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Introduction

To enable feasible simulation times of reactive transport at the field scale, the size of the simulation cells needs
to be orders of magnitude bigger than the size of laboratory experiments from which mineral dissolution rates
are obtained. However, dissolutions rates measured at the laboratory cannot be used directly at the field scale
simulation because they are scale dependent. White and Brantley [1] report that laboratory measurements of
mineral dissolution rates differ from those observed in field-scale natural systems, meaning that an upscaling
procedure is necessary.

There is still no consensus on how to perform the upscaling of dissolution rates, specially when physical
and chemical heterogeneities are present. In order to shed light on the source of the scale dependency and, by
extent, to inform the design of an upscaling procedure, we carry out reactive transport simulations. Considering
that it is to the pore scale that dissolution and porosity and permeability changes can be traced, we perform
the simulations at the pore scale using micro-CT images.

While previous works in this area used a particle-tracking method to simulate single-species transport and
dissolution of chemically homogeneous rocks [2], this work opts for an Eulerian approach which makes the
coupling to a geochemical solver straightforward and can be applied to chemically heterogeneous rocks. This
approach allows to assess the combined effect of physical and chemical heterogeneity on the evolution of dissolu-
tion and precipitation, and use pore-scale simulation to compute upscaled properties — such as overall reaction
rate — for use in larger-scale models.

Methodology

We present a methodology to simulate multispecies reactive flow directly on voxelised pore-space images of
consolidated rock obtained from X-ray microtomography (Figure 1). In fact, the simulator accepts a variety of
cell shapes, such as hexahedra, pyramids and tetrahedra. Emphasis is put on regular hexahedral voxels because
of their direct applicability to micro-CT images.

Figure 1: 2D slice of the simulation grid. The property Φ (representing vi, p and Ci) is stored in the center of the block.
The white blocks correspond to liquid voxels. Different minerals are represented by different voxels and reaction rates.

On the initial pore-space geometry, we calculate the steady-state velocity field using the finite volume method
(Figure 2). Then we solve the advection-diffusion equations for the concentration fields. Using a sequential non-
iterative approach, we couple the transport solver to a multispecies geochemical solver [3], which was specifically
designed to handle sequential equilibrium problems — like the ones that arise from the perturbation of the
concentration fields by the advection and diffusion of species. It assumes that reactions can be classified into
fast reactions, which are considered to be in equilibrium, and slow reactions, considered to be controlled by



kinetics. Our methodology inherits this assumption, which simplifies the problem by replacing the slow-reactions
differential equations with algebraic ones.

Figure 2: Coupling algorithm for transport and geochemical solver. Mij is the matrix that record how much mass was
dissolved from a solid voxel or precipitated in a void voxel. When the corresponding mass for a voxel exceeds a threshold,
the geometry is updated.

A chemical equilibrium and kinetics problem is solved for each pore voxel, which is considered as a well-
mixed batch with an added solid phase if the pore voxel is in contact with a solid voxel. Both liquid-solid
and liquid-liquid reactions are considered. Dissolution of solid voxels and precipitation in liquid voxels do not
reflect instantaneously in geometry changes. Instead, they are accumulated on a voxel basis, and the geometry
is updated when dissolved or precipitated mass exceeds a threshold, when the whole voxel is changed into void
or solid, and the velocity and concentration fields are updated accordingly.

We allow for chemical heterogeneity of the solid phase by associating each voxel to a different mineral
and reaction rate (Figure 1). This methodology allow us to simulate fluid-fluid and fluid-solid multispecies
reactive transport through chemically heterogeneous rocks, permits pore-by-pore comparison with laboratory
experiments on micro-CT images, and can be used to assess the interplay of physical and chemical heterogeneity
on the evolution of dissolution and precipitation.

Results

We validate the proposed methodology by comparing the analytical and simulated solutions for the dissolution
of (a) a solid spherical particle and (b) a fracture modelled as two parallel plates. We continue the validation
by comparing simulations to experiments of the reactive transport in a 2D system involving an elementary
bimolecular fluid-fluid reaction[4] and multispecies reaction [5]. Then we assess this how this 2D multispecies
reactive transport simulation compares to a similar 3D version of it. We demonstrate the impact of chemical
heterogeneity on the effective reaction rates in a fracture. This serves as a basis for the study of the impact of
physical and chemical heterogeneities, including pore-by-pore comparison with benchmark experiments [6].
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