboreau et al., 2012; Dauzeres et al., 2010).

e Permeable reactive barriers (PRB) are used for the remediation of contaminant water.
The PRB concept for remediation of contaminant water involves the emplacement of a
reactive medium perpendicular to the trajectory of the contaminant plume. As the
contaminant plume passes through the reactive medium, processes involving
precipitation/dissolution takes place leading to less harmful compounds. PRB can operate
several decades exhausting the reactivity of the reactive material. However the efficiency
of PRB is further reduced by clogging. Clogging through secondary mineral precipitation
in the pore space decreases the hydraulic conductivity of the barrier, reducing flow
through the barrier (Mackenzie et al., 1999).

The investigation of many natural and artificial geo-systems in which the coupling of chemical
reactions and transport is important, is often done with help of reactive transport models as
information on their evolution in time and space is scarce. The applications of reactive transport
models include geothermal systems (Alt-Epping et al. 2013a; 2013b; Wanner et al., 2014;
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Diamond and Alt-Epping, 2014), nuclear waste repositories (De Windt et al., 2004, Gaucher and
Blanc, 2006; De Windt et al., 2007; Kosakowski and Berner, 2013; Berner et al., 2013), geologic
carbon dioxide storage (Class et al., 2009; Bildstein et al., 2010), and environmental remediation
(Wanner et al., 2012; Jamieson-Hanes et al., 2012; Wanner and Sonnenthal, 2013).

The numerical models for reactive transport are typically based on a continuum approach using a
representative elementary volume (REV) (Bear, 1972). A continuum description of rock
properties is applied i.e. chemical and physical variables are locally averaged over a REV. This
is because field scale simulation using pore-scale description of solute transport and
precipitation-dissolution reactions are computationally expensive (Scheibe et al., 2015).

Modern reactive transport models solve complex couplings between chemical reactions, water
saturation, mechanical deformation, heat transport and changes of material properties such as
rock diffusivity and permeability. Although the numerical models are capable of investigating
such systems, the application of these codes to real systems is hampered by one major problem:
the coupling between chemistry and changes in material properties (porosity, diffusivity,
saturation, permeability, dissolution/precipitation kinetics and specific surface areas). System-
dependent coupling parameters, such as kinetic rates, effective surface areas and porosity-
permeability relationships must be provided by independent measurements or other data sources.
Such data are often not available, such that empirical relationships and parameters have to be
used. In fact, changes in porosity also change other material parameters which in reality depend
on more complicated pore space changes that are not included in the “porosity” and cannot be
calculated with continuum approaches.

Porosity changes due to precipitation/dissolution reactions, and their feedback on transport
properties, are accounted in numerical models by considering empirical formulae: Kozeny-
Carman for porosity/permeability (Carman, 1937), and Archie's law for porosity/diffusivity
(Archie, 1942). These empirical laws need to be parameterised, either experimentally (e.g.,
Boving and Grathwohl, 2001; Van Loon et al., 2007; Marica et al., 2011), or by up-scaling from
micro-scale models (e.g., Liu et al., 2014; Tyagi et al., 2013). It is however worth stating that
these studies did not focus on porosity evolution due to mineral dissolution or precipitation.

Well-defined experiments can be used to evaluate porosity (and thus transport properties)
induced by mineral precipitation and dissolution. These experiments along with testing
numerical models gives insight on how to upscale microscopic data/model for use in the
continuum scale models. A fundamental understanding on the sub-continuum scale processes (in
the pore space) is needed to overcome experimental parameterization of permeability-porosity
and diffusivity-porosity or other porosity dependent laws. Studies combining a macroscopic
experiment with microscopic understanding are rare (e.g. Tartakovsky et al., 2008, specific to
mixing induced precipitation systems) and incomplete considering only modelling work (e.g.
Cochepin et al., 2008 where the experiments were not carried out).

In this context, we propose a reactive transport experiment involving porosity changes that could
be used to test numerical models. Our approach will also focus on a microscopic investigation of
the system that gives insight on the pore scale processes involved. This information can at a later
stage be used for upscaling to the continuum scale.
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The objectives for this thesis are:

Develop an experimental benchmark for porosity change in a porous medium due to
mineral dissolution/precipitation reactions.

The experiments should be fast, reproducible and with simple chemical set up. The
system should be flexible enough to test the influence of various transport process on the
porosity change.

Investigate in detail the evolution of the pore space and gain microscopic understanding
of processes that drive the pore space changes. This is important for testing of continuum
scale models.

Model the experiments with a reactive transport code (OpenGeosys-GEM) based on the
continuum approach.

Propose a benchmark for the SeS initiative (Steefel et al., 2015) and compare the
numerical simulations of the reactive transport code OpenGeoSys-GEM with other
reactive transport codes.
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2. Overview of numerical and experimental benchmark

There is a need to evaluate the capabilities, the correctness of the implemented features and the
performance of reactive transport codes. This process is called “benchmarking” and is normally
done by comparing model results with analytical solutions, by reproducing results from
laboratory or field experiments and by code inter-comparison.

Finding the exact solution for simplified 1D and 2D systems is important to test the correctness
of the numerical implementation of reactive transport codes. Analytical solutions for problems
coupled with porosity changes are few. The only investigations on this topic include Lagneau
and van der Lee (2010a), and Hayek et al., (2011, 2012). Lagneau and van der Lee (2010a)
proposed an analytical solution for a one dimensional system containing one species and one
mineral. The analytical solution was used to verify implementation of porosity change in the
reactive transport code HYTEC (van der Lee, 2003). Their solution was only applicable to small
and moderate porosity changes. Hayek et al., (2011) developed analytical solutions for a 1-D
coupled diffusion-reaction problem with feedback on porosity change for benchmarking reactive
transport. Their numerical experiment consisted in the precipitation of a solid phase from two
aqueous species inside a porous medium leading to strong porosity reduction and even clogging.
They proposed analytical solutions that are only suitable for non-equilibrium chemistry. Good
agreement between numerical and analytical solution was obtained when sufficient spatial and
temporal discretization was used for the numerical solution. Their study also demonstrated, in
agreement with Lagneau and van der Lee (2010a) that numerical codes with explicit schemes did
not always converge to the analytical solution. Only implicit schemes produced accurate
solutions independent of time stepping. Analytical solutions describing transport of several
aqueous species coupled to precipitation and dissolution of a single mineral in two and three
dimensions with porosity change were proposed by Hayek et al. (2012).

Testing of the correct implementation of single processes by comparison with analytical
solutions is a standard approach during code development. Testing of the correctness and
predictive capabilities of codes and the implemented concepts, the so called model validation
(Refsgaard and Henriksen, 2004), is mainly done in benchmarks that are developed during
organized benchmarking initiatives.

Several international projects have been devoted to model validation. The international projects
(INTRACOIN, HYDROCOIN, INTRAVAL and GEOVAL) in the early 1980°s were created to
build confidence on the use of performance assessment models and associated conceptual
models and mathematical codes in assessing the safety of nuclear waste repositories (Larson,
1992). The objectives were to investigate the possible implications that the coupling of various
physico-chemical phenomena and different solution algorithms have on transport calculations.

An international cooperative project DECOVALEX was initiated in 1992 and aims to advance
the understanding and modelling of coupled thermo-hydro-mechanical-chemical (THMC)
processes in geologic systems foreseen for the disposal of radioactive waste (Tsang et al., 2005).
The objective of the initiative is to propose hypothetical problems, as well as laboratory and field
experiments that are used to advance the state of mathematical modelling for coupled THMC
processes in fractured rocks and buffer material. Analytical and semi-analytical solutions to
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coupled problems were also developed. The characteristic of the DECOVALEX project is that
each proposed case study is modelled by different research teams, using their own approaches,
conceptual models and computer codes. The comparison of the results from these teams give
insight on the effect of the coupled THM processes, the strength, the weaknesses and adequacies
of the various approaches and computer codes.

The MoMas initiative (Modelling, Mathematics and numerical Simulations related to nuclear
waste management problems), is not based on code evaluation with experiments or analytical
solution, but focuses on the efficiency of numerical codes as well as the evaluation of different
numerical couplings between transport and chemistry. The major objective of the MoMas
initiative is to provide more efficient numerical methods and mathematical solution schemes in
order to improve reactive transport models, in particular for applications in the domain of deep
underground radioactive waste disposal (Lagneau and van der Lee, 2010b). Carrayou et al.
(2010) proposed a benchmark within the MoMas initiative where different coupling schemes for
reactive transport were tested: sequential non-iterative approach (SNIA) based on transport
operator splitting and no iteration between transport and chemistry, sequential iterative approach
(SIA) where transport is solved first, then chemistry with iteration between the two processes
until concentration on certain locations reaches convergence, and global methods based on
implicit schemes where transport and chemical reactions are solved simultaneously. The main
outcome of their benchmark was that all approaches were able to solve the benchmark test cases
and captured the characteristic features both in time and space with some localized differences.
With the same perspective, another benchmark was used to investigate different coupling
schemes within the same code. Samper et al. (2009) implemented and tested the sequential partly
iterative approach (SPIA) against SNIA and SIA in CORE2D V4. In SPIA, the iteration between
transport and chemistry is performed only in nodes with large mass transfer between solid and
liquid phases. The authors demonstrated that SPIA produces more accurate results than SNIA.
Usually, the computation time for SNIA is much less than SIA but the numerical solutions
obtained with SNIA are less accurate than SIA solutions with more numerical dispersion. SNIA
errors depend on the type of chemical reactions and the grid Peclet and Courant numbers.

Recently an initiative for benchmarking Subsurface Environmental Simulation methods (SeS
bench) was created with a focus on reactive transport processes. Its aim is to use numerical
benchmarks to test specific existing and new concepts of reactive transport codes (Steefel et al.,
2015).

Several of the proposed benchmarks involved porosity change due to mineral
precipitation/dissolution reactions (Perko et al., 2015, Xie et al., 2015). Specifically the
benchmark described in Xie et al. (2015) investigated the implementation of the Kozeny-Carman
equation as porosity-permeability relationship and Archie’s law as porosity-diffusivity
relationship in reactive transport codes by inducing porosity changes by mineral precipitation
and dissolution. The benchmark considered different processes influencing the mineral reactions
including advective-dispersive transport in saturated media and kinetic control of mineral
precipitation and dissolution rates. Results from different reactive transport codes (HP1, MIN3P,
Pflotran and TOUGHREACT) showed good agreement of the predicted mineral assemblage and
clogging locations while absolute values of mass fluxes differed substantially. The differences
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could be attributed to differences in implementation of permeability-porosity and tortuosity-
porosity relationships, different activity correction models, and numerical methods (e.g. spatial
weighing schemes). Their results also highlighted the difficulties to simulate problems with pore

clogging.

A benchmark that evaluates the influence of porosity change on transport parameters such as
diffusivity and permeability was already proposed earlier. Cochepin et al. (2008) proposed a
numerical benchmark which involved the replacement of a primary mineral phase (portlandite)
by a secondary mineral phase with a larger molar volume (calcium oxalate) that could lead to
porosity clogging. A reactive layer of portlandite was sandwiched between two layers of sand
assumed to be unreactive during the simulation as shown in Fig. 1. An asymmetric injection of a
reactive fluid caused a spatially heterogeneous porosity change with subsequent changes to the
flow field. Cochepin et al. (2008) made a comparative study of this numerical benchmark using
Crunch (Steefel et al., 2005) and Hytec (van der Lee et al., 2003). The results given by the two
codes were in fairly good agreement. Discrepancies were explained by the different models used
for describing the reactive surface area of precipitating and dissolving minerals. It should be
stressed that it was originally planned to also experimentally implement this setup, but these
plans were never realised.

Line 1

Fig. 1. Geometry of the experiment proposed by Cochepin et al., (2008). Q2 is the reactive
media consisting of portlandite. Q1 and Q3 are inert quartz media. Inlet 2 and inlet 1 supply
sodium chloride and sodium oxalate, respectively.

In addition, simple laboratory experiments are gaining interest for the evaluation of specific
concepts of reactive transport codes. Lagneau (2000) conducted column experiments to
investigate the feedback of porosity changes on transport parameters in both diffusive and
advective regimes. Porosity change was forced by the injection of a reactive solution which
triggered the replacement of a primary mineral phase by secondary mineral phases of larger
molar volumes. The advective experiments consisted of the ingress of mildly acidic zinc sulphate
into a porous medium of calcite which resulted in the formation of gypsum (CaSOys) and
smithsonite (ZnCOgs). In their diffusive system, the porous medium was replaced by portlandite
((CaOH);) which after reaction was transformed to gypsum and zinc hydroxide (Zn(OH),).
These experiments were used to test the feedback between chemistry and transport in the
reactive transport code Hytec.
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Tartakovsky et al. (2008) not only compared laboratory experiments with reactive transport
models, but also investigated the micro-structure of the pore space changes and used this
information to modify the continuum scale description of reactive transport. The experiments
conducted by Tartakovsky et al. (2008) involved the uniform parallel injection of two reacting
solutions into a cell filled with quartz grains. This created a uniform flow field with mixing
(diffusive and dispersive) at the interface of the two reacting solutions. They observed the
formation of a narrow zone of calcite precipitate with a uniform width of less than 5 mm along
the middle of the cell. The pore scale modelling of the system revealed large pore scale
concentration gradients. Continuum (Darcy) simulations based on the commonly used advection-
dispersion reaction equation (ADRE) showed that only a model with grid sizes in the mixing
zone smaller than the size of the quartz grains could reproduce the main features of the
experiment. As an alternative to high resolution simulations, the ADRE was modified to include
transport and mixing indices in the reaction terms. These parameters account for highly non-
uniform pore scale concentration gradients and localised precipitation at the sub-grid scale.

Katz et al. (2011) proposed an experiment similar to that of Tartakovsky et al. (2008). The
authors triggered the precipitation of calcite in homogeneous and heterogeneous media by the
injection of sodium bicarbonate and calcium chloride (matched to the same density) through
parallel inlets into the flow cell. They successfully reproduced the conservative transport of
solutes with an ADRE based model, but the ADRE based reactive transport model failed to
reproduce porosity clogging and measured concentrations at the sampling ports. These results -
in agreement with those from Tartakovsky et al. (2008) - suggested the inappropriateness of
using the ADRE in the continuum models to predict pore scale reactions.
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3. Material and Methods
3.1. Experimental Approach

Our aim is to design a reactive transport experiment where a porosity decrease is induced by
mineral precipitation. The experiments should be fast and reproducible and with a simple
chemical setup. The system should be flexible enough to test the influence of various transport
process on the porosity change.

We conducted our experiments in a plexiglas tank of 10 cm x 10 cm and 1 cm width as shown in
Fig 2. The tank was filled with celestite (SrSO,) sandwiched between two layers of quartz
(SiOy).

microscopicview

Fig. 2: Experimental setup.

The choice of the chosen set-up can be explained as follows:

e Porous media: For the purpose of testing reactive transport codes, complex media with
complicated pore structure and slow transport/alteration are often difficult. Clogging at
clay/cement interfaces is particularly interesting for the safety of nuclear waste
repositories, however, experiments involving transport in clay and cement media are
difficult to conduct at the laboratory scale in a short period of time, as slow diffusive
processes are involved. Furthermore, the pore size distribution in clay media covers many
orders of magnitudes down to nanometres. Pore space changes might be difficult to
observe. Instead a system involving a simple porous medium, sand, was chosen. In
addition, a porous medium composed of grains offers the flexibility of varying pore sizes
by the mechanical mixing of different grain sizes or having a homogeneous pore size
distribution by considering grains that are of a similar size. In case of spherical grains
like sand, pore size can be varied without changing the global porosity of the medium
just by varying the size of grains.

¢ Inducing precipitation: One possibility was to consider mineral precipitation induced
by injecting two reacting solutions into a porous medium. This would lead to a sharp
precipitation front of a few pum which was already investigated by (Tartakovsky et al.
2008). A second option was to dissolve a primary mineral which would be replaced by a
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secondary mineral of larger molar volume as was done by Lagneau (2000). This has
several advantages including the possibility of tuning several parameters such as initial
porosity of the system for a sharper porosity decrease. In addition, in such a setup,
concentration gradients can also be controlled by the dissolving phase. For these reasons
we opted for a mineral replacement reaction in porous media.

Transport regime: A purely diffusive transport regime in sand (relatively high
permeability) is difficult to realize, as small pressure differences between the reservoirs
of reactants might induce advective flow. In addition, the solution with reactants might
have a significant higher density than the equilibrium solutions and could therefore
disturb the transport regime by inducing density driven flow. Advection might allow an
easier control of the flux of reactants. The reaction can be controlled by transport or by
the precipitation/dissolution kinetics. Advective transport will allow larger fluxes of
reactants whereas in a diffusive regime, the diffusion coefficients and concentration
gradients in the medium control the flux which would lengthen our experiment.

Geometry setup: A 1D setup involving mineral precipitation and dissolution with an
advective flux was already tested by Lagneau (2010). We thus considered a 2D setup
based on the numerical setup proposed by Cochepin et al. (2008). The geometry of their
2D setup (shown in Fig. 1) with a portlandite layer (Q2) in between 2 layers of sand (Q1
and Q3) had the main advantage of a non-uniform porosity/permeability decrease which
would allow visualization of the changes in flow path as transport properties of the
reactive media change. For visualization purposes, we chose an acrylic (plexiglas)
containment for our reactive transport experiment.

In the Cochepin et al. (2008) numerical setup, two inlets and one outlet were positioned
as shown in Fig. 1. Inlet 2 allowed an inflow of sodium oxalate solution which would
dissolve portlandite and precipitate calcium oxalate. Inlet 1 ensured the dissolution of the
portlandite and newly formed calcium oxalate by an inflow of sodium chloride. In
practice, this setup has the advantage of inhibiting fractures after clogging in the Q2
region. However monitoring the simultaneous dissolution and precipitation of calcium
oxalate will present some inconvenience for understanding the Kkinetics of
dissolution/precipitation of the system. The system was thus simplified by the choice of 1
inlet and 1 outlet positioned as shown in Fig. 2. The positioning of the inlet at the lowest
and outlet at the upper most part ensured a complete and constant saturation of the porous
medium.

Chemical setup: We had to adapt the chemical reaction involved in Cochepin et al.
(2008) as the one they proposed would involve the dissolution of sand (assumed
unreacting in their numerical model) by a highly alkaline leaching solution derived from
portlandite. In addition, the chemicals involved had to be compatible with the
containment (i.e. plexiglas) which narrowed our choice. For instance, the replacement of
barium fluoride by calcium fluoride involving a volume increment of ~ 22% was rejected
as fluoride ions involved in the reaction would also react with plexiglas. We thus opted
for the replacement of celestite (SrSO,) by barite (BaSO,). The volume increment
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involved is ~ 12%. In order to reach complete clogging (replacement of all SrSO, by
BaS0,), the initial porosity of the porous medium should be 0.1. The chemical reaction
considered is as follows:

BaClz(aq) + ST'SO4(S) i Ba504(5) + SrClz(aq) (1)

The advantage of using barium and strontium sulphate minerals is that their kinetics of
dissolution and precipitation has been widely studied (Liu and Nancollas, 1976;
Campbell and Nancollas 1969; Dove and Czank, 1995; Prieto et al., 1997). Also its
precipitation in porous media has also been the subject of several studies (Prieto et al.;
1990; Prieto et al., 1993; Putnis et al., 1995; Sanchez-Pastor et al., 2005; Sanchez-Pastor
et al., 2006). A literature review on their work and their findings is given in chapter 3.

A naturally occurring celestite from Madagascar, which comes in form of polished
stones, was used. The natural celestite was analysed by X-ray diffraction which revealed
a purity of 99.7% and 0.3% of anhydrous calcium sulphate. The stones were crushed and
sieved to give batches of different grain size. Unlike sand grains, strontium celestite
grains are not spherical, but more brick-shaped. In order to further decrease the initial
porosity of the reactive medium, particles of different grain sizes were mixed: ~ 30wt.%
with a size less than 63 um and ~ 70wt.% with a size of 125 — 400 um. This resulted in a
heterogeneous pore size distribution in the reactive medium. The strontium sulphate was
compacted to a porosity of 0.33. The dissolution of 1 mol of SrSO, followed by the
precipitation of 1 mol of barium sulphate results in a volume increase of 5.85 mL and
thus in a decrease in the porosity from 0.33 to 0.25 within the reactive medium. It should
however be noted that the global porosity does not give any information about pore space
geometry and connectivity.

The use of commercial celestite was rejected. The latter comes in forms of pellets
consisting of agglomerated particles of strontium sulphate which made its grinding and
compaction difficult. In addition the injection of water in a porous material consisting of
compacted commercial celestite material immediately induced cracks. Grinded natural
celestite stones offered more mechanical stability.

The concentration of BaCl, should be high enough to allow a fast reaction but low
enough such that its modelling with the Extended Debye Huckel activity model (see
section 3.4.2.) valid for 1 - 2 Molal (mol kg™ solution, can still be used. A 0.3 M BaCl,
solution was injected.

e Flow rate: The flow rate was set such that it allowed a complete exchange of the pore
solution within 24 hours (20 uL min™). This facilitates monitoring of the experiment. 0.3
M of barium chloride solution was injected which would allow a complete replacement
of SrSO, by BaSO, within 430 hours if the reaction were to take place under
thermodynamic equilibrium (no kinetics involved) and complete with complete mixing.

The chosen experimental setup complied with all predetermined requirements: fast to conduct,
reproducible, simple chemical setup, but still flexible in order to allow the investigation of
several processes.
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After reaction, but before dismantling the tank, isopropanol was injected in order to stop further
chemical reactions. The reacted celestite medium was found to be solidified into a rectangular
block. The reacted media was dried and impregnated under vacuum with Araldite
XW396/XW397. An extensive post mortem analysis of the reacted celestite layer was performed
with different techniques (see section 3.2.2.).

3.2 Analytical techniques
3.2.1. Analytical techniques during the experiments

Dye tracer tests: In order to make the flow field visible, and to detect any inhomogeneity in
media packing or preferred flow paths along the Plexiglas walls, we injected a pulse (0.5 mL) of
a dye tracer (Eosine 3 g L™) at the inlet followed by a continuous inflow of solution. Eosine
acquires a negative charge under our experimental conditions (pH 5.6) and does not sorb on the
negatively charged sand grains and was thus used as a conservative tracer in the beginning of the
experiment.

It should be noted that because of the large uncertainties in the experimental tracer concentration
calibration w.r.t its colour, the tracer tests were used for qualitative comparison only. Colour
changes were only used to get a rough estimate of dispersion length (see section 3.4.1.).

Pressure measurements: Tubes with inner and outer diameters of 0.5 mm and 1.5 mm,
respectively, were inserted through the ports at the back of the tank and fixed with silicon glue to
the front face of the tank. Two tubes (a and b) were connected to pressure sensors (PX26-
001DV, Omega Engineering Inc.) which allowed to measure pressure differences from 0 mbar (0
Pa or 0 cm hydraulic head) to 70 mbar (7000 Pa or 70 cm hydraulic head) with a sensitivity of
0.1 mbar (10 Pa or 0.1 cm hydraulic head). The differential pressure between ports “a” and “b”
was also monitored.

Sampling: The outlet ports (c and d) were used for sampling. The concentration of ions (CI’,
S04%, Ba?* and Sr**) were measured by ion chromatography (DIONEX, DX500). Sampling from
the ports disturbs the flow field and also the spatial/temporal distribution of concentrations
throughout the tank because liquid is removed from the system. To minimise this interference,
the sampling volumes were kept as small as possible (100 uL) and time gaps of 24 hours were
set between samplings. The sampling of the effluents at the outlet port enabled the net mineral
transformation in the tank to be evaluated.

3.2.2. Analytical techniques for post-mortem analysis

X-ray fluorescence (XRF): X-ray fluorescence is a non-destructive analytical technique used to
quantify the elemental composition of a sample. We use this technique to determine where the
mineral transformation has occurred in the reactive layer i.e. to localize the barium rich phases
by making elemental maps.

Scanning electron microscopy (SEM): The scanning electron microscope (SEM) uses a
focused beam of high-energy electrons to produce a variety of signals at the surface of solid
samples. The signals reveal information about the morphology, chemical composition, and
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crystalline structure of materials of the sample. Our SEM measurements include mainly the use
of secondary electrons and backscattered electrons for imaging samples. Secondary electrons
give the morphology and topography while backscattered electrons (BSE) are mainly used to
demonstrate the contrast in composition of the mixed phases in the sample. Because of their
greater cross-sectional area, larger atoms with a greater atomic number, (Ba in our system) have
a higher probability of producing an elastic collision. The number of BSE detected is
proportional to the mean atomic number constituting the sample. As a result, a "brighter” and
"darker" BSE intensity correspond to an element of greater and lower atomic number
respectively. BSE images provide high-resolution compositional maps of our sample and for
discrimination between Ba rich and Sr rich phases.

X-ray diffraction (XRD): X-ray diffraction is a technique destined to characterise crystalline
materials. It provides information on the structure, phases and crystallographic orientations as
well as structural parameters such as cell parameters, the crystallography, strains and defects of
crystals. X-ray diffraction peaks are produced by the constructive interference of a beam of
monochromatic X-ray diffused at angles specific to the family of lattice planes that constitutes
the sample. We included powder and synchrotron XRD in our analytical techniques. We first
conducted powder diffraction analysis from crushed samples of the reacted celestite as well as
from the sand compartment to determine the new crystalline phase present. We also conducted
synchrotron XRD to determine if there was any amorphous phase or solid solution of strontium
and barium sulphate present.

3.3. Modelling approach

Two different approaches are used to describe liquid flow, solute transport and chemical
reactions in a porous medium; the microscopic approach and the macroscopic approach.

The microscopic approach considers detailed structural information of the porous media as
input, i.e. mineral crystal geometry, pore size distribution, tortuosity. With current progress in
calculation power, it is nowadays possible to resolve problems (flow, transport, perturbation,
etc.) with microscopic models (Molin et al., 2011). However, such a description becomes
difficult as the size of the system increases and many pore volumes become involved.
Calculations at the scale of our experimental tank are still out of reach. In addition it is
experimentally difficult to measure the complete pore space in a tank without disassembling it
and drilling cores of 5 mm maximum diameter for obtaining the necessary spatial resolution of a
few um. We will therefore model the system in a more convenient way, i.e. with a macroscopic
scale approach.

In a macroscopic/continuum description, a heterogeneous porous medium is approximated by
a representative elementary volume (REV), i.e. by a volume that provides a meaningful
statistical average of the microstructural properties of the porous medium (Bear, 1972). The REV
is much smaller than the size of the entire flow domain but large enough so that it includes a
sufficient number of pores to permit a meaningful statistical average required in the continuum
concept as shown in Fig. 3.
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Fig. 3: Representative elementary volume concept (Bear 1972).

Our reactive transport experiment is modelled based on the continuum approach with the
reactive transport code OpenGeosys-GEM.

3.4. OpenGeosys-GEM

The fluid flow and mass transport equations are solved by OpenGeoSys, and the chemical
processes by the GEMS3K kernel code of GEM-Selektor V3 (Kulik et al., 2013). The coupling
of these two codes is referred as OpenGeoSys-GEM, and its capabilities are described in Shao et
al. (2009) and Kosakowski and Watanabe (2014). Mass transport and chemical reactions are
solved in a sequential non-iterative approach (SNIA), i.e. first the transport equation is solved
and then the reaction is solved by the chemical solver. The results are used as the output for this
time step. The coupling of the processes in OpenGeoSys-GEM is given in Fig. 4, of which a
detailed explanation is given in Shao et al. (2009).

1 GEMS-PSI Definition of chemical
system
Calculation of species of
2 GEMIPM3K mole amounts
|
v 3.1 Mass transport components MPC object
3 GeoSys 3.2 Multi-component system
EQS objects
3.3 Initial/boundary conditions
IC/BC objects
4 GeoSys 4.1 Flow calculation

4.2 Velocity calculation
+ 4.3 Multi-component mass transport

Calculation of chemical

5 GEMIPM3K A
equilibrium

Fig. 4: Coupling structure applied for OpenGeoSys-GEM.

31



3.4.1. Flow and mass transport solver

In this section we summarized the main transport processes occurring in the tank. We introduce a
set of mathematical equations that will be solved by the flow solver during the course of our
modelling.

Although advective flow is the main transport process to be considered in our tank experiment,
other processes such as diffusion become dominant in regions of low flow velocities. Such
regions occur due to the in-homogeneity of the flow field in regions with low pressure gradients
and in regions with lower hydraulic permeability (when pores are blocked due to mineral
precipitates).

Advection: Advective solute transport is the movement of solute by a fluid due to the fluid's
bulk motion. For 1D flow normal to a cross sectional area of a porous medium, the advective
mass flux, F, [mol m™ s™], due to advection is given as

F,=qC )

where C [mol m™] is the concentration of dissolved solutes and g [m s™] is the volumetric flux of
the fluid, the so called Darcy flux, which is calculated from Darcy’s equation (equation 3).

Darcy’s equation (Darcy, 1856) establishes proportionality between the Darcy flux, g, and the
hydraulic gradient, Z—Z:

q=K— 3)

The proportionality factor K [m s?] is defined as the hydraulic conductivity of the porous
medium. It depends on the nature of the porous medium (porosity, shape and size of pores) and
also on the fluid (viscosity and density).

For a 1 dimensional flow normal to a unit cross sectional area of the porous medium, the seepage
velocity, v; i.e. the average linear velocity is equal to the Darcy flux (q) divided by the porosity

(w).
v = % 4)

Diffusion: Diffusive solute transport is the mass transfer of solutes due to a concentration
gradient. This process is also known as molecular diffusion. The diffusive flux, Fq [mol m?s™],
for a 1D system under steady state conditions is described by Fick's first law:

Fy=-D,% )

€ dx

De [m? s is the effective diffusion coefficient, C [mol m™] is the solute concentration and %

[mol m™] is the concentration gradient. D. can be defined as a product of a pore diffusion
coefficient Dy, the diffusion coefficient in a pore, with the porosity (w). If concentrations of
solute changes with time t, Fick’s second law is applied:
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Hydrodynamic Dispersion: The longitudinal hydrodynamic dispersion, D,, in direction of flow
of linear velocity magnitude, |v|, is given as:

D, = ai|v| + D, (7
where «;, is the longitudinal dispersion length.
Similarly, transverse hydrodynamic, D, in direction of flow writes as:
Dy = ar|v| + D, (8)
where a is the transverse dispersion length.

It should be noted that the dispersion term acts as an additional diffusion term in our numerical
model. In field and laboratory scale tracer experiments, the dispersion length is used to fit the
width of tracer breakthrough curves and is usually set to about one-tenth of the transport length.
For reactive transport models, the dispersion length is usually based on the averaging unit (REV)
which is the effective size of the mesh.

The total mass of solute per unit cross-sectional area transported in the x direction per unit, Fy, is
the sum of the advective and dispersive transport and is given by:

E, = v,wC —wD oc 9)

X 9x
Advection-Dispersion-Diffusion-Reaction Equation
To conserve mass in the REV, the rate of mass change in the REV w%dxdydz should be equal
to the difference in the mass of solute entering and leaving the REV

ac aFy dF
w—- dxdydz = [dezdy + F,dzdx + dexdy] — [(Fx + o dx) dzdy + (Fy + a_yy dy) dzdx +
aF,
(F +22dz) dxdy] (10)

which simplifies to

9C _ ok, | 3y
at ~ ax = dy

0F,
+— (11)

Substituting equation 9 in equation 11 gives the governing equation of a 3D mass transport for
conservative solute

5= [ (2:5) 5 (0 5) + 5 (0:5) - o+ morZeo] a2

If the Nabla operator V = é’xaa—x+ é’yaa—y +8,2 s used to represent the partial derivatives in

Z 9z

Cartesian coordinates, equation 12 rewrites in compact notation as:
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2L = V(DVC) — V(wiC) (13)

where v is the velocity vector.

When chemical reactions are involved, the chemical sink/source of the different species involved
in the reactions also needs to be included. The reactive mass transport equation is given (Bear
and Bachmat, 1990) as:

25 = v(DVC) - V(HC) + Q; (14)
ac; .
S = [(Cy o C) i =1,2,.m (15)

where C; denotes the molar concentration of the ith species of a m multi-species system; Q; is the
source/sink term and I;(C; ... C,,)is the source/sink term of species i due to equilibrium chemical
reactions with other species.

3.4.2. Chemical solver

The geochemical modelling has been performed using the Gibbs energy minimization (GEM)
approach implemented in the GEMS3K solver (http://gems.web.psi.ch/GEMS3K), based on an
explicit consideration of independent components (elements e.g. Sr), dependent components (e.g.
Sr®*, SrOH", SrS04) and phases (solid components e.g. SrSQOys)) as described in detail in Kulik et
al. (2013).

For a given set of indices of dependent components included into o-th phase, [,, the mole
amount of the a-th phase, is given as:
n((;b) = Zingx),jela (16)

where n}x) is the mole amount of j-th dependent component (species).

The total Gibbs energy function of a chemical system is given as:
G(x) = 3,0 uj, jeL 17
(x) = X;n" py, je A7)

where u; is a primal approximation of a chemical potential of the j-th species defined via its
concentration and activity coefficient, and L the set of indices of all dependent components.

The equilibrium speciation of the chemical system can be found by minimizing the total Gibbs
energy of the system:

G(x) —» min subject to : An® = n® n™® e R (18)

where A = {aji},j € L,i € N; A is the stoichiometric matrix (a;; is the number of mole of i-th

b
L?

independent component in one mole of j-th dependent component); n® = {nfb)} ny,i ENIis

an input vector of the total bulk chemical composition of the system; n® s the total amount of

i
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i-th independent component in the system; and R stands for the set of optional lower, upper or

two sided kinetic (metastability) constraints to the n}x)values. In this GEM setup, concentrations
()

of dependent components are defined separately in their respective phases using n]@ and n,
values. (N.B “a” used in this section refers to a phase, in other sections and in the rest of the

thesis, “o” refers to the dispersion length.)

The chemical potential u; is formulated by the activities of dependent components. In this work,
the activity coefficients for all dissolved species y; are calculated according to the extended
Debye-Hiickel equation (Helgeson et al., 1981). A detailed description is reported in Wagner et
al. (2012). Equation 19 relates the activity coefficients of an aqueous ion to its charge Z; and
ionic strength I:

2
—AyZiVT

lOglO]/j = m + byl (19)

Where a[in A] is an average distance of approach of two ions of opposite charges, b, is a semi-
empirical coefficient, either specific for a given electrolyte or common for all aqueous species. a
and b, were set to 3.72 and 0.064 respectively for all the ionic species (Helgeson et al., 1981).
These are values for the well calibrated sodium chloride electrolyte which will also be used for
the concentrated barium chloride and strontium chloride solution. A, and B, are temperature
dependent coefficients obtained internally from SUPCRT92 subroutines (Johnson et al., 1992)
incorporated into the GEMS3K code. At a temperature of 25 °C and pressure of 1 bar the
coefficients are A, = 0.5114 and B, = 0.3288. Activity coefficients, y; for neutral species
(dissolved gases) and water were set to unity.

Kinetics of precipitation and dissolution reactions of minerals

The transformation from celestite to barite, and consequently also the porosity evolution, does
not only depend on the transport of BaCl, and the chemical reactions, the rate of transformation
is also influenced by reaction kinetics. The kinetic rates, dm/dt [mol s™] i.e. amount of mineral
dissolving/precipitating per unit time, are calculated following Palandri and Kharaka (2004).

In our simulations, barite was assumed to precipitate instantaneously (very fast kinetics) and
only the dissolution kinetics of celestite was taken into account. The dissolution rate of celestite
at pH = 5.6 (pH of the experiment) is calculated based on the equation given in Palandri and
Kharaka (2004) with parameters from Dove and Czank (1995).

= —SAK(1-0) (20)

where SA [m?] is the reactive surface area of the celestite mineral phase, k° = 107566 mol m?s™
is the dissolution rate constant at 298.15 K and Q is the ratio of ion activity product of the
mineral to the equilibrium constant.

In our simulations, a very simple reactive surface area SA [m?] model was chosen

SA=Va (21)

35



where V [m®] is the volume of the mineral and a [M? Mpinerai”*] is a mineral’s specific surface area
(i.e., surface area per volume of the mineral phase). The reactive surface area for each mineral
phase is calculated using equation 21.

4. Qutline of the thesis

In chapter 2, we give a description of our experimental setup and the numerous experiments
carried out to test different couplings implemented in OpenGeoSys-GEM such as conservative
mass transport, density driven flow and finally transport with a chemical reaction. Our
experimental observations and preliminary post mortem analysis showed that clogging occurred
in the system. Tests with non-reactive tracers performed prior to barium chloride injection as
well as the density-driven flow were well reproduced by the numerical model. For the reactive
transport experiment, chemical and structural changes occurring at the pore scale and interface
had to be considered in the continuum scale approach to successfully reproduce mineral bulk
transformation with time and measured pressure increased during the course of the experiment.

This chapter is published as ‘“Poonoosamy, J., Kosakowski, G., Van Loon, L. R., Méader, U.,
2015. Dissolution-Precipitation Processes in Tank Experiments for Testing Numerical Models
for Reactive Transport Calculations: Experiments and Modelling. Journal of Contaminant
Hydrology, 177-178, 2015, 1-17.”

In chapter 3, we concentrate on the refinement of post mortem analysis combining scanning
electron microscopy and synchrotron X-ray microdiffraction/microfluorescence. Our aim was to
understand the precipitation of barite in the pore space. Two distinct nucleation mechanisms for
barite precipitation are pointed out: homogeneous nucleation (nucleation of barite in the pore
space) and heterogeneous nucleation (nucleation on the surface of a solid substrate). Classical
nucleation theory, using well-established and estimated parameters describing barite
precipitation, was applied to explain the mineralogical changes occurring in our system.

This chapter is a manuscript submitted as “Poonoosamy, J., Curti E., Kosakowski, G.,
Grolimund, D., Van Loon, L. R., Méder, U. Barite precipitation following celestite dissolution in
a porous medium: a SEM/BSE and pu-XRD/XRF study” to Geochimica et Cosmochimica Acta”
and has already been reviewed. The most important reviewers’ remarks were implemented.

In chapter 4 we present three numerical benchmark cases which are based on the experimental
work. We considered three case studies with increasing complexity: case 1 considers a 2D
system with density driven flow and conservative mass transport, case 2 in addition includes the
dissolution and precipitation of mineral phases leading to porosity changes and case 3 extends
the case 2 by considering the formation of solid solutions.

This chapter is presented in a book that will be published beginning of 2016 as He, W.,
Poonoosamy, J., Kosakowski, G., Van Loon, L.R., Mader, U., 2016, Chapter 12, Reactive
Transport, in: Kolditz O., Goérke U.J., Wang W., Shao H., Bauer S. (eds), Thermo-Hydro-
Mechanical-Chemical Processes in Fractured Porous Media: Modelling and Benchmarking-
Benchmarking Initiatives, Springer International Publishing AG, Cham.
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Chapter 5: We proposed a reactive transport benchmark based on our experiments with 4 levels
of complexity within the SeS bench initiative. The processes included are advective-diffusive
transport of solutes, effect of liquid phase density on liquid flow and advective transport,
kinetically controlled dissolution/precipitation reactions causing porosity, permeability and
diffusivity changes, and the formation of pure mineral phases vs. the formation of a solid
solution. In this paper, we present and analyse the results of an inter-comparison of 4 reactive
transport codes (i.e. TOUGHREACT, Pflotran, CORE2D and OpenGeoSys-GEM). The
considered cases differ partly from the cases presented in chapter 4, due to the capabilities of the
codes, and some process couplings (e.g. density driven flow) could not be considered in all
benchmark cases.

This chapter is a manuscript that is currently in preparation as “Poonoosamy, J., Kosakowski, G.,
Wanner, C., Alt Epping, P, Aguila, J. F., Samper, J., Mader, U., Van Loon, L. R., Dissolution
precipitation reactions in a 2D setup for testing concepts of reactive transport codes” for
submission to Computer Geosciences.

Chapter 6: In this chapter, we summarize our experimental and modelling work. We also
present additional information that was not included in the publications. We discuss and evaluate
topics that were not covered by this thesis such as upscaling of kinetics and pore scale simulation
that could be done.

Please note that the notations of the equation might be different in the 5 chapters but consistent within the chapter.
The notations for unpublished chapters or work not yet submitted (chapters 1, 5 and 6) were kept the same. Also

note that references for chapter 3 conform to the criteria of Geochimica et Cosmochimica Acta are different from the
rest of the chapters.
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Chapter 2: Dissolution-precipitation processes in tank experiments for testing
numerical models for reactive transport calculations: Experiments and
modelling
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ARTICLE INFO ABSTRACT

Article history: In the context of testing reactive transportcodes and their underlying conceptual models, a simple
Received 17 November 2014 2D reactive transport experiment was developed. The aim was to use simple chemistry and design
Received in revised form 18 February 2015 a reproducible and fast to conduct experiment, which is flexible enough to include several process
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- ; couplings: advective-diffusive transport of solutes, effect of liquid phase density on advective
Available online 14 March 2015

transport, and kinetically controlled dissolution/precipitation reactions causing porosity changes.
A small tank was filled with a reactive layer of strontium sulfate (5504} of two different grain
Keywords: sizes, sandwiched between two layers of essentially non-reacting quartz sand (Si0.). A highly
Porosity clogging concentrated solution of barium chloride was injected to create an asymmetric flow field. Once
R?mwe. transport . the barium chloride reached the reactive layer, it forced the transformation of strontium sulfate
Dissolution/precipitation experiments . . . ; . s
Experimental henchmarks into barium sulfate (BaSO‘,).. Due to the higher molar volur_n_e of barium s_ulfate, its precipitation

caused a decrease of porosity and lowered the permeability. Changes in the flow field were
observed with help of dye tracer tests. The experiments were modelled using the reactive
transport code OpenGeosys-GEM. Tests with non-reactive tracers performed prior to barium
chloride injection, as well as the density-driven flow (due to the high concentration of barium
chloride solution), could be well reproduced by the numerical model. To reproduce the mineral
bulk transformation with time, two populations of strontium sulfate grains with different kinetic
rates of dissolution were applied. However, a default porosity permeability relationship was
unable to account for measured pressure changes. Post mortem analysis of the strontium sulfate
reactive medium provided useful information on the chemical and structural changes occurring at
the pore scale at the interface that were considered in our model to reproduce the pressure
evolution with time.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction major interest in many geo-scientific disciplines and specifi-
cally in {ground) water science.

The changes of the porosity in a porous medium due to Porosity changes in a porous medium are typically caused
mineral alteration processes, and the associated change of by the complex interactions between physical and (bio)
transport parameters, are important processes which influence chemical processes. During bioremediation, clogging of porous
the evolution of natural geological environments or engineered media due to mineral precipitation, and gas production by
underground {disposal} systems. Such material changes are of microbial activity, can lead to a reduction of the effective

porosity and hydraulic conductivity (Seifert and Engesgaard,

2012; Thullner et al., 2002). This decreases the efficiency of

"+ Comesponding author. Tel.: +41 563 10 2075, bioremediation of the polluted groundwater. During injection
E-mail address: jennapoonoosamy@psich (J. Poonoosamy). of O, into geological formations, the CO> mixes with ground

http://dx.doi.org/10.1016/j jeonhyd 2015.02.007
0169-7722/© 2015 Elsevier BV. All rights reserved.
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waters (or brines} and interacts with rock minerals. It is
expected that the binding of €0, in newly formed mineral
phases causes significant changes in porosity and permeability
(Xuet al, 2005). Porosity changes due to mineral precipitation/
dissolution are also being actively investigated in connection
with the deep geological disposal of nuclear waste where
chemically very different materials such as clays and concretes
come into contact with one another (Gaucher and Blanc, 2006).
The mixing of pore waters from cement based materials with
waters {rom the surrounding clay host rock will lead to the
dissolution and precipitation of mineral phases at the clay-
cement interface and might result in pore clogging after long
times (Dauzeres et al,, 2010; Gaboreau et al,, 2012; Jenni et al.,
2014).

Very often, reactive transport codes are used to predict the
evolution of systems that are not experimentally accessible in
space and time, for example the behaviour of {0, in saline
aquifers (Chasset et al, 2011; Lagneau et al, 2005) and the
mineral transformations and associated porosity changes at
clay/concrete interfaces (De Windt et al., 2004, 2007; Gaucher
and Blanc, 2006; Kosalcowski and Berner, 2013).

The numerical models used to calculate these systems are
typically based on a continuum approach utilising a represen-
tative elementary volume (REV) (Kanit et al., 2003; Lichtner,
1992). The REV concept assumes that chemical composi-
tions, as well as material and transport parameters, can be
homogenised on the scale of the spatial discretization. To
properly resolve steep concentration gradients at the contin-
uuwm scaleitis often necessary to choose a spatial discretization
which is smaller than the REV. In reality, chemical reactions
and associated changes of pore space geometry due to the
precipitation or dissclution of mineral grains take place at the
micro (pore)-scale. The simulated results for porosity change
using a continuum approach depend on the assumed rate laws
for reaction kinetics and on the applied numerical mesh
refinement (Marty et al, 2009). This effect is related to the
kinetic control of chemical reactions. When using a chemical
equilibrium approach (instantaneous equilibration in a REV}
in continuum based reactive transport models with strong
porosity changes, grid convergence cannot be achieved {Hayek
etal, 2011, 2012). For kinetic control of dissolution/precipita-
tion reactions, grid convergence can be reached, although this
might result in grid volumes that are well below the REV.

Porosity changes due to precipitation/dissolution reactions,
and their feedback on transport properties, are accounted in
numerical models by considering empirical formulae: Kozeny-
Carman for porosity/permeability (Carman, 1937}, and Archie’s
law for porosity/diffusivity (Archie, 1942}. These empirical laws
need (o be parameterised, either experimentally (e.g., Boving
and Grathwohl, 2001; Van Loon et al,, 2007; Maricaetal., 2011},
or by up-scaling from micro-scale models (e.g, Liu et al., 2014;
Tyagi et al,, 2013}.

Several numerical codes are able to handle the feedback of
chemistry on flow and mass transport. However, only a few
laboratory experiments have been carried out to test the
validity of existing and new concepts for reactive numerical
models which couple chemical and transport processes via
strong porosity changes. Such experiments involve clogging
experiments due to mixing induced precipitation in simple
media in 2D set ups or primary mineral dissolution followed by
secondary mineral precipitation in 1D set ups.
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Emmanuel and Berkowitz (2005} conducted numerical
experiments to explore the effect of mineral precipitation and
porosity reduction induced by mixing of fluids of different
compositions. The calculations showed that porosity was
reduced primarily in those regions in which significant changes
in mixing occurred. The authors emphasised that surface area,
expressed as function of porosity, had a strong influence on the
predicted porosity patterns by influencing both the kinetics of
precipitation and the permeability of the porous media

The experiments conducted by Tartakowsky et al. (2008}
involved the injection of two reacting solutions into cells filled
with quartz grains from opposite inlets. They observed the
formation of a narrow calcite precipitate with a uniform width
of less than 5 mm in the middle of the cell. The pore scale
modelling of the system revealed large pore scale concentra-
tion gradients. Continuum (Darcy) simulations based on the
commaonly used advection—dispersion equation (ADE} showed
that only a model with grid sizes in the mixing zone smaller
than the size of the quartz grains could reproduce the main
features of the experiment. As an alternative to high resolution
simulation, the ADE was modified to incdude transport and
mixing indices in the reaction terms. These parameters account
for highly non-uniform pore scale concentration gradients and
localised precipitation at the sub-grid scale.

Katz et al. {2011} proposed an experiment similar to that of
Tartakowslky et al. (2008)}. The authors triggered the predpi-
tation of calcite in homogeneous and heterogeneous media by
the injection of sodium bicarbonate and calcium chloride
(matched to the same density} through parallel inlets into
the flow cell. They successfully reproduced the conservative
transport of solutes with an ADE based model, but the ADE
based reactive transport model failed to reproduce porosity
clogging and measured concentrations at the sampling ports.
These results — in agreement with those from Tartakowsky
et al. (2008} — suggested the inappropriateness of using the
ADE in the continuum models to predict pore scale reactions.

Lagneau (2000} conducted two series of column experi-
ments in advective and diffusive transport regimes to investi-
gate the feedback of porosity changes on transport parameters.
In both sets of experiments, porosity change was forced by the
injection of a reactive solution which triggered the replacement
of a primary mineral phase by a secondary mineral phase with
different molar volumes. These experiments were used to
validate the feedback between chemistry and transport in the
reactive transport code Hytec.

Based on the work of Lagneau (2000}, Trotignon et al
(2005) proposed a numerical benchmarlk which involved the
replacement of a primary mineral phase (portlandite} by a
secondary mineral phase with a larger molar volume (calcium
oxalate) that could lead to porosity clogging. The reactive layer
of portlandite was sandwiched between two layers of sand
assumed to be unreactive during the simulation. An asymmet-
ric injection of a reactive fluid caused a spatially heterogeneous
porosity change with subsequent changes to the flow field.
Cochepin et al. (2008} made a comparative study of this
numerical benchmark using Crunch (Steefel et al., 2005) and
Hytec (Van der Lee, 2003). The results given by the two codes
were in fairly good agreement. Differences were explained by
the different models for reactive surface area used to describe
dissolution and precipitation of mineral phases. These models
were never verified experimentally. Such an experiment is
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difficult to conduct in practice because the highly alkaline
leaching solution from portlandite will dissolve the sand.

There is a lack of carefully designed porosity clogging
experiments in a 2D heterogeneous transport setup in which
the dissolution of a primary mineral phase is followed by the
precipitation of a secondary mineral phase. Therefore, based on
the design of Trotignon et al. (2005} and Cochepin et al. (2008},
we performed a revised 2D reactive transport experiment in
which a porosity change was caused by the replacement of
strontium sulfate by barium sulfate. The experimental analysis
included the micro-scale investigation of porosity changes
which is indispensable for gaining insight into the nature and
spatial distribution of the newly formed phases and their effect
on porasity reduction.

In this paper we will thus present the experiments, compare
them to the numerical simulations and describe how we
considered micro-scale changes in continuum scale models.

2. Materials and methods
2.1. Experimental setup

The experiments were conducted in a Plexiglas tank. The
tank and the setup of the packing are illustrated in Fig. 1. The
inner dimensions of the tank were 0.1 m x 0.1 m »x 0.01 min
the x, z and y directions respectively. The tank had several
cutlets along its boundaries and at the back. During the
experiment, 4 ports (a, b, ¢, d) at the back of the tank were
used. Tubes with inner and outer diameters of 0.5 mm and
1.5 mm, respectively, were inserted through the ports at the

back of the tank and fixed with silicon glue to the front face of
the tank. The tube sections in the tanlk were perforated to allow
tracer injection, fluid sampling and pressure measurements.
Two tubes (a and b} were connected to pressure sensors
(PX26-001DV from Omega Engineering Inc.} which allowed
pressure differences from 0 mbar (0 Pa or 00 mm hydraulic
head} to 70 mbar (700 Pa or 71 mm hydraulic head} to be
measured. The outlet ports {c and d} were used for sampling.

The granular porous medium used in the experiment was
commercial silicon dioxide (quartz sand } with a purity of 99.9%
{with iron contamination} having a grain size of 0.1-0.3 mm
with a coefficient of variation of 0.96 (Sigma Aldrich). We tried
to homogenise the sand packing as much as possible while
filling the tank. The porosity, w, of the Q1 and Q3 regions was
calculated to be 0.34 4 0.02 and 0.40 + 0.02 respectively using
the following formula:

w— 1 — Pk %)
pgrain

Where flgra, [ kg 1 3] and ppyy [ kg m 3] are the grain and bulk
densities of the solid respectively. The difference in porosity is
due to a different compaction in the two regions which we
were not able to avoid without disturbing the geometry of the
reactive layer. The hydraulic conductivity of quartz sand
packed to a porosity of 0.35 was measured to be (1.8 + 0.2}
» 10~ " m? in separate 1D experiments using a falling head test
(Kresic, 2006). The permeability of a porous medium is
influenced by the size of pores and their interconnectivity
which is influenced by the shape and arrangement of grains.
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Fig. 1. Sketch of the experimental setup (modified model proposed by Cochepin et al, 2008). The 10 cm square tank has a strontium sulfate (SiS0,) region Q2
sandwiched between two regions of quartz grains, Q1 and Q3. “a” and “b" are ports to which pressure sensors are connected, “c” and “d” are sampling ports with the
respective coordinates (x; z) in mm (20.65; 20.35), (8C.65; 77.85), (80.65; 20.35) (20.65; 77.85). The line lahelled 1 that connects the inlet (0.00; 9.65) to the outlet
(100.00; 50.20), line labelled 2 (z = 1 cm), line labelled 3 (x = 1 cm) are test lines on which simulated and experimental velocity profiles will be compared. The inlet
and outlet have a diameter of 3.3 mm. §1 and 52 are samples of the reactive medium analysed by X-ray diffraction and X-ray fluorescence respectively. Q4isa 1 mm
wide interface region between Q1 and Q2 used to describe a zone with strong porosity reduction in some experiments.
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The larger the pore space, the more permeable is the porous
medium. The measured permeability is in good agreement
with the permeability calculated by the Kozeny—Carman
equation applied to spherical grains (Bear, 1972; Carman,
1937} given below:

-

1-w)*

where k [m?] is the permeability, d., [m] is the representative
particle diameter of the mixture {in our calculation d = 0.1 mm
and d = 0.3 mm were tested ), [kg m ™3] is the fluid density,
g[m? s~ "]is the gravitational acceleration, and p is the dynamic
viscosity [Pa s]

The strontium sulfate used in our experiment was a natural
strontium sulfate from Madagascar consisting of tumble
polished stones with very low porosity. The stones were
washed with ethanol, crushed and sieved giving batches of
different grain sizes. Unlike sand grains, strontium sulfate
grains are not spherical, but more brick-shaped due to the
orthorhombic crystal symmetry of the strontium sulfate. The
natural strontium sulfate was analysed by X-ray diffraction
which revealed a purity of 99.7% and 0.3% of anhydrous calcium
sulfate. In order to further decrease the initial porosity of the
reactive medium, particles of different grain sizes were mixed:
~ 30 wt.% with a size less than 63 um and ~ 70 wt.% with a size of
125-400 um. The strontium sulfate was compacted to a
porosity of 0.32 + 0.02. The Brunauer—-Emmett-Teller (BET)
surface area of the large and small strontium sulfate grains
were 0.523 and 0.927 m? g~ !, respectively. The permeability of
strontium sulfate with the same granulometry as in the tanks
experiments and compacted to the same porosity was
measured to be between 1 x 107" m? and 6 x 107" m?
using a falling head method in separate experiments. The range
of values for the permeability of strontium sulfate is sensitive to
the arrangement of the strontium sulfate grains during the
filling. The strontium sulfate layer is three orders of magnitude
less permeable than the sand layer, both having however quite
similar porosities. According to section 84 in Rock Physics
Handbook (Mavko et al,, 2006}, it is often possible for mixed
particle sizes to use the Kozeny-Carman equation with an
effective or averaged particle size d;, according to the harmonic
mean

fi
dm:ziﬁi

where f; is the mass or volume fraction of the corresponding
particle population i with diameter d;, and all particles have the
same mineral density. We did not experimentally measure the
exact particle size distribution in the strontium sulfate layer,
but from Eq. (2} we estimated an effective particle diameter of
6 um for a permeability of 1 x 10~ m? and for a porosity of
0.33. This diameter is well below the lower limit of the assumed
overall particle size distribution, which indicates that the
average pore width is much smaller than expected for a
medium with circular shaped pores. It seems quite possible that
during mixing and compaction of the strontium layer in the
tanks some of the mechanically unstable grains are segmented
into smaller particles which would shift an averaged grain
size to smaller values. In addition, the orthorhombic shape of

&

180 (2)

(3)

correction for equation (3) B [Z, ? _
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strontium sulfate particles will induce more slit shaped pores
which further reduce the permeability (Ozgumus et al., 2014).

The Plexiglas tank was placed on its side and filled through
the lid: to a depth of 4.5 cm with quartz sand, followed by 1 cm
of strontium sulfate, and then again 4.5 cm of quartz sand. The
lid was closed and the tank tumed to the position shown in
Fig. 1. The tank was then flushed with carbon dioxide (CO,} to
remove the air from the pores. The high solubility of CO,
enabled the whole porous medium to be completely saturated
with a saturated solution of strontium sulfate. A saturated
solution of strontium sulfate was used instead of pure water
to avoid dissolution of the reactive medium. The solution was
injected into the tank at a flow rate of 100 uL min~! (1.67 x
107° m? 57!} using a syringe pump which delivered a
continuous constant flow rate without any pressure variation
{unlike a peristaltic pump}. All the experiments were per-
formed at 25 &£ 1 °C.

2.1.1. Transport experiments without chemical reaction

Before conducting reactive transport experiments, we
conducted transport experiments with conservative dye
tracers in order to investigate the homogeneity of porous
media, the steady state flow field and the system response to
the injection of a dense solution.

Prior to making the tracer test, a saturated solution of
strontium sulfate was injected in the tank for at least 24 h to
establish a steady state flow field. In order to make visible the
steady state flow field, and to detect any inhomogeneity in
media packing or preferred flow paths along the Plexiglas
walls, we injected a pulse (0.5 mL at rate of ~20 L min~ '} of
dye tracer {eosin 3 g L.~ 1) at the inlet followed by a continuous
inflow of a saturated solution of strontium sulfate at a flow rate
of ~20 pL min~ ! (3.33 % 10~ % m® 57 1). The flow path of the
tracer in the tank was monitored by taking pictures at intervals
of 3 min for about 20 h {experiment 1}.

In a second experiment (experiment 2), the effect of
injecting a liquid with a different density was investigated.
This was necessary because in the reactive transport experi-
ments, it was planned to use a highly concentrated barium
chloride solution which has a much higher density than the
strontium sulfate saturated solution initially present in the
tank. In this test a non-reactive sodium chloride solution —
saturated w.r.t. strontium sulfate — and matched to the density
of the barium chloride solution to be used later, was injected
into the tank at a flow rate of ~20 uL min~". The flow field was
again made visible by injecting a pulse (0.5 ml at rate of
~20 uLmin~ ') of the dye tracer eosin {3 g L™ ') matched to the
density of that of the sodium chloride solution. The flow path of
the tracer in the tank was monitored by again taking pictures at
intervals of 3 min for about 20 h.

2.1.2. Reactive transport experiment

The actual reactive experiment is named experiment 3. A
0.3 mol L™! solution of BaCl, was injected at a flow rate of
~20uL min~ ', Before the injection of barium chloride, 10 mL of
milli) water followed by a tracer pulse (0.5 ml at rate
of ~ 20 UL min~') were injected in the sand compartment.
The injection of water avoided a precipitation front between
the saturated solution of strontium sulfate and the barium
chloride solution injected.
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The injection of barium chloride into the tanl enhances the
dissolution of strontium sulfate and barium sulfate precipitates:

BaClZ(an + SI'SO4(SJ *’B&SO4(SJ —+ SrClZ(an. (4)

The dissolution of 1 mol of strontium sulfate followed by the
precipitation of 1 mol of barium sulfate results in a volume
increment of 5.85 mL and thus in a decrease in the porosity
from 0.33 to 0.25 within the reactive medium (strontium
sulfate region).

During the course of the experiment, the effluent and
samples at port “c” and “d"” were collected at different times.
The amount of effluent collected per unit time was used to
calculate the flow rates given in Table 2. Samples were analysed
by ion chromatography (DIONEX, DX500}. Sampling from the
ports disturbs the flow field and also the spatial/temporal
distribution of concentrations throughout the tank since liquid
is removed from the system. To minimise this interference, the
sampling volumes were kept as small as possible (100 L} and
time gaps of 24 h were set between samplings. The differential
pressure between ports “a” and “b” was also monitored.

Conservative tracer tests during barium chloride injection
were performed by injecting 0.5 mL of eosin at 20 uL min~ ! at
the inlet every 24 h and taking pictures of the tank every 3 min.
The density of the eosin solution was identical to the density of
the barium chloride solution. The effluent was collected at
different time intervals and analysed.

At the end of the barium chloride injection, the tank was
flushed with gaseous carbon dioxide from the outlet to remove
the pore water which was then analysed. This measurement
gave an estimate of the amount of unreacted barium chloride in
the tank. The system was re-saturated by injection of a solution
equilibrated w.r.t. both strontium and barium sulfate, to avoid
dissolution of the reactive medium. On the long term for
contact times of weeks, this solution can react with the reactive
medium and form solid solutions, but the reactive medium can
be considered unreactive during the relatively short time scale
of the tracer test. A tracer test similar to the one described in
experiment 1 was performed during the injection of the
solution. The tracer profile was monitored over 20 h. This last
tracer test was named ‘final tracer test. The test allowed
changes in the flow field to be evaluated and helped to identify
where porosity changes and consequently permeability chang-
es in the tanlk had occurred.

Finally, the tank was flooded with isopropanol to stop any
further chemical reactions.

2.1.3. Post mortem analysis

Once the experiments were completed, the tank was
opened and it was ohserved that the reactive medium had
hardened into a rectangular block. After removing and drying,
the reactive medium was cut intoc 1 cm thick segments.
Elemental mappings of the reactive medium were performed
by X-ray fluorescence. Some samples from the reactive layer
were crushed to a grain size of ~10 um to determine the
mineralogy by X-ray diffraction (XRD}. The micro-structure of
the reacted medium was investigated by optical and scanning
electron microscopy. Micro-XRD techniques were also used to
determine the chemical composition/nature of a newly formed
phase.
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2.2. Numerical models

The flow and transport equations are solved by OpenGeoSys
(Kolditz and Bauer, 2004; Xie et al., 2007} and the chemical
processes by GEM-Selelctor V3 (Kulilk et al,, 2013; Wagner et al,
2012). The coupling between both codes as well as the
capabilities of the coupled codes, are described in Shao et al
(2009} and Kosakowski and Wanatabe (2013).

The experiments were modelled in a 2D geometry
discretised in a triangular Finite Element (FE} grid of 1 mm-
500 um (depending on the experiment). The initial conditions
in the two tanks are given in Table 1 and the boundary
conditions for the three experiments are summarised in
Table 2. The permeability of the reactive medium depends on
the arrangement of the strontium sulfate crystals during the
filling of the tank. The permeability values given in Table 1 are
values fitted to match the experimental results {lying within
the range measured experimentally with the falling head
method}. The flow rate for each experiment is given in Table 2.
Density driven flow, due to the high concentration of barium
chloride injected, was also considered in our model In
OpenGeosys-GEM the liquid phase density is calculated by
GEMS numerical kernel as the mass to volume ratio of the
liquid phase, estimated from the composition of the liquid
phase. The liquid phase density obtained after each chemical
equilibrium calculation is passed to the flow solver for use
during the next time step.

The Boussinesq approximation was implemented in the
liquid flow module, ie., the density variations are neglected in
the mass balance equation of the fluid phase. Density driven flow
is included by the buoyancy term of the Darcy equation only.

For variable-density flow in porous medium, the Darcy
velocity, g (m s~ 1), is given as:

k (Vp—pg) (5)

q K
where k is the permeability (m?), g is the dynamic viscosity
(Pa s} of fluid, Vp (Pa} is the pressure gradient, p is density of
fluid (kg m™—?) and g is the gravitational acceleration (m” s~%)

The reactive transport equations are given in Bear and
Bachmat (1990}:

dc; q

- —V(WQ) FVDVC) 4O 6)
dC;

d—t‘:Fi(q..,Cm) {7)
where i = 1, 2, 3... m, G (mol m*3) denotes the molar

concentration of the ith species of anm multi-species system; ¢
is the Darcy velocity (m s ') of liquid flow, D; is the diffusion—
dispersion coefficient of component i (assumed to have the
same value for all components in our models}; Q;is the source/
sink term and [; (C;...G,) is the source/sink term of species i due
to equilibrium chemical reactions with other species.

The thermodynamic data {standard Gibbs energy of
formation [k] mol™ "]} of aqueous, gaseous and solid species
considered in the chemical system, and the molar volumes
[m* mol™'], are based on the PS/NAGRA thermodynamic
database (Hummel et al,, 2002) and are given in Table 4 in the
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Table 1

Properties of the different regions of porous media.
Characteristics Q1 Q2 Q3 Q4
Width (x-axis) [m] (always unless specified) 0.045 0.0105 0.0445 NA*
Width (x-axis) [m] tank 1 experiment 3 scenario 2 0.045 0.0095 0.0445 c.0ol
Initial porosity (wy) experiment 1 034 033 o040 NA
Initial porosity (wy) experiment 2 036 .34 040 NA
Initial porosity (wy) experiment 3 scenario 1 0.34 0.33 0.4c NA
Initial porosity (wg) experiment 3 scenario 2 034 0.355 040 c.10
Initial permeahiliy k; [m?] experiment 1 1.82 % 1671 5.0 1071 1.82 x 1071 NA
Initial permeahility k; [m?] experiment 2 1.82 x 101 5.0 % 1071 1.82 % 10~ 1 NA
Initial permeability k, [m?] experiment 3 scenario 1 1.82x 1071 5.0 x 1071 1.82 x 1071 NA
Initial permeahility k, [m?] experiment 3 scenario 2 1.82x 1671 6.0 x 1071 1.82 x 1071 20 x 1074
Dispersivity o [m] 1674 10674 1674 10674
Molecular diffusion coefficient Dy [m* s '] 1c-° 10-° 10-* 1067°
Volume fraction of quartz experiment 1 0.66 c.00 0.60 NA
Volume fraction of quartz experiment 2 0.64 0.00 0.60 NA
Volume fraction of quartz experiment 3 scenario 1 0.66 0.00 0.60 NA
Volume fraction of quartz experiment 3 scenario 2 0.66 c.00 0.60 c.co
Volume fraction of S150, experiment 1 o 0.67 [ NA
Volume fraction of S150, experiment 2 o C.66 0 NA
Volume fraction of S150, experiment 3 scenario 1 [ 0.67 ¢} NA
Volume fraction of 5150, experiment 3 scenario 2 C C.645 ¢ C.80
Initial pH 5.5 5.5 5.5 5.5

* NA stands for non-applicatle. Q4 is a 1 mun domain between Q1 and Q2.

appendix. Molar weights and densities for all components and
mineral phases are calculated in the GEM-Kernel based on the

molar weights of the elements given in the appendix (Table 5).

Two scenarios were used to describe the reactive transport
experiments and are described in details in Section 3.3.2. In
scenario 1 the experimental setup is represented by three
domains Q1, Q2 and Q3 as shown in Fig. 1. For scenario 2, a
1 mm wide domain, Q4 where smaller strontium sulfate
particles intermix with sand is introduced. Q4 embodies a
region that could have resulted from a stratification of the
reactive media during the filling of the tank.

As a result of dissolution/precipitation reactions, porosity
changes occur. Transport properties such as effective diffusion
coefficients D. and the permeability k. of the medium are
parameterised as a function of porosity.

For the dependence of the effective diffusion coefficient, D,,
on porosity we used a simplified Archie's law (Archie, 1942):
D, = Dw" (8)
where D, [m? s~ '] is the diffusion coefficient in water, w [-] is
the porosity and m [-] is an empirical coefficient set to 1.

Changes of permeability k, [m?] with porosity are given by a
modified Kozeny-Carman equation:

3
W
k=)

where kg [m?] is the initial permeability, w [-] and w [-] are
the actual and initial porosities respectively. This expression is
compaltible with the Kozeny-Carman equation given in Eq. (2)
provided that variation in d is negligible and that the weak
variation in w causes 1 — w to be constant.

The temporal quantities of strontium sulfate and barium
sulfate, and consequently also the porosity evolution, depend
on the reaction kinetics. The kinetic rate dm/dt [mol s is
calculated following Palandri and Kharaka (2004). In our

)
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simulations, the simplest reactive surface area SA [m?] model
of those implemented in OGS-GEM was chosen:
SA =V,q {10
where V; [m?] is the volume of the mineral and a; [m? m 3] is
the relative surface area per volume unit.

In our simulations, barium sulfate was assumed to precip-
itate instantaneously (very fast kinetics) and only the kinetic
dissolution of strontium sulfate was taken into account. The
dissolution kinetic rate of strontium sulfate at pH = 5.5 (pH of
the experiment} is calculated based on the equation given in
Palandri and Kharaka (2004} with parameters from Dove and
Czank (2005).

—SA (km’“ﬁ exp (*TE (% - ZSQT)) (1 —Q))

where SA [m?] is the reactive surface area of strontium sulfate
mineral phase, k = 1655 mol m—2 s~ is the dissolution rate
constant at 298.15 K, E = 23.8 k] mol ~ is the activation energy
for describing the temperature T [K] dependence, R
[ mol~! K~ ] is the gas constant, and () [] is the saturation
index calculated as the ratio of reaction activity quotient and

dm _

a ()

Table 2
Boundary conditions of the experiments and modelling time duration.

Boundary conditions Experiment 1 Experiment 2 Experiment 3

Source term UL min~'] 1852 18.00 1875

NaCl concentration NA 14 NA
[mol L=1]

BaCl, concentration NA NA 03
[molL™1]

Pressure at outlet [Pa] 101,325 101,325 101,325

Modelling time 24 24 200

duration (h)
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the equilibrium constant. The GEMS3K software used in this
study actually calculates the phase stability index, which can be
shown to be equivalent to the above saturation index (Kulik
etal, 2013).

The characteristic time scales for transport were evaluated
and are summarised in Table 3. To avoid time and space
discretisation producing physically unrealistic solutions (such
as negative concentrations and numerical oscillations), the
chosen time stepping should always respect the Courant
number and Newmann criterion (Rausch et al,, 2005; Zheng
and Bennett, 1995) The two criteria can lead to extremely small
time step sizes and as a result huge calculation times, especially
when the mesh size is small. To save calculation time for
experiment 3, the numerical mesh {Ax} was only refined to
5 % 10~ * m in regions with high concentration gradients: the
inlet, the Q2 region and at the outlet. A self-adaptive time
stepping scheme which ensures that the von Neumann criterion
and Courant number are always respected, was chosen. During
the course of our experiment, we always ensured that the mass
transport time from one Finite Element node to a neighbouring
node is larger than the time required for reaction (Daml&hler
number > 1}.

3. Results and discussion
3.1. Experimental results

3.1.1. Advective transport experiments

The experimental results from experiments 1, 2 and 3 are
presented below.

The conservative tracer test in experiment 1 is shown in
Fig. 2. The tracer fronts in the quartz sand regions are smooth,
with no apparent fingering, suggesting a homogeneous packing
of the quartz regions. The tracer fronts in the strontium sulfate
region are not smooth, suggesting some heterogeneity in the
reactive medium. The tracer test was used to estimate the
seepage velodties in the tank. The seepage velocity is presented
in Fig. 6. It was evaluated from the movement of the
concentration maxima alongline 1, line 2 and line 3 on pictures
taken at hourly intervals.

Table 3
Characteristic time scales for transport and chemical processes.

The conservative tracer test performed during sodium
chloride injection (experiment 2} is presented in Fig. 3 (left
column}. Instead of a circular front as in Fig. 2 the fluid with
high density fills the left compartment of the tank first and only
crosses the reactive medium after a certain pressure difference
between the left and right compartments is reached.

3.1.2. Reactive transport experiment

The injection of barium chloride shows initially the same
effects of density driven flow to that of the sodium chloride
injection. After 100 h of Ba(l, injection, the tracer test pictures
(not illustrated) showed changes in the flow path. The final
tracer test showed significant changes in the flow field
compared to the control test with a conservative tracer
(Fig. 2}, indicating local permeability (and porosity} changes
due to the chemical reaction taking place in the tanlk For the
initial unreacted system the tracer front can relatively easily
cross the reactive layer. The final tracer test shows a distinct
tendency of the tracer to move parallel to the reactive layer and
then cross the reactive layer near the top through a small crack.
This is a typical behaviour observed in different repetitions of
the experiment.

In addition, the eosin sticks to the reactive medium during
the barium chloride injection, as indicated by the red colour.
Such a behaviour was not observed during the injection with a
sodium chloride solution.

Several experiments with the “same” initial and boundary
conditions were repeated and stopped at different times (from
10 h to 300 h of barium chloride injection}. The results were
similar until strong permeability changes or clogging occurred.
Indeed, after clogging, the tracer tests revealed cracks in the
reactive medium or preferential flow paths along the upper
side of the tank. The experiments can be considered as
reproducible {deduced by the results presented in Fig. 14 in
the appendix from two different tank experiments showing
the mineral evolution with time). Differences are mainly
related to the inability to exactly reproduce the initial
packing of the sand and strontium sulfate regions. Estimated
porosity values differ typically by 0.02 between different
packing/compaction and permeability values for the

Flow and mass transport

Density driven flow and mass transport Reactive transport

Experiment 1 Experiment 2 Experiment 3
Unnas = 107" m s~ Upax ~ 107" ms™! Upnax ~ 107" m s~
Size discretisation cell, Ax [m] 1x 1073 1x 1073 5% 1074
1x1073
Dispersivity cx [m] 1074 1074 10674
Advective time [s] 10 10 50
Ay =82 160
Courant number
At w F=l
Diffusive-dispersive time [s] 500 500 125
A
Aty = 00} 500
Peclet number 5 5 25
- 5
Aty
von Neumann criterion [s] 500 500 125
Aed 500
Damkdhler number NA NA Da>1

Do=4xSAxk
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ental

Experim
Experiment |
(before reaction)

Simulated profiles
Experiment |
(before reaction)

Final tracer test
(after reaction)

N

0.1 m

time

% 3 hours

9 hours

15 hours 20 hours

Fig. 2. The experimental and simulated tracer profiles of experiment 1 (1st and 2nd row) before reaction, and the final tracer test (3rd row) after reaction. The observed
differences between experiment 1 and final tracer test are due to permeability changes of the strontium sulfate layer.

strontium sulfate were found to be between 1 x 1074 m?

and 6 x 10~ m?

A net pressure increase of up to 8 mbar was recorded in one
of our experiments. The relative pressure increase with time is
given in Fig. 11. A net pressure increase with time was observed
with some scattered points. The scattered points can be due to
samplings at ports which are likely to affect the pressure
measurement.

3.1.3. Mineral evolution in the tank

The effluents from the tank, as well as samples at ports “c”
and “d”, were collected at different times and analysed. The
amounts of barium chloride injected and the ionic concentra-
tions of the effluents were used to calculate the amount of
reacted mineral in the tank. The temporal evolution of the
quantities of barium sulfate and strontium sulfate is shown in
Fig. 9. The slope of the curves corresponds to average reaction
rates in the tank. For the various experiments carried out, the
rate of barium sulfate precipitation was ~5.6 x 10~% mol s~!
(2.0 x 10~ * mol h™ ). This rate is lower than the injection rate
of barium chloride of 1 x 10”7 mol s™! (3.6 x 10" mol h™ 1)
which indicates that not all barium chloride reacted. After 180 h,
0.114 + 0.002 mol of strontium sulfate remained undissolved
and 0038 + 0.02 mol of barium sulfate precipitated. The
amount of strontium sulfate dissolved is equal to the amount of
barium sulfate which precipitated. The mineral changes which
occurred corresponded to an average decrease in porosity of
6.8%. The mineralogy of the reactive medium was analysed by
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XRD. Sample S2 collected in the Q2 (between z = 0.00 m and
z = 0.01 m) revealed the presence of up to 34 wt.% of barium
sulfate, up to 64 wt% strontium sulfate, 1.3 wt.% weight of a
strontium rich solid solution with the rest being quartz
contaminants. XRF results of the reactive medium revealed a
barium enrichment zone at the interface as shown in Fig. 4. At
the quartz-strontium sulfate interface, an ~50 um (resolution
of XRF probe) barium and sulfur enrichment zone could be
distinguished. The silicon (Si} detected at the interface is
originally not part of the reactive medium. We believe that
some quartz grains are cemented with the reactive medium
after reaction. This is discussed more in details in Section 3.3.2.
The elemental mapping of barium and silicon are complemen-
tary. Strontium appears depleted in the barium enrichment
zone region. It is also worth noting that no distinct precipitation
front of barium sulfate was seen after 300 h of Ba(l, injection.
Fig. 5 shows a microscopic view of the interface.
Undissolved large strontium sulfate crystals covered with a
thin brownish layer can be distinguished. This layer was
identified as barium sulfate by Micro-XRD. This rim around
the strontium sulfate can be more easily distinguished in the
back-scattered mode in the SEM microscope. In addition, a
brownish phase (which looks amorphous under polarised
light} can be seen to precipitate in between the big strontium
sulfate crystals in the optical thin section image. Micro-XRD
analysis showed the brownish phase to be nano-crystalline
barium sulfate which precipitates all over the reactive medium
although it looks to be slightly more concentrated where the
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Experimental
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Experiment 2

4 hours
0.l m

20 hours
0.1'm

X

Simulated profiles
Experiment 2
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profiles
Experiment 3

0.1 m

0.l m

Fig. 3. Experimental tracer profiles of density driven flow during sodium chloride injection, experiment 2 (left column), simulated tracer profiles (middle column) and
the density driven flow due to barium chloride injection, experiment 3 (right column) at4 h and 20 h.

barium enrichment zone was found. This nano-crystalline
phase cements all the thinner and larger strontium sulfate
particles together, creating bottlenecks (unconnected porosi-
ties) in some cases.

3.2. Summary of experimental results and their interpretation

Tracer tests prior to barium chloride injection revealed a
homogeneous packing of the quartz sand and some heteroge-
neities in the strontium sulfate reactive medium.

The injection of barium chloride in the quartz sand porous
medium induced a density driven flow. Tracer tests made
during the barium chloride injection showed that eosin dye
sticks to the reactive medium. This might be caused by the
entrapment of eosin in dead end pores or isolated pores during
barium sulfate precipitation. In addition, sorption of the
negatively charged eosin molecule on the reactive medium on

Ba Sr

> N L ~
™~ ~ N 7N ~

the positively charged surface of the barium sulfate formed
cannot be excluded. According to Bokern et al. (2003}, barium
sulfate becomes positively charged when it precipitates in a
barium ion rich solution. The reddish colour of the reactive
medium thus gives an indication of where barium sulfate has
precipitated. The sorption coefficient of eosin onto BaSOy4 in
batch experiments was not determined in the present study
and will not be considered in our current modelling.

Changes in flow path were seen to occur between 100 and
125 h after injection of barium chloride. In some experiments,
preferential flow paths along either cracks, or at the top of the
tank, were created. The time at which changes in flow paths
were observed corresponded to the time at which the
concentration of strontium collected in the effluents fell to a
zero value and the concentration of Ba>™ started to increase
suggesting that reactions had stopped. During the first 100 h of
barium chloride injection there was a linear increase in the

S Si

0.0105 m 0.0105 m

00105m  00105m

Fig. 4. Cross sectional view in the x-y plane of elemental profiles of sample S2 collected at z = 0.0216 m after 300 h of barium chloride injection.
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Fig. 5. Microscopic view of cross sectional area (x-y plane) of the strontium sulfate region (left optical microscope, right scanning electron microscope, BSE (Back

Scattered Electron) image).
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across line 1, line 2 and line 3 during experiment 1.

amount of barium sulfate formed, which indicates a constant
average reaction rate in the tank. After 100 h, the rate was
decreasing with time. The amount of barium sulfate predpi-
tating per unit time (mol s~') was equal to the amount of
strontium sulfate dissolving per unit time (slopes of the curves
given in Fig. 9). The amount of barium sulfate precipitated per
unit time was lower than the amount of barium chloride
injected per unit time, which suggested that the dissolution of
strontium sulfate controlled the global rate of reaction.

XRD results confirmed the predpitation of barium sulfate.
Also, small amounts of a strontium rich solid solution were
produced. As barium chloride was injected at a relatively high
flow rate and at a relatively high concentration of 0.3 M, the
formation of a solid solution which contains a significant
fraction of SrSO4 was not expected. Indeed, based on the ideal
{(Ba,Sr)SO4 Lippmann diagram reported by Prieto et al. (1993),
the precipitation of strontium-rich solid solutions occurs only
when the aqueous phase is extremely poor in Ba®*.

The samples collected and analysed by the XRD techniques
showed that about 30% of the initial quantity of strontium
sulfate had reacted. This is in agreement with the 25 wt.% of
strontium sulfate evaluated to have reacted from mass balance
considerations. A more rigorous comparison was however not

0.6 - -
e T
05 s
4
& 5 /
§ 04 ,‘
.g 0.3 1 .o‘ M Experimental [Chloride]
502+ ," === Simulated [Chloride]
o [}
0.1 .
00 W~ - : .
0 50 100 150 200

Time (hours)

Fig. 7. Experimental and simulated chloride concentration at the outlet during
barium chloride injection, experiment 3.
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Fig. 8. Scenario 1 simulated mineral profiles at 10 h, 100 h and 200 h (from top to bottom) barium sulfate (Brt), small grains strontium sulfate phase (Cls 1) and large

grains strontium sulfate phase (Cls 2).

possible because the whole of the strontium sulfate reactive
medium was not crushed and analysed. Some samples were
taken and impregnated for XRF analysis. Elemental mapping by
XRF techniques of the strontium sulfate reactive medium
revealed the transformation of part of the strontium sulfate into
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Fig. 9. Temporal evolution of the minerals present in the tank according to
scenario 1 and scenario 2.
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barium sulfate homogeneously throughout the reacted layer
and the formation of a barium enrichment zone at the interface.
SEM analysis of the cross section of the reacted medium
showed that big strontium sulfate crystals were covered by a
barium sulfate rim, and that a barium sulfate nano-crystalline
phase precipitated in the pore space cementing together the
big crystals of strontium sulfate. Barium sulfate precipitated as
a nano-crystalline solid, because precipitation in strongly
oversaturated conditions favours nucleation and agglomera-
tion of many small crystals and suppresses growth of large
crystals (Kashiev and Van Rosmalen, 2003 ).

After 100 h of barium chloride injection, the measured
concentrations of SZ  and Ba® " at the outlet suggest that both
strontium sulfate dissolution and barium sulfate precipitation
had stopped. The slowdown of reaction rates might be caused
by the development of preferential flow paths along the top of
the tank or along small cracks in the strontium sulfate reactive
medium. The bulk of the Ba(l, solution probably no longer
flowed through the reactive medium. In addition, the passiv-
ation of the strontium sulfate crystals due to barium sulfate
overgrowth limited reaction rates.
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Fig. 10. Scenario 2 simulated barium sulfate (Brt) profile at 10 h, 100 h and 200 h.

The mineral changes which occurred corresponded to an
average decrease in porosity of 6.8% {average porosity drops
from 0.331 to 0.308). This small decrease in the average
porosity of the reactive medium does not exclude a strong local
porosity decrease over a few 100 um at the interface. Indeed,
mass balance considerations used to evaluate porosity changes
do not give any information on where barium sulfate
precipitates and how it affects pore geometry and pore
connectivity. As noted before, under our experimental condi-
tions, barium sulfate precipitates as nano-crystals (mainly
nucleation processes) that are likely to agglomerate in the pore
space. When such an agglomeration of particles occurs at
bottlenecks between bigger crystals or sand grains, strong
permeability decrease is observed.

However, how the smaller strontium sulfate particles
dissolve, how barium sulfate nano crystals form and how they
agglomerate in the pore throats is not fully understood.
Questions still remain on whether the newly formed barium
sulfate nanocrystals settle instantaneously in the pore space
after precipitation, or if they are mobile and agglomerate later
at narrow pore throats. Clogging by particle dragging was
reported by Luquot et al. (2014). The authors, studying the
porosity and permeability increase due to limestone dissolu-
tion triggered by €0, injection, also observed porosity and
consequent permeability decrease close to the outlet. If particle
dragging took place in the tank, barite should also be found in
the Q3 (sand} region. CT scan of the tank after reaction and
powder XRD analysis of the sand from the Q3 region after
reaction indicated the absence of barium and strontium
mineral phase. To completely exclude particle dragging in our

200
180 -

= Experimental pressure
=S imulated pressure scenariol

—Simulated pressure scenario 2

2R33

% increase
Ly )

80 -

100 150 200

Time (hours)

0 50

Fig. 11. Net pressure increase during 200 h of barium chloride injection.
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experiment, u-XRD powder measurement (more precise and
more appropriate for our experimental problem) on sand
samples collected in the Q3 region will have to be carried out.

XRF measurement on samples from an experiment which
was aborted after 10 h of injection of barium chloride, showed
non-uniform progress of barium sulfate reaction fronts across
the width of the tank Reaction fronts progressed about 1 mm
further in flow direction along the walls of the tank than in the
centre. This suggests preferential flow paths along the sides of
the tank.

It is also important to note that we do not have any evidence
of complete clogging. The porosity network of the reactive
medium will be investigated at a later stage by micro-X-ray
tomography techniques.

3.3. Modelling results

3.3.1. Modelling the transport experiment with noe chemical
reaction

The experimental flow field, characterised by the conserva-
tive dye tracer tests, was compared to calculations with the
numerical model and a good agreement between experiment
and model was achieved as can be seen in Fig. 2.

Fig. 6 compares the experimental seepage velocities across
lines 1, 2 and 3 during experiment 1 with the simulated
seepage velocities. The simulated velocities are in good
agreement {simulated values lies within a range +20% of
experimental values). The velocities, Vz and Vy, from which the
resultant velocity for line 1 is calculated, are also provided in
the appendix (Fig. 12). The inifial porosity of the reactive
medium from mass balance consideration was 0.32. A sensi-
tivity analysis on experiment 1 showed that a value of 0.33
reproduced more accurately the observed migration of the
conservative tracer.

The permeability of sand compacted to a porosity of 0.35
was measured to be (1.82 & 0.2) x 10! m? This measured
value was used for the sand in the 1 and Q3 region compacted
to a porosity of 0.34 and 0.40 respectively. Using the Kozeny
Carman equation (Eq. (2}) the permeability is expected to be
slightly higher (~3.15 x 10"} m? The calculated results are
however not sensitive to changing the value permeability from
182 » 100" m® to 315 » 107! m? as the effective
permeability of the tank in flow direction is dominated by the
much lower permeability of the reactive media (~weighted
harmonic mean of the three regions). The porosity in the Q3
region does not change during the reaction, and thus fixing the
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same measured permeability value for compartment (1 and
Q3 has no significant impact on the final results.

The sensitivity of conservative tracer transport on the
choice of the dispersion length o was investigated. Values for
aof1x107°m,1x107%*m,1x 10 > mand 1 x 10~ 2 m were
tested. The calculated tracer profiles for the different dispersive
length were qualitatively compared with the experimental
tracer profile (Fig. 13 in appendix). It was found, that a value
slightly higher than the grain size (1 x 10~ m) is a reasonable
choice for conservative transport.

The modelled density driven flow for the sodium chloride
injection was reproduced by OGS-GEM. Fig. 3 compares the
experimental and modelled density driven flow.

3.3.2. Modelling the reactive transport experiment

For the reactive transport modelling, grid convergence was
first tested. It was found that for a grid size of smaller than
500 pm only negligible changes were observed for porosity and
mineral transformations with time. We also run an additional
1D test problem on the diffusion of Bal; in a 3 cm long column
composed successively of 1 cm wide layers of 5i0,, 5rS0,4 and
again 5i0,. Different grid sizes (500 pm, 100 um and 50 pm)
were tested. No significant difference in porosity changes with
time was observed. To save calculation time, a grid size of
500 pum for the reactive medium was thus used in the numerical
models describing experiment 3.

In our modelling approach, we did not consider the sorption
of the dye tracer onto barium sulfate, thus the modelled tracer
profiles during barium chloride injection (not presented) are
similar to the modelled tracer profiles during sodium chloride
injection.

As chloride ions are unreactive during the transport, ie.,
chloride ions stays in solution and no chlorine containing solid
phases are formed; it can be used as a conservative tracer. The
modelled and experimental breakthrough curves (shown in
Fig. 7} of chloride ion are in good agreement.

Based on the information collected at the microscopic level,
two different scenarios (denoted hereafter as scenarios 1 and
2} were modelled.

Scenario 1 The dissolution of strontium sulfate was constrained
by the kinetic law given in Eq. (11). The strontium
sulfate reactive medium used in the experiment
consisted of large and smaller crystals, and therefore
two different dissolution rates were applied in the
model. Relative surface area per volume unit,
550, 0f 20,000 and 100 m? m—? were attributed
to the small and large crystals respectively. The
reactive surface areas were not set at the measured
BET surface areas since this gave dissolution rates
which were too high. Instead, the reactive surface
areas were set to values about one order of
magnitude smaller than the BET surface area. BET
surface areas are evaluated based on the adsorption
of gas molecules on the surface of dried mineral
grains. It might be that the accessibility to gas
molecules in a BET measurement is much higher
than the accessibility of aqueous species in a
saturated porous media. The average specific
surface area might be decreased, if pores exist that
are not completely accessible to the solution due to
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inter-crystal grain boundaries (crystal grain con-
tacts between each other). Strontium sulfate grains
are normally non-spherical and therefore the
crystal grain conftact areas are enhanced. Further-
more, hydration of and sorption on minerals
inhibits surfaces which also deareases the average
reactive surface area. A similar difference between
the measured BET surface areas and the ones
needed to reproduce experimental observations of
quartz dissolution was reported by Gautier et al
{2001)}. Under our experimental conditions it is
assumed that barium sulfate precipitated at ther-
modynamic equilibrium as a nano-crystalline solid
and no kinetic constrain on the precipitated phase
was applied.

Scenario 2 was based on a possible stratification of
strontium  sulfate particles which could occur
during the filling of the tank Finer strontium sulfate
particles could settle in between the quartz sand
particles at the interface and create a thin region of
lower porosity at the interface between sand and
the reactive medium. The original thickness and
porosity of this ‘mixing zone' referred as Q4 is
unknown. If we consider a direct flow path along a
pipe from port “a” to port “b", and if we assume that
observed pressure changes are only due to the
changes in transport properties occurring over the
04 region, the permeability change of the Q4 region
can be estimated. For a given thickness of the Q4
region of 50 um and 1 mm of the reactive medium,
the permeability is estimated to decrease by 2 and 1
orders of magnitude respectively to double the
pressure difference between port “a” and “b”. From
experiments we know that after reaction, the Q4
shows up as a 50 um wide layer. However inserting
a layer of 50 um thick Q4 layer in the model would
imply a fine spatial discretisation and consequently
small time stepping that is numerically costly to
solve. Furthermore, a 50 um wide layer is below the
REV scale of the system. We thus approximated the
zone by an additional 1 mm thick strontium sulfate
layer between the Q1 and Q2 regions with a
porosity of 0.1. To maintain the total amount of
strontium sulfate in the tank constant, the addi-
tional amount of strontium sulfate in this layer was
compensated by lowering the amount of strontium
sulfate inregion Q2 which induces small changes in
porosity and associated transport parameters
(Table 1}. The permeability of the additional 1 mm
layer is 2 x 10~ m?. This model also included the
two strontium sulfate particle sizes ({ls 1 and Cls 2
previously described in scenario 1} for region Q2.
However, the Q4 region was assumed to be
composed only of the small grained strontium
sulfate crystals (Cls 1).

Scenario 2

Comparison of the two model results:

In scenarioc 1, (s 2 (large strontium sulfate crystals}
remained almost undissolved and barium sulfate, following
Cls 1 (small strontium sulfate crystals} dissolution, precipitated
all across the reactive medium. This model precipitates barium
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sulfate all across the reactive medium (Fig. 8) which is in
agreement with the experimental observations. The experi-
mentally determined bulk amounts of minerals transformed
with time were also successfully reproduced as seen in Fig. 9.

However, in scenario 1 complete clogging of the pore space
is not possible, because the replacement of the enfire strontium
sulfate with barium sulfate would decrease the porosity only
from 0.33 to 0.25. This is, because the dissolution of strontium
sulfate followed by the precipitation of barium sulfate induces
only a relatively small volume increase in the mineral phase
volume (5.85 mL per mole of strontium sulfate reacted). In
addition, the experimentally observed barium enriched zone at
the interface and also the observed net pressure increase were
not reproduced.

Again, as in scenario 1, in scenario 2 the experimentally
determined bulk amounts of minerals transformed with time
were also successfully reproduced. In this scenario, the barium
enrichment zone was also reproduced as shown in Fig. 10. The
formation of the barium enrichment zone was triggered by the
presence of an initially larger amount of fast dissolving
strontium sulfate at the interface (Q4 region). In this layer a
more pronounced relative change of porosity occurs, because
the initial porosity is lower. The observed relative pressure
increase could be reproduced and is shown in Fig. 11.

A discrepancy between the model and the experimental
results exists at around 190 h. After 190 h, the experimental net
pressure increase starts to fall. This can be explained by the
formation of micro-cracks in the strontium sulfate reactive
medium which is not included in our model. In this scenario,
the barium enrichment layer and clogging were triggered by
introducing a zone of low porosity initially at the interface.

4. Summary and conclusions

Simple 2D reactive transport experiments were designed
and conducted to investigate the complex interaction between
liquid flows, solute transport, precipitation/dissolution reac-
tions causing porosity changes and associated changes in
material transport properties. Porosity changes in a reactive
layer are triggered by the replacement of strontium sulfate
(81504} with barium sulfate (Br504)} due to the ingress of a
barium chloride solution. Barium sulfate precipitated as a nano-
crystalline phase filling partly the pore space and cementing
larger strontium sulfate crystals. The experiments can be used
to test reactive transport models. Tracer tests, with non-
reactive tracers performed prior to barium chloride injection,
as well as changes in the flow field due to injection of a non-
reactive liquid with different (higher} liquid density, were
well reproduced by simulations with the transport code
OpenGeoSys-GEM.

As shown by Tartakowslcy et al. (2008} the use of the ADE in
the presented numerical model is not completely appropriate
for describing very strong local concentration gradients and
localised precipitation. However, in conftrast to Tartakowsly
etal. (2008} concentration gradients and mineral precipitation
are not completely controlled by dispersive mixing of solutes,
as concentration gradients are also heavily influenced by the
kinetic control of the dissolving mineral phase. Slow mineral
dissolution will suppress strong concentration gradients and
localised precipitation.
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A connected problem is the choice of dispersion length used
in the numerical model. A fixed value for the dispersion length,
slightly higher than the grain size of the porous medium, was
used. Such an approach is controversially discussed in literature
(e.g., Hadley and Newell, 20114}, Newer experiments on the role
of dispersion in reactive systems indicate that effective
molecular diffusion and ionic interactions between charged
species are important (Cirpka et al, 2006; Muniruzzaman et al.,
2014). The experimental setup offers some potential to test
newer concepts of reactive transport.

For the successful reproduction of reactive transport
experiments additional experimental data on the microstruc-
ture of the reactive medium were necessary. Only a model that
included two populations of strontium sulfate grains with
different dissolution kinetics successfully reproduced the
experimentally observed evolution of the bulk amounts of
minerals with time. Sdll this model did not match the
measured pressure evolution, without changing the default
parameters in the porosity-permeability relationship to ex-
treme values. In the experiments, we observed an additional
cemented zone at the interface between the sand and the
reactive layer. We were not able to measure theinitial and final
porosity and transport properties of this layer, as we were
unable to extract undisturbed samples of the reactive medium.
Therefore we inserted an additional 1 mm thick layer at the
interface with the same porosity-permeability relation as the
reactive layer and modified the initial porosity in order to get a
reasonable match to the experimental pressure evolution. It is
possible to use an additional layer of other thickness and get a
similar match of pressure evolution, if the initial porosity is
adjusted accordingly.

We would like to stress, that without detailed knowledge of
micro-structural changes it is not possible to reproduce all
aspects of the system. Already in this “simple” system setup,
micro-features below the continuum scale exist and need to be
approximated in the model, e.g,, the existence of an additional
thin reactive layer with different transport properties.

In our current experimental setup, the reactions are
limited by dissolution kinetics of strontium sulfate. At lower
concentrations of barium chloride and in a more diffusive
transport regime, dissolution of strontium sulfate might be
limited by the transport process. Even with lower barium
chloride injection, the formation of solid solution cannot be
excluded. It needs to be tested, if the presented models also
work for such a system.

As part of a multi-scale investigation, these experiments
should also be approached by pore scale modelling. Further
investigations including p-XRD and p-X ray tomography could
be carried cut to gain more insight on the nature of the newly
formed barite precipitates and its physical transpott propetties.
Such detailed experimental investigation can be combined
with numerical investigations of mineral precipitation and
dissolution at pore scale.
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BaCl,-2H,0 — 1296320 3.186 Fig. 12. Seepage velocity (m s~ ') components Vz and Vx along line 1.
BaClk-H;0  —1055.630 7.208
Ba(50y) —1362.152 5.21
Quartz —854.793 2.2688
Sr{COs) —1144.735 3.901
SrCly —781.10 5.194
SiClz-2Hz0 —1281.6798 7.283
SrClz-6Hz0  —2240.8033 13.814
Sr(S0y4) —1346.15 4.625
Table 5
Elemental weight of the different elements present.
Element Barium Carbon Chlorine Hydrogen Oxygen Sulfur Silicon Strontium
Molar weight 137328 12.c108 35453 1.00795 15.9994 32.067 28.0855 §7.62
(g mol™")
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0=0.01m

Fig. 13. Sensitivity analysis for testing different dispersive length for experiment 1. Qualitative comparison of simulation for different dispersive length (o = 0.01 m,

o = 0001 m, o = 0.0001 m, o = 0.00001 m).
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Fig. 14. Temporal mineral evolution of in two different tanks to test
reproducibility of experiment 3. Also no further dissolution of strontium sulfate
is seen after 150 h of barium chloride injection.
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Chapter 3: Barite precipitation following celestite dissolution in a porous
medium: a SEM/BSE and p-XRD/XRF study
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Abstract

A reaction cell experiment was designed to examine mineral dissolution/precipitation processes
at the macroscopic and pore scale. A rectangular flow cell was filled with a reactive porous layer
between two porous layers composed quartz of sand (SiO,). The reactive layer consisted of
celestite (SrSQO,4) with a bimodal grain size distribution (< 63 um and 125 - 400 pum). A barium
chloride solution was then injected into the flow cell, leading to fast dissolution and replacement
of celestite by barite (BaSO,). Due to the larger molar volume of barite compared to celestite, the
porosity decreased in the reactive layer. We concentrated on the refinement of post-mortem
analysis and the investigation of the dissolution/precipitation mechanisms at the pore scale (10 -
100 um). The sequential evolution of mineral transformations occurring in the reactive layer was
determined. Our analytical techniques, combining scanning electron microscopy and synchrotron
X-ray microdiffraction/microfluorescence, showed that the small celestite grain fraction
dissolved rapidly to form nano-crystalline barite filling the pore space, while large celestite
grains were covered with a thin rim of epitaxial micro-crystalline barite. Two distinct nucleation
mechanisms for barite precipitation were involved: homogeneous nucleation (nucleation of
barite in the pore space) and heterogeneous nucleation (nucleation on the surface of a solid
substrate). Classical nucleation theory, using well-established and estimated (e.g. wetting angle)
parameters describing barite precipitation, was applied to explain the mineralogical changes
occurring in our system.

Keywords: nucleation mechanism, epitaxial barite.
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Highlights:
Celestite dissolution and barite precipitation in a porous medium were described in detail at the
micrometre scale by combining advanced microscopic techniques.

Spatially resolved synchrotron micro-XRD data showed unequivocally epitaxial growth of barite
on celestite and precipitation of nano-crystalline barite in the pores.

We successfully correlated our experimental observations with literature data on barite
precipitation kinetics and classical nucleation theory.
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1. Introduction

Mineral precipitation and dissolution in porous media change pore space geometry and
influences transport properties. These mineral-water interactions are important processes in
mineral mining, geological sequestration of carbon dioxide, exploitation of geothermal heat,
enhanced oil recovery and chemical weathering (Kang et al, 2003). Another example is the long
term storage of nuclear waste in a deep geological repository where cementitious materials will
be used for support structures, as cavern backfill or for waste conditioning. The diffusion of the
cement pore water into the surrounding clay host rock and vice versa are expected to lead to the
precipitation and dissolution of mineral phases near the clay-cement interface and might clog
porosity (Dauzeres et al. 2010; Jenni et al., 2014) and thus reduce diffusive and advective
transport across the interface.

The prediction of the evolution of the aforementioned systems by numerical tools requires
comprehensive and robust kinetic data on mineral-water interaction (Schott et al. 2009). We
designed a reactive transport experiment of sufficient complexity (Poonoosamy et al., 2015) to
evaluate sulfate dissolution/precipitation processes in porous media at the pore scale and macro-
scale and its impact on transport. To construct a pore scale model involving dissolution and
precipitation reactions in porous media, it is important to understand fluid dynamics and solute
transport at the micrometre scale, to identify the chemical nature of the newly formed phases
(pure minerals or solid solutions) and their evolution as the reaction proceeds.

Sulfate minerals are of interest to many fields and have been widely studied in the past. Barite is
one of the most common scale-forming minerals due to its low solubility product, pKOSp =9.97
(Hummel et al., 2002). Barite scaling due to injection of seawater into oil reservoirs, done in
order to enhance recovery and to extend field life, is among the most frequently encountered oil
field problems (Fu et al., 2012; Oddo and Tomson, 1994). Similar scaling problems arise during
exploitation of geothermal fluids for heat and electricity production. In geothermal reservoirs
deposition of barite scales from ascending fluids is likely to occur in fractured zones due to a
decrease of barite solubility on cooling (Mundhenk et al., 2013; Aquilina et al., 1997). Finally, in
nuclear waste storage sites, barite is predicted to be the main scavenger of radium released from
the waste due to formation of (BaSO4-RaS0Q,) solid solution (Curti et al., 2010; Brandt et al.,
2015).
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Barite and BaSO,4-SrSO, solid solution precipitation in porous media have been widely studied
(Prieto et al., 1990; Prieto et al., 1993; Putnis et al., 1995; Sanchez-Pastor et al., 2005; Sanchez-
Pastor et al., 2006). The formation of barite from supersaturation in heterogeneous porous media
is a complex process that involves delayed nucleation and different growth mechanisms, e.g.
direct precipitation from solution (homogeneous precipitation) and growth on a substrate
(heterogeneous precipitation). The latter might cause the passivation of the substrate surface
which will affect the reactivity of the substrate (Nicholson et al., 1990).

A major finding (Prieto, 2014) was that the threshold supersaturation, at which macroscopically
visible barite precipitation starts, correlates with the pore size. Indeed, homogeneous nucleation
of barite was found to require much higher supersaturation in media with small pores compared
to media with larger pores. This phenomenon could be explained with the principles of classical
nucleation theory (Kashchiev and van Rosmalen, 2003) and is in agreement with other studies
(Putnis and Mauthe, 2001; Emmanuel and Berkowitz, 2007; Stack et al., 2014; Nindiyasari et al.,
2014).

Our experiment involved the dissolution of a primary mineral, celestite (SrSQ,), induced by
infiltration of a barium chloride solution followed by the precipitation of a secondary mineral,
barite (BaSO,). The replacement of celestite by barite was accompanied with changes in porosity
and permeability that led to non-linear changes in the flow field. The experiment was modelled
using a simple kinetic approach proposed by Poonoosamy et al. (2015) but was limited by not
considering mechanisms at the pore scale.

Although celestite and barite are structurally isomorphous, they have different unit cell volumes
of 305 A® and 346 A3 respectively (Deer et al., 1992) differing by 12%. As a result,
stoichiometric celestite replacement by barite reduces the average pore volume in the reactive
zone, possibly leading to localized clogging and impervious pathways. Because a continuous
series of solid solutions (Bai-xSrkSOs) may be formed during the dissolution/precipitation
process, the extent of porosity reduction will also depend on the mole fraction of Ba in the
precipitated solid. Precipitation of pure barite will have a stronger effect on porosity and
permeability than the formation of a solid solution. The chemical nature of the newly
precipitated barite phase needs thus to be fully characterized in order to understand changes in
fluid flow properties.

The general purpose of this analytical and interpretative work is i) to gain insight into the nature
of the newly formed barite phase following celestite dissolution in our experiments, ii) to unravel
mechanisms of fluid/solute transport and mineralogical changes on the microscopic scale as well
as the temporal evolution of the system. We will use the equations and parameters described in
Kashchiev and van Rosmalen (2003) and Prieto (2014) to explain and understand mineralogical
changes occurring in our system in terms of classical nucleation theory.

2. Experimental Methods
2.1. Setup of reactive transport experiments (including fluid chemistry)

A detailed description of the experimental set up is given in Poonoosamy et al. (2015). A
Plexiglas (tank) containment of internal dimension 10 cm x 10 cm x 1 cm was filled with
granular solids consisting of a celestite layer sandwiched between two layers of quartz sand (Fig.
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1). Polished celestite gemstones from Madagascar were washed with ethanol, crushed and sieved
to batches of different grain sizes. The celestite was analysed by conventional X-ray diffraction
(XRD) which revealed only a weak contamination with 0.3% of anhydrous calcium sulfate. The
celestite layer in the tank consisted of a mixture of two different grain size fractions: 30 wt. %
with a size of less than 63 pum and ~ 70 wt. % with a size of 125 - 400 um.

The quartz-celestite mixture was initially permeated by injecting a solution saturated with
respect to strontium sulfate (to prevent the dissolution of celestite). Prior to the injection of 0.3
M barium chloride at a constant rate of 20 pL min™, 10 mL of MilliQ® water were pumped
through the inlet (the pore volume of the system being approximately 40 mL). This prevented a
reaction between pore water in the quartz medium and the incoming barium chloride solution, by
pushing all dissolved sulfate downstream towards the extraction hole. As the barium chloride
front reached the celestite region, precipitation of barite was expected, driven by sulfate supplied
via dissolution of celestite. Due to the higher molar volume of barite, its precipitation caused a
porosity decrease in the reactive layer. Dyes tracer tests were performed before and after barium
chloride injection to reveal changes in the flow field that can be ascribed to local porosity and
permeability changes. Post mortem microscopic analysis of the reactive medium was carried out
to identify the reaction products and pore space changes.

s B
F 4 £ 8102’ g Sio,.
inlet = = 7 : outlet interface
BaCl,® = | .
z % > inlet interface

Fig. 1: Plexiglas tank with inner dimensions of 10 x 10 x 1 cm filled with a reactive medium of
celestite (SrSO,) in between two layers of inert porous media, quartz (SiO,). z; and z, are
locations where sampling of the reactive media.

To determine the structural changes of the pore space and how porosity clogging was triggered,
the aforementioned experiment was repeated five times and interrupted at different barium
chloride injection times of 9, 28, 156, 200 and 300 hours. The experiments were labelled 1 to 5
in order of increasing injection time. At the end of each experiment the pore solution in the tank
was pumped out from the inlet and isopropanol was injected into the tank from the outlet in order
to stop the chemical reaction.

The reacted celestite strips from experiments 1 and 2 (9 and 28 hours injection time,
respectively) were still fragile and uncemented while those from experiments 3, 4 and 5 (156,
200 and 300 hours injection time respectively) seemed to be cemented and formed rectangular
blocks. The Plexiglas tanks were carefully disassembled. Because the reacted celestite strips
from experiments 1 and 2 were mechanically unstable, they were gently cut into 1 cm pieces
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(along the z-axis). All reacted celestite segments were dried in silicone moulds and those from
experiment 1, 2, 3 and 4 were then impregnated with araldite XW396/XW397 resin under
vacuum. The well-cemented solid from experiment 5 was not impregnated with resin in order to
allow the identification of fine grained phases by using an optical microscope. Standard
petrographic thin sections (~ 20 um thick) of the reacted interface were prepared on a 1 mm
thick glass support without cover glass after impregnation with resin.

2.2. Analytical techniques (optical microscope/SEM/BSE/EDX)

The microscopic structure of the reacted celestite was investigated by optical and scanning
electron microscopy (SEM). Thin sections parallel to the x-y plane from regions of the reactive
media between z = 2 cm and z = 3 cm were investigated for all the experiments (1 to 5) in order
to get structural and mineralogical information on the temporal evolution of the newly formed
phases. A thin section at z = 9 cm from experiment 1 was also made. As reported in Poonoosamy
et al. (2015), dye tests showed that due to the higher density of the 0.3 M barium chloride
solution compared to the initially injected Milli-Q® water, the solute initially accumulates at the
bottom of the tank and is then slowly transported towards the top. After 9 hours of injection the
reactive solution reached only half height of the tank while the upper part still remained
unreacted. The thin section collected at z = 9 cm can thus be considered as a control sample close
to the pristine celestite medium. The thin sections were first examined with an optical
microscope to distinguish the different phases present. The uncoated thin section surface was
then examined by SEM with a beam acceleration of 20 kV. Our SEM analyses were coupled
with Energy Dispersive X-ray fluorescence analyses (EDX) to obtain semi-quantitative
elemental analyses. Back-Scattered Electron (BSE) images were also taken, giving important
information on the spatial distribution of the elements and phases present after reaction.

2.3 Micro XRF and micro XRD measurement and data analysis

Synchrotron-based Micro-X Ray Fluorescence (U-XRF) and Micro-X Ray Diffraction (u-XRD)
techniques were used to identify crystalline phases and their spatial distribution at micrometric
resolution. To this aim, selected areas of the investigated thin section (of the sample from
experiment 5 at z = 3 cm) were scanned with an intense micro focused X-ray beam at a photon
energy of 17.04 keV. This is appropriate to obtain maps of both Ba-L, and Sr-K, fluorescence
signals, using a single element Si drift diode (SDD) detector (Ketek GmbH) to collect the
fluorescence signal. Although beam sizes of less than 1 um x 1 um were achievable, a slightly
defocused beam of 5 um x 5 um was preferred in consideration of the huge amount of data that
would be produced to scan a sufficiently large area. Simultaneously, a diffraction pattern was
recorded at each pixel of the scanned sample area with a PILATUS 100K area detector
(DECTRIS, Ltd), allowing identification of crystalline phases complementary to u-XRF at fast
data collection rates and at spatial resolutions of few micrometres.

In our experiments, the main interest was to correlate the XRD data with the fully preserved
spatial relationships in the reacted sample. In this way, a full diffraction pattern can be associated
to each single pixel mapped by XRF. In this type of experiment, we see generally less reflections
for a single diffraction image than in a powder sample due to the small volume probed by the
beam and the lack of sample or detector rotation. Nevertheless, powder XRD-like data can be
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obtained by integrating the patterns over the entire or a partial sample region. All p-XRD/ p-
XRF measurements presented here were performed at the microXAS beamline (Swiss Light
Source, Villigen, Switzerland) using the XRDUA software (De Nolf et al., 2014) for data
analysis.

3. Results
3.1. Microscopic analysis
3.1.1. Optical microscopy

Fig. 2 gives an overview of the celestite zone after reaction with the barium chloride solution
(300 hours after injection). Two distinct phases can be distinguished: the original large celestite
crystals and a brownish phase partially filling the pore space, which appears extinct under
crossed polars, i.e. it is optically isotropic, as shown in Fig. 2. This phase might therefore be
amorphous, nano-crystalline or cubic and will be referred as “fine grained precipitate” hereafter.

Fig. 2: Optical microscope images of the reacted celestite after 300 hours of barium chloride
injection under polarized light (left image) and non-polarized light (right image). Larger celestite
grains (A) can be distinguished. A newly formed phase (B), characterized by total extinction in
polarized light, partially fills the pore space.

3.1.2. Scanning electron microscopy (SEM)

The samples collected from the different experiments show the sequential evolution of the newly
formed barite phases.

As shown in Fig. 3a, initially (at time t = 0 hours) the reactive medium is composed of celestite
grains with a bimodal size distribution. Black regions correspond to open spaces representing the
original porosity of the sample, preserved by the resin impregnation procedure. However, we
cannot rule out minor artefacts arising from the thin section preparation. Some crystals might
have been ripped off during the polishing process. The large open spaces were probably the main
channels for fluid transport.

After 9 hours of barium chloride injection, small amounts of a newly formed phase (indicated by
the ellipses in Fig. 3b) appear in the interspaces between the smaller celestite crystals. This phase
probably corresponds to the brownish fine-grained precipitate observed with the optical
microscope. In some cases it forms half-circles delimiting empty spaces (black circular holes).
These structures possibly correspond to locations of fast-flowing BaCl,-rich solution, from
which the fine-grained compound precipitated forming tunnel-like walls around the flowing

72



solution. The elemental composition of the fine-grained phase was obtained by coupling the
SEM measurement with EDX spot analyses.

hours
inlet interface

c)time =28 hours B3 Sox | c) time = 28 hours 3 ‘ .| c)time = 28 hours
inlet interface inlet interface B =" | outletinterface
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Fig. 3: SEM images showing microstructural relations in the celestite reactive layer: a) Bimodal
celestite distribution of the pristine reactive layer. b) The reactive layer after 9 hours of BaCl,
injection, showing incipient formation of nanometre-sized fine-grained precipitate preferentially
around circular “holes”. Close to the upstream quartz-celestite interface the fine-grained
precipitate fills the interstitial spaces. c¢) First appearance of a thin epitaxial rim (probably barite)
growing on a large celestite crystal, as well as an infill of the same compound in a fractured
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crystal in the reactive interface. The fine-grained precipitate actually consists of a mixture of
bright and darker spots. The bright spots probably correspond to newly formed barite, whereas
the dark spots are probably residues of the small dissolved celestite crystals. In the downstream
quartz-celestite interface, only fine-grained precipitate can be observed. d) After 156 hours the
epitaxial rim is ubiquitous. e) After 200 hours, fine-grained filling and epitaxial rim are
pervasive. f) The reactive medium after 300 hours.

Fig. 4 gives two characteristic EDX spectra of the fine grained precipitate (after 28 hours of
reaction) taken in the upstream and downstream celestite-quartz interfaces, indicating that it
consists of Ba, Sr and S in variable proportions. At the inlet interface, the barium concentration
was higher than at the outlet interface. Because the grain size of the precipitate is considerably
smaller than the probed volume, the EDX analyses cannot be interpreted to represent single
mineral compositions.

Fine grain phase at the inlet interface Fine grain phase at the outlet interface
% composition % composition
8 Ba: 25.3 81 Ba: 2.8
‘ S:50.3 S:49.5
Sr Sr: 244 Sr: 47.7
Ba S
i Ba
=

Fig. 4: The elemental composition of the fined grain phase formed at the upstream (inlet) and
downstream (outlet) interface. (The percentage composition for each element is given in the
picture).

After 28 hours of barium chloride injection (Fig. 3c), thin overgrowths formed around several
celestite grains. They are most probably Ba-rich, as indicated by the bright colour in the BSE
images, and appear at the celestite-quartz interface closer to the inlet. A bright overgrowth also
occurs in some micro-fissures within large celestite grains. Further away from the inlet, no such
rims can be seen at this injection time.

After 156 hours of barium chloride injection and onwards, all large celestite crystals are covered
with brighter rims and the fine grained precipitate progressively fills the pore space (clogging).
After 300 hours, the Ba-rich overgrowth on large celestite crystals is pervasive (Fig. 3f).

3.2. i-XRF measurements

Fig. 5 shows elemental maps of Ba (left) and Sr (right) obtained by collecting the X-ray
fluorescence signals over the same sample area, compared to the optical microscope image. The
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sample analysed in Fig. 5 was collected from experiment 5 (i.e. barium chloride injection was
interrupted after 300 hours) at position z = 3 cm. The XRF data confirm the BSE images and
show an accumulation of Ba in the interstitial spaces between the large primary celestite grains
(indicated by the arrows in Fig. 5a and 5b). All the large celestite crystals show a barium-rich
overgrowth.

Fig. 5: The optical microscopic view (right) of the reactive media after 300 hours of barium
chloride injection and the corresponding elemental mapping (right side) using u-XRF techniques
with (a) corresponding to barium signals and (b) to strontium signals.

3.3. u-XRD measurements

Fig. 6 shows a map of X-ray diffraction intensities arising from reflections at a d-spacing of 3.1
A. This corresponds to the most intense reflection (211) of pure barite at d = 3.11 A and can be
distinguished from the corresponding celestite reflection at d = 2.97 A. The images on the right
side of Fig. 6 are micro-diffraction patterns obtained from few pixels (superimposed images) at
the locations in the map indicated by the origin of the arrows. They represent the 3 previously
identified distinct phases, i.e. pristine celestite (a), a rim precipitate overgrown on celestite
crystals (b) and fine-grained interstitial precipitate (c). The probed volume at each single pixel is
about 5 pm x 5 um x 30 um. The pattern from the interior of a large celestite crystal (given in
Fig. 6a) produces as expected spot-like reflections assigned to pure celestite ( e.g. plane (211)).
Spot-like reflections are characteristic of well-developed single crystals or crystal aggregates
with a strong preferred orientation. Spot-like reflections are also visible in the XRD pattern
collected at the barium-rich interfaces in contact with the large celestite crystals (Fig. 6b).
However, they are typically “doubled” as pairs characterized by small differences in 2 theta
angles (consistent with pure barite and pure celestite reflections) and by identical azimuthal
angles. The identical azimuthal angles imply that the barite reflections arise from
crystallographic planes with the same orientation as the celestite substrate, i.e. it is a signature
for epitaxial growth of barite on celestite. In contrast to Fig. 6a and 6b, the fine-grained phase
filling the interstices is dominated by continuous diffuse Debye rings corresponding to pure
barite reflections (Fig. 6¢). The appearance of Debye rings from XRD patterns integrated over a
sample volume of few pm? is a clear proof that the “extinct phase” interstitial precipitate is in
reality nano-crystalline, i.e. composed of randomly oriented nanometre barite particles.
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Fig. 6: XRD diffraction intensity map for d = 3.1A, corresponding to the (211) barite reflection,
correlated with 3 different XRD patterns from the indicated map locations (a) interior of a large
celestite crystal, (b) micro-crystalline epitaxial barite at the surface of large celestite crystal and
(c) nano crystalline phase filling the interstices). Intensities increase in the sequence blue < cyan
< green < yellow < red.

In contrast to the patterns of Fig. 6, Fig. 7 gives XRD images integrated over the entire mapped
area. Only diffraction patterns corresponding to selected ranges of Ba and Sr fluorescence
intensities are integrated. Fig. 7a shows the area-integrated diffraction pattern arising from high
Ba intensities and corresponds to the deep red regions in Fig. 5a. As in Fig. 6c, the averaged
diffraction pattern is dominated by Debye rings corresponding to pure barite reflections (indexed
in blue). In addition, several spots appear which correspond to celestite reflections (indexed in
green). Probably, these reflections are due to residues of primary celestite which remained
undissolved. Therefore, this diffraction pattern identifies nano-crystalline barite (rings)
intermixed with relics of primary celestite (spots). We can rule out that the spot reflections
originate from the large primary crystals because care was taken to select only locations far away
from such crystals (through the definition of fluorescence intensity interval from which the
diffraction patterns are picked up).

The averaged diffraction pattern corresponding to the integration of XRD patterns associated
high Sr signals (red regions in Fig. 5b) is given in Fig. 7b. Except for a single weak spot assigned
to barite (blue ring corresponding to the (211) reflection), as expected all other Debye rings
match celestite reflections.
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Fig. 7: (a) is the averaged pattern from all XRD patterns obtained from high Ba regions (pixels
with intensities > 3800 counts in Fig. 5a). This corresponds to all red spots, surely with no
interaction with the large primary celestite crystals. (b) Is the averaged image from all XRD
patterns obtained from high Sr regions (pixels with intensities > 3800 counts in Fig. 5b). This
integration selects only regions corresponding to the cores of primary celestite crystals.

In summary, all reflections in the XRD patterns of Fig. 6 and Fig. 7 are consistent with d-
spacings assigned either to pure barite or to pure celestite. The fine-grained aggregate previously
identified with the optical and SEM microscope can thus be identified as consisting of pure
barite nanocrystals intermixed with residues of primary celestite. It is also worth noting that the
formation of barite solid solutions with a significant mole fraction of Sr can be excluded, since
no noticeable displacements of the pure barite (221) and (210) reflections can be found
(Ceccarello et al., 2004).

4. Interpretation
4.1. Thermodynamic and kinetic considerations

The Lippmann diagram for the barite-celestite binary shown in Fig. 8a was constructed using the
solubility products K°,(BaSOs) = 10°%" and K%,(SrSO4) = 10°%, taken from Hummel et al.
(2002), and assuming a subregular mixing model with interaction coefficients W1, = 3665 J mol™
and W,; = 3787 J mol™ (Zhu, 2004). The large difference in the solubility products of the two
end-members implies that the composition of a fully equilibrated solid solution will be strongly
enriched in the less soluble component (BaSQO,), even in Sr-rich aqueous solutions. For example,
an aqueous solution with a Sr/Ba ratio of 2.33 (Xs,aq = 0.7) would be in equilibrium with barite
containing only a few tens of ppm Sr (Fig. 8b). In our experiments, a relatively high concentrated
BaCl, solution is injected and transported advectively, implying very low Sr/Ba ratios in the
reactive medium at any time and any location. Therefore, equilibrium thermodynamics would
predict, in agreement with the observations, precipitation of pure barite during our experiments.

However, equilibrium thermodynamics is not always appropriate to describe the phenomenology
of sulfate mineral precipitation in short-term experiments. There is ample evidence that non-
equilibrium precipitation is common in highly supersaturated solutions (Prieto et al., 1993; Pina
et al., 2000). In general, homogeneous precipitation of Sr-rich solid solutions is favoured over
Ba-rich solid solutions because the critical supersaturation of SrSO,4 (€2 = 39) is much lower than
that of BaSO, (Q2 = 1000). These values, taken from droplet experiments reported in Walton
(1969) and cited in Prieto et al. (1993), imply that in a mixed solution with e.g. Q (SrSO,4) = 50
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and Q (BaSO,) = 900, precipitation of a celestite-rich solid solution would occur in spite of the
much higher supersaturation with respect to barite. This aspect needs be considered in the
interpretation of experimental data.
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Fig. 8: Lippmann diagram for the barite-celestite binary: (a) complete diagram; (b) partial
diagram with the x-axis in log-scale.

4.2. Application of classical nucleation theory

In the experiments presented, two distinct barite precipitates have been observed and identified:
1) nano-crystalline barite filling the pore space and ii) a thin barite overgrowth on large and
medium-sized celestite crystals (SrSO,4). Whereas Fig. 3b and 3c (9-28 hours from the start of
BaCl; injection) show apparently that precipitation of the fine-grained compound preceded the
formation of the rims, in Fig. 3f (300 hours) the opposite seems to be true. This apparent
inconsistency suggests that conditions favourable to the formation of either phase may vary
locally within the reactive celestite zone. At the longest injection time (Fig. 3f) the rim was
shown to consist of tiny crystals with the same orientation as the celestite substrate, as expected
for epitaxial growth (Fig. 6 and section 3.3). This suggests that two nucleation mechanisms were
involved: homogeneous nucleation (nanoparticle aggregate) and heterogeneous nucleation
(epitaxial rim). The nucleation mechanisms which lead to the precipitation of ionic solids and
particularly of barite are discussed in detail in Kashchiev and van Rosmalen (2003) based on the
Classical Nucleation Theory (CNT). We apply here the same principles, in spite of a current
debate on the applicability of CNT (Gebauer et al., 2014). As pointed out by Prieto (2014), CNT
is still a valid tool to explain precipitation phenomena specifically for sulfate minerals such as
barite, which unlike carbonates does not form allotropic precursors.

For the interpretation of our data, we use the empirical findings and model of Prieto (2014),
which are based on earlier counter diffusion experiments described in Prieto et al. (1990). In
these experiments BaCl, and Na,SO, solutions were introduced on opposite sides of a U-tube
filled with porous silica hydrogel, leading to precipitation of barite. Dissolved sulfate and barium
ion concentrations were determined analytically across the diffusion profile at different times.
From these data, the degree of supersaturation was determined as a function of time and location
in the column. Using microscopy, the time elapsed between the start of experiment and first
appearance of crystals was determined, from which induction times for the start of precipitation
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in each experiment were derived. The application of plane CNT to precipitation in porous media
leads to under prediction of induction times (the time of onset of homogeneous precipitation) by
several orders of magnitude. Typically, homogeneous precipitation in porous media starts only
after days or weeks, not after a few seconds as predicted by the theory. This inconsistency is
mainly due to the pore size effect (Prieto, 2014). Unlike a free bulk solution, a porous medium
divides the fluid in a large number of pores, which act as “microscopic separate chambers” with
respect to nucleation. Because the nucleation probability is essentially proportional to the
solution volume, homogeneous precipitation in small pores will be much more difficult than in a
bulk solution. This point is illustrated by the basic equation for the induction time (Kashchiev
and van Rosmalen, 2003):
t; = v 1)

where t; is the theoretical induction time, J is the nucleation rate and V is the volume of fluid.
The induction time is the time required to form a BaSO4 molecular cluster just above the critical
size, beyond which further growth becomes energetically favourable and precipitation should
start. In porous media, it is not appropriate to set the total volume of fluid in the equation above;
a characteristic pore volume size is more suitable. Prieto (2014) was indeed able to remove the
aforementioned inconsistency between predicted and measured induction times by setting the
characteristic pore sizes (0.1 - 1 um) of the silica gel used in his experiments in equation 1. A
major consequence of this pore-size effect is that precipitates formed via homogeneous
precipitation should be concentrated in large pores.

The “theoretical” induction time to reach stationary nucleation rate using equation 1 for both
homogeneous and heterogeneous nucleation for an averaged pore size of (100 pm)? as the
highly concentrated solution of BaCl, reaches the reactive medium (critical supersaturation of 4),
takes place within seconds (instantaneously).

For the interpretation of our data, it is not possible to apply, equation 1 which is suitable for
analysis of t; data only when they are obtained by experimental techniques allowing counting the
number N of nuclei or detecting the appearance of a single nucleus in the solution (Kaschiev and
van Rosmalen, 2003). However, in our experiments, it was not possible to monitor and count the
appearance of nuclei. The SEM images taken at discrete time intervals only allowed us to detect
newly formed barite at a resolution of about 1 um. In such a case the expression to be used is
equation 38 in Kashchiev and van Rosmalen (2003):

1

bexp = ( i )Z 2

nG3J

where oy is the detectable volume fraction of the new phase i.e. the ratio of detectable volume V4
of the nucleating phase to total volume V of the system (Kashchiev, 2000). In our case, V is

equated to the total assumed volume of the single pore, V,, yielding a,, = % Vq is assumed to
P

be 1 pm?® which corresponds approximately to the resolution of our SEM images. G = % is the

growth rate of the nucleating phase (R is the crystallite radius). It is important to note that G
could only be roughly estimated assuming that the barite nanoparticles grew to a radius of 10 nm
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(10® m) after 9 hours. This is the first time after start of the experiments for which microscopic
images are available. Dividing 10 nm by 9 hours yields ¢ = 3.09 x 10~ ms™, set into
equation 2. We used tey, (instead of t; as in the original publication) in equation 2 to emphasize
the fact that the formula expresses the time of first appearance of an experimentally detectable
precipitate.

The model developed by Prieto (2014) to calculate Supersaturation-Nucleation-Time (SNT)
diagrams for homogeneous and heterogeneous nucleation has been implemented and adapted
here to our experiments. Such diagrams provide curves of induction time vs. supersaturation,
calculated from equations based on concepts and parameters used in CNT. Briefly, the model
calculates the time needed to start homogeneous and heterogeneous nucleation from the
production rate (J) of nuclei just exceeding the critical size. Beyond the critical size, the free
energy of the nuclei decreases, leading to fast spontaneous growth. The nuclei are treated as
spherical aggregates of dissolved “monomers”, i.e. the simplest molecules needed to build the
solid (the aqueous BaSO,4 complex in the case of barite). J depends on a number of parameters,
like the volume of the “monomer”, the surface area and size of the critical nucleus, the diffusion
coefficient of the “monomers” and their concentration. Details on the assumptions, equations and
parametrization of the model can be found in Prieto (2014) and references therein. The purpose
here was to provide a theoretical framework to understand qualitatively our observations.
Predictive calculations are indeed not possible, as some input parameters, such as interfacial
tension of the precipitating solid and the pore volume, are difficult to measure or ill-defined.

The main model adaptation was the selection of a characteristic pore size (V,), which we set for
our calculations to (100 pm)® and (10 um)? to represent typical pores in our porous medium (Fig.
3a). Further, we had to provide a value for N;, the number of dissolved BaSO,, aqueous
monomers per unit volume of fluid. In principle, this is a space and time dependent quantity that
may vary by several orders of magnitude through the reactive celestite region. In order to
account for the variation of this parameter, we calculated two limiting values via GEMS-PSI
speciation calculations (Kulik et al., 2013) using the data compiled in Hummel et al. (2002): a
maximum value (N; = 2.94 x 102 m™) representing the pre-equilibrium BaSO., aqueous
concentration resulting from mixing 0.3 M BaCl, with saturated celestite solution, and a
minimum value (N; = 3.23 x 10* m™) after full equilibration. These limiting values were used as
fixed parameters in alternative calculations. Finally, we chose a lower value than Prieto (2014)
for the effective interfacial tension (et = 0.045 J m™, corresponding to a wetting angle © = 40°)
to describe epitaxial growth of barite on celestite, which is a more favourable substrate for
epitaxial growth of barite compared to the silica hydrogel used by Prieto et al. (1990). The net
effect of reducing oe IS to decrease the threshold supersaturation required to initiate
heterogeneous nucleation.

The results of our calculations are illustrated in Fig. 9, which shows two pairs of SNT diagrams
calculated assuming the two aforementioned monomer concentrations and for pores of 10 and
100 pm. Detailed equations used to reproduce the SNT diagram (Fig. 9) are given in the
appendix.

As the 0.3 M BaCl, solution reaches the quartz-celestite interface, a very high supersaturation
will be almost instantaneously established. Our speciation calculations, carried out with the
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GEMS-PSI and using the extended Debye-Hiickel equation, yield a saturation index (SI) close to
4.0 (2 = 10%. For a given pore of (100 um)?* the induction times at SI = 4, homogeneous and
heterogeneous nucleation start respectively 9 and 1 hours after the impact of the BaCl, solution
with the celestite zone. While the (9 hours) coincides with our observations (Fig. 3b), the
predicted appearance time of heterogeneously nucleated barite is much lower than observed in
our SEM images (28 hours, see Fig. 3 c). This apparent inconsistency may be explained by the
different nature of the considered nucleation processes. Homogeneous nucleation proceeds by
volume growth at preferential locations (resulting in a few, but easily visible spots in the SEM
images), heterogeneous nucleation proceeds via lateral spreading on a large amount of pre-
existing celestite surface area. Moreover, whereas homogeneous nucleation, once started, is a
chain-reaction like process (very fast), epitaxial growth of barite on the celestite crystals will
proceed at considerably slower rates. Indeed, epitaxial growth occurs at lower growth rates as it
involves the diffusion of solutes to the surface of the mineral. After 300 hours, an average of 3
pum rim of barite overgrowth on celestite crystals is seen, which gives an estimated growth rate
of 10 nm hour™ (0.09 um after 9 hours which is not detectable at the resolution of our SEM
image, Fig. 3a and 3b). These explain why the nano-crystalline barite aggregate appears in our
experiments before the epitaxial barite formation becomes visible. Following the sudden
precipitation of nano-barite, the local SI will decrease abruptly, e.g. to SI ~ 0.5 (due to
continuous supply of SO4* from celestite dissolution and BaCl,, SI = 0 will not be reached).
Further supply of BaCl, solution and dissolution of celestite will then increase the SI until the
appropriate heterogeneous curve is intersected. From this moment on, epitaxial growth will
proceed with no concurrent homogeneous nucleation.
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Fig. 9: SNT diagrams for homogeneous (HON) and heterogeneous (HEN) nucleation optimized
for our reactive transport experiments, assuming two bounding concentrations of BaSO,, aq
monomers (“high N1” (a) and “low N1” (b)) and for pore sizes varying between 10 um to 100

um.

Roughly, the CNT model agrees with of our observations: at the first impact of BaCl, with
celestite, both epitaxial barite and nano-barite can be formed. The amount of nano-barite formed
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will be limited by the supply of sulfate, which will be larger in the regions filled with small
celestite crystals (larger surface area). Therefore, the nanophase will form dominantly at the
expense of small celestite crystals, which will be rapidly consumed or isolated from solution.
Micro-XRD analysis of the barium rich crystalline phase that fills the pore space showed spot-
like celestite reflections corresponding to such residual celestite crystals.

Once the small celestite crystals are consumed or isolated from the solution, or the supply of
BaCl, is locally interrupted, the SI of barite decreases rapidly. A low supersaturation with
respect to barite will be nevertheless maintained via dissolution of large celestite crystals and
supply of BaCl,. The supply of sulfate is now slower since only larger celestite crystals (low
specific surface area) are involved. Under such conditions, homogeneous nucleation is excluded
and only epitaxial growth is possible. The rim of crystalline barite grows on the surface of the
large celestite crystals.

The fact that after 300 hours the newly precipitated solid on celestite crystals is pervasive (Fig.
3f) might also be the consequence of a dissolution-crystallization process (recrystallization)
which would be driven by the slightly higher solubility of fine-grained precipitates in
comparison to larger-grained ones Schindler (1967). The difference in solubility between the
fine-grained and the epitaxial precipitates would lead to an Ostwald ripening process which
would proceed through the simultaneous dissolution of the fine-grained precipitate and the
growth of the epitaxial precipitate (Baronnet, 1982; Morse and Casey, 1989). This process could
explain the different features observed in Fig. 3e and 3f.

As can be seen in Fig. 3a, the initial pore size distribution is quite heterogeneous with pore sizes
varying between 10 and 500 um. Initially, the celestite porous medium consisted of non-
cemented grains of celestite, in which pore connectivity is larger than in a porous rock (e.g.
sandstone), where grains are cemented. Putnis and Mauthe (2001), Stack et al. (2014),
Nindiyasari et al. (2014) and Prieto (2014) reported in detail the dependence of nucleation
kinetics on the pore size in porous media. The effect of reducing the pore size is an inhibition of
nucleation so that the curves in Fig. 9 would shift considerably to the right if the pore size is
reduced from 10 pm to 1 pm. In contrast, the curves shift to the left at higher pore sizes. The
curves of Fig. 9 are calculated for the minimum pore size (10 um)* and average pore size (100
um)2. The induction time for (10 pm)® pores is ~ 4 hours for heterogeneous nucleation and 319
hours for homogeneous nucleation. As mentioned above, the induction time for (100 um)® pores
are 1 and 9 hours for homogeneous and heterogeneous nucleation respectively. For larger pores
(> 100 pm)?®, kinetic effect related to pore size would hardly be observable in our system, since
the corresponding curves for larger pores would shift to the left and imply even shorter induction
times for both homogeneous and heterogeneous nucleation at high supersaturation. In our
experiments, nano-barite crystals appear first along the main flow pathways as shown in Fig. 3b,
but also across the entire celestite medium afterwards. A preferential formation of nano-barite in
the larger pores compared to smaller pores e.g. (30 pm)® was not detectable with our
measurements, probably because in our system pore connectivity is larger. For a better
evaluation of the possible dependence of nano-crystalline formation in larger pores, tomography
measurements will be performed.
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Micro-XRD analysis also showed the absence of (Ba,Sr)SO, solid solutions. This result is easily
understandable by considering the Lippmann diagram in Fig. 8. The continuous supply of
relatively concentrated BaCl, solution and the fact that local Sr concentrations cannot exceed 0.6
mM (celestite equilibrium is approached from under saturation, so SI = O will never be
exceeded) will ensure low values of the aqueous Sr mole fraction and thus favour precipitation of
pure barite. Non-equilibrium precipitation of Sr-rich end-members as described by Prieto et al.
(1993) is not possible simply because SI (SrSO,) will never exceed zero. Under such conditions,
the formation of SrSO, critical nuclei can be excluded. Only barite clusters will be formed,
preventing the precipitation of (Ba, Sr)SO,solid solution.

5. Conclusions and outlook

With the current study, we identified the formation of two distinct crystalline pure barite phases
following celestite dissolution in porous media, induced by injection of BaCl, solution. These
phases include an epitaxial growth of barite micro-crystals on large celestite crystals and a nano-
crystalline barite phase with residues of celestite crystals in the pore interstices. The observed
temporal precipitation sequence showed that at least in the first stages of the reaction, the
formation of a nano-crystalline barite phase resulting from homogeneous nucleation appears
before the growth of epitaxial barite on celestite crystals. However, classical nucleation theory
predicts that the induction time for homogeneous nucleation and heterogeneous nucleation is 1
hour and 9 hours respectively. This apparent inconsistency may be resolved by considering that
heterogeneous growth on celestite substrates cannot be detected in early stages of the process.
From SEM images, rim thickness of 3 um in 300 hours is detected which correspond to a growth
rate of 10 nm/hour.

The experimental observation also showed the limits of the reactive transport model used by
Poonoosamy et al. (2015). Although kinetic effects were implemented by fixing two distinct
rates for the dissolution of large and small celestite crystals, effects due to precipitation kinetics
and metastability of supersaturated solutions were neglected (instantaneous precipitation of
barite was assumed as soon as saturation was exceeded). The results of the present
mineralogical-microscopic investigation clearly show that precipitation kinetics effects related to
metastability of supersaturated solutions and distinct nucleation mechanisms are important and
have certainly an impact on fluid flow properties. Therefore, these results prompt for future
improvements of the reactive transport model. In the continuum scale model which considered
average medium properties, the experimental data for total minerals (BaSO4 and SrSO,) were
well reproduced by assuming barite precipitation at equilibrium. However for pore scale
modelling which considers subgrid changes, the nucleation mechanisms should be taken into
account. In addition, experiments of Prieto et al. (1990) showed that metastable conditions may
exist at which nucleation cannot occur despite high supersaturation. Our future work will thus
concentrate on the effect of supersaturation on epitaxial growth and homogeneous precipitation
of barite in celestite porous media. This will be achieved by developing appropriate pore scale
models and hopefully result in a better understanding of reactive transport in porous media.
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Appendix

The nucleation rate, J [m™s™'] varies exponentially with the free energy change (AG,) associated
with the formation of a nucleus of critical size (Prieto, 2014):

J = Texp(—79) 3)

where k is the Boltzmann constant, T is the absolute temperature and I" a pre-exponential factor.
The nucleation barrier is highly dependent upon the interfacial tension ¢ and supersaturation
index SI:

v?o3
AGC = (k’flnT))z’ (4)
B is a geometry factor, set to 16.8 for a sphere, o was set to 0.134 J m™ according to Nielsen
(1967), v is the volume of a single (spherical) BaSO, monomer, which was set to 8.60x10%° m®
(Prieto, 2014). For heterogeneous nucleation, the interfacial tension (oygy), Was calculated as a
function of the contact angle @ between substrate and growing mineral, according to Kashiev
and van Rosmalen (2003):

ouen = ((0.25(2 + cos(0))(1 — cos(0))?)s. o, 5)

The pre-exponential factor in eq. (2), I', represents the rate of attachment of monomers
controlled by diffusion and is given as:

I' = 2nZDN; Nyd,, (6)

40v
kTIn(SI)’
N, are concentrations that represent the number of monomers per unit volume of fluid and the
number of nucleation sites respectively. No (HON) was set to 3.33x10% m™ and No(HEN) was
set to 2.50x10* m™, the same values used by Prieto (2014). N; depends on the supersaturation
and was evaluated using GEMs-PSI (see main article).

where D is the diffusion coefficient of monomers set to 9.3x10° m?s™ and d, = N; and

Z is the Zeldovich factor given as:

1

_ AG:  \z
Z= (3nkT(nC)2) ' (7)
The number of monomers in the critical nucleus, n., is given as:
__( 20a )3 (8)

Ne = 3kTIn(SD)/

where a is the surface area of a single nucleus.

Using the above formulas and equation 2 from the main text, the SNT diagrams shown in Fig. 9
for our system were evaluated.
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10.2 PSI - Reactive transport benchmark

Jenna Poonoosamy. Georg Kosakowski, Luc R. Van Loon, Urs Mdder

In this chapter we briefly summarize the reactive transport experiments we
conducted in a flow cell and which are described in Poonoosamy et al. (2015).
Then we present our numerical simulations whose results were benchmarked
against our experimental work. We considered three case studies with in-
creasing complexity: case 1 considers a 2D system with density driven flow
and conservative mass transport, case 2 in addition includes the dissolution
and precipitation of mineral phases leading to porosity changes and case 3
extends the case 2 by considering the formation of solid solutions. We used
the OpenGeoSys-GEM simulator, which uses finite element solvers for fluid
flow and mass transport implemented in OpenGeoSys, coupled with GEMS
for chemical equilibrium calcnlations (Kosakowski and Watanabe, 2014). The
numerical calcnlation with OpenGeosys-GEM will be compared with other
reactive transport codes within the framework of SeS benchmark projects.

10.2.1 Definition of the problem set-up

We designed a 2D reactive transport experimental benchmark which aims
to be reproducible. fast to conduct and with a simple chemical set up. In
what follows. we briefly summarize the experiment formulated to benchmark
mumerical simulations of flow of a fluid with variable density coupled with
reactive transport (Poonoosamy et al., 2015). The experiment was conduc-
ted using the flow cell depicted in Fig. 10.2.1, which allowed us to visualize
dye tracer tests. It consists of a reactive porous layer of strontinm sulphate
(SrSO,) between two inert porous layers composed of silicon dioxide (Si03).
The flow cell has dimensions of (.1x0.1x(0.01 m. and it contains several ports
for fluid injection and sampling. The inlet and outlet positions were chosen to
create an asymmetric flow field. The chemical transformations in the flow cell
were monitored by taking samples of the pore solution at ports ¢’ and 'd’, as
well as by collecting the effluent at the outlet. The pressure difference between
ports 'a’ and ‘b’ was also measured. We performed post mortem analysis to
determine the nature and location of the mineralogical transformations of the
reactive media. Our numerical simulations will follow up this setup, and we
will use our experimental measurements to quantitatively benchmark them.
A qualitative benchmark will also be shown using images of the dye tracer
distribution throughout the flow cell.

In Table 10.2.1, we list the properties of the different regions Q1, Q2.
and Q3 shown in Fig. 10.2.1, as well as properties of the fluid and initial
conditions used for the numerical calculations. The coordinates (x, z) of the
ports "a’ and 'b’, where pressure sensors were installed, are (0.02 m, 0.02 m)
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Fig. 10.2.1: Geometry of the nmumerical benchmark.

and (0.08 m, 0.08 m) respectively. The ports ¢’ and 'd’. where sampling was
performed, are located at (0.08 m, 0.02 m) and (0.02 m. 0.08 m) respectively.
These are the coordinates one should use to compare numerical results with
the experimental measurements presented in Poonoosamy et al. (2015).

Table 10.2.1: Properties of the different regions of porous media

Characteristics Q1 Q2 Q3

Length [m| case 1 & 2 0.045 0.01 0.045

Length [m] case 3 0.045 0.005 0.055

Initial porosity (wp) |-} case 1 & 2 0.3 0.33 0.40

Initial porosity (wo) [-] case 3 0.34 0.40 0.40

nitial permeability kg [m=] case 1, 2 1.82x10="" [ 1.8x10="* [ 1.82x10="*

Initial permeability ko [m?] case 3 1.82x10=" | 3.0x10=* | 1.82x10="!

Dispersivity o [m] 10=" 10=" 10="
iffusion coefficient Dy |m2s=! 10=2 10-9 10-7

Volume fraction of silicon dioxide case 1, 2 & 0.66 0 0.60

3 [

Total volume fraction of Sr50; case 1 & 2 |-] 0.67

Volume fraction small strontinm sulphate 0 0.223 0

grains case 2 [-]

Volume fraction large strontium sulphate 0 0.447 0

grains case 2 [

Total volume fraction of Sr804 case 3 [-] 0.60

one strontium sulphate grain size only.)

{nitlm pH (fixed by initial chemical set up.) 5.6 5.6 5.6

In case 2, the ()2 region is composed of bimodal grain size distribution of SrSO4

crystals (mixture of large and small grains).
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We define three different benchmark cases with increasing complexity. In
Case 1, we study density driven flow with conservative mass transport. In
Case 2. we in addition consider dissolution and precipitation of mineral phases
leading to porosity changes. Finally, Case 3 extends the Case 2 by inclusion
of the possible formation of solid solutions. Table 10.2.2 provides additional
information on the inlet and outlet conditions for the three case studies. For
all simmlations, we considered a discretization of the squared geometry in Fig.
10.2.1 by triangular elements. For Cases 1 and 3, a node distance of 1 mm
was chosen. while for Case 2 a more refined mesh was adopted, with a node
distance of 0.5 mm.

Table 10.2.2: Characteristics of the inlet and outlet.

Characteristics Case 1|Case 2|Case 3
Inlet (x=0 m: z from 0.008 to 0.0113 m) [m] 0.0033 | 0.0033 | 0.0033
l(')!:itlet (x=0.1 m: z from 0.08855 to 0.09185 m) 0.0033 | 0.0033 | 0.0033
Source term [ul. min=!] at inlet 20.0 | 20.0 | 100
NaCl concentration [mol L="] at inlet 1.4 NA NA
BaClz concentration [mol L='] at inlet NA 0.3 0.001
SrCl, concentration [mol L='] at inlet NA NA | 0.099
Pressure at outlet [Pa] 101325 | 101325 | 101325
Amount [mL] of 3 g L=!dye tracer injected 0.5 NA NA
Modelling time duration [hours) 24 200 | 600

NA: not applicable

Case 1: Conservative mass transport coupled with a density driven flow.
Here we consider the injection of a highly concentrated solution of sodhun
chloride (NaCl of density 1.056 kg dm™) in a flow cell. initially saturated
with water (density 1 kg dm™). An injection of (.5 mL of a conservative
tracer at the inlet is carried out at a rate of 20 uL min~", followed by the
inflow of a NaCl solution for 24 hours. This NaCl solution was saturated
with strontinm sulphate (SrSOy). The Q2 region, composed of SrS0Q;, was
assumed to be unreactive in this case study. The system was simulated for
24 hours.

Case 2: Reactive transport unth porosity changes.

A highly concentrated solution of barium chloride (BaCly) is injected in a
flow cell. The injection of BaCl, enhances the dissolution of SrSO, and
causes barium sulphate (BaSQy) to precipitate according to the reaction:

BaCla(aq) + STS04(s) = BaSOysy + SrCla(ag) (10.2.1)

Porosity changes are likely to occur given that BaSOjhas a larger molar
volume than SrSOy4. As a result, material medium properties such as per-
meability and diffusivity will equally change. The reactive layer Q2 has an
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initial porosity of 33% and is composed of two grain size populations of SrSO,
(i.e.. celestite 1 and celestite 2). Celestite 1 corresponds to SrSO, with a grain
size of 10-63 pm, while celestite 2 has a much higher grain size in the range
250-400 pm. Different kinetic rates of dissolution are used for these two grain
populations (see section 10.2.2). The following reactive surface areas (per
volume unit) were attributed to the small and large crystals respectively:
20000 m? m~3 and 100 m? m~3. We assumed no kinetic constraints on the
precipitated barite (BaSQO,(s)) phase. The simulation time is set to 200 hours.

Case 3: Reactive transport involing the formation of a solid solution.
Here the reactive media is composed of celestite with a single grain size
population of 63-125 pm. The reactive surface area (per volume unit),
a(srs04)- is 10000 m* m~>. A solution composed of 0.099 mol L™* SrCl,
and 0.001 mol L~ BaCl, is injected at the inlet at a flow rate of 10 uL
min~'. The simulation time is set to 600 hours.

The chemical configurations for Case 1, Case 2 and Case 3 are summarized
in Table 10.2.4, Table 10.2.5 and Table 10.2.6 in the annex.

10.2.2 Description of the coupled code

The fluid flow and mass transport equations are solved by OpenGeoSys, and
the chemical processes by the GEMS3K kernel code of GEM-Selektor V3 (Ku-
lik et al., 2013). The coupling of these two codes is referred as OpenGeoSys-
GEM, and its capabilities are described in Shao et al. (2009) and Kosakowski
and Watanabe (2014). Mass transport and chemical reactions are solved in
a sequential non-iterative approach (SNIA), i.e. the transport and reaction
equations are solved separately in a sequential manner without iteration
between them.

The GEM approach consists of calculating the equilibrinm state of a chem-
ical system via minimization of its Gibbs free energy. The minimization is con-
strained by mass balance equations where the given total amounts of chem-
ical elements are conserved. An additional charge balance equation is also
imposed to enforce the electrically neutral condition of the system. The cal-
culated equilibrium state by GEMS3K not only provides the molar amounts
of every species in the system. which indicates which phases are stable or
unstable, but also important chemical quantities such as species activities
that are needed for calculation of kinetic rates of mineral dissolution. The
thermodynamic data (standard Gibbs energy of formation [k] mol™!]) of
aqueous, gaseous and solid species considered in our chemical system and
the molar volumes [m*® mol™'] based on the PSI/NAGRA thermodynamic
database (Hummel et al., 2002), are given in Table 10.2.3.

In OpenGeosys-GEM the density of the aqueous phase is calculated by
GEM3K. This is done by calculating the partial molar volumes of each
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aqgueous species at the temperature and pressure of interest, and summing the
product of these partial molar volumes by the corresponding molar amounts
of the aqueous species to obtain the volume of the aqueous phase. The total
mass of the phase divided by this volume gives the density of the aqueous
phase, which is dependent on its molar composition. This density is updated
after each chemical equilibrium calculation and passed along to the fluid flow
solver.

Density flow

During the nmmerical simulations. the velocity field is calculated by solving
the flow equation (equation 14.16 in Kolditz (2002)). The concentrations of
all chemical species are determined by solving the mass transport equation
(equation 3.46 in Kolditz (2002)) for the components (i.e. chemical elements)
followed by equilibrium calculations by the chemical solver at every node of
the mesh using the result of the transported components. The equilibrated
concentrations are retrieved for the next time step of mass transport calcu-
lation. In OpenGeoSys. the Boussinesq approximation is considered. i.e the
density variation is neglected in the mass conservation equation of the fluid
phase. Density variations are included by the buoyancy term of the Darcy
equation only. For variable-density flow in porous medinm the Darcy velocity
q(m s71) is given as:

k
q= 5 (Vp—pg). (10.2.2)

where k is the permeability tensor (m?), p is the dynamic viscosity (Pa s)
of fluid. Vp (Pa) is the pressure gradient, p is density of fluid (kg m~*) and
g is the gravity vector (m s™2).

Porosity, diffusivity and permeability

As a result of dissolution/precipitation reactions, porosity changes occur.
Transport properties such as effective diffusion coefficients, D, .and the per-
meability. k. of the medium are parameterized as a function of porosity.

For the dependence of the effective diffusion coefficient. D, on porosity
we used a simplified Archie’s law (Archie (1942)):

D. = Dn™ (10.2.3)

where D, [m?s~!] is the diffusion coefficient in water, n [-] is the porosity
and m [-] is an empirical coefficient. In our case m was set to 1.

Changes of permeability k, [m?] with porosity are given by a modified
Kozeny — Carmen equation:
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3
oz ko(l) (10.2.4)
o
where & [m?] is the initial permeability. and wand wy are the current and
initial porosities, respectively.

Activity corrections

Activity coefficients for all dissolved species v; are calenlated by the extended
Debye-Hilckel equation (Helgeson et al. (1981)). A detailed description is
reported in Wagner et al. (2012). Equation (5) relates the activity coefficients
of an aqueous ion to its charge (Z;) and ionic strength (I):

—AZ3T
1 ceampa TV WSV opop
™ R

Where @; (in 107 cm) is an average distance of approach of two ions
of opposite charges. b, is a semi-empirical coefficient, either individual for a
given electrolyte or common for all charged species. a; and b,; were set to 3.72
and 0.064 respectively for all the ionic species (Helgeson et al. (1981)). These
are values for the well calibrated sodium chloride electrolyte. A, and B,
are temperature dependent coefficients obtained internally from SUPCRT92
subroutines (Johnson et al. (1992)) incorporated into the GEMS code. At a
temperature of 25 °C and pressure of 1 bar, A, ~0.5114 and B, =~ (0.3288.
Activity coefficients, y(;for neutral species (dissolved gasses) and water were
set to unity.

I (10.2.5)

Kinetics of precipitation and dissolution reactions of minerals

The temporal quantities of strontium and barinm sulphate, and consequently
also the porosity evolution, depend on the reaction kinetics. The kinetic rates
dm/dt [mol s™'] are calculated following Palandri and Kharaka (2004). In
our simulations, the simplest reactive surface area SA [m?] model of those
implemented in OGS-GEM was chosen:

SA = Via; (10.2.6)

where V; [m?] is the volume of the mineral and g; [m® m™3] is the relative
surface area per volume unit.

In our simulations, barium sulphate was assumed to precipitate instant-
aneously (very fast kinetics) and only the kinetic dissolution of strontinm
sulphate was taken into account. The dissolution rate of strontinum sulph-
ate at pH = 5.6 (pH of the experiment) is calculated based on the equation
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given in Palandri and Kharaka (2004) with parameters from Dove and Czank
(1995).
dm

— =-SAK(1-9) (10.2.7)

where SA[m?] is the reactive surface area of the strontinm sulphate mineral
phase, k' = 107°%mol m™2 57! is the dissolution rate constant at 298.15 K
and 2 is the mineral saturation index.

Solid solution

A solid solution phase is defined as a mixture of solids forming a homo-
geneous crystalline structure. The thermodynamics of a solid solution has
been described in details by Bruno et al. (2007). Briefly. the Gibbs energy
of a solid solution (composed of n-components) that deviates from ideal-
ity (AG,,,,.,;""‘" ). can be split into the Gibbs energy of pure end-members
(G;°X;). the ideal Gibbs energy of mixing (AGpn:'?). and the excess Gibbs
energy of mixing (G*):

AGEh =) GIXi+ AGH,, + G (10.2.8)

=1

The AG ' is given by the following formula:

AGh:: = qRT Y X;lnX; (10.2.9)
i=1

where g is the site multiplicity factor and X;the mole fraction of component
i. R and T are the gas constant and temperature respectively.

The G*"term depends on the mixing model of choice. In our approach.
the subregular mixing model is considered (Bruno et al., 2007). The excess
Gibbs energy of a binary subregular solution with component A and B mixing
randomly is given by the Margules formula:

AG®* = ¢¥A.YB(JYAwBA + XB'IL'AB) (10.2.10)

where X4 and Xz are the molar fractions of the end-members and wy zand
wpa are the Margules interaction parameters, w p7#wg4. Note that this
model reduces to the regular model when w45 = wg4. The Margules para-
meters (in J mol™!) are usually defined as linear functions of temperature,
T, and pressure, P.

Wap = Wy a5 — TWs a5 + Pwy ap (10.2.11)
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where w,. w, and w, are empirical coefficients related to excess internal
energy, entropy and volume of mixing, respectively. The Margules parameters
wagp, wp4 for barium and strontinm sulphate solid solution at 298.15 K were
set to 3787 J mol™! and 3665 J mol™! according to Zhu (2004). Corrections
to pressure and temperature were neglected in our model.

Table 10.2.3: Thermodynamic database of aqueous, gaseous and solid species
present under standards conditions.

Standard Gibbs | Molar volume
N i energy of [10=>mPmol =]
Phase - e formation under standard
AGY; [kJ mol=-1] conditions
Aqueous a({COy) -1104.251 -1.1798542
Ba(HCO3)T -1153.325 1.917225
Ba(S0;) -1320.652 0.818138
Ba*2 -560.782 -1.2901389
BaOQH* -721.077 0.91585235
Sr{CO3) -1107.830 -1.5228401
Sr(HCO,)* -1157.538 1.4082323
Sr{S04) -1321.366 0.50248447
Sr+2 -563.836 -1.7757955
SrOH+ -725.159 0. 70988636
COa “386.015 3.2806681
COz=2 -527.982 0.60577246
HCO,~ -586.940 24210897
Cl= ~131.290 1.7340804
. 17.729 2 5264358
02 16.446 3.0500889
HSO4 = ~755.805 3484117
SO4~2 744459 1.2917656
OH= -157.27 -0.4707T84
H+* 0.00 0.00
.0 -237.18138 1.807
COa2 -394.393 2478.9712
Gaseous 2 0.00 24789712
Oz 0.00 2478.9712
Ba(COz) -1137.634 5.03
aCl, -S10.400 5.40
BaClz & 2H20 ~1296.320 5.180
BaClz e H20 -1055.630 7208
Ba(S0;) -1362.1562 5.21
Solid Quartz -854.793 2.2688
Sr{C03) -1144.735 3.901
SrCla -781.10 5.194
SrCls o 2HaO -1281.6798 7.283
SrCl; e 61,0 -2240.8033 13.814
Sr(S03) -1346.15 1.625
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10.2.3 Results

In this part we present the reference solution for the different case studies.

Case 1

Case 1 considers the injection of a concentrated non-reacting sodinm chlor-
ide solution into a porous medinm initially saturated with a liquid of lower
density (water). Fig. 10.2.2 compares, at different times, the experimentally
observed dye tracer distribution in a highly concentrated NaCl solution (bot-
tom figures) with results from our numerical simulations (top figures). The
simulated tracer profile is in good qualitative agreement with the experi-
mental observation. A quantitative tracer concentration comparison could
not be performed because of large uncertainties on the experimental tracer
concentration calibration. Fig. 10.2.3 gives the simulated breakthrough curve
of the tracer at ports 'c’ and 'd’. and at the outlet for comparison with other
transport codes.

and the experiment (bottom).
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Fig. 10.2.3: The simulated tracer concentration at port 'd’. "¢’ and the outlet
as a function of time.

Case 2

Case 2 extends Case 1 by considering dissolution and precipitation of minerals
that change porosity and permeability in the flow cell. When a concentrated
BaCl, solution reaches the reactive SrSOy4 layer ()2, the dissolution of SrSO,
is triggered and barinm sulphate (BaSO4) precipitates. Fig. 10.2.4 shows the
total amount of BaSQ4 and SrSOy in the flow cell with time, which changes
due to either mineral dissolution or precipitation. During the first 150 hours,
dissolution of SrS0O, at a constant rate of 0.2 mmol per hour is observed.
After 150 hours, this dissolution rate slows down. Similarly the total amount
of precipitated barinm sulphate increases for the first 150 hours and slowly
builds up to (.036 mol at 200 hours. The initial fast precipitation of barium
sulphate for the first 150 hours results from the dissolution of the smaller
strontium sulphate particles (celestite 1). As the smaller strontinm sulphate
grains are consumed, aqueous SO4%~ is supplied by the dissolution of larger
dissolution strontium sulphate (celestite 2) which is much slower due to its
lower reactive surface area. The simulated results reproduced well the exper-
imental data. In the experiments, small strontinm sulphate crystals dissolved
completely. while larger strontium sulphate grains were coated by a layer
of barium sulphate. which prevented further dissolution. These observations
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Fig. 10.2.4: Time evolution of the total bulk amount [mol] of barium sulphate
and strontinm sulphate in the flow cell.

were approximated in our model by applying a different reactive surface area
for small and big strontium sulphate grains. The reactive surface areas at-
tributed to celestite 1 and celestite 2 are fitted values. because the measured
BET surface area overestimated strontinm sulphate dissolution. The experi-
mental observation also showed the absence of a precipitation front of barinmm
sulphate at 200 hours. This was reproduced in our simulation as shown in
Fig. 10.2.5.

The transformation of strontinm sulphate to barium sulphate involves a
volume increase of about 12%. The resulting porosity decrease and associated
permeability changes are shown in Fig. 10.2.6. This model does not repro-
duce the experimentally observed 100% net pressure increase (between port

Fig. 10.2.5: Time evolution of barium sulphate profiles [mol m-3] in the flow
cell.
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Fig. 10.2.6: Porasity (left) and associated permeability changes (right) across
z = 0.01 m at 0. 100 and 200 hours.

‘a” and port ‘b’) measured during the experiment (Poonoosamy et al., 2015).
because the calculated porosity change is too small to significantly change the
permeability as calculated by the Kozeny-Carman porosity — permeability re-
lation (Equation 10.2.4). In Poonoosamy et al. (20135), a second scenario that
involved the insertion of a 1mm thick zone at the quartz/ strontinm sulphate
interface (between the Q1 and Q2 region) with an initial lower porosity of (.1
reproduced the experimental pressure changes. This scenario is not included
here.

Fig. 10.2.7 shows the calenlated and simulated ion concentrations at port
‘c’ and at the outlet as a function of time. Note that the uncertainties on
the measured concentration at port ‘c’ are relatively high because it involved
the sampling of small volumes of liguid (100uL) that were afterwards diluted
for measurement by ion chromatography. The simulated breakthrough curves
of C1I7. Sr** and Ba?* differ significantly from the experimental data. The
chloride concentration of the liquid samples collected at port ‘¢’ exceeds its
injecting concentration (0.6 mol L™'). This can be due to sampling artefacts
at the ports. As such, the experimental ion concentrations at the port cannot
be used for comparison. On the other hand. the calculated ion concentrations
at the outlet are in good agreement qualitatively and quantitatively with
experimental data.

Case 3

Case 3 is a hypothetical case study that considers the formation of a solid
solution between barium sulphate and strontinm sulphate. It still needs to be
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Fig. 10.2.7: Measured and calculated ion concentrations at port ‘c’ and at the
outlet as a function of time.

tested experimentally. In this case. the pure mineral phase strontinm sulphate
is replaced by a solid solution. No pure barium sulphate phase is likely to pre-
cipitate. The injection of a solution composed of 1 mmol/L barium chloride
and 99 mmol/L of strontium chloride, likely triggers a barium rich solid solu-
tion. Fig. 10.2.8 shows the total amount of mineral phases present in the flow
cell with time. After 600 hours, 0.0330 mol of pure strontinm sulphate phase
has reacted to form 0.032 mol of a (Sr;—.Ba,)SOy4 solid solution. The com-
position of the formed solid solution changes with time. During the first 400
hours, the solid solution is enriched with barinm (about 70%). Afterwards,
the solid solution enriches itself in strontium (about 45% at 600 hours). This
behavior is also reproduced in Fig. 10.2.8, where the total amount of the
barium sulphate end member increases sharply for the first 400 hours and
then only slightly increases afterwards.

Fig. 10.2.9 shows the porosity change between () and 600 hours and the
associated permeability decrease across line z = (0.01m. The porosity decrease
and the corresponding permeability change are negligible. It is also worth
noting that for approximately the same amount of newly formed phase ((.032
mol of solid solution for Case 3 and 0.036 mol of pure barium sulphate for
Case 2). the corresponding porosity decreases, and thus permeability is bigger
for case 2 (1% in case 3 versus 6% in case 2). This is because the molar
volume occupied by barinm sulphate is higher than the molar volume of a
solid solution composed of barimm and strontium sulphate.
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Fig. 10.2.8: The evolution of mineralogical changes in the flow cell.

10.2.4 Summary

We conducted 2D experiments to benchmark fluid flow and reactive transport
calculations. Barium chloride was injected in a flow cell filled with a porous
reactive layer of strontinm sulphate sandwiched between two layvers of inert
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Fig. 10.2.9: Porocsity (left) and associated permeability changes (right) across
z = (.01 m at 0 and 600 hours.
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porous material. silicon dioxide. Our experiments are flexible enough to in-
vestigate several process couplings such as the effect of the liquid phase dens-
ity on advective-diffusive transport of solutes, kinetically controlled dissolu-
tion/precipitation reactions causing porosity changes, and mineral changes
involving formation of solid solution. We thus present 3 case studies with
increasing level of complexity as a benchmark for reactive transport codes.
In Case 1 tests with a non-reactive tracer and density-driven flow (due to
the high concentration of a sodium chloride solution), were well reproduced
by the numerical model. Case 2 involved the dissolution and precipitation of
mineral phases that caused changes in porosity and permeability of the porous
media. The presented model could reproduce well the temporal mineral bulk
composition in the flow cell, but failed to reproduce the measured net pres-
sure increase with the implemented Kozeny-Carman equation. However, by
modifying the initial medinm properties of the interface in the simulation. the
experimental results could be fitted. This scenario described in Poonoosamy
et al. (2015) is not presented here. Case 3 extends the problem of case 2
by considering the formation of a non-ideal solid solution and still needs to
be verified experimentally. The presented cases are based on the benchmark
study in the framework of the SeS benchmark initiative (Xie et al. (2014)).
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Annex

Table 10.2.4: Equilibrium amount of solutes and phases (mol) for boundary

(BC) and initial conditions (IC) for case 1.

Inlet_ BT qQrIC Q21T q31C |

Case 1 (mol) (mol) (mol) (mol)

Na(CO3)~ 9.26E-010 | 8.72E-19 | 9.04E-19 | 8.72E-19
Na(HCOj3)(aq) | 9.41E007 | 1.38E-15 1.32E-15 1.38E-15
Na(504)~ A.TAE-010 | 5.03E-18 | 242E-12 5.03E-18
Nat 1.3999991 1.00E-09 9.98E-10 1.00E-09
NaOH(aq) LITE-000 | 269E-18 | 2.60E-18 2.69E-18
Sr{CO; )(aq) 2.30E-018 | 2.99E-17 1.50E-11 2.90E-17
Sr(HCO,)* 5.82E-015 | 3.76E-14 1.94E-08 3.76E-14
Sr(S04)(aq) 1.33E-018 | 1.95E-16 | 4.54E-0G LOSE-16
Sr+2 LOOE-000 | 1.00E-00 | 5.99E-04 1.O0E-09
SrOH+ 3.13E-018 | 2.09E-17 1.09E-11 2.00E-17
CO,(aq) L11E-005 | 1.36E-05 1.34E-05 1.36E-05
CQa=2 2.77E-010 | 4.67E-11 6.03E-11 1LOTE-11
HCO4= 20TE-006 | 245E-06 | 2.62E-06 2.45E-06
Cl- 1.4 1.O0E-09 1.00E-09 1.00E-09
W,(aq) ] 0.00E+00 | 0.00E+00 | 0.00E+00
tracer (aq) 0.003 1.00E-10 1.00E-10 1.00E-10
02(aq) 0.00019 2.30E-04 2.30E-04 2.30E-04
HSO4= 2.57E-014 | 2.39E-13 1.18E-07 2.39E-13
SO~ 5.26E-010 1.OOE-09 5.99E-04 LOOE-09
OH= A.THE-009 | 4.05E-09 | 4.39E-09 1.05E-09
H+ 392E-006 | 245E-06 | 2.52E-06 2.45E-06
H,0(aq) 5.41 E+01 | 5.53E+01 | 5.53E+01 | 5.53E+01
CO, 0 0.00E+00 | 0.00E+00 | 0.00E+00
02 0 0.00E+00 | 0.00E+00 | D.00E+00
Si0, 8.55E4+01 | 855E401 LOOE-08 | 6.47TE+01
SrCO3 0 0.00E+00 | 0.00E400 | 0.00E+00
SrCla 0 0.00E+00 [ 0.00E400 | 0.00E+00
SrCl,.2H,0 0 0.00E+00 | 0.00E+00 | 0.00E+00
SrCla.6H20 0 0.00E+00 | 0.00E+00 | 0.00E+00
SrSO; 0 0.00E+00 | 4.380E+01 | 0.00E+00
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Table 10.2.5: Equilibrimmn amount of solutes and phases (mol) for boundary
(BC) and initial conditions (IC) for case 2.

Inlet. BT QIIC QZIC Q31T
Case 2 (mol) (mol) (mol) (mol)
Ba(COas)(aq) 6.441E-10 2.42E-17 1.69E-17 2 A2E-17
Ba(HCO3)* 1.24E-06 2.35E-14 1L6OE-14 | 2.35E-14
Ba{S804)(aq) 7.33E-10 5.02E-16 1.63E-10 5.02E-16
Ba*? 3.00E-01 1.00E-09 8.37E-10 1.00E-09
[BaOH*+ 7.31E-10 1.38E-17 1.01E-17 1.38E-17
Sr(COz){aq) 2.65E-18 2 99E-17 1.50E-11 2.99E-17
Sr(HCO4)* 6.60E-15 3.76E-14 1.94E-08 | 3.76E-14
Sr(SO4){aq) 9.51E-149 1LO95E-16 4.54E-05 1.95E-16
Sr+2 LOOE-09 1.OOE-09 5.99E-04 1.00E-09
SrOH+ 3.60E-18 2.00E-17 1.09E-11 2.00E-17
CO4(aq) 1.1TE-05 1.35E-05 1.3E-05 1.35E-05
COz=2 2.28E-10 4.67TE-11 6.04E-11 4.67E-11
HCO,= 2.97E-06 2 A5E-06 2.62E-06 2.45E-06
Cl= 6.00E-01 2.00E-09 2.00E-09 2 00E-09
Hz(aq) 0.00E4-00 | 0.00E4+00 | 0.00E+00 | 0.00E+00
0,(aq) 2.00E-04 2.30E-04 2.30E-04 2.30E-04
HSO, = 1.59E-14 2.39E-13 1.18E-07 2.39E-13
SO, =2 2.67TE-10 1.00E-09 5.99E-04 1.00E-09
OH= 1.95E-00 4.06E-09 4.39E-09 1.06E-09
H* 4.22E-06 2.45E-06 2.52E-06 2.45E-06
H20(aq) 5.50E4+01 | 5.54E4+01 | 5.53E+01 | 5.54E+01
CO2 0.00E+00 | 0.00E4+00 | 0.00E+00 | 0.00E+00
H, 0.00E400 [ 0.00E4+00 | 0.00E+00 | 0.00E400
02 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
BaCO3z 0.00E400 | 0.00E4+00 | 0.00E4+00 | 0.00E+00
BaCl, O.00E400 | 0.00E4+00 | 0.00E+00 | 0.00E+00
BaClz.2H20 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
BaCl,.H,0 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
BaSO4 0.00E+4+00 | 0.00E4+00 | 0.00E+00 | 0.00E+00
Si0, 8.551E401 | 8.551E4+01 | 1.00E-09 | 6.65TE+01
SrCO3 0.00E4+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
SrCla 0.00E4+00 | 0.00E4+00 | 0.00E+00 | 0.00E+00
SrCl,.2H,0 0.00E4+00 | 0.00E4+00 [ 0.00E+00 | 0.00E+-00
SrCla.6H20 0.00E+00 | 0.00E+00 | 0.00E4+00 | 0.00E+00
Celestite 1 0.00E+00 | 0.00E+00 | 1.466E+01 | 0.00E+-00
Celestite 2 0.00E4+00 | 0.00E4+00 | 2.931E401 | 0.00E400
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Table 10.2.6: Equilibrium amount of solutes and phases (mol) for boundary
and initial conditions for case 3.

Inlet_BC qQLIC QZICT Q31T
Case 3 (mol) (mol) (mol) (mol)

Ba(COz){aq) 2 98E-12 1.62E-17 3.43E-18 1.63E-17
Ba(HCO3)* 5.52E-09 1.96E-14 1.20E-15 1.97E-14
Ba{S04)(aq) 1.23E-11 5.02E-16 4.78E-11 5.02E-16
Ba*? 1.00E-03 1.O0E-09 2.46E-10 1.00E-09
BaOH* 3.33E-12 | 111E-17 | 241E-18 | 1.11E-17
Sr{COz)(aq) 3.65E-10 | 2.01E-17 1.03E-11 2.01E-17
Sr(HCO,)+ 8.72E-07 3.13E-14 1.63E-08 3.15E-14
Sr(S04)(aq) 4.73E-10 | 1.95E-16 | 4.54E-05 1.95E-16
Sr+? 9.90E-(12 1.O0E-09 5.99E-04 1.00E-09
SrOH+ 1.99E-10 1.68E-17 8.91E-12 1.67E-17
COa(aq) 1.256-06 | L40E-05 | 1.38E-05 1.41E-05
COz~? 1.21E-10 3.13E-11 4.17E-11 3.14E-11
HCO3= 2.5TE-06 2.04E-06 2.21E-06 2.05E-06
s 2 00E-01 1.00E-06 1.00E-06 1.00E-06
Ha(aq) 0.00E+00 | 0.00E400 | 0.00E400 | 0.00E4+00
0(aq) 2.52E-04 2.52E-04 2.50E-04 2.50E-04
HSO4= 5.00E-14 2 96E-13 1.45E-07 2.98E-13
SO, =2 5.16E-10 1.00E-09 5.99E-04 1.00E-09
OH= 1.40E-00 3.27E-09 3.59E-00 3.25E-09
H* 1.46 E-06 3.04E-06 3.08E-06 3.06E-06
H20(aq) 5.53E4+01 | 5.53E401 | 5.53E+01 | 5.53E401
CO2 0.00E+00 | 0.00E4+00 | 0.00E400 | 0.00E+00
H, 0.00E4+00 | 0.00E400 | 0.00E4+00 | 0.00E+00
Oz 0.00E+00 | 0.00E+00 | 0.00E4+00 [ 0.00E+00
BaS0,4 end member 0.00E<400 0.00E4-00 T.O0TE-10 0.00E400
Sr80; end member 0.00E400 | 0.00E400 3.64E-06 0.00E4-00
BaCOz 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
BaCl, 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
BaCla.2H20 0.00E+00 | 0.00E400 | 0.00E+00 | 0.00E+00
BaCla.H20 0.00E+00 [ 0.00E400 | 0.00E+00 [ 0.00E+00
BaSO4 0.00E+00 | 0.00E+00 | 0.00E4+00 | 0.00E+00
Si0a 8.55E401 | 8.55E+01 LOOE-09 | 6.62E+01
SrCO5 0.00E+00 | 0.00E400 | 0.00E+00 [ 0.00E+00
SrCla 0.00E4+00 | 0.00E+00 | 0.00E4+00 [ 0.00E4+00
SrCl,.2H,0 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
SrCla.6H20 0.00E+00 | 0.00E400 | 0.00E+00 | 0.00E+00
SrS0y 0.00E4+00 [ 0.00E400 | 3.24E+01 [ 0.00E+00
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Erratum

Due to an inaccuracy in GEM calculation (GEM convergence problem), errors accumulated in
the mass balance conservation of case 4. This problem was solved. Fig. 10.2.8 and Fig.10.2.9 are
updated below:

0.065

o
o
>
SN

o
o
e
R

Dissolving mineral (mol)

0.061 -

0.06

0.063 -

0 200
Time (hours)

0.004

o
o
S
@
a1

0.003
0.0025
0.002
0.0015
0.001

0.0005

=35rS04

BaS0O4 end
member

= SrSO4 end
member

= B3S04

Precipiatating mineral (mol)

Fig. 10.2.8: Evolution of the bulk mineral composition in the flow cell with time. The left axis
refers to dissolving pure celestite while the right axis refers to the precipitating phases (end
members of the solid solution).
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N.B. Fig. 10.2.8 will be updated during the ‘proofreading’ before publication.
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Chapter 5: Dissolution precipitation reactions in a 2D setup for testing
concepts of reactive transport codes
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Keywords: density driven flow, solid solution, clogging.
1. Introduction

Water-rock interactions are important processes that govern the evolution of many natural and
anthropogenic systems in the underground. These interactions include mineral precipitation and
mineral dissolution, sorption processes and redox reactions. Mineral precipitation and dissolution
generally modify the pore space geometry of rocks, which in turn changes flow and influences
transport properties. Porosity changes induced by chemical interactions may alter the behaviour
or performance of natural and engineered systems including treatment for contaminated
groundwater, CO, storage in deep geological formations, CO, enhanced oil recovery in
carbonate reservoirs, and also at clay/cement interfaces in high level nuclear waste repositories.

The investigation of many natural and artificial geo-systems in which the coupling of chemical
reactions and transport is important is often done by means of reactive transport models because
information on their geochemical evolution in space and time is scarce. Reactive transport
models are numerical codes that solve a coupled set of equations which describe the transport of
mobile chemical species together with a variety of geochemical reactions. However, the
predictions of reactive transport codes are sensitive to the intrinsic coupling of transport and
chemical operators. Application of reactive transport models includes geothermal systems (Alt-
Epping et al. 2013a; 2013b; Wanner et al., 2014; Diamond and Alt-Epping, 2014), nuclear waste
repositories (De Windt et al., 2004; Gaucher and Blanc, 2006; De Windt et al., 2007;
Kosakowski and Berner, 2013; Berner et al. 2013), geologic carbon dioxide storage (Gauss et al.,
2005; Class et al., 2009; Bildstein et al., 2010), and environmental remediation (Wanner et al.,
2012; Jamieson-Hanes et al., 2012; Wanner and Sonnenthal, 2013).

There is a need to evaluate the capabilities and the correctness of the implemented features and
the performance of reactive transport codes. This process is called “benchmarking” and is
normally done by comparing model results with analytical solutions, by reproducing results from
laboratory or field experiments and by code inter-comparison. Benchmarking with porosity
enhancement, reduction or clogging is of great interest because of their strong influence on the
coupling between transport and chemistry, commonly encountered in real geosystems.

Finding the exact solution for simplified 1D and 2D systems is important to test the correctness
of the numerical implementation of reactive transport codes. Analytical solutions for problems
coupled with porosity changes are few. The only investigations on this topic include Lagneau
and van der Lee (2010), and Hayek et al., (2011, 2012). Lagneau and van der Lee (2010)
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proposed an analytical solution for a one dimensional system containing one species and one
mineral. The analytical solution was used to verify implementation of porosity changes in the
reactive transport code HYTEC (van der Lee et al., 2003). Their solution was only applicable to
small and moderate porosity changes. Hayek et al. (2011) developed analytical solutions for a 1-
D coupled diffusion-reaction problem with feedback on porosity change for benchmarking
reactive transport. Their numerical experiment consisted in the precipitation of a solid phase
from two aqueous species inside a porous medium leading to strong porosity reduction and even
clogging. They proposed analytical solutions that were only suitable for non-equilibrium
chemistry. Good agreement between numerical and analytical solution was obtained when
sufficient spatial and temporal discretization was used for the numerical solution. Their
simulation also demonstrated, in agreement with Lagneau and van der Lee (2010) that numerical
codes with explicit schemes did not always converge to the analytical solution. Only implicit
schemes produced accurate solutions independent of time stepping. Analytical solutions
describing transport of several aqueous species coupled with precipitation and dissolution of a
single mineral in two and three dimensions with porosity change were proposed by Hayek et al.
(2012).

In addition, simple laboratory experiments are gaining interest for the evaluation of specific
concepts for reactive transport codes. Lagneau (2000) conducted column experiments to
investigate the feedback of porosity changes on transport parameters in both diffusive and
advective regimes. Porosity change was forced by the injection of a reactive solution which
triggered the replacement of a primary mineral phase by secondary mineral phases of larger
molar volumes. The advective experiments consisted in the injection of a zinc sulphate solution
into a porous medium consisting of calcite which resulted in the formation of gypsum (CaSQOa))
and smithsonite (ZnCOgz). In the diffusive system, the porous medium was replaced by
portlandite (Ca(OH);) which after reaction was transformed to gypsum and zinc hydroxide
(Zn(OH),). These experiments were used to test the feedback between chemistry and transport in
the reactive transport code Hytec. Similarly, Tartakovsky (2008) and Katz et al. (2011)
conducted mixing-induced calcite precipitation in porous media to test the validity of using the
advection-dispersion reaction equation (ADRE) for describing pore scale porosity clogging
phenomena. The authors demonstrated the inappropriateness of using the ADRE for such a
description. Tartakovsky (2008) proposed a modified equation of the ADRE to include transport
mixing indices in the reaction terms that could account for highly non-uniform pore scale
concentration gradients and localised precipitation on the sub-grid scale.

Numerical benchmarks are also used to test specific existing and new concepts of reactive
transport codes. SeS Bench is an initiative for benchmarking subsurface environmental
simulation methods with a current focus on reactive transport processes. Xie et al. (2015)
investigated the implementation of the Kozeny-Carman equation and Archie’s law in reactive
transport codes and evaluated the porosity changes due to mineral precipitation and dissolution.
The benchmark considered different processes including advective-dispersive transport in
saturated media, kinetically controlled mineral precipitation and dissolution leading to porosity
changes, and aqueous complexation. Results from reactive transport codes (HP1, MIN3P,
Pflotran and TOUGHREACT) were in good agreement, although some differences were
observed for scenarios involving clogging which could be attributed to different implementations
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of the permeability-porosity and tortuosity-porosity relationships, the activity correction model,
and numerical methods. A similar numerical benchmark involving the evaluation of transport
parameters such as diffusivity and permeability due to porosity changes was also proposed by
Cochepin et al. (2008). The authors forced the dissolution of portlandite followed by the
precipitation of calcium oxalate due to the ingress of sodium oxalate in a 2D setup. As the
oxalate has a greater molar volume than portlandite, porosity clogging is forced with such a
setup. Reactive transport codes (Hytec and Crunch) that participated in the benchmark were in
fairly good agreement. Discrepancies were explained by the different models used for describing
the reactive surface of precipitating and dissolving minerals. It should be stressed, that it was
originally planned to also experimentally implement this setup, but these plans were never
realised.

We proposed a reactive transport benchmark based on experiments by Poonoosamy et al. (2015)
with 4 levels of complexity. The processes included are advective-diffusive transport of solutes,
effect of liquid phase density on liquid flow and advective transport, Kinetically controlled
dissolution/precipitation reactions causing porosity, permeability and diffusivity changes, and the
formation of pure mineral phases vs. the formation of a solid solution. Compared to the existing
benchmarks, the inclusion of a density driven flow and solid solution precipitation is new. In this
paper, we present and analyse the results of 4 reactive transport codes (i.e. TOUGHREACT,
Pflotran, CORE2D and OpenGeoSys-GEM).
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2. Benchmark problem setup

The experiment on which the benchmark is based is extensively described in Poonoosamy et al.
(2015). Here we summarize only the information that is important for the benchmark
implementation. The experiment was conducted in a flow cell using the setup depicted in Fig. 1.
It consists of a reactive porous layer (Q2) of celestite (SrSO,) between two inert porous layers
(Q1 and Q3) composed of quartz (SiOy). The flow cell has dimensions of 0.1 x 0.1 x 0.01 m, and
it contains several ports for fluid injection and sampling. The inlet and outlet positions were
chosen to create an asymmetric flow field. Our numerical simulations are based on this setup.
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Fig. 1. Geometry of the numerical benchmark.

In Table 1, we list the properties of the different regions shown in Fig. 1 (Q1, Q2 and Q3), as
well as the fluid properties and initial conditions used for the numerical calculations. The ports
“c” and “d”, where samples were withdrawn, are located at (0.08 m, 0.02 m) and (0.02 m, 0.08
m) respectively.

Model results are compared at the locations “c” and “d” for solute concentrations vs. time and
along line 1 (z = 0.01 m) for mineral, porosity, and permeability profiles at selected times.

We define four different benchmark cases with increasing complexity. In Case 1, we study flow
with conservative mass transport. Case 2 extends Case 1 by considering density driven flow with
conservative mass transport. In Case 3, we consider dissolution and precipitation of mineral
phases leading to porosity changes. This case has two variants, Case 3a with small porosity
changes and Case 3b with strong porosity changes. Finally, Case 4 extends Case 3 by
considering the formation of a BaSO,-SrSO, solid solution. Table 2 provides additional
information on the inlet and outlet conditions for the case studies. For Cases 3 and 4, density
driven flow due to the injection of a concentrated solution of BaCl, was ignored, because in most
codes, the fluid density is not coupled to chemical reactions.

For all simulations performed using finite element codes (OpenGeoSys-GEM, CORE2D), we
considered a discretization of the square geometry in Fig. 1 by triangular or quadrilateral
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elements. For Cases 1, 2 and 4, a node distance of 1 mm was chosen, while for Cases 3a and 3b a
more refined mesh was adopted, with a node distance of 0.5 mm for OpenGeoSys-GEM. For
finite volume codes (PFLOTRAN, TOUGHREACT), the domain was discretized into
rectangular grid blocks with a nodal distance of 1 mm, yielding a total number of 10000 grid

blocks.

Table 1: Properties of the different regions of porous media.

Characteristics Q1 Q2 Q3
Length [m] Case 1, 2 & 3a 0.045 0.01 0.045
Length [m] Case 3b and 4 0.045 0.005 0.055
Initial porosity (wo) [-] Case 1, 2 & 3a 0.34 0.33 0.40
Initial porosity (wo) [-] Case 3b 0.34 0.10 0.40
Initial porosity (wo) [-] Case 4 0.34 0.40 0.40
Initial permeability ko [m*] Case 1,2 & 3a | 1.82x10* | 1.8x10™* | 1.82x10™!
Initial permeability ko [m?] Case 3b 1.82x10™* | 5.0x10% | 1.82x10™!
Initial permeability ko [m?] Case 4 1.82x10™ | 3.0x10™ | 1.82x10™
Dispersivity a [m] Case 1 and 4 10™ 10™ 10™
Dispersivity o [m] Case 2, 3a, 3b 10° 10° 10°
Pore diffusion coefficient Do [m?s™] 10°° 10°° 10°°
Volume fraction of SiO, case 1,2 3 & 4 [-] 0.66 0 0.60
Total volume fraction of SrSO, Case 1, 2 & 0 0.67 0
3a[-]

Volume fraction small SrSO, grains Case 0.223

3a[-]

Volume fraction large SrSO,4 grains Case 0.447

3a[-]

Total volume fraction of SrSO4 Case 3b [-] 0 0.90 0
(one SrSO4 grain size only)

Total volume fraction of SrSO4 Case 4 [-] 0 0.60 0
(one SrSO4 grain size only)

Initial pH (fixed by initial chemical set up) 5.6 5.6 5.6

N.B: In the case of CORE2D and OpenGeosys dispersivity is isotropic including longitudinal and transversal
dispersive length. In Case 3a, the Q2 region is composed of bimodal grain size distribution of SrSO, crystals
(mixture of large and small grains).

Case 1: Conservative mass transport.

Here we consider the injection of a non-reacting solution into the flow cell. An injection of 0.5
mL of a conservative tracer at the inlet is carried out at a rate of 20 uL min™, followed by the
inflow of the solution for 24 hours. The Q2 region, composed of SrSQO,, is assumed to be
unreactive in this case study.

The system was simulated for 24 hours.
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Table 2: Characteristics of the inlet and outlet.

Characteristics Case 1 Case 2 Case 3a Case 3b Case 4
Inlet (x=0 m: 0.0033 0.0033 0.0033 0.0033 0.0033
z=0.00965 m) length

[m]

Outlet (x=0 m; 0.0033 0.0033 0.0033 0.0033 0.0033
z=0.0902 m) length [m]

Source term [uL min™] 20.0 20.0 20.0 20.0 10.0
at inlet

NaCl concentration NA 1.4 NA NA NA
[mol L™] at inlet

BaCl,  concentration NA NA 0.3 0.3 0.001
[mol L] at inlet

SrCl, concentration NA NA NA NA 0.099
[mol L] at inlet

Pressure at outlet [Pa] 101325 101325 101325 101325 101325
Amount [mL] of dye 0.5 0.5 NA NA NA
tracer injected X )

Concentration of dye | 39- 107 NA NA NA
tracer molL

Modelling time 24 24 300 200 600
duration [hours]

NA: not applicable

Case 2: Conservative mass transport coupled with a density driven flow.

The injection of a highly concentrated solution of sodium chloride into a flow cell initially
saturated with water is considered. The injected solution is also saturated with respect to
strontium sulfate. As in Case 1, 0.5 mL of a 3x10° M conservative tracer of molar mass of
39.948 g mol™ is injected at the inlet at a rate of 20 uL min™ when inflowing with a sodium
chloride solution. The calculation time is set to 24 hours.

Case 3a: Mineral dissolution and precipitation with small porosity changes.

A highly concentrated solution of barium chloride (BaCl,) is injected into a flow cell. The
injection of BaCl, enhances the dissolution of SrSO, and causes barite (BaSO,) to precipitate
according to the reaction:

BaClz(aq) + STSO4(S) 4 BaSO4(S) + STClz(aq) (l)
Porosity changes are likely to occur, given that BaSO, has a larger molar volume than SrSO,4. As
a result, permeability and diffusivity will equally change.

The reactive layer Q2 has an initial porosity of 33% and is composed of two grain size
populations of SrSOy (i.e., celestite 1 and celestite 2). Celestite 1 corresponds to SrSO4 with a
smaller grain size than celestite 2. Different kinetic rates of dissolution are used for these two
grains population (see section 3.3.4.). The following reactive surface areas (per mineral volume
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unit) were attributed to the small and large crystals respectively: 20 000 m? m™inerat and 100 m?
M mineral. We assumed no kinetic constraints on the precipitated barite (BaSOy(s) phase.

The simulation time is set to 300 hours.

Case 3b: Mineral dissolution and precipitation with strong porosity changes.

Case3b considers a reactive medium of celestite with an initially lower porosity of 0.1. The
injection of a highly concentrated solution of barium chloride induces a stronger porosity
decrease than in Case 3a. The reactive medium is composed of celestite with a single grain size
population. The reactive surface area, agsrsos), is 20 000 M* M pineral.

The simulation time is set to 200 hours.

Case 4: Reactive transport involving the formation of a solid solution.

Here the reactive medium is composed of celestite with a single grain size population of 63 - 125
um. The reactive surface area, agsrsos), is 10 000 Mm% M ineral. A solution composed of 0.099 mol
L SrCl, and 0.001 mol L™ BaCl, is injected at the inlet at a flow rate of 10 pL min™.

The simulation time is set to 600 hours.
3. Mathematical model formulations and numerical implementations

All codes implemented the same flow and advection-dispersion equations for porous media. The
generalized governing equations for multicomponent reactive transport are provided in Steefel et
al. (2015) and are therefore not repeated here.

The thermodynamic data (standard Gibbs energy of formation [kJ mol™]) of aqueous, gaseous
and solid species considered in our chemical system and the molar volumes [m® mol™] are given
in Table 3.

3.1. Numerical codes
3.1.1. OpenGeoSys-GEM

The fluid flow and mass transport equations are solved by OpenGeoSys based on a standard
finite element formulation, and the chemical processes by the GEMS3K kernel code of GEM-
Selektor V3 (Kulik et al., 2013). The coupling of these two codes is referred to as OpenGeoSys-
GEM, and its capabilities are described in Shao et al. (2009) and Kosakowski and Watanabe
(2014). Mass transport and chemical reactions are solved in a sequential non-iterative approach
(SNIA), i.e. the transport and reaction equations are solved separately in a sequential manner
without iteration between them.

The GEM approach as implemented in GEMS3K consists of calculating the equilibrium state of
a chemical system via minimization of its Gibbs free energy. The minimization is constrained by
mass balance equations where the given total amounts of chemical elements are conserved. An
additional charge balance equation is also imposed to enforce the electroneutrality condition of
the system. The equilibrium state calculated by GEMS3K provides the mole amounts of every
species in the system and the composition of all solid, liquid or gaseous phases (Wagner et al.,
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2012). In addition, other chemical quantities such as species activities or saturation indices that
are needed for the calculation of kinetic rates of mineral dissolution are provided.

3.1.2. CORE2D

The reactive transport code CORE2D V4 is described in Samper et al. (2003). CORE2D V4 is a
finite element code for modelling partly or fully saturated water flow, heat transport, and
multicomponent reactive solute transport under both local chemical equilibrium and kinetic
conditions (Samper et al., 2009). Coupled transport and chemical equations are solved by using
the sequential iterative approach (SIA).

3.1.3. TOUGHREACT

A detailed description of TOUGHREACT and its capabilities is given in Xu et al. (2011) and
Steefel et al. (2015). TOUGHREACT was developed by coupling geochemical reactions to the
TOUGH2 V2 family of multiphase flow simulators (Pruess et al., 1999). The primary governing
equations for multiphase fluid and chemical transport are derived from the principle of mass (or
energy) conservation. The mass and energy balance equations are solved implicitly by Newton-
Raphson iterations. Space discretization involves an unstructured finite volume scheme (integral
finite differences). Reactive transport is solved by an operator-splitting approach that can be
either iterative or non-iterative. Reactive processes considered include aqueous and surface
complexation, ion exchange, mineral precipitation/dissolution, microbial mediated
biodegradation, and gas exsolution/dissolution.

3.1.4. Pflotran

A detailed description of Pflotran and its capabilities is given in Lichtner et al. (2015) and Steefel
et al. (2015). The reactive transport equations can be solved using either a fully implicit Newton-
Raphson algorithm or the less robust operator splitting method. Reactive processes include
aqueous complexation, sorption, mineral precipitation/dissolution, and microbial mediated
biodegradation. Subsurface and surface flow equations are discretized using the finite volume
method.

3.2. Model formulations
3.2.1. Density Flow

Three codes, namely OpengeoSys-GEM, Pflotran and TOUGH2 allow the modelling of flow
influenced by the density of the liquid. In all three codes, the Boussinesq approximation is
considered, i.e. the density variation is neglected in the mass conservation equation of the fluid
phase. Density variations are included by the buoyancy term of the Darcy equation only. For
variable-density flow in porous media the Darcy velocity g (m s™) is given as:

q=—~(Vp—pg), @)

where k is the permeability (m?), uis the dynamic viscosity (Pa s) of fluid, Vp (Pa) is the
pressure gradient, p is the density of fluid (kg m™) and g is the gravity vector (m s7).
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In OpenGeoSys-GEM the density of the aqueous phase is calculated by GEMS3K which is
dependent on its molar composition. This is done by calculating the partial molar volumes of
each aqueous species at the temperature and pressure of interest. Then the products of these
partial molar volumes with the corresponding molar amounts of the aqueous species are summed
up in order to obtain the overall volume of the aqueous phase. The total mass of the aqueous
phase divided by this volume gives the density of the aqueous phase. This density is updated
after each chemical equilibrium calculation and passed along to the fluid flow solver for
calculation of the next time step.

In Pflotran, the mass of fluid increase in combination with the volume increase is expressed as a

linear function of the total dissolved salt (TDS): Adensity=%7;sgy)xTDS. For the

d( density)

2aDS) was set to 0.688.

calculations of Case 2

It is worth noting that this formulation of density of fluid is not included in the original version
of Pflotran but was implemented by the co-authors for the purpose of this work.

TOUGHREACT does not consider changes in fluid density as a function of the chemical
composition. For this benchmark, flow influenced by density was therefore simulated using
TOUGH2-EOS7 (Pruess et al., 1999). This equation of state represents the fluid phase as a
mixture of water and brine and the salinity is described by means of the brine mass fraction Xy,
In doing so, fluid density, p is interpolated from the values of the water (pyw) and brine end
members (pp):

1% X .

P Pw P
For the simulation of Case 2, the density of the brine was set to 1057 kg m™. The diffusive flux
Jp is calculated as

AXb
Jp =wDp== @)
where D is the diffusion coefficient, p is the liquid density and AAX—Xb is the gradient of the brine

mass fraction. Equation 3 demonstrates that in TOUGH2-EOS7, the effective diffusion
coefficient is not only a function of porosity and intrinsic diffusion coefficient, but also depends
on the fluid density. As the fluid density is changing with time and space, the effective diffusion
coefficient is not constant throughout the simulation.

3.2.2. Porosity, diffusivity and permeability

As a result of dissolution/precipitation reactions, porosity changes occur. Transport properties of
the medium like effective diffusion coefficients D, and the permeability ks, are commonly
parameterized as a function of porosity.

For the dependence of the effective diffusion coefficient on porosity we used a simplified Archie
relation (Archie, 1942):

D, = Dgw™ (5)
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where Dg [m?s™] is the pore diffusion coefficient, w [-] is the porosity and m [-] is an empirical
coefficient. In this study m was set to 1.

For TOUGHREACT, changes of permeability, ks [m?], with porosity are calculated from the
Kozeny-Carman relation (Bear, 1972):

_ (1-wg)? [(w 3
ks = ko (1-w)? (w_o) 6)

For OpenGeoSys-GEM and PFlotran, changes of permeability, ks [m?], with porosity are given

by a modified Kozeny-Carman equation:

ke = ko ()’ ™

where ko [m?] is the initial permeability, and w and w, are the current and initial porosities,
respectively.

In CORE2D, calculations are done without an update of the porosity and permeability fields,
which therefore retain their initial values.

3.2.3. Activity corrections

In all participating codes, the activity coefficients for all dissolved species (y;) are calculated
according to the extended Debye-Huckel equation (Helgeson et al., 1981). A detailed description
is reported in Wagner et al. (2012). Equation 8 relates the activity coefficients of an aqueous ion
to its charge (Z;) and ionic strength (1):

—A, 72T
logioyj = #Bjyxﬁ +b, 1 (8)

Where a (in A) is an average distance of approach of two ions of opposite charges, b, is a semi-
empirical coefficient, either individual for a given electrolyte or common for all aqueous species.
a and b, were set to 3.72 and 0.064 respectively for all the ionic species (Helgeson et al., 1981).
These are values for the well calibrated sodium chloride electrolyte which will also be used for
the concentrated barium chloride and strontium chloride solution. A, and B, are temperature
dependent coefficients obtained internally from SUPCRT92 subroutines (Johnson et al., 1992)
incorporated into the GEM3K code. At a temperature of 25 °C and pressure of 1 bar, A, = 0.5114
and B, = 0.3288. Activity coefficients, y; for neutral species (dissolved gases) and water were set
to unity.

3.2.4. Kinetics of precipitation and dissolution reactions of minerals

The transformation from celestite to barite, and consequently also the porosity evolution, does
not only depend on the transport of BaCl, and the chemical reactions, the rate of transformation
is also influenced by reaction kinetics. The kinetic rates, dm/dt [mol s], are calculated following
Palandri and Kharaka (2004).

In our simulations, barite was assumed to precipitate instantaneously (very fast kinetics) and
only the dissolution kinetics of celestite were taken into account. The dissolution rate of celestite
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at pH = 5.6 (pH of the experiment) is calculated based on the equation given in Palandri and
Kharaka (2004) with parameters from Dove and Czank (1995).

2 = —SAK'(1- ) (9)

where SA [m?] is the reactive surface area of the celestite mineral phase, k* = 10756 mol m? s
is the dissolution rate constant at 298.15 K and Q is the ration of ion activity product of the
mineral to equilibrium constant.

In our simulations, a very simple reactive surface area SA model was chosen
SA=Va (10)

where V [m3] is the volume of the mineral and a [m2 mminera|'3] is a mineral’s specific surface area
(i.e., surface area per volume of the mineral phase). The reactive surface area of each mineral
phase was calculated using equation 10.

This approach is implemented in the reactive transport codes TOUGHREACT and Pflotran. For
CORE2D, SA is the calculated initial value and remains constant during the course of the
numerical experiment.

3.2.5. Solid solution

A solid solution phase is defined as a mixture of solids forming a homogeneous crystalline
structure. The thermodynamics of solid solutions has been described in detail by Bruno et al.
(2007). Solid solution formation is considered in Case 4 and only OpenGeoSys-GEM and
Toughreact allow the calculation of solid solutions.

The Gibbs energy of an ideal solid solution (composed of n components) can be split into the
weighted Gibbs energy of pure end-members (G°X;) and the ideal Gibbs energy of mixing
(AGmD(Id)

AGisfa = Xty G Xi + DGy (12)

AGmix® is given by the following formula:
AGR:, = AH —TAS = RT (Xpaso,nXpaso, + Xsrso, nXsrso,) (12)

where AH is the enthalpy of mixing (zero for ideal solid solutions), AS is the entropy of mixing,
T is the temperature (K), R is the gas constant and X; the mole fraction of end member i.

Because the formation of a solid solution increases the disorder of the crystal lattice by the
random substitution of ions, the entropy term of mixing is always positive. This decreases the
Gibbs energy of the ideal solid solution and favours the formation of the solid solution compared
to the formation of pure phases. Fig. 2 shows the Lippmann diagram (total solubility product
(XTI versus mole fractions of aqueous Ba** and solid BaSO,) for an ideal solid solution of
BaSO, and SrSO,. The total solubility product (3]]) is defined as the sum of the partial activity
products contributed by the individual end members of the solid solution. In thermodynamic
equilibrium, the total activity product (}X]].s) expressed as a function of solid solution
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composition, yields the solidus curve. Similarly, the solutus curve expresses Y]], as a function
of the aqueous solution composition. Equations for the derivation of the solutus and solidus
curves are given in the appendix. The Lippmann diagram shows that solid solution is only
possible when the concentration of Ba®* in solution is relatively low (indicated by the arrows). A
molar aqueous fraction of Ba** (X Ba2+aq) above 0.05 will result in the precipitation of pure
barite. Although solid solution of BaSO4-SrSO,4 occurs in nature, the large difference in the
solubility product of the end-members (Alog K = 3.4), renders its formation difficult under
laboratory conditions. To make Case 4 as realistic as possible, the injection of a solution
consisting of a mixture of Ba®* and Sr** (with respective molar fractions of 0.01 and 0.99) was
considered to trigger the formation of a solid solution.
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Fig. 2: Lippmann diagram of an ideal solid solution of SrSO,4 and BaSO,.

In GEMS, the Gibbs energy of mixing is considered in the evaluation of equilibrium
concentrations.

In TOUGHREACT the ideal solid solution model is only available for minerals that react under
kinetic constraints.

The overall precipitation rate of the solid solution, 7, is the sum of precipitation rates of the two
end-members (Wanner et al., 2015).

Tss = Tsrso, + TBaso, (13)

The precipitation rates 7g,50,and 75450, Of the end-members are calculated according to:

Qsr.
Tsrso, = Ass- kss- (1 - KZ 224) + Ass- kss- (xSrSO4 - 1) (14)
7S04
QBa
TBaso, = Ass- kss- (1 - Z ::(074) + Ass- kss- (xBaSO4 - 1) (15)
aS04

where A, (M? kgnoo™) refers to the reactive surface area of the solid solution, kg is the reaction
rate constant of the solid solution (mol kg™ m? s™), Qs,s0, and Qpaso, are the ion activity
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product of the SrSO4 and BaSO,4 minerals, Ks,so, and Kpqso, are the corresponding equilibrium
constants, and xs,59, and xgqs0,are the mole fractions of the precipitating end-members. The
first terms in equations 14 and 15 refer to the precipitation of the end members as pure minerals
(i.e., maximum rate). The second terms ensure that the precipitation rates of the end-members
decrease linearly with decreasing mole fractions (as xgq50, — 1 < 0).

To ensure that the volume ratios of these end-members reflect the fluid composition, x50, and
Xpaso,are calculated according to

X . Qsrs04/Ksrso, (16)
7S04 Qsr504/Ksrs0,7QBaso,/KBaso,
QBaso,/KBaso,
XBaso, = (17)

Qsr504/Ksrs04,7QBaso,/KBaso,

In order to get a saturation index of the solid solution that is very close to zero within Q2, which
is what is calculated by OpenGeosys-GEM, the corresponding surface area (As) and rate
constant (ks) were set to 5 957 m? kgnao* (10 000 cM? Gminera ) and 1x10° mol Kg* m? s?,
respectively to ensure fast precipitation.
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Table 3: Thermodynamic database of aqueous, gaseous and solid species present under standards

conditions for OpenGeoSys-GEM.

Phase Component Standard Gibbs Molar volume
energy of [10° m® mol™]
formation under standard

AG’; [kJ mol™] conditions
Aqueous Ba(CO,) -1104.251° -1.1798542°
Ba(HCO5)" -1153.325° 1.917225°
Ba(S0,) -1320.652° 0.818138°
Ba* -560.782° -1.2901389"
BaOH* -721.077° 0.91585235"
Sr(COy) -1107.830 -1.5228401°
Sr(HCO,)* -1157.538* 1.4082323°
Sr(SOy) -1321.366" 0.50248447°
gr*2 -563.836" -1.7757955"
SrOH* -725.159° 0.70988636°
Co, -386.015° 3.2806681°
CO;” -527.982° -0.60577246"
HCOy -586.940 2.4210897°
cr -131.290° 1.7340894°
H, 17.729° 2.5264358¢
0, 16.446° 3.0500889"
HSO, -755.805 3.484117°
50,7 -744.459 1.2917656°
OH -157.27° -0.470784°
H* 0.00 0.00
H,0 -237.18138° 1.807°
Gaseous Co, -394.393% 2478.9712%f
H, 0.00° 2478.9712%f
0, 0.00° 2478.9712%f
Solid Ba(CO,) -1137.634% 5.03°
Ba(S0,) -1362.152° 5.21°
Quartz -854.793° 2.2688¢
Sr(CO,) -1144.735° 3.9019
Sr(SOy) -1346.15 4.625°

The standard Gibbs energy of formation [kJ mol-1] were calculated from the equilibrium constants reported in “a”
and “b” corresponding to Hummel et al. (2002) and Shock et al. (1997) respectively. “c” “d”, “e” and “f” are
references from Sverjensky et al. (1997), Shock et al. (1989), Wagman et al. (1982), Kelley (1960) and Helgeson et
al. (1978), respectively.
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4. Results
4.1.Case 1

Case 1 considers the injection of a non-reacting solution into a porous medium saturated with
water. The flow field is visualized by the addition of a tracer pulse at the inlet. The temporal
tracer profiles are shown in Fig. 3. At the beginning of the simulation, concentric circles of the
tracer are observed. The circles get slightly distorted as the fluid moves towards a region of
lower permeability (celestite layer) as shown by the picture taken after 8 hours. The simulated
tracer profiles of OpenGeoSys, CORE2D, TOUGHREACT and Pflotran are visually in good
agreement (only the tracer profile of CORE2D is presented below).
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Fig. 3: Temporal tracer profile produced by CORE2D. A scale ranging from 0 t0 0.33 g L™ is
used here for all temporal profiles.

The temporal evolution of the total amount of tracer in the flow cell is shown in Fig. 4. For the
first 8 hours the amount of tracer present inside the flow cell is constant. Afterwards, there is a
constant decrease ~ -5.2 x 10 g h™ (1.4x107 g s™) in the total amount of the tracer as the front
moves towards the outlet. After 18 hours, the decrease is more pronounced ~ -2.1 x 102 g h*
(5.8x107g s) as the fluid from the two corners merges to the outlet. The different codes
produced the same result.
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Fig. 4: The evolution of the total amount of tracer [g] in the flow cell with time.
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Fig. 5: Concentration of tracer measured at ports ‘c’ (left) and ‘d’ (right) at different times.

In addition, the calculated breakthrough curves of the tracer at ports “c” and “d” are shown in
Fig. 5. In the case of OpenGeoSys, both triangular and quadrilateral mesh discretization were
tested. Both resulted in the same tracer distribution profiles.

The simulated tracer nodal concentrations of TOUGHREACT and PFlotran differ from those
produced by OpenGeoSys and CORE. The reason for this difference is not completely clear, but
several possible differences in the model setup could be identified, which will be discussed as
follows.

Fig. 6 compares the spatial differences in velocity magnitudes in the flow cell produced by
OpenGeoSys and TOUGHREACT. The velocities of OpenGeoSys were used as reference for the
calculation of the relative difference in velocity magnitude. The differences in velocity
magnitude are observed at the inlet, outlet and the boundaries of the Q2 region.

The resulting difference in the flow fields observed was first attributed to the number of nodes
considered at the inlet for the injection of the fluid. OpenGeoSys distributes the injection of the
fluid evenly across 4 nodes while for TOUGHREACT only one side of an element volume is
considered. In the case of TOUGHREACT, this could result in an increase in velocity in the x-
direction which leads to differences in tracer distribution. Fig. 7 shows the relative difference in
tracer concentration (g L™) between TOUGHREACT and OpenGeoSys after 1 hour of fluid
injection. As such, a sensitivity analysis on changing the number of nodes over which fluid
injection is distributed at the inlet was tested with TOUGHREACT. However, the effect on the
results was insignificant (not visible in direct comparison plots).
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Fig. 6: Absolute velocity differences in x-direction, z-direction and magnitude of velocity (from
left to right) between TOUGHREACT and OpenGeoSys.

OpenGeoiys

Fig. 7: Difference in tracer distribution between TOUGHREACT and OpenGeoSys after 1 hour
of fluid injection.

A difference in the implementation of diffusive-dispersive transport was found. For OpenGeoSys
and COREZ2D the longitudinal and transversal dispersivity was set to the same value. In PFlotran
only longitudinal dispersivity was considered, which results in areas with high velocities, a
significant lower transversal dispersion. Test calculations with PFlotran using a 2 times higher
diffusion coefficient gave breakthrough curves similar to those for OpenGeoSys. Last but not
least, the intrinsic properties of the finite element and finite volume methods in solving the ADE
equation might result in different values for numerical dispersion and influence the breakthrough
curves. The effect of grid discretization for FE codes was tested and indicated that numerical
dispersion is reduced for finer grids. The results from calculations with CORE2D are given in
Fig. 18 in the appendix.

Overall, the breakthrough curves indicate that the evolution of the system is consistently
described by all four codes, showing the maximum peaks between 18.5 and 19.4 hours for port
‘c’ and between 14.4 and 14.6 hours for port ‘d’.
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4.2. Case 2

Case 2 considers the injection of a non-reacting saline solution into a porous medium initially
filled with a liquid of lower density. This induces a transient flow regime, typical for density
driven flow. On the long term the flow converges again to the stationary flow regime of Case 1.
The tracer profiles shown in Fig. 8 allow the visualization of the evolution of a tracer pulse
which was injected together with the BaCl, solution at the beginning of the experiment. This
case was solved by the reactive codes Pflotran, TOUGH2 and OpenGeoSys-GEM.

30 minutes 16 hours

Fig. 8: Temporal tracer profiles produced by OpenGeoSys-GEM. The temporal profile are
mapped with a log scale with 3x10™** mol L™ and 3x10° mol L™ as minimum and maximum.

Fig. 9 compares the fluid densities at ports “c” and “d” between OpenGeoSys, Pflotran and
TOUGHREACT. In OpenGeoSys-GEM, the density of the fluid is calculated as the ratio of mass
to volume of the fluid. The volume of the fluid is calculated based on the aqueous species
present and the molar volumes of these aqueous species. As such, the volume of the fluid
increases as salinity increases. The densities calculated by Pflotran being a linear function of
total dissolved salts and OpenGeoSys-GEM are in qualitatively good agreement.

The fluid density correlates with the NaCl concentration. The NaCl breakthrough at the ports ‘c’
and ‘d’ showing similar trends as the fluid density (in Fig. 9) are thus not presented. The
calculated NaCl concentrations (fluid densities) measured at ports ‘c’ and ‘d’ by TOUGH?2 differ
from those calculated by PFlotran and OpenGeoSys-GEM. As mentioned earlier, in TOUGH?2,
the effective diffusion coefficient is not only a function of porosity and intrinsic diffusion
coefficient, but also depends on the density of the liquid. Therefore it is not constant throughout
the experiment. The diffusion coefficient used for the calculations with TOUGH2 was set to 3 x
10° m? s™ in order to approximate the constant value used by the other codes.

The breakthrough curves of NaCl (fluid density) at port ‘c’ and ‘d’ of OpenGeoSys-GEM and
Pflotran in Fig. 9 show a similar trend. A higher dispersion is observed with OpenGeoSys-GEM.
A refined spatial discretization and a Crank-Nicolson scheme were tested for OpenGeoSys-
GEM, but similar results were obtained. As in Case 1, the differences between the breakthrough
curves can be explained by a difference in the implementation of diffusive-dispersive transport.
With OpenGeoSys-GEM, both longitudinal and transverse dispersive lengths of 1x10° m were
considered, whereas with Pflotran a longitudinal dispersive length of 10 m was used.
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Fig. 9: Evolution of fluid density at ports ‘c’ (left) and ‘d’ (right) with time.
4.3. Case 3a

Case 3a extends Case 1 by considering dissolution and precipitation of minerals that change
porosity and permeability (and the effective diffusion coefficient) in the flow cell. When a
concentrated BaCl, solution reaches the reactive SrSO,, layer Q2, the dissolution of celestite
(SrS0O,) is triggered and barite (BaSQO,) precipitates. Fig. 10 shows the total amounts of BaSO,
and SrSO, in the flow cell with time, which change due to either mineral dissolution or
precipitation. During the first 150 hours, dissolution of SrSQ, at a constant rate of 0.2 mmol per
hour is observed. After 150 hours, this dissolution rate slows down. Similarly, the total amount
of precipitated barite increases during the first 150 hours and slowly builds up to 0.043 mol at
300 hours. The initial fast precipitation of barite during the first 150 hours results from the
dissolution of the smaller celestite particles (Cls 1). As the smaller celestite grains are consumed,
aqueous SO,* is supplied by the dissolution of larger grains of celestite (Cls 2) which is much
slower due to its lower reactive surface area.

The total mineral dissolution and precipitation calculated with CORE2D differs from that of
OpenGeoSys-GEM and TOUGHREACT. CORE2D considers a constant reactive surface area
for small and large celestite crystals. In addition, CORE2D does not update the porosity for each
time step; therefore also the permeability and diffusivity remain constant during the course of the
simulation. This example also stresses the importance of the reactive surface area models during
mineral dissolution and precipitation reactions in porous media. The results produced with an
assumed constant reactive surface area are significantly different from the experimental results
reported in Poonoosamy et al. (2015).
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Fig. 10: Evolution of the bulk mineral composition in the flow cell with time.
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Fig. 11: lonic concentrations measured across line 1 (z = 0.01 m) at 150 and 300 hours.

Fig. 11 compares the concentrations of major aqueous species across line 1 (Fig. 1) at 150 and
300 hours. Overall, the simulated concentrations match well although minor deviations are
observed at greater distances from the inlet. It is difficult to pinpoint the exact cause for these
differences, as they may be related to several reasons including differences in the
implementation of diffusive-dispersive transport (as reported for Case 1), variations in the
implementation of transport schemes, differences in time stepping, small deviations in databases
due to the use of different components and differences in coupling schemes between transport
and reactions.

The transformation of celestite to barite involves a volume increase of about 12%. The resulting
porosity decrease and associated permeability changes are shown in Fig. 12. The porosity
changes due to mineral transformation calculated by OpenGeoSys-GEM and TOUGHREACT
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are the same. The associated changes in permeability simulated by TOUGHREACT and
OpenGeoSys-GEM due to the small porosity decrease (6%) are in good agreement. There are
small deviations between the porosity and permeability at the interfaces between OpenGeosys-
GEM and Thoughreact which are explained by the different spatial discretization used by the
two codes and the processing of the results using the software ParaView (www.paraview.org/).

| 3E-11 —
0.4 - s R s & ——0Gs-GEM 300
R . : hours
] : — 3E-12 - : :
_ 0.38 | E S I TOUGHREACT
t - 300 hours
2 0.36 1 £ : :
g 5 3E-13 1 : : OGS-GEM 0 hour
S : .
£ 034 - £
& 3E-14 | H :
0.32 1 oy
03 3E-15

0.04 0.045 0.05 0.055 0.06 0.04 0.045 0.05 0.055 0.06
x-coordinate of flow cell [m] x-coordinate of flow cell [m]

Fig. 12: Calculated porosity change (left) and permeability change (right) along line 1.
4.4. Case 3b

Case 3b is similar to Case 3a but considers a stronger change in porosity due to mineral
dissolution/precipitation. This was implemented as only small grained SrSO, crystals were
considered which results in a generally faster dissolution of celestite within the time window
considered. After 200 hours of BaCl, injection, about 60 % of SrSO, was converted to BaSO,
leading to localized clogging. Fig. 13 compares the evolution of the bulk mineral composition
with time in the flow cell as calculated by TOUGHREACT and OpenGeoSys-GEM. The results
of the two codes are in nearly perfect agreement.

Fig. 14 compares the simulated concentrations of major aqueous species measured across line 1
at 100 and 200 hours. The results from TOUGHREACT and OpenGeoSys-GEM are
qualitatively in good agreement. As for Case 3a, some discrepancies exist between the two codes
which can be explained by the differences in the implementation of diffusive-dispersive
transport.

The associated porosity and permeability decrease induced by the mineral transformation along
line 1 is shown in Fig. 15. Calculated porosities and permeability profiles are very similar.
Differences can be explained by the different formulations of the relationship between porosity
and permeability implemented in the two codes (equations 5 and 6). These differences become
more pronounced as porosity decreases.
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Fig. 13: Evolution of the bulk mineral composition in the flow cell with time.
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Fig. 14: lonic concentrations measured across line 1 (z = 0.01 m) at 100 and 200 hours.
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Fig. 15: Calculated porosity change (left) and permeability change (right) along line 1.

136



45. Case 4

In this case, the precipitation of a SrSO4-BaSO, solid solution is considered instead of pure
BaSO,, which was the case for Case 3. The injection of a solution composed of 0.001 mol L™
barium chloride and 0.099 mol L™ of strontium chloride is likely to produce a solid solution.
When no Ba?* is present, SrSO, exists as a pure celestite phase. When the concentration of Ba**
exceeds the solubility of the solid solution, a solid solution having a greater stability compared to
the pure barite phase (higher solubility compared to solid solution) will be formed preferentially.
The transformation to a solid solution is kinetically controlled by the dissolution of the initial
pure celestite phase.

Fig. 16 shows the total amount of mineral phases present in the flow cell as a function of time.
Although the temporal evolution of the system calculated by OpenGeosys-Gem and
TOUGHREACT are qualitatively in good agreement, there are differences in the composition of
the solid solution calculated by each code. Fig. 17 shows the molar amounts of the barium and
strontium end members in the solid solution formed across line 1 at 600 hours.

In GEM, the thermodynamic stability of a solid solution is increased by the consideration of the
Gibbs energy of mixing (equal to the minus entropy of mixing times temperature for an ideal
solid solution). This term further decreases the solubility product of the solid solution compared
to pure phases. Thus, minute amounts of barite present induce the transformation of celestite to a
more stable solid solution (Sr1.xBrySQOy) if no kinetic constraint for the formation of the solid
solution is considered. On the other hand, TOUGHREACT only considers mechanical mixing
without Gibbs energy of mixing. This is usually a good approximation for homogeneous solid
solutions but in many cases, including BaSO4-SrSQO, solid solutions, this is not appropriate.

The main difference between the two codes lies in the evaluation of equilibrium: OpenGeoSys-
GEM calculates thermodynamic equilibrium of the solid solution while TOUGHREACT
considers mechanical mixing (i.e. equilibrium is calculated for each phase independently).

The porosity decrease and the corresponding permeability changes in this case study are
insignificant and are therefore not presented.
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5. Conclusions

We conducted 2D numerical experiments to benchmark fluid flow and reactive transport
calculations. In the 4 presented benchmark cases, we studied several process couplings, such as
flow and conservative mass transport and the effect of liquid phase density on the advective-
diffusive transport of solutes. In addition, kinetically controlled dissolution/precipitation
reactions causing porosity changes, and mineral changes involving the formation of a solid
solution were investigated. Codes involved in the testing were OpenGeoSys-GEM, PFlotran,
TOUGH2 and COREZ2D. In all cases a good qualitative agreement of the results were observed,
as long as the same material parameters and parameterization were considered (same reactive
surface area model, porosity update and the same porosity-permeability relationship).
Differences in the implementation of directional dispersion tensor explained most of the
observed small differences, even for the more complex cases. The investigated system behaviour
Is robust against such differences. For the solid solution case, the implemented conceptual
models and formulations of solid solution phases in the different codes matter a lot, in particular
for calculating the solubility-controlled concentration of dissolved species. In contrast, the
porosity evolution is not sensitive on the implemented solid solution approach.
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Appendix

Solid solution: Activities of the end-members of a solid solution in thermodynamic equilibrium
are related to activities of aqueous ions by the following set of equations (Prieto, 2009):

{s OZ 1= Asrso, K OSrSO4 = Ysrso,Xsrso, K 05r504 (18)
{s Of 1= Agaso, K OBaSO4 = YBaso,XBaso, K OBaso4 (19)

where a;, v and X; are the activity, the activity coefficient, and the mole fraction of end member
i, respectively. For a simple ideal solid solution, y; is equal to 1 such that the activity of an end-
member is equal to its mole fraction:

agaso, = XBaso, (20)

Asrso, = Xsrso, (21)

The solidus and solutus curves are derived from the following formula:

log¥T1(solidus) = log(asrso,K°srso, + azaso, K saso, ) (22)
1
logY[1(solutus) = log <x3a2+/KOBaSO4+x5r2+/KOSrSO4> (23)

The solidus x-scale refers to the mole fraction of the end members while the solutus x-scale is
calculated as:

_ aBaso,K°Baso,
Xpa?* = YTI(solidus) (24)
Xgr2+ = 1 — xpg2+ (25)

N.B: in this section only (appendix), ‘a’ refers to activity different from ‘a’ used in the manuscript which refers to
surface area per volume of the mineral phase.

Influence of grid discretization: Breakthrough curves for ports ‘¢’ and ‘d’ for different
discretization.
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Fig. 18: Effect of grid discretization produced by CORE2D.
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Concluding remarks and future work

We developed a reactive transport experiment where porosity changes were induced by chemical
reactions. It can be used to develop upscaling concepts and test concepts implemented in
continuum scale reactive transport codes. Our experiment was carried out in a flow cell, which
was filled with a porous reactive layer of celestite (SrSO,4) sandwiched between two layers of
non-reactive quartz sand (SiOy). The reactive layer consisted of a bimodal grain size distribution
of celestite crystals with grain diameters below 63 pum and between 250 - 400 um. The pore
diameter in the reactive layer varied between 10 - 500 pum. The inlet and outlet of the tank were
positioned to create an asymmetric flow field. A 0.3 M barium chloride solution was injected
into the fully saturated porous media at a flow rate of 20 pL min™. During the course of the
experiment, the compositions of the effluent and the pressure in the tank were monitored.

The injection of a highly concentrated barium chloride solution into the porous medium that
contained a pore water of lower density changed the initially stationary flow field and introduced
density-driven flow. As the barium chloride reached the celestite region, dissolution of celestite
was initiated and barite precipitated. The replacement of celestite by barite induced a porosity
decrease. The change in solute composition also affected the fluid density. A dye tracer pulse
injected in the tank for visualization of the flow field before and after reaction, as well as
pressure measurements suggested a strong decrease in permeability of the reactive layer. The
permeability decrease is explained by newly formed barite phases in the pore space.

Post mortem analysis involving synchrotron based p-XRF, p-XRD and scanning electron
microscopy (SEM) were used to investigate the changes at pore scale in the reactive medium.
The newly formed phases were found, an oriented growth of barite micro-crystals on large
celestite crystals (epitaxial growth) and a nano-crystalline barite phase with residues of celestite
crystals in the pore interstices. The observed temporal precipitation sequence showed that at least
in the first stages of the reaction, the formation of a nano-crystalline barite phase resulting from
homogeneous nucleation appears before the epitaxial barite which is formed by heterogeneous
nucleation. However, classical nucleation theory predicts that the induction time for
homogeneous nucleation and heterogeneous nucleation is 9 hours and 1 hour respectively. This
apparent inconsistency may be resolved by considering that heterogeneous growth on celestite
substrates cannot be detected in early stages of the process. From SEM images, a rim thickness
of 3 um in 300 hours is detected for epitaxial barite which corresponds to a growth rate of 10 nm
hour™. At very high supersaturation of BaSO,, both phases start to build. However, whereas
homogeneous nucleation once started, is a chain-reaction like process (very fast), epitaxial
growth of barite on the celestite crystals will proceed at considerably slower rates. Once the
small celestite crystals are consumed or isolated from the solution, or the supply of BaCl, is
locally interrupted, the supersaturation of barite decreases rapidly. The supply of sulfate is
slower since only larger celestite crystals with low specific surface area are involved. Under such
conditions, homogeneous nucleation is excluded and only epitaxial growth is possible. The rim
of crystalline barite grows on the surface of the large celestite crystals. The nano-crystalline
phase cements all the thinner and larger celestite particles together, creates bottlenecks and
isolates pores in some cases.
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It should be noted that the recrystallization of nano-crystalline to micro-crystalline (epitaxial)
barite is also possible. The driving force for this replacement process is explained by the larger
surface area contribution to the Gibbs free energy of the nanocrystals which results in a higher
solubility of the nano-crystalline barite compared to that of epitaxial barite. As long as nano-
crystalline barite is present, the ion activity product [Ba*][SO,*] will be slightly larger than the
solubility product of macro-crystalline barite, i.e. there will be a tendency for further
precipitation of macro-crystalline barite and dissolution of nano-crystalline barite. This particle
size effect has been described in detail by Schindler (1967). Recrystallization processes can be
considered in pores where both nano-crystalline and micro-crystalline barite phases are present
and when a diffusive transport regime is reached.

Putnis and Mauthe (2001), Stack et al. (2014) and Prieto (2014) reported the dependence of
nucleation kinetics on pore size in porous medium. The effect of reducing the pore size is an
inhibition for nucleation. In our experiments, the initial pore size distribution is quite
heterogeneous with pore sizes varying between 10 and 500 um. Initially, the non-cemented
grains of celestite have a pore connectivity which is larger than in a porous rock (e.g. sandstone)
where grains are cemented. In our experiments, nano-barite crystals appear first along the main
flow pathways and afterwards across the entire celestite medium. A preferential formation of
nano-barite in the larger pores was difficult to detect in our system, probably because pore
connectivities are larger compared to the studies cited. For an averaged pore size of 100 pm, the
calculated induction time for the formation of barite clusters for both nucleation mechanisms was
less than 10 hours and even less for larger pores (500 um). For small pores of size 10 um, the
induction time for was ~ 4 hours for heterogeneous nucleation and 319 hours for homogeneous
nucleation. With our SEM measurements, it was difficult to observe a dependence of
precipitation Kinetics on pore-size. For a better evaluation of the possible dependence of nano-
crystalline formation in larger pores, tomography measurements will be performed at the
TOMCAT beamline at PSI. A test measurement was successfully performed and a scan of a
cross-sectional cut is given in Fig. 1.

Ba rich phases

Fig. 1: Cross section of a core sample with 1 mm diameter of the reactive medium after 28 hours
of barium chloride injection. Scan performed with a beam acceleration of 36 kV. The Ba-rich
phases are present as nanophase and as a thin epitaxial barite rim on the larger celestite crystals.

At a continuum scale the experiments were modelled with the reactive transport code
OpenGeosys-GEM. Tracer tests, with non-reactive tracers performed prior to barium chloride
injection, as well as changes in the flow field due to injection of a non-reactive liquid with
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different (higher) liquid density, were well matched. For the successful reproduction of reactive
transport experiments additional experimental data on the microstructure of the reactive medium
were needed. Only a model that included two populations of celestite grains, with different
kinetic rates for dissolution, successfully reproduced the experimentally observed evolution of
the bulk amounts of minerals with time. Still this model did not match the measured pressure
evolution, without changing the default parameters in the porosity-permeability relationship to
extreme values. In the experiments, we observed an additional cemented zone at the interface
between the sand and the reactive layer. We were not able to measure the initial and final
porosity and transport properties of this layer, as we were unable to extract undisturbed samples
of this interface. Therefore we modelled this with an additional 1 mm thick layer at the interface.
This layer had the same porosity-permeability relationship as the reactive layer, although we had
to modify the initial porosity in order to get a reasonable match to the experimental pressure
evolution. It is important to stress that such a procedure does not produce properly upscaled
model parameters and such a parametrized model cannot be used for predictions.

In some experiments, small fractures or preferential flow paths at the top of the reactive medium
occurred after 100 hours of injecting BaCl,, often only noticeable in pressure recordings. Each
time a crack opened, the pressure difference in the tank dropped because of the larger
permeability of the crack. The formation of cracks or preferential flow path controls the
chemistry of the system. Reactants bypass large portions of the reactive medium leading to a
complete change of Kkinetics and transport in the system. These processes were not taken into
account in our modelling.

OpenGeoSys-GEM calculations were also compared to other codes namely PFlotran, TOUGH2
and COREZ2D within the SeS bench initiative (Steefel et al., 2015). In all cases a good qualitative
agreement of the results were observed, as long as the same material parameters and
parameterization were considered. Differences in the implementation of directional dispersion
tensor explained most of the observed small differences, even for the more complex cases. Such
a comparison enabled code users and developers to verify the different couplings implemented in
the different codes, but cannot be used to validate our parametrized model.

At the continuum scale kinetic model for the dissolution of celestite, the reactive surface area
was a fitting parameter. In our model setup the reactive surface area is the only available
parameter to adjust the dissolution rate; therefore it is used as a “fudge factor”. The reactive
surface areas for the two celestite grain population were not set to the measured BET (Brunauer-
Emmett-Teller) surface areas since this gave dissolution rates which were unrealistically large.
The fitted values for reactive surface areas were orders of magnitude smaller than the BET
surface area. As was reported by Molins et al. (2012), reactive surface which is measured by
BET or geometrically estimated from the physical grain size does not consider the accessibility
of water or aqueous solution to the reactive phases in the porous medium(Maher et al. 2006;
Peters, 2009). The dissolution process is not homogeneous and the reactive surface area
represents the portion of the mineral surface area exposed to the aqueous solution and actively
participating in the reaction. It may be much lower than the total surface area (Helgeson et al.,
1984). It is therefore generally considered that the total available surface area is between one and
three orders of magnitude larger than the actual reactive surface area (Gaus et al., 2005; Xu et al.,
2007; Scislewski and Zuddas, 2010). In addition, the reactive surface areas of large celestite
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crystals are further decreased in time by the precipitating barite phase coating and passivating
their surfaces.

Tartakovsky et al. (2008a) showed that the use of the ADRE (advection-dispersion reaction
equation) is not completely appropriate for describing very strong local concentration gradients
resulting in localised precipitation. However, in contrast to Tartakovsky et al. (2008a)
concentration gradients and mineral precipitation in our experiments are not completely
controlled by diffusive/dispersive mixing of solutes. Concentration gradients are also heavily
influenced by the kinetic control of the dissolving mineral phase. Slow mineral dissolution
suppresses strong concentration gradients and localised precipitation.

Without detailed knowledge of micro-structural changes it was not possible to reproduce all
aspects of the system. In this system setup, micro-features below the continuum scale exist and
need to be approximated in the model, e.g., the existence of an additional thin reactive layer with
different transport properties.

It should be noted that the experimental observations presented in chapter 3 showed the limits of
the continuum scale reactive transport model presented in chapter 2. Although kinetic effects
were implemented by fixing two distinct rates for the dissolution of large and small celestite
crystals, instantaneous precipitation of barite was assumed as soon as oversaturation occurred.
Precipitation kinetics and metastability of supersaturated solutions i.e. the conditions under
which nucleation cannot occur despite high supersaturation (Prieto et al., 1990), were neglected.
The results from mineralogical-microscopic investigation clearly show that precipitation kinetic
effects related to metastability of supersaturated solutions and distinct nucleation mechanisms
are important. In addition they depend on the transport regime and have certainly an impact on
the evolution of porosity, permeability and diffusivity.

The validity of our Kkinetic approach for describing dissolution and precipitation reactions
involved in our system can be tested by investigating the same reactive setup under different
transport regime. We conducted additional experiments in a quasi 1D column with a constant
flow rate. The column was filled with a porous medium consisting of small celestite grains (< 63
pm) sandwiched between two layers of sand. The average pore size for the column experiments
was estimated to be 10 um. 0.1 M BaCl, solution was injected in the system at a flow rate of
56.5 pL min™ which results in higher advective fluxes than in the 2D tank experiment. Under
such conditions, homogeneous nucleation leading to a nano-crystalline barite phase was
completely suppressed. Barite precipitated as a coating on the surface of small celestite crystals
(heterogeneous nucleation) as shown in Fig. 2a. The breakthrough curves (Fig 2b) show an
initial peak in Ba?* concentration which then decreased after 14 hours. The initial maximum Ba**
concentration observed was due to the metastability of supersaturated solutions. Between 14 and
25 hours, the rate of dissolution for celestite and precipitation of barite is constant. Afterwards,
the dissolution of celestite slowed down, decreasing the concentration of Sr** ions in the effluent.
As barite precipitated as an overgrowth on the surface area of celestite crystals, this decreased
the reactive surface slowing down the dissolution of the latter.

In Fig. 2b also results from the (continuum scale) reactive transport models, calibrated on the 2D
experiments, are plotted. The calibrated model could qualitatively reproduce the experimental
observation, however with some significant discrepancies visible in the cationic breakthrough.
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Our model does not take into account metastable conditions and also passivation of celestite
crystals. The modelled reactive surface area of celestite is a linear function of its volume amount,
and therefore cannot reproduce the decrease in reactive surface area as the reaction proceeds.
These results prompt for future improvements of the reactive transport model.
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Fig. 2: (a) Scanning electron microscopy image (back scattered electron mode) of the reactive
medium after reaction. The grey colour corresponds to celestite crystal while the brighter rims
correspond to barite. (b) The experimental (Exp.) and simulated (Sim.) ionic breakthrough
curves measured at the outlet for 1D setup.

Recently Chagneau et al. (2015), performed counter diffusion experiments. They investigated
celestite precipitation in the pore space of a compacted sand column. After 15 days, the
precipitation ceased, the pore space in the precipitation zone remained fully connected with
about 25 % porosity reduction. They modelled their system evolution with a continuum reactive
transport model which failed to reproduce the celestite precipitation accurately. Their continuum
scale model either underestimated the remaining connected porosity in the precipitation zone, or
overestimated the amount of precipitate. Their findings showed that pore-scale precipitation
transforms a micro-porous system into a system consisting of micro and nano pores. They
conclude that it is necessary to implement a modified, extended Archie’s law to the reactive
transport model. Fatnassi (2015) conducted similar counter diffusion experiments, involving the
in situ precipitation of barite and gypsum in chalk. Although barite has a smaller molar volume
than gypsum, its precipitation in chalk caused a decrease in diffusivity at an earlier stage than
gypsum. This was explained by the difference in morphology/nature of the newly formed phases
in the pore space which cannot be approximated by a continuum scale model (with Archie’s
law). The modelling of the experiments with a continuum scale model either overestimated the
impact of gypsum precipitates in the pore space on diffusivity or underestimated the impact of
barite precipitates in the pore space on diffusivity.

The inability of continuum reactive transport codes to accurately reproduce experimental data on
porosity, permeability and diffusivity change is because these models consider the medium as
averaged domains with macroscopic flow and transport properties. The averaging process also
includes geochemical parameters such as reactive surface area and reaction rates. There is thus a
need to properly upscale pore scale processes to the continuum scale. In terms of reactive
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transport, all relevant transport properties, as well as the relevant parameters controlling the
reactions have to be upscaled in a consistent way. Pore scale modelling can be used to
investigate physicochemical processes (nucleation mechanism, passivation of surfaces, creation
of unconnected porosities etc...) that are not resolved in continuum scale models. The results can
be used to parameterize constitutive equations to introduce pore-scale corrections into
macroscopic (continuum) reactive transport models.

The next logical step in evaluation of the experiments described in this work would be thus to
model the change of the pore space taking into account realistic approaches for celestite
dissolution and barite precipitation. Molin et al. (2012) reviewed the different pore scale
approaches: pore network (Li et al., 2006; Algive et al., 2010), Lattice Botlzmann (Kang et al.,
2006; Van Leemput et al., 2007; Kang et al., 2010a; 2010b; Huber et al., 2014) and particle
methods (Tartakovsky et al., 2007a; Tartakowski et al., 2007b; 2008b). Hybrid models
combining the microscopic description of the pore scale approach and the continuum scale
approach have also been developed (Van Leemput et al., 2007; Battiato et al., 2011). Lattice
Boltzmann modelling is a suitable tool in the attempt of describing our celestite-barite system at
the pore scale. Lattice Boltzmann methods have the advantage of considering complex
geometries of the sample which can be extracted directly from our microscopic images and
tomograms (Fig. 1). In addition, they allow modelling a wide range of transport regimes and at
the same time getting estimates of averaged transport parameters. They can be used to
parameterize porosity-permeability relationships in our system (Rosen et al., 2012), as well as
the reactive surface area model. An upscaling of dissolution/precipitation rates from pore to
continuum scale, as was done by Noirel et al. (2012) and Molins et al. (2014), could also be an
option for the description of our system.

We would like to stress that microscopic understanding of the system is fundamental for
modelling on pore and continuum scale. Our experimental approach consisting of a simple
chemical setup cannot be used directly for safety assessment of engineered barrier systems
(nuclear waste repositories, geologic CO, storage, etc.). However, they allow an understanding
of pore scale processes as well as macroscopic changes. In the presented simplified example, in
order to do realistic modelling in terms of time, a good knowledge of the system (pore size
distribution, surface area of mineral) and different processes (nucleation, kinetics of dissolution
and precipitation) are required. Such a detailed understanding of realistic complex systems (e.g.
clay/cement interfaces in nuclear waste repositories) is needed in order to do meaningful
predictive modelling.
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