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ABSTRACT. Dissolution rates of porous crystalline materials reflect the superposi-
tion of transport and surface control, mainly via the parameters saturation of the
ambient fluid and distribution of surface energy. As a result, reacting surfaces evolve
over time showing a heterogeneous distribution of surface rates. The spatiotemporal
heterogeneity of surface reaction rates is analyzed using the rate map and rate spectra
concept. Here, we quantify the dissolution rate variability covering the nm- to mm-scale
of dissolving single-crystal and polycrystalline calcite samples, using a combined
approach of X-ray micro-computed tomography (�-CT) and vertical scanning interfer-
ometry (VSI). The dissolution experiments cover reaction periods from 15 minutes up
to 54 days. The observed rate ranges are remarkably consistent over the entire reaction
period but include a variability of about two orders of magnitude (10�9 � 3 � 10�7

mol m�2 s�1). The rate map data underscore the concurrent and superimposing
impact of surface- vs. fluid flow controlled rate portions. The impact of fluid flow on
reactivity at the mm-scale in the transport-controlled system is confirmed by 2-D
reactive transport modeling. The sub-mm spatial heterogeneity of low vs. high reactiv-
ity surface portions of polycrystalline calcite is clearly below the mean crystal size. This
suggests the dominant impact of highly reactive surface portions irrespective of the
orientation of larger crystals on the overall surface reactivity. Correspondingly, the
overall range of intrinsic reactivity heterogeneity as observed using singly crystal
material is not further expanded for polycrystalline material. As a general conclusion,
numerical reactive transport concepts would benefit from the implementation of a
reactivity term resembling the experimentally observed existence of multiple rate
components.

Key words: crystal surface reactivity, rate map, dissolution rate variability, X-ray
micro-computed tomography (�-CT), vertical scanning interferometry (VSI), reactive
transport, fluid-rock interaction

introduction
Reactive transport concepts in complex geomaterials rely on quantitative feed-

back between fluid flow velocity and surface reactivity via local gradients in fluid
saturation (for example, Steefel and others, 2015a; Li and others, 2017; Noiriel and
Daval, 2017; Deng and others, 2018). Both components of reactive transport show
critical variability and thus affect the spatial heterogeneity of material flux from
(dissolution) or to (growth) the reacting material surface. Transport-controlled condi-
tions occur when the concentration in the aqueous phase increases or decreases to the
point where equilibrium or near-equilibrium is achieved. Surface-controlled condi-
tions instead apply where the rate of attachment and detachment of ions from the
mineral surface is the rate-limiting factor in the overall reaction. The latter factor is
often complicated due to small-scale physico-chemical gradients at the reacting interface
(for example, Daval and others, 2013; Hellmann and others, 2015; Wild and others, 2016).
The competing superimposition of transport-controlled vs. surface-controlled fluid-solid
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interactions is responsible for the complex evolution of porosity and permeability in
reacting porous media (for example, Noiriel and Deng, 2018). The heterogeneity of
the flow field is controlled by constraints such as tortuosity, permeability, and pore wall
roughness (for example, Gouze and Luquot, 2011).

The intrinsic variability of surface reactivity and its spatial distribution is based on
factors such as crystal orientation or defect and grain boundary density and distribu-
tion (Fischer and others, 2012a; Harries and others, 2013; Pollet-Villard and others,
2016a). During the last two decades, multiple studies utilized atomic force microscopy,
vertical scanning interferometry (VSI), and related surface microscopic techniques to
quantify the variability of surface reactivity of single-crystal surfaces. This research has
been driven by the analysis of well-defined surface features such as etch pits at defect
structures, surface steps, and crystal edges with high kink site densities (for example,
Pollet-Villard and others, 2016b; Brand and others, 2017; Saldi and others, 2017;
Fischer and Luttge, 2018; Noiriel and Daval, 2017; Noiriel and others, 2019). Investiga-
tions focusing on contrasting surface reactivity at larger scales showed the critical
impact of surface features that develop during long-term reactions, thus implying their
impact on the formation of porosity pattern in rocks (for example, Noiriel and others,
2009; Emmanuel and Levenson, 2014; Fischer and Luttge, 2017). On the other hand,
several studies integrating true 3-D spatially resolved tomographic data (for example,
computed microtomography �-CT, positron-emission tomography) underscored the
critical impact of flow field heterogeneity at the pore scale and above (Berg and others,
2013; Menke and others, 2015; Molins, 2015; Bultreys and others, 2016; Deng and
others, 2018; Kulenkampff and others, 2018). 3-D imaging of calcite growth by using
time-lapse CT techniques illustrated the flow path alteration due to calcite precipitates
(Godinho and Withers, 2018).

Our experimental approach allows for a quantitative insight over a large range of
both temporal and spatial scales, a strategy discussed in detail by Noiriel and Daval
(2017). We use a combined approach of VSI and X-ray �-CT in order to quantify the
dissolution rate variability at the pore scale, covering the nm- to mm-scale of dissolving
single-crystal and polycrystalline calcite samples. Usually, �-CT is employed to charac-
terize the effective material loss during reaction time by localization of differences in
cross-sectional images between initial (prior to experiment) and final state of an
experiment, or by quantification of changes in surface area of the segmented mineral-
or rather: pore space-models (Noiriel and others, 2005; Noiriel and others, 2009;
Smith and others, 2013b; Menke and others, 2015; Pereira Nunes and others, 2016b;
Menke and others, 2018; Noiriel and others, 2019; Yuan and others, 2019a). While
other tomography methods such as FIB-SEM shift the level of detail into the nm-range
(Bera and others, 2011; Hemes and others, 2015; Peuble and others, 2018), their
destructiveness precludes comparison of pre- and post reaction states.

In this study, �-CT and VSI techniques are joint in a novel and complementary
approach to quantify the dissolution rate variability covering the nm- to mm-scale of
dissolving single-crystal and polycrystalline calcite samples. Initial and final reaction
states of the samples in each experiment were either scanned by VSI or X-ray �-CT.
Subsequent to method-dependent quantitative image analysis, the spatially resolved
surface retreat on both nanometer and micrometer scale was available for further
evaluation. In either method, the mineral surface was ascertained by a surface model
for both initial and final reaction states, and the reaction rate was determined locally by
division of surface retreat by reaction time. While a number of �-CT studies recorded
porosity gain, permeability change, or pore space evolution in general during percola-
tion experiments (Luquot and Gouze, 2009; Noiriel and others, 2009; Gouze and
Luquot, 2011; Sell and others, 2013; Smith and others, 2013b; Smith and others, 2013c;
Vialle and others, 2014), in our setup the local advective conditions and flow field
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heterogeneity remained basically constant during reaction time. A simple, yet effective
flow path geometry for the �-CT experiment avoids transport complexity introduced
by a complex pore network topology, tortuosity, self-diffusivity, et cetera. This facilitates
a straightforward and obvious data fusion with VSI experiments run with flat calcite
cleavages and cut polycrystalline surfaces. Thus, our experimental approach allows for
a quantitative insight over a large range of both temporal and spatial scales, gained by
two different experimental setups for �-CT and VSI, both capable of surveillance of
surface retreat (either in the range of several nm or �m upon reaction time,
respectively). Conceptually, we compare the rate contributors and their temporal
evolution in order to decipher the importance of specific rate histogram modes for the
long-term evolution of fluid-solid interactions. Both contrasting surface reactivity and
the fluid’s residence time during reaction are responsible for the local rate distribu-
tion. We analyze the impact of crystal orientation (Godinho and others, 2012; Smith
and others, 2013a; Godinho and others, 2014; Saldi and others, 2017) by comparing
the rate range of well-defined single-crystal (00-14) cleavage plane dissolution vs. the
rate range of a multitude of crystal orientations that form the reacting pore wall of a
polycrystalline calcite.

Finally, we compare the experimental data with results from reactive transport
modeling (RTM). In general, such approaches combine transport calculations based
on the geometry of the porous media and chemical calculations of ion concentrations
utilizing chemical data from databases (see, for example, Steefel and others, 2015a;
Tournassat and Steefel, 2019). Comparison of experimental and numerical ap-
proaches at the pore scale of complex porous media provided insight into the
heterogeneity of flow velocity and related complex transport-controlled behavior
(Flukiger and Bernard, 2009; Molins and others, 2012; Molins and others, 2014;
Molins, 2015; Deng and others, 2018; Yuan and others, 2019a). At larger length scales,
at the core scale and at reservoir scale the impact of permeability gradients is discussed
to be a major controlling factor (Wang and others, 2019).

Important insights about the evolution of reacting systems can be derived from
the analysis of pore scale heterogeneity (for example, Molins and others, 2012; Molins
and others, 2014; Steefel and others, 2015b), however, current RTM approaches do
not address the intrinsic heterogeneity of surface reactivity of reacting materials.
Nevertheless, the point of heterogeneity of surface reactivity beside hydraulic and
chemical heterogeneity has been raised in the past already and is under discussion for
improved upscaling strategies, but remains challenging (for example, Schott and
others, 1989; Tartakovsky and others, 2009; Dentz and others, 2011; Berkowitz and
others, 2016; Pereira Nunes and others, 2016a; Fischer and others, 2018; Kurganskaya
and Churakov, 2018; Noiriel and others, 2019; Yuan and others, 2019a). In this study,
the simple geometry of the cylindrical pore in the reacting polycrystalline calcite has
been chosen to minimize the complexity of the flow field. Focusing on a simple velocity
distribution that can be varied at will allows for a simple deconvolution of the
concurrent impact of transport- vs. surface-controlled conditions via the velocity
gradient. Thus, any observed dissolution anisotropy of the larger polycrystalline system
can be attributed directly to surface- vs. transport-controlled behavior.

materials and methods

Sample Material
The calcite marble in this study originates from Großsölk (Austria). We used this

marble because of its high calcite (95 wt.%) concentration and relative large grain size
(mean diameter � 500 �m, fig. 1). Accessory minerals are quartz (�2 wt.%), muscovite
(�1 wt.%), phlogopite (�1 wt.%) and ore minerals (1� wt.%) (Zeisig and others,
2002). The marble strata is exposed in the southern part of the upper Enns valley and
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belongs to the northern part of the Woelzer Glimmerschiefer complex. More details
about the so-called Sölk marble from Großsölk is available from the literature (Fritsch,
1953; Zednicek, 1983). The Sölk marble exhibits a marked preferred grain orientation
with a uniform direction of calcite c-axis and planar distribution of calcite a-axis. The
samples for the �-CT experiment were prepared to expose relatively uniformly
distributed crystal orientations perpendicular c at the drill hole surface. Along the flow
path, variations in orientation remain constant, and changes in dissolution rate are
independent of changing orientation.

Setup of the Percolation Experiment for �-CT Surveillance
Marble sample cuboids (fig. 2, I: ca. 6 � 8 � 9 mm3; II: ca. 4 � 8 � 9 mm3) were cut

using a microsaw. Subsequently, each specimen was drilled to expose a central hole (Ø
ca. 1.6 mm). Thereafter, the marble cuboids were cleaned with distilled water in an
ultrasonic bath for several minutes to eliminate small particles, potentially produced
during the drilling process.

A flow-through experiment was performed for 1292 h (almost 54 days), using the
X-ray-transparent PEEK (semicrystalline thermoplastic material; polyether ether ke-
tone) reaction cell setup for rock micro-cores presented by Kahl and others (2016).
The samples were mounted within a perforated polyether ether ketone chamber or
PEEKin (fig. 2A, outer diameter of 18 mm and an inner diameter of 14 mm). The
PEEKin is designed to slot into the PEEK reaction cell setup in place of the rock
micro-cores, into which it is shrink-sleeved between the in- and outlet plugs of the core

Fig. 1. Thin-section micrographs of the Sölk marble (A: plane-polarized light, B: cross-polarized light).
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Fig. 2. Visualization of (A) the perforated PEEK chamber for sample assembly in a flow-through
experiment with samples (I) and (II), (B) bottom-view of sample (II) and (C) section through volume
reconstruction of sample (I). Image sequence of a single reconstructed slice (D) visualizes the surface retreat
(overlay) of calcite by comparison of the unreacted (top: initial) vs. reacted (bottom: final) state of the
experiment. The view is down the central hole of sample (I), the position of quartz grains as inert reference
illustrates the loss of calcite inside the flow channel (center picture: difference). Note the existence of inert,
highly attenuating minerals used as landmarks for volume registration.
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holder. Both spiderweb-type groove patterns on the end-faces of the standard core
holder’s inlet and outlet plugs (Kahl and others, 2016), and the perforated lids of the
PEEKins enabled direct fluid access to the samples. The marble cuboids were posi-
tioned in a stacked order with their central drill holes facing the inlet. Thus, the main
flow path runs from the cell inlet through the drill hole of sample I via the drill hole of
sample II to the cell outlet. The polycrystalline marble cuboids were reacted using 2.2
mMol Na2CO3 solution, equilibrated with air to obtain constant pCO2 at pH 9.2,
percolating at a flow rate of 0.05 mL/min and 45 bar (4.5 MPa) fluid pressure. Fluids
discharged from the cell are passed through a back-pressure regulator that maintains a
constant pressure level inside the flow-through apparatus. Since minor fluid transit
around the samples (especially around sample II) is possible, the actual flow rate
through the drill holes could have been slightly less than 0.05 ml/min.

X-ray �-CT Surveillance of the Flow-Through Experiment
The X-ray �-CT scans were performed using the ProCon CT-ALPHA system of the

Petrology of the Ocean Crust research group at the University of Bremen, Germany. The
pierced marble cuboids were scanned before and after the dissolution experiment with
a beam energy of 120 kV, an energy flux of 350 �A, and using a thin copper filter in
360° rotation scans conducted with a step size of 0.225°. To achieve a detector
resolution of 4.1 �m (sample I) and 3.1 �m (sample II) per voxel, the field of view
(FOV) of the �-CT scans was restricted to the central drill hole of the respective
sample. After an acquisition time of 3 hours for each sample, an image volume of
2000 � 2000 � 2000 voxels (or larger) was available. Correction of ring artefacts and
reconstruction of the spatial information on the linear attenuation coefficient in the
samples was done with the Fraunhofer software VOLEX, using a GPU-hosted modified
Feldkamp algorithm based on filtered backprojection (Feldkamp and others, 1984).
All subsequent processing of volume data (for example, rendering, filtering of the raw
data, segmentation, surface generation et cetera) was done using Avizo 9.5 (FEI).

Filtering, Registration and Phase Segmentation of �-CT Volume Data
In the reconstructed volume data of the impure marble, areas of very high to high

attenuation phases (for example, sulfides, calcite; see fig. 2D) are encoded in white or
light gray values, whereas areas of low X-ray absorption are color-coded in dark gray
(here mica, quartz) or black (voids, cracks). To reduce noise and enhance segmentabil-
ity, a combination of two digital image filters (anisotropic diffusion with five iterations,
and non-local means 2-D) was applied successively to the reconstructed raw data. Thus,
the resulting data volume comprises enhanced segmentability due to both preserved
edges at the grain boundaries facing the flow channel, and due to smoothing of former
noisy areas. On the filtered data sets, a landmark-based registration of both volume
reconstructions of initial and final state relative to each other has been performed.
Subsequently, an automated 2-D segmentation procedure was employed on the
registered data volumes to segment mineral surface from void. The segmented voxels,
containing only the solid phases, of both initial and final states of both samples were
then selected (binarized) and combined to a 3-D model of the polycrystalline marble
samples.

Surface Generation, and Surface Distance Determination of �-CT Volume Data
To assess the retreat of the reacting flow channel surface during reaction time, the

module Generate Surface in Avizo 9.5 was employed to create a triangular approximation
of the surface of both registered initial and final 3-D models (fig. 3A). Upon surface
generation, a modified Gaussian filter was chosen (extend 5 of 9) to smooth the region
boundaries of the binarized input 3-D models, which consist of cuboid elements
(voxels), that would otherwise produce staircase-like surfaces. We used the module
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Surface Distance to calculate the distance between initial and final marble surface
models. We chose the final surface to project the displacement information, since it
represents the topography of the final reaction state after the experiment. For each
vertex of the initial surface, the distance to the closest point on the final surface was
computed (fig. 3B). Eventually, the conversion of a surface distance map into a rate
map (�m/h, fig. 3C) is achieved by dividing the surface retreat distance by reaction
time (Fischer and others, 2012a).

Rate Spectra Extraction from �-CT Volume Data
The rate distribution of the observed surface retreat has been extracted from the

rate map employing the module Histogram in Avizo 9.5 with a binning of 0.0002 �m/h.
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Fig. 3. Determination of surface retreat and rate map calculations from �-CT volume data (sample I).
(A) Triangular approximations of the calcite surface at both initial and final states of the percolation
experiment (coloring: initial surface-transparent white, final surface-pink). (B) The displacement informa-
tion has been projected on the final surface, since it is the final surface that exhibits the contrasting surface
retreat of quartz and calcite. For each vertex of the initial, smoothed surface the distance to the closest point
on the final, smoothed surface was computed. (C) The conversion of a surface distance map into a rate map
(�m/h) is achieved by division of surface retreat by reaction time. (For interpretation of the references to
color in this figure, the reader is referred to the web version of this article.)
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Several factors may impact the dissolution rates determined by 3-D quantitative
image analysis of reconstructed and registered �-CT scans: the voxel size of reconstruc-
tion, the characteristics of the registration method, the method used for segmentation
of the mineral phase, the mode of surface generation from the binarized marble
model, and the details of the surface distance determination. Even in the current
state-of-the-art of CT metrology, the means of finding analytical expressions for the
accuracy (‘trueness’ and precision) of measuring systems with statements of maximum
permissible error are still under scrutiny within the scientific community (Villarraga-
Gómez and others, 2018). One of the major problems in CT metrology is the difficulty
of finding out the correlations between interference effects from the CT measurement
process, including data processing steps, and the final CT measurement results (Hiller
and Hornberger, 2016). Furthermore, it is still hardly possible to generalize CT results
and to transfer results obtained for individual work-pieces to other measuring objects,
which (slightly) differ in size and form. This leads in some cases to an underestimation
and in some cases to an overestimation of the performance parameters (Moroni and
Petrò, 2016; Moroni and Petrò, 2018).

Still, a minimization of potential sources of inaccuracy can be considered. Our
strategy to minimize systematic divergences between initial and final 3-D image data is
to follow absolutely identical protocols upon creation of the 3-D surface models of the
initial and final marble reaction surface. The voxel size of the reconstructed image
material is dependent on beam geometry of the scan and camera design. Therefore, all
scans designated for later registration should be carried out under identical condi-
tions. For registration of successive scans, different approaches such as point-based (via
landmarks) or intensity-based (applicable to volumes of interest) are available. Never-
theless, a successful registration critically depends on the actual attenuation of the
investigated sample. If extent and distribution of fabric compounds used for registra-
tion are proper, both point-based and intensity-based methods can be applied, even in
combination (Li and others, 2006). However, the current marble samples offer only
two fabric element contacts with high attenuation contrast, which would be favorable
for intensity-based registration: (i) the contact solids-pore space, which is under
investigation, and (ii) tiny highly attenuating minerals, currently used as landmarks for
volume registration (fig. 2). The extent of the latter is too small to be employed for
intensity-based registration methods. Conversely, attenuation contrasts between differ-
ent marble mineral compounds have been too low to permit proper intensity-based
registration. Therefore, registration has been restricted to the landmark-based tech-
nique. An automated segmentation procedure has been applied to exclude user-
dependent bias on the results. Upon surface generation, the degree of smoothing to
generate sub-voxel surface weights to avoid the staircase-like artifacts has been chosen
identically, since the number of triangles influence the final surface approximation.
The computer hardware provided 130 GB RAM, 24 CPU and a NVIDIA Quattro K6000
graphics card to process the �-CT image data. In the course of surface distance
measures (fig. 3), both samples have been treated the same way to have comparable
data.

Rate Maps and Rate Spectra Using Vertical Scanning Interferometry Techniques
A calcite single-crystal sample in optical quality was obtained from Crystal GmbH,

Berlin (Germany), and the (10–14) surface was partially masked (Mahan, 2000). The
masked surface section served as a reference for height difference calculations after
dissolution reactions. Dissolution experiments were performed in a flow-through cell.
The fluid volume in the cell was 300 �L. The volumetric flow rate was 30 mL/h. After a
pre-reaction period of 90 minutes, we applied three reaction periods of 15 minutes and
60 minutes, respectively. We used a 2.2 mMol Na2CO3 solution, equilibrated with air to
obtain constant pCO2 at pH 9.2 for dissolution experiments. Experimental settings
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similar to those in many calcite dissolution studies in literature were used in order to
provide comparable results (Sjoberg, 1978; Chou and others, 1989; Liang and others,
1996; Morse and Arvidson, 2002; Arvidson and others, 2003). For details concerning
the experimental setup using polycrystalline calcite and VSI techniques see Boller-
mann and Fischer (2020), this volume.

Surface Topography Analysis and Calculation of Rate Maps
After each reaction step, the surface topography was analyzed using vertical

scanning interferometry (VSI). This method is capable of analyzing sample surface
height changes in the range of 0.1 nm using phase shift interferometry (PSI) or 1 nm
using white light interferometry (WLI) techniques. We applied a ZeMapper interferom-
eter system (manufacturer: Zemetrics, Tucson, AZ) equipped with five interferometry
objectives (Fischer and others, 2012b). The more sensitive PSI mode was utilized for
the three initial and short reaction periods (each 15’). Reacted surfaces after three
subsequent reaction periods (each 1 hour) were measured using the WLI measure-
ment mode (fig. 4).

Using the inert surface section as a height reference, six height difference maps
were calculated after each reaction step. The height difference (dz) per reaction time
(dt) of each (x,y) map point contains information about the height retreat velocity
(dz/dt). The material flux map was used to calculate the rate map by dividing each
(dz/dt) value by the molar volume Vm�36.9 cm3/mol.

Reactive Transport Modeling
We employ a mathematical approach for modeling the coupled processes of fluid

flow and calcite dissolution in the connected free-flow region. In the mathematical
model, we employ the Stokes-Brinkman equation for momentum balance, which is a
unified equation for modeling fluid flow in the entire domain. We then couple the
Stokes-Brinkman equation and the reactive-transport equations for simulating the
coupled processes.

Fig. 4. Calcite single-crystal topography evolution over seven dissolution reaction periods from 90 min.
to 315 min. First four data sets were measured using phase shift interferometry; subsequent topographies
were measured using white light interferometry technique because the surface height after 135’ exceeded
the maximum height that can be analyzed using PSI technique. Note the existence of a limited number of
“long living”, deep etch pits, responsible for elevated materials fluxes at fixed positions over several reaction
periods (t � 195–315 min).
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The Stokes-Brinkman model.—The Stokes-Brinkman equation has been widely ap-
plied to model fluid flow in fractured porous media (Bi and others, 2009; Popov and
others, 2009; Qin and others, 2010; Yuan and others, 2016; Yuan and others, 2019b), as
it provides a single set of equations for simulating fluid flow in the entire domain. The
general formulations of the Stokes-Brinkman equation for incompressible single-
phase fluid are given as follows (Brinkmann, 1947; Bi and others, 2009; Popov and
others, 2009; Qin and others, 2010; Yuan and others, 2016):

�Kperm
�1 v � �p 	 �* 
v � 0, (1)

� · v � 0, (2)

where v represents the physical velocity of the fluid in free-flow regions and the Darcy
velocity in porous media, p denotes pressure, Kperm is a permeability tensor, � is the
physical viscosity of the fluid, and �* is the effective viscosity. The effective viscosity �*
is a key parameter for matching the shear stress boundary condition at the interface
between free-flow and porous media (Martys and others, 1994). The effective viscosity
�* is set equal to the fluid viscosity, �* � � in most applications (Bi and others, 2009;
Popov and others, 2009; Qin and others, 2010; Yuan and others, 2016; Yuan and others,
2017; Yuan and others, 2019b). In this paper, Kperm is set as a very large number in the
free-flow region. Eq. (1) can be reduced to the Stokes equation. The readers are
referred to (Yuan and others, 2016) for more details on discussions of the Stokes-
Brinkman equation.

The reactive transport model.—The reactive transport equations describe the coupled
processes of solute transport and geochemical reactions. In the model, the aqueous
species are classified into primary species and secondary species (Steefel and Lasaga,
1994). The general mass conservation equations integrating flow, solute transport, and
chemical reactions for the primary species � are written as:

�CT�

�t
� � · (vCT� 	 D�CT�) � R�

min, (� � 1, . . . , Np). (3)

In equation (3), Np is the number of primary species. CT� are the total concentra-
tions of primary species. R�

min are the kinetic reaction rates of primary species �, which
are calculated by:

R�
min � sgn(log)Ak(�i�1

N �i
�)�1 	 �,

where k is the rate constant,  is the saturation state, and A is the reactive surface area
of the calcite (in unit of m2 per m3 mineral rock). The reactive surface area, A, is
expressed as A � Assa � �m, where �m is the volume fraction of mineral, Assa is the
specific surface area (in unit of m2/g), and � is the mineral density.

In this paper, the coupled mathematical model is solved numerically in a
sequential fashion. The readers are referred to Yuan and others (2019b) for more
details on the numerical discretization and solutions for the Stokes-Brinkman equation
and reactive transport equations. Note that the numerical scheme can be embedded in
a nonlinear iteration until the desired accuracy is reached. For simplicity, we do not
use such nonlinear iterations in our current study.

results and discussion

We compare the spatiotemporal reaction rate heterogeneity of two dissolving
types of calcite. Polycrystalline calcite dissolution reactions are performed for up to 54
days while single-crystal calcite surfaces are reacted for up to 315 minutes.
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Calcite Dissolution on the Grain Scale and Above: �-CT-Derived Rate Maps
Surface reactivity of polycrystalline calcite aggregates in the �-CT flow-through

experiment was assessed by quantification of the surface retreat during reaction time.
Two mm-sized marble cuboids (fig. 2) samples were stacked in a perforated reaction
chamber and scanned before and after reactive fluid was percolated for 1292 h. Unlike
VSI, the determination of surface retreat by �-CT surveillance is not restricted to a
vertical geometry. In principle (using the module Surface Distance in Avizo 9.5, see
method section), determination and visualization of the surface retreat during reac-
tion time can be approached from two perspectives: (i) computation from initial to
final surface, based on the vertices of the initial surface, and (ii) surface distance
calculation from the final to the initial surface, based on the vertices of the final state.
Potential differences are caused by distinctions between the initial and final marble
surfaces (pre- and post-experiment) which involves slightly asymmetric assessment by
the vertex-based surface distance measures (see supplementary fig. A1). Here, we
chose (i) and the projection of the results onto the final surface (fig. 3B). Since the
determination of surface retreat is based on two surface models with smoothed region
boundaries (no staircase-like voxel surfaces are involved), the surface distance calcula-
tion delivers values within in the sub-voxel range.

The volumes of interest (VOI) chosen for detailed inspection of dissolution rates
(fig. 5) cover a height of 4.1 mm (sample I) and 3.7 mm (sample II), respectively. The
color-coded 3-D rate map (fig. 5) shows site-specific dissolution rates of calcite on the
microscale, projected on the final surface (fig. 3C). Exposed quartz and mica grains
are characterized by negligible material loss. Although the dissolution rates have been
determined for the entire surface of the drill holes, rate spectra analyses for both
samples were restricted to regions of interest (ROI). ROI (see semitransparent whitish
areas in fig. 5) have been chosen to avoid mica- and quartz-rich regions, which show
considerably lower dissolution rates than calcite. Representative ROIs of both samples
are depicted in figure 6 alongside with sections through the volume reconstructions to
show the similar density of quartz and mica grains on the surface of the central drill
hole within the impure marble specimen.

The residence time of the fluid defines the existence of transport- vs. surface-
controlled reaction conditions. Liang and Baer (1997) showed the transition from
transport-controlled to surface-controlled conditions at about 50 to 100 �L/min. By
applying a flow rate of 50 �L/min, we anticipated surface-controlled conditions close
to the inlet of the reacting flow in sample (I) and increasing impact of flow control
towards the flow outlet (sample (I)), because of an increase in ion concentration.
Sample (II) is in serial connection to sample (I), thus the fluid shows elevated ion
concentration already when entering sample (II). In this case, the reaction conditions
for sample (II) are always transport-controlled. Both rate map and rate spectra results
confirm this assumption (figs. 5–7). Sample (I) shows the anticipated rate gradient
from high to low reactivity while sample (II) continues the low reactivity due to
transport-controlled conditions, similar to the outlet section of sample (I). A gradient
towards overall lower rates is visible in the set of spectra curves of sample (I), indicating
a concentration shift to more close-to-equilibrium conditions (fig. 7). Figure 8 visual-
izes this gradient in the rate map that includes the inlet section of the sample with the
highest surface rates. While the rate gradient owing to transport conditions is clearly
shown, the superimposition of surface reactivity is equally important to the rate results.
Regardless of the impact of saturation, the overall rate range of about two orders of
magnitude is ubiquitous.

Additional information in figure 7 provides comparison to surface-controlled rate
data based on interferometry techniques (upper section). The overall rate range is
10	9 to 2 � 10	7 mol m	2 s	1. This dataset includes initial surface rates, collected
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during reaction periods of 15 minutes (green curves, PSI measurements). This data set
is homogeneous. Almost no dispersion of higher rate portions at about 10	7 mol m	2

s	1 is found. This picture changes during ongoing reaction time and reaction periods
of 1 hour (blue curves, WLI measurements) and shows a dispersion of rate portions.
Here, the occurrence of lower rate portions is rather homogeneous. Higher rate
portions at about 10	7 mol m	2 s	1 show higher variability, especially when compared
to data collected with larger field-of-view (dark-blue curve). This result indicates a
spatial heterogeneity with respect to surface reactivity and rate distribution. For
comparison, we show literature data of a long-term dissolution experiment that has
been analyzed by using a FOV of �130,000 �m2, that is, 16 times greater than the FOV
of the interferometry data presented here. After the reported reaction period of 4.5
hours, a minor section of the reacting surface is characterized by remarkably high
surface rates due to fast-moving surface steps (Bibi and others, 2018). Thus, the
temporal and spatial heterogeneity of surface rates requires a sufficiently large FOV to
be captured. Additional data (WLI, calcite marble) illustrate the rate spectrum
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Fig. 5. 3-D maps of calcite dissolution rates on the surface of central drill holes in samples (I) and (II).
The color coding illustrates both mineral- and site-specific dissolution rates over 54 days of percolation. In
general, the rate range observed for sample (I) is larger than for sample (II), depicting the effect of assembly
and relative positioning with respect to the fluid passage within the sample containment. The volumes of
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measured on dissolving polycrystalline calcite using white light interferometry. The
rate data include higher rate portions (� 10	7 mol m	2 s	1) compared to single-
crystal dissolution experiments analyzing relatively small field-of-view sections of ca.
100 �m � 100 �m. Higher rates of large surface steps are reported from an even bigger
field-of-view of about 400 �m � 300 �m (Bibi and others, 2018). The here reported
VSI rate data illustrate the general similarity of rate spectra of polycrystalline and
single-crystal calcite. Differences in crystal orientation do not result in measureable
differences of observed rate ranges of single-crystal vs. polycrystalline materials, similar
to previous results (Smith and others, 2013a). Observed differences are attributed to
the impact of accumulated defects at grain boundaries as well as the evolution of high
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kink site densities along large surface steps that developed during coalescence of etch
pits (Luttge and others, 2007; Luttge and others, 2013; Fischer and others, 2014;
Luttge and others, 2013; Fischer and others, 2014; Kurganskaya and Luttge, 2016;
Fischer and Luttge, 2017). More details of this dataset and interpretations about rate
heterogeneity are discussed in Bollermann and Fischer, 2020.

At the same time, a sufficiently large spatial resolution is required in order to
analyze properly the material flux. Thus, an overlap of FOV and spatial resolution of
both methods, �-CT and interferometry, is required to provide quantitative insight
into the heterogeneity of surface rates. More specifically, standard interferometry FOV
sizes might be too small to include rare high-reactivity surface steps and the highest
spatial resolution of �-CT measurements might be insufficient to map small but
reactive surface portions. While the combination of both methods provides a unique
opportunity to bridge surface rate data from the micron to millimeters scale the data
need a careful evaluation because of the changing spatial resolution and FOV size.
Both parameters act like a band-pass filter system thus potentially eliminating sections
of the highest and lowest rate portions.

Comparison of Rate Distribution Data to Reactive Transport Modeling Results
We investigate numerically the fluid flow through a simple cylindrical channel

without any surface roughness and analyze the transport-controlled surface reactivity.
The diameter of the flow channel is 1.8 mm, see figure 8. The fluid with pH � 9.2 is

Fig. 7. Compilation of calcite single-crystal and polycrystalline calcite dissolution rate spectra data.
Lower section: Calcite marble dissolution rate spectra based on �-CT measurement capabilities include the
two samples I and II. Total rate spectra (I_tot, II_tot) and spectra of data subsets (I_1-7; II_1-7; compare fig.
5) are shown. Spectrum I_inlet shows the solely surface-controlled �-CT rate portions vs. mixed surface- and
flow-controlled rate data I/II_1-7, compare figure 8. Upper section: Rate spectra of dissolving single-crystal
and calcite marble (WLI) based on interferometry techniques include white light interferometry data with
large field of view of 300 �m � 300 �m (WLI_LFOV), a temporal sequence of white light interferometry data
(WLI_t1-t3: 135 min – 195 min – 255 min – 305 min) as well as a temporal sequence of phase shift
interferometry data (PSI_t1-t3: 90 min – 105 min – 120 min – 135 min) and additionally white light
interferometry data from literature (WLI_L2018: Bibi and others, 2018). Frequency of rate components is
given in logarithmic scale, arbitrary units.

40 W.-A. Kahl and others—Crystal surface reactivity analysis using a combined



injected into the cylindrical borehole at a constant injection rate of 0.05 mL/min.
Since this linear flooding case study has a symmetric geometry and symmetric
boundary conditions, the three-dimensional problem is simplified to a two-dimen-
sional problem with a significant decrease in computational time.

Based on the mass balance, the normalized dissolution rate at the channel surface
is calculated as (Li and others, 2008; Luquot and Gouze, 2009):

Rn �
(CCa�out 	 CCa�in)Qinj

Atot
,

where CCa�in is the concentration of calcium ions at the inlet, CCa�out is the concentration
of calcium ions at the outlet, Qinj is the injection rate, and Atot is the total surface area.
(Li and others, 2008) presented a simple definition of Atot considering the geometry of
the pore, which could underestimate the surface area without considering surface
roughness. Here, we utilize the surface roughness factor (RF) combined with the
geometric surface area (Thomas, 1999) to implement the effect of rough mineral
surfaces. The modified surface area, Atot, is expressed as Atot � (2�rL)F. However, the
reader is referred to the discussion highlighting the fundamental problems of surface
area normalization of reaction rates (Fischer and others, 2012a).

Nonetheless, we illustrate three case studies using the current reactive transport
approach. The parameters are given in table 1.

The parametrization of surface reactivity is underdetermined since both, surface
area and reaction rate “constant” are varying in such systems, as discussed by, for
example, Arvidson and others (2003). Case 1 utilizes data by Busenberg and Plummer
(1986). Comparatively high surface area and rate are due to small grain sizes (“syn-
thetic rhombohedrons, analytical reagents”). Case 2 exemplifies the simple reduction
of the rate due to the decrease of surface area. In case 3, logRn is 	6.25 mol m	2 s	1,
which is higher than the VSI-derived dissolution rate by Arvidson and others (2003).
Using case 3 as a starting point, the modification of the surface roughness factor results

Fig. 8. Visualization of the gradient in the �-CT-derived reaction rates observed on the calcite surface of
the central drill hole in sample (I) in a 54 days flow-through experiment. The inlet section of the sample
exhibits the highest surface rates, being located towards the fluid inlet of the percolation cell. The profile
indicates surface-controlled conditions close to the inlet of the reacting flow and increasing impact of flow
control towards the flow outlet. The length of FOV is 5.7 mm. While on the left the rate map can be seen
from inside flow channel, on the right it is depicted from the outside (see fig. 3).
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in reduced logRn, as shown in table 2. This simple calculation exemplifies the current
limitations of the reactivity part of reactive transport simulation approaches. Instead,
reaction rate data using �-CT and VSI techniques do not rely on any surface area
normalization, thus quantifying a snapshot of the critical range of surface reactivity.
RTM approaches are dealing with a single rate only and a single surface area value, that
is, specific surface area or geometric surface area and a surface roughness factor et
cetera, for normalization. To fulfill the simple constraint of a constant mean rate at
given chemical conditions the model would require lowered reaction rates for en-
hanced surface roughness factors (table 2).

Current pore-scale RTM approaches explain any decrease in reaction rates via
transport-controlled conditions. Locally enhanced reaction rates cannot be explained
by using a simple mean reaction rate.

Figure 9 illustrates this simple situation. Figure 9A shows a cross-section through
the fluid velocity distribution. A boundary condition is the constant velocity at the inlet
(velocity of each grid block is constant along the vertical axis at inlet). Thus, a certain
length parallel to the flow direction is required for developing the Stokes flow situation,
resulting in the calculated velocity distribution based on the momentum balance.
Under steady-state flow conditions (fig. 9A) a static fluid chemistry is observed for
both, Ca2� ion concentration distribution (fig. 9B) and pH distribution (fig. 9C).

This provides quantitative insight into the axial decrease in reactivity due to fluid
flow and residence time and explains the rate gradient observed in figure 8. We utilize
this information and compare experimental and simulation results in figure 10.

TABLE 2

Effect of increased roughness factor F on resulting mean calcite dissolution rates Rn.

F [-] log Rn [mol m-2 s-1] 

1 -6.25 

5 -6.95 

10 -7.25 

20 -7.55 

30 -7.73 

TABLE 1

Parameters used for three cases of reactive transport modeling, applying contrasting
values of specific surface area and normalized mean rate

Case  Assa [m2/g] log Rn [mol m-2 s-1] 
# 1 0.191 -5.81 

# 2 0.0192 -6.8 

# 3 0.19 -6.253 

In all cases the roughness factor is set � 1. The parameters refer in part to literature data: (1) Busenberg and
Plummer 1986; (2) the specific surface area is estimated for the material in this study based on the assumption of
powder vs. bulk samples; (3) the mean dissolution rate is modified in order to describe experimental mean rate data.
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A recent study follows a similar approach, in order to analyze the local variability
of dissolution rates of multiple calcite crystals distributed in a flow-through column
(Bouissonnié and others, 2018). The authors show in this thorough study the decrease
of dissolution rates as a function of column length and, thus, saturation. While they do
not highlight the local rate variability of each sample, they were able to explain
successfully the results by applying the stepwave model (Lasaga and Luttge, 2001) while
the results are at odds with an explanation derived from transition state theory (TST).

Figure 10 provides detailed insight into the current limitation of reactive transport
modeling approaches. The primary issue is the parametrization of surface area and
rate constant in order to quantify surface reactivity with a constant value. While this
parametrization (case 3) is able to simulate the observed mean dissolution rate close to
the outlet it fails to describe the mean rates observed at the inlet. Instead, this

Fig. 9. Reactive transport simulation results, describing the steady-state fluid flow through the cylindrical
channel (L � 5.5 mm) as a 2-D situation. Velocity (A), Ca2� concentration [mol/L] (B), and pH (C) maps
illustrate the static gradient from inlet (left) to outlet (right).
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parameter combination resembles the experimental maximum rates, which are about
two times higher than the problematic mean values of partly non-GAUSSian rate
distributions (fig. 11). Inversely, a parametrization of the reactivity simulation in order
to fulfill the maximum rates observed at the outlet (case 1) results in elevated rates
close to the inlet that are much higher than any measured dissolution rate portions.

Figure 11 shows examples of several rate spectra analyzed from rate map portions
along the reacting surface. Each spectrum integrates over a cylindrical sample section, that
is, a ring-shaped map with a width of 100 �m (fig. 11A). Even though each rate map section
and the related spectrum average 45,000 or more of single rate data, the resulting rate
distributions differ significantly in shape and rate range. As an example, multimodal rate
distributions are observed (fig. 11B) that are not adequately described using a mean rate.

The modeled mean rate values (fig. 11B, hexagons, parameter case 3) are
compared to the measured rate distributions and illustrate the above-mentioned
problem. The current way of parameterization of surface reactivity may be able to
describe the surface reactivity partly (see, for example, l � 3150–5250 �m, fig. 11B).
The predicted rates close to the inlet (l � 50–450 �m) are, however, far from any
experimentally observed mean or maximum rate.

The non-GAUSSIAN rate distribution of reacting materials – independently of
transport- or surface-controlled conditions – requires a new strategy of reactive
transport modeling. High vs. low reaction rate portions exist even after long reaction

Fig. 10. Comparison of measured dissolution rate data with results of reactive transport modeling using
three parameter combinations (case 1–3) of surface area and reaction rate “constants”, see table 1. Note the
observed discrepancy of modeled mean rates: While the parameter combination of case 3 describes the
observed maximum rates in the experiment close to the inlet, the parameter combination of case 1 simulates
the maximum rates close to the outlet.
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Fig. 11. Rate spectra illustrate the competing impact of transport and material surface properties.
Ring-shaped rate map sections (A) are the basis for calculating rate component frequency distributions (B).
Modeled mean rates (hexagons, case 3, fig. 10) are compared to each specific rate spectrum.
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periods. Thus, we suggest taking advantage of the observations of multiple rate modes.
Current reactive transport approaches use a single rate constant as a function of
extrinsic parameters (for example, pH, electrolyte concentration, T, et cetera) for
describing the reactivity term. The above discussion and the comparison of measured
vs. calculated rate data illustrate the unsatisfactory application of a single rate constant,
see figure 10. Here, two rate “constants” (case 1 and case 3) describe at the same time
important aspects of the observed rate range. This observation challenges again the
continuum description of porous media reactivity and related assumptions required
for reactive transport modeling, as previously discussed in detail by Noiriel and Daval
(2017).

We did not observe any locally elevated material flux owing to grain detachment
from the reacting surface, as described by Emmanuel and Levenson (Emmanuel and
Levenson, 2014). Such behavior is unlikely for this material because the crystal size in
the sample investigated here is one to two orders of magnitude bigger. Briefly, the next
paragraph highlights the rate modes that contribute to elevated rate portions and their
temporal evolution.

We analyzed the highest rate contributions calculated from PSI data in a time-
sequence of rate maps and spectra (fig. 12). The data suggest uniformly low rate
contributions but a rather variable frequency distribution and evolution of high rate
portions. The increase of highly reactive surface portions over reaction time under-
scores the above discussion about the local accumulation of high surface rates, a result
this is also related to the temporal dynamics of recently reported so-called pulsating
rate contributions (Fischer and Luttge, 2018). In contrast, the lower rate portions
(� 0.07 � 10	6 mol m	2 s	1) show a rather constant frequency distribution. This is
because of the relatively low frequency of high rate contributors, compared to the
much higher frequency of low rate portions. It seems to be contradicting that the rate

Fig. 12. Rate map and spectra details visualizing the temporal variability of higher rate components
(0.07–0.14 � 10	6 mol m	2 s	1). The data shown here focus on subsets of the rate spectra presented in
figure 7, PSI data, t1-t3, in order to compare the temporal stability vs. dynamics of rate components.
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contributions from highly reactive surface sections are however able to form stable rate
contributors, as reported from long-term experiments (Bibi and others, 2018). An
explanation is again the length-scale dependency of such observations. Large field-of-
view (� 100 �m image length) observations using low-magnification VSI techniques
are required to identify such behavior and accumulation of high kink site density
features (Bollermann and Fischer, 2020), thus providing an observational link to rate
analysis using �-CT.

summary and conclusions

In this study, we quantify the dissolution rate variability covering the nm- to
mm-scale of dissolving single-crystal and polycrystalline calcite samples, using a com-
bined approach of X-ray micro-computed tomography (�-CT) and vertical scanning
interferometry (VSI). By utilization of �-CT-derived surface models (ascertained to
both initial and final reaction state) for rate determinations analogous to the VSI
technique, we analyzed the spatiotemporal heterogeneity of surface reaction rates
using the rate map and rate spectra concept. For our percolative �-CT experiment, we
chose a simple, yet effective flow path geometry to avoid strong heterogeneities of the
flow field invoked by complex pore networks that can significantly decrease tortuosity
and increase hydraulic radius within the reaction time of an ongoing experiment
(Flukiger and Bernard, 2009; Noiriel and others, 2009; Pereira Nunes and others,
2016b). Our �-CT sample setup provided varied fluid flow conditions for two equiva-
lent samples reacted in the same percolation experiment, and yet maintains constant
local advective conditions and flow path geometry (the cylindrical pore of a drill hole)
over the full reaction time.

Along the entire flow path we observed a heterogeneous surface reactivity
which is responsible for heterogeneous, site-specific dissolution rates (spot size:
50 –250 �m), indicating the minor impact of crystal orientation vs. local accumula-
tion of highly reactive surface sites, that is, the kink site density. In addition, we
detect a general gradient in surface rates which is explained by transport-
controlled conditions, as confirmed by reactive transport modelling. Correspond-
ingly, the spatially heterogeneous rate distribution on the grain scale is superim-
posed to the large-scale gradient.

Using a combined approach of X-ray micro-computed tomography (�-CT) and
vertical scanning interferometry (VSI), we were able to extend the field of view to
roughly 5700 � 9400 �m2. The �-CT data underscore the concurrent and superim-
posing impact of surface- vs. fluid flow-controlled rate portions. We suggest
utilizing the quantification of the combination of both controlling parameters for
reactive transport simulation concepts. The new experimental data allow for a
quantitative parametrization of reactive transport models at the grain or pore scale
and above.
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