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ABSTRACT: We study dissolution in a chemically heterogeneous medium
consisting of two minerals with contrasting initial structure and transport
properties. We perform a reactive transport experiment using CO2-saturated
brine at reservoir conditions in a millimeter-scale composite core composed of
Silurian dolomite and Ketton limestone (calcite) arranged in series. We repeatedly
image the composite core using X-ray microtomography (XMT) and collect
eﬄuent to assess the individual mineral dissolution. The mineral dissolution from
image analysis was comparable to that measured from eﬄuent analysis using
inductively coupled plasma mass spectrometry (ICP-MS). We ﬁnd that the ratio of
the eﬀective reaction rate of calcite to that of dolomite decreases with time,
indicating the inﬂuence of dynamic transport eﬀects originating from changes in
pore structure coupled with diﬀerences in intrinsic reaction rates. Moreover,
evolving ﬂow and transport heterogeneity in the initially heterogeneous dolomite is
a key determinant in producing a two-stage dissolution in the calcite. The ﬁrst stage
is characterized by a uniform dissolution of the pore space, while the second stage follows a single-channel growth regime. This
implies that spatial memory eﬀects in the medium with a heterogeneous ﬂow characteristic (dolomite) can change the dissolution
patterns in the medium with a homogeneous ﬂow characteristic (calcite).

1. INTRODUCTION
Fluid−solid reactive transport in subsurface rock plays an
important role in a number of applications such as carbon
capture and storage (CCS),1 acidization in oil recovery,2
contaminant transport,3 and leaching.4 In CCS, long-term
storage security remains a concern.1,5 The dissolution of CO2
into in situ brine forms carbonic acid, which in turn may cause a
dissolution reaction with hosting carbonate formations.6,7
These reactive processes are dependent on rock mineralogy,
which is a key control on the eﬀective reaction rates from the
pore to the ﬁeld scales.8,9 There remains an uncertainty in the
experimental estimation of reaction rates and kinetic input
parameters for multimineral reactive transport models used for
CO2 storage.10 Eﬀective reaction rates have not only been
shown to decrease with an increase in length scales11,12 but also
are dependent on initial pore structure and ﬂow heterogeneity.13,14 However, in multimineral systems, there is a
complex coupling between transport and reaction that has not
been experimentally investigated under reservoir conditions.
While continuum reactive transport models that can handle
mixed mineralogy have been developed,15−20 most of these
studies report a lack of validation in comparison to
experimental measurements in realistic systems. Some also
recognize the importance of observing pore-scale phenomena
to better predict larger scale reaction rates and dynamic
properties.19−21 Dissolution characteristics in consolidated rock
have been well-characterized at the continuum scale, which is
© 2017 American Chemical Society

relevant for the fast reaction rates encountered in well
stimulation, characterized by the short time scales of the
acidizing process.22−24 Smaller scales are important in studying
dissolution in lower reactivity media, as in CO2 storage
processes, in which subtle changes in pore-scale connectivity
control the evolution of reaction rate, porosity, and
permeability. The impact of initial structure and transport
conditions on dissolution has been studied for rocks of a single
mineralogy using X-ray microtomography (XMT) by comparing scans prior to and after reaction.12,14,25−29 Menke et al.14,29
performed dynamic pore-scale imaging of calcite dissolution by
CO2-saturated brine at reservoir conditions. They observed that
an increase in initial pore structure heterogeneity favors
dissolution in fast ﬂow channels (channel growth), as opposed
to uniform dissolution throughout the entire volume.
To understand the eﬀect of mineralogy on eﬀective reaction
rates, a few studies have tackled dissolution in multimineral
assemblages.30,31 Smith et al. (2013)32 performed reaction
experiments in which CO2-saturated brine was ﬂowed through
15 mm diameter by 30 mm length reservoir core samples to
explore their responses to variable partial pressures of CO2,
initial pore structure, and calcite and dolomite content. They
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impact of dynamic coupling between transport and reaction on
dissolution patterns.

used XMT to image the reactions and reported that greater
pore space heterogeneity results in unstable dissolution fronts
and, hence, much greater permeability increases.
In addition, several researchers have studied dissolution in
rock cores with natural heterogeneous mineral patterns33−36
and constructed ones.37,38 These experiments provide evidence
that the complexity of dissolution in natural systems stems from
the fact that minerals with diﬀerent intrinsic (batch) reaction
rates are spatially distributed, resulting in diﬀerent pore
structures and ﬂow/transport heterogeneities. This gives rise
to the question of how to discriminate the pore structure, ﬂow,
and transport from reaction eﬀects, which may profoundly
change during dissolution. For this purpose, we design a
composite rock system that consists of calcite and dolomite
cores, for which we can initially control both chemical (from
batch experiments, we know the minerals’ intrinsic reaction
rates) and physical (by characterizing the pore space and
velocity ﬁeld using X-ray microtomography and pore-scale
modeling) heterogeneity. During dissolution in the two rock
cores, both their eﬀective reaction rates and their pore
structures and velocity ﬁelds dynamically change, and we will
be able to discriminate and quantify the coupling between pore
structure, ﬂow, and transport and the reactive properties. This
will help us elucidate the nature of dissolution in complex
mineral pore structures encountered in carbonate reservoirs,
where, for example, there has been dedolomitization resulting
in calcitized dolomite39 or other geological processes, which
result in the layering and mixing of dolomite and calcite
minerals at the millimeter to centimeter scales,40 and will allow
us to quantify and explain the contributions and interplay
between these reactive transport properties. Moreover, this can
serve as a benchmark study for reactive transport models of
chemically and physically heterogeneous media used in carbon
storage, contaminant transport, and oil recovery.
To gain a deeper understanding of pore-scale phenomena in
the presence of physical and mineral heterogeneity, we will: (a)
measure eﬀective reaction rates for a chemically heterogeneous
composite system composed of two minerals having an order of
magnitude diﬀerence in individual batch reaction rates and (b)
study the impact of contrasting initial physical (ﬂow and
transport) heterogeneity in two minerals on the nature of the
dissolution patterns. XMT has been widely used as a
nondestructive imaging tool in geology-related studies.41−48
Reservoir-conditions imaging has been developed for studying
supercritical CO2−brine systems in natural rock.49 The
dynamic changes in porosity can be quantiﬁed for chemically
homogeneous samples, either by means of in situ imaging with
lab-based XMT or synchrotron sources.14,29 We use XMT to
study reservoir-condition dissolution of a calcite and dolomite
composite medium by CO2 dissolved in brine. We show how
the coupling of diﬀerent ﬂow−transport characteristics and
diﬀerent intrinsic reaction rates of the two minerals impacts the
eﬀective reaction rates, permeability, and dissolution patterns.
To achieve this, calcite (Ketton limestone) and dolomite
(Silurian) were chosen for their contrasting reaction rates, pore
structures, and ﬂow heterogeneity characteristics. One
important aspect of the work is to include eﬄuent
analysis.12,25−27,50 We also perform numerical analysis on the
time-series of XMT images of the two-mineral composite
medium by simulating ﬂow through the pore space to quantify
the changes in ﬂow heterogeneity characteristics, such as
velocity distributions. This enables us to examine how these
characteristics evolve for both minerals, demonstrating the

2. EXPERIMENTAL METHOD
2.1. Rock Samples. We design the experiment by selecting
two rock samples, Ketton limestone (calcite) and Silurian
dolomite, which have highly contrasting ﬂow, transport, and
reaction characteristics. Calcite and dolomite are the most
abundant carbonate reservoir minerals.51 Ketton limestone,
which is 99% calcite, is from the Jurassic period and has a
homogeneous pore structure made up of oolitic grains
cemented together.52 In contrast, Silurian dolomite is 99%
dolomite53 and has a markedly more heterogeneous pore
structure. The contrasting heterogeneity of the initial pore
structures for the two rocks will be quantiﬁed in section 2.3 by
their velocity distributions. We perform a dynamic reactive
transport experiment with the two rock samples arranged in
series. The batch reaction rate of the CO2−brine−calcite
system under the same temperature and pressure conditions as
in this work was measured to be 8.1 × 10−4 mol/(m2s).6
Silurian dolomite batch reaction rates were measured to be 5.1
× 10−5 mol/(m2s), more than an order of magnitude lower
than that of calcite.54 The Silurian sample is placed ﬁrst in the
sequence due to its signiﬁcantly lower reaction rate compared
to calcite; as a result, there should be a limited buﬀering of the
acid when it reaches the Ketton sample.
We design our two-mineral layered porous medium (hereafter referred to as the composite core) by drilling 4.89 mm
diameter cores of Silurian dolomite and a Ketton limestone and
cutting them both to a length of 2.5 mm. These cores are then
stacked, giving a total length of 5 mm; this length is required so
that the complete core ﬁts inside the ﬁeld of view (FOV) for
XMT when scanning at a 5 μm voxel size. We apply a
suﬃciently high ﬂow rate of 0.4 mL/min that would render the
eﬀect of buﬀering of the acidic brine small due to the short
relative length of the core and the continuous ﬂow of fresh
reactant. Figure S1 shows the full core composite assembly.
2.2. Experimental Methodology. The composite core is
inserted into a Viton sleeve, which is placed into a carbon ﬁber
Hassler type core holder (Figure S2B). A dry scan of the core is
taken to image the initial conditions. The core is then ﬂooded
with 10 wt % potassium iodide (KI) brine to purge the system
of air. Then a 12 MPa conﬁning pressure is applied, and
supercritical CO2 (scCO2) saturated brine (5 wt % NaCl and 1
wt % KCl) at 10 MPa and 50 °C is injected into the core at a
ﬂow rate of 0.4 mL/min. The sequence of scans begins when
the XMT projections show the highly attenuative KI brine
leaving the pores of the core replaced by scCO2-saturated brine;
we deﬁne this moment as t = 0. A total of eight XMT scans
were done, each having 901 projections, 100 keV energy, a
voxel size of 5 μm, and a duration of 45 min; with this, changes
in the pore structure can be captured without compromising
image quality. We collected a 2 mL sample at the end of each
scan which were analyzed in an ICP-MS (Agilent ICP-MS
7900) for Ca2+ and Mg2+ concentration for material balance
calculations. Figure S2 shows the full experimental apparatus
and a close-up of the core holder assembly along with a more
detailed explanation on the experimental methodology.
2.3. Rock Heterogeneity Characteristics from Flow
Simulation. We ﬁrst quantify the diﬀerence in the two rock
samples used by presenting intrinsic ﬂow heterogeneity
characteristics in the form of probability density functions
(PDFs) of voxel velocities for Silurian and Ketton obtained
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from direct numerical simulation on the images of their pore
space. We solve for volume conservation and the Navier−
Stokes equations:
∇·u = 0

(1)

⎛ ∂u
⎞
ρ⎜
+ u·∇u⎟ = −∇p + μ∇2 u
⎝ ∂t
⎠

(2)

n=

Pe =

3

uav × Lc
Dm

(5)

where Dm is molecular diﬀusion coeﬃcient (7.5 × 10−10 m2/s
for Ca2+ at 25 °C).27 We calculate the characteristic length Lc
(m) of consolidated rock samples from the XMT image speciﬁc
surface area S in (m−1):62

Lc =

π
S

(6)

The surface area was obtained by summing the number of voxel
faces shared between grain and pore in the images. This area
was then divided by the bulk volume to obtain the speciﬁc
surface area, S. Calculated also is the diﬀusive Damköhler
number (PeDa) for each mineral, which relates reaction rate to
diﬀusion rate obtained by multiplying Pe and Da.
The eﬀective reaction rate describes reaction rate in rock
cores with irregular pore and velocity ﬁeld structure, as opposed
to the intrinsic or batch reaction rate under well-mixed
conditions. Between consecutive XMT images, the eﬀective
reaction rate is calculated for each mineral individually using
reff =

ρmineral (1 − ϕmicro) ΔϕCT
M mineralS

Δt

(7)

Here, ρmineral is the density of pure mineral, and ϕmicro is the
subresolution porosity within the grains of the rock quantiﬁed
through helium porosimetry discussed below, ΔϕCT is the
change in image calculated porosity between two scans a time
Δt apart, and S is the speciﬁc surface area (calculated as
described above) at the beginning of the considered time
period. We calculate all these values for the calcite and dolomite
portions of the core individually; these results are shown in
Table S1.
We observe almost no change in gray scale values for solid
voxels containing subresolution features for all scans indicating
no measurable change in porosity in these regions. Because of
the transport-dominant conditions caused by the relatively high
ﬂow rate of the experiment, surface reaction is favored over
reaction in the intragranular porosity. In calculating the
dissolved volume, ΔVd, between scans for both minerals, the
change in porosity was multiplied by the volume of the core, V,
for each individual mineral: ΔVd = VΔϕtotal. To account for the
microporosity, nonresolvable by the micro-CT, we use

(3)
−4

(4)

where ρmineral is the density (2.82 × 10 kg/m measured on our
dolomite sample and 2.71 × 103 kg/m3 for calcite), and Mmineral
is the molecular mass (0.1844 and 0.1009 kg/mol,
respectively). ϕtotal is the total porosity, including microporosity; how this is obtained is described later in the section.
The Péclet number61 compares the eﬀectiveness of mass
transport of the solute by advection to that by diﬀusion and is
expressed by

The voxel velocities of the initial ﬂow ﬁelds are presented by
the red lines as part of the results in Figure 4 of section 3.3:
panel A shows the normalized frequency of velocities of the
composite medium, while panels B and C represent the Silurian
and Ketton contribution, respectively, to the composite velocity
frequency. Silurian and Ketton have highly contrasting ﬂow
heterogeneity characteristics. The Ketton velocity distribution
shows a more narrow spread than that of Silurian: Ketton has a
highly pronounced peak of velocities that are similar to the
Darcy velocity, while the Silurian distribution is characterized
by a large number of both stagnant and fast-ﬂow voxels. This
further conﬁrms that Ketton is relatively homogeneous,57
whereas Silurian has a more heterogeneous ﬂow characteristic.
The connected porosity of the Silurian is less than half that of
Ketton, and hence, it contributes a much smaller fraction to the
overall velocity distribution in the composite.
2.4. Imaging and Eﬄuent Analysis. All micro-CT images
were reconstructed and an edge preserving nonlocal means
ﬁlter is used to remove noise.58 Next, each image was
segmented into two phases, rock and pore. Figure S3 shows
the segmentation of the pores from rock samples with a seeded
watershed algorithm using Avizo 9 software.59
Dissolution and transport are characterized by Damköhler
(Da) and Péclet (Pe) numbers. The Damköhler number
compares time scales for chemical reaction and mass transport60 deﬁned here as in Menke et al. (2015):29
πr
uav × n

M mineral
3

with a numerical ﬁnite volume solver implemented in
OpenFOAM.55,56 Pressure (p) and velocity (u) are obtained
for each voxel between the inlet and outlet faces of the image; μ
is the viscosity of water (μ = 0.001 Pa s), while ρ is the density
of water (ρ = 1,000 kg/m3). The Darcy velocity is calculated as
uD = Q/(LyLz), where Q (m3/s) is the total volumetric ﬂux
calculated as Q = ∫ ux dAx, Ax (m2) is the cross-sectional area
perpendicular to the direction of ﬂow x, and ux is the face
velocity normal to Ax; Lx, Ly, and Lz are the image lengths in
each direction. The initial porosity of each mineral calculated
from the XMT images (ϕCT) is 0.143 for Ketton and 0.099 for
Silurian. Because in the ﬂow simulation we only take into
account the pore voxels that are connected along the axis
parallel to ﬂow (ϕconnected), the resulting net porosities are 0.141
for the well-connected Ketton and 0.062 for Silurian.
Permeabilities, K, were calculated at the core scale by dividing
Darcy velocity by the average pressure gradient across the core
and multiplying by viscosity, in accordance with Darcy’s law:
u
K = −μ ∇Dp .

Da =

ρmineral (1 − ϕtotal)

ϕtotal = ϕmicro(1 − ϕCT) + ϕCT

where r is the reaction rate constant, 8.1 × 10 mol/(m s) in
the case of calcite6 and 5.1 × 10−5 mol/(m2s) for dolomite.54
The pore velocity [m/s] is deﬁned by uav = uD/ϕCT, where ϕCT
is the porosity measured from XMT images. n represents the
moles of mineral per unit volume of rock:
2

(8)

where ϕmicro is calculated from helium porosimetry using
ϕmicro =
4110

ϕhelium − ϕCT
1 − ϕCT

(9)
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Figure 1. (A) Volume of calcite and dolomite dissolved in 45 min increments from Ketton and Silurian calculated from ICP-MS and from XMT
images. A reasonable match is observed between the ICP-MS and XMT measurements. The ﬁrst points from ICP-MS could not be quantiﬁed using
this method because the initial eﬄuent sample does not have representative concentrations due to the delay in the arrival of the reactive brine to the
sampling point. (B) Eﬀective reaction rates of Silurian and Ketton over the course of the dissolution experiment. Included on the plot is the eﬀective
reaction rate of Ketton from Menke et al.29 measured for a Pe ranging from 2100 to 1050. (C) Plot of the ratio of reaction rates of dolomite and
calcite calculated from ICP-MS eﬄuent analysis (εe) and from micro-CT imaging (εi). The ratio steadily decreases with time because of muchgreater reduction in the calcite eﬀective reaction rate.

where ϕhelium is measured at the beginning of the experiment.
The Ketton grain porosity was measured to be ϕmicro = 0.12,63
and the Silurian grain porosity was measured to be ϕmicro =
0.05. Then, as dissolution proceeds, we assume that ϕmicro
remains the same and use eq 8 to estimate the total porosity as
ϕCT increases.
At the end of each scan, 2 mL of eﬄuent is collected and the
concentration of Mg2+ and Ca2+ in the sample is measured with
ICP-MS. We assume that every dissolved mole of dolomite will
give a mole of Mg2+ and Ca2+ each, based on the molecular
formula of dolomite, CaMg(CO3)2. To ﬁnd the moles of
calcium from Ketton dissolution, we subtract the moles of Ca2+
coming from dolomite (equal to moles of Mg2+) from the total
Ca2+ concentration of the sample. We ﬁnd the volume
dissolved of each mineral in the time between each two
sampling points (45 min duration) by assuming a linear
relationship between each measured concentration
ΔVn =

M mineral × Q (cn + cn − 1)(tn − tn − 1)
2ρmineral

analysis. There is a reasonable agreement in calculations of the
rock volume dissolved from the measurements performed by
ICP-MS and XMT for both minerals that constitute the
composite core. These reaction rates are approximately 1 order
of magnitude lower than that measured on initially ﬂat surfaces
without transport limitations, consistent with experiments on
Ketton;29 this indicates that even though we are in a high-Pe,
low-Da regime (see Table S1), normally characterized as
resulting in uniform dissolution,24 there are signiﬁcant porescale transport limitations on the overall dissolution rate.
Moreover, as we show later, the dissolution patterns are not all
uniform, restricting reaction to only a subset of the pore space.
Figure 1B shows the calculated eﬀective reaction rates for
both minerals in the time intervals between two consecutive
scans. The eﬀective reaction rates for the dolomite and calcite
averaged over the course of our dynamic experiment are 6.92 ×
10−6 and 6.57 × 10−5 mol/(m2s), respectively. As expected, the
reaction rate for calcite is an order of magnitude greater than
that for dolomite. While the reaction rate of the dolomite part
of the composite core remained relatively steady during the
experiment, the rate of calcite experienced a substantial drop,
which then stabilized at late times. This suggests a large change
in pore structure of Ketton during dissolution discussed later in
section 3.2. In Figure 1B, we also compare our results with the
eﬀective reaction rates (the blue line) for a calcite-only dynamic
experiment29 in which the dissolution took place under similar
transport conditions for a Ketton core of dimensions 4 mm in
diameter by 120 mm in length. The reff of Ketton in the
composite core is higher than the reff for the Ketton core in the
calcite-only mineralogy experiment. The less reactive Silurian
dolomite, which precedes Ketton in the composite core, shows
a smaller buﬀering eﬀect of the acidic brine, resulting in a
higher reaction rate, compared to the Ketton only core, where
images and calculations were performed on a 4 mm length
section 2 mm away from the core inlet. Additionally, due to the
lower reactivity in the preceding Silurian, less-acidic brine is
consumed as compared to the calcite only core; this greater
availability of unreacted acidic brine in Silurian increases the
eﬀective reaction rate in the Ketton part of the composite core,
in comparison to the Ketton only case.
We deﬁne ε as the ratio of the eﬀective reaction rate of
calcite to that of dolomite:

(10)

where n labels the sample number, Mmineral is the molecular
mass (kg/mol), ΔV is the volume dissolved (m3), c is the
mineral ion concentration of the sample in (mol/m3), t is the
sampling time in (s), and Q is the ﬂow rate in (m3/s). The
volume of material dissolved at the end of the ﬁrst 45 min
period cannot be estimated accurately because c0 = 0.
Therefore, the point for calcite from ICP-MS at 45 min is
omitted.

3. RESULTS AND DISCUSSION
We ﬁrst provide XMT images and eﬄuent analysis of
dissolution in Silurian and Ketton to assess the dynamic
changes in their individual eﬀective reaction rates. Next we
study the porosity-permeability relationship for Silurian, Ketton
and the composite core. Furthermore, we examine the
dynamics of ﬂow and transport in each mineral core by
visualizing ﬂow ﬁelds and analyzing velocity distributions to
observe and interpret the nature of time-dependent dissolution
patterns in this composite system.
3.1. Eﬀective Reaction Rates. Figure 1A shows the plots
of rock volume dissolved between two successive scans for
Silurian and Ketton calculated from XMT images and eﬄuent
4111

DOI: 10.1021/acs.est.6b06224
Environ. Sci. Technol. 2017, 51, 4108−4116

Article

Environmental Science & Technology

ε=

rcalcite
rdolomite

permeability relationship when ﬁtting the similarly sloped
sections using a power law trend in line with K = cϕmconnected,
where K is the permeability (m2) and c a constant (m2). The
variability in m reﬂects transitions to diﬀerent dissolution
regimes,25 and higher m values indicate a greater sensitivity of
permeability to changes in porosity. Although in a previous
study, the porosity−permeability trend of a homogeneous rock
could be ﬁtted with a single power law relationship;29 in our
Silurian, Ketton, and composite data, we observe diﬀerent
scaling in the porosity−permeability relationship for diﬀerent
ranges of experimental times (see Figure 2 and Table 1): (i)

(11)

The eﬀective reaction rates for the dolomite and calcite
averaged over the course of the experiment are diﬀerent by an
order of magnitude as mentioned above. We calculated ε from
image analysis, εi, by taking the ratio of the eﬀective reaction
rates calculated from XMT scans and from the eﬄuent, εe. The
ratio from eﬄuent analysis was calculated as follows:
εe =

ΔVcalcite ρcalcite Mdolomite Sdolomite
ΔVdolomite ρdolomite Mcalcite Scalcite

(12)

Table 1. Porosity−Permeability Power Law Fit Constants c
and Exponents m

M is the molecular mass of the minerals, S is the speciﬁc surface
area calculated from the XMT image at the beginning of the
time interval considered, and ΔV is the change in rock volume
between scans, eq 10. Figure 1C shows a plot of both εe and εi
against time.
At early time (t = 90 min), εi and εe are 12.0 and 16.1,
respectively, and at intermediate time (t = 180 min), εi and εe
are 8.40 and 7.45. Finally, at late time (t = 315 min), εi and εe
become 4.40 and 3.87. Both εi and εe show a decreasing trend.
The decrease in reaction ratio is mainly due to the Ketton
reaction rate becoming much lower, as the dissolution in
Ketton changes from uniform to the dominant channel regime;
this will be shown in the following section. The larger
discrepancy between εi and εe at early time could be explained
by uncertainties in the segmentation of small diﬀerences in rock
structure around grains that are dissolving.
3.2. Porosity−Permeability Relationship. From the
segmented images, the porosity was calculated individually for
the Silurian and Ketton part of the core at each scan time by
counting pore and solid voxels. Permeability was obtained from
ﬂow simulations as described in section 2.3. The connected
image porosity (ϕconnected) versus permeability relationship are
shown in Figure 2; the time evolution of the image porosity is
displayed in Figure S4.

time
period

Dolomite

Ketton

composite

(min)

c (m2)

m

c (m2)

m

c (m2)

m

0−45
45−135
135−315

2.3
0.0002
1.6

11.1
7.4
11.3

4.0 × 10−6
2.0 × 10−8
8.0 × 10−6

6.8
3.2
9.3

4.0 × 10−4
3.0 × 10−8
8.0 × 10−4

10.4
5.0
12.8

between t = 0 and t = 45 min, (ii) between t = 45 min and t =
135 min, and (iii) between t = 135 min and t = 315 min. For
the early-range (i) and late-range (iii) experimental times, the
power-law exponent m for the composite is close to that of
Silurian. Another noteworthy observation is the changing of
Ketton’s m exponent from 6.8 at early time to 9.3 at late time,
signifying a shift to a more-sensitive permeability to porosity
relationship due to the evolving heterogeneous ﬂow ﬁeld of the
preceding Silurian dolomite. This observation implies diﬀerent
stages of dissolution, the nature of which will be studied in
more detail in the following section.
3.3. Impact of Flow and Transport on Dissolution. To
examine the impact of time-dependent changes of ﬂow and
transport characteristics on the nature of dissolution in the
composite core, we visualize the normalized PDF of velocity for
the composite images for scan times t = 0, 90, 180, 270, and
315 min. Figure 3 presents the ratios of the magnitude of the
velocity (u) in each voxel to the Darcy velocity (uD) on a linear
color scale in which the lowest velocities are in blue and the
highest velocities are in red. The two parts of the composite
core have two diﬀerent values for the average pore velocity due
to the diﬀerence in porosities. Therefore, the velocities in
Figure 3 were normalized by Darcy velocity, as this is ﬁxed in
the experiments. The isolated pores and stagnant regions are
invisible as their voxel velocities are virtually zero.
It is seen in Figure 3 that a few preferential ﬂow paths exist in
the dolomite at early times, which is in accordance with its
heterogeneous initial ﬂow characteristic. These ﬂow paths grow
until t = 90 min, when the establishment of a dominant ﬂow
channel occurs, which then continues to enlarge further
throughout the experiment. However, dissolution in the Ketton
calcite diﬀers from that in the dolomite in two ways: ﬁrst, at
early times (until t = 90 min), dissolution occurs moreuniformly in a large number of higher-velocity channels
throughout the sample volume; this is expected considering
diﬀerent initial structures and the corresponding ﬂow ﬁelds.
However, at later times after t = 135 min, the formation of a
dominant ﬂow channel in Ketton becomes visible; it is evident
that this preferential channel is connected to the region where
the dominant channel from Silurian exists. This implies that the
preferential ﬂow channel in Silurian dolomite has grown to the

Figure 2. Calculated permeabilities for the entire core compared to
those of the individual rock sections as a function of porosity plotted
on a log−log scale. Every data set is divided into three sections: 0−45,
45−135, and 135−315 min, each of which is ﬁtted with a power law
trend, Table 1.

The trend in permeability and porosity for the composite
medium is similar to that in Silurian dolomite, albeit with a shift
to higher porosity, which is the contribution from the Ketton
section to the composite core. This implies that resistance to
ﬂow of the composite system depends primarily on the
resistance in the lower permeability Silurian. We observe
diﬀerent exponents m within diﬀerent regions of the porosity−
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the second stage follows a single-channel growth regime. The
spatial memory eﬀects in the medium with a heterogeneous
ﬂow characteristic (dolomite) are observed to change
dissolution patterns in the medium with an initially morehomogeneous ﬂow (calcite). This hitherto unobserved
phenomenon implies that both diﬀerent initial pore structure
and dynamic changes in ﬂow and transport characteristics in
the composite core can result in a time-dependent change in
dissolution patterns.
We now use velocity distributions to analyze and interpret
this behavior. Figure 4 shows the plots of PDFs of velocity of
the full composite, Ketton, and Silurian cores for all XMT
scans.
From the PDFs of velocities in Figure 4, we observe that the
average velocity of the dolomite is greater than that for the
calcite for all experimental times; this is due to the lower
porosity of the dolomite. As dissolution progresses, porosity
increases in both rocks resulting in a decrease in their average
velocity. In Figure 4B, we see a rapid change in the PDFs of
velocity for Silurian dolomite at early times up to t = 45 min
characterized by a narrowing of the distribution and a
signiﬁcant loss of stagnant voxels. This is also observed in
Figure 3 for the dolomite part of the composite at t = 45 min,
which shows that new preferential ﬂow channels have formed.
In general, there is little change in the PDFs of velocity after t =
45 min, which is consistent with a channel widening regime
throughout the experiment. The formation of a small second
peak in the Silurian dolomite plot by t = 90 min represents the
establishment of another channel, which can also be seen in
Figure 3. For Ketton calcite, we observe two remarkable
features: ﬁrst, there is a decrease in average velocity represented
by the peak from t = 0 min to t = 180 min. Secondly, from t =
180 min, a second smaller peak emerges with velocities higher
than the average. The ﬁrst observation is related to the
dissolution driven by widening of a number of channels, which
results in the higher porosity throughout the sample; for the
constant Darcy ﬂow rate throughout the experiment, this leads
to a decrease in average velocity. The second observation at the
later times can be associated with reaction, which proceeds as
the growth of a single dominant ﬂow channel.
The nature of initial structural heterogeneity of Silurian
dolomite leads to a heterogeneous initial ﬂow characteristic (as
described in section 2.3), which at a high ﬂow rate results in the
formation and growth of a few large channels, one of which
dominates the ﬂow, as evident in Figure 3. However, for the
initially homogeneous pore structure and ﬂow characteristic of
Ketton calcite, Menke et al.29 showed that, under similar
transport and reactive conditions (Pe ranging from 2100 to

Figure 3. 3D renderings of ﬂow velocities from modeling over the
span of the experiment as dissolution advances. Silurian (dolomite) is
on the bottom and Ketton (calcite) is at the top of the composite core.
The direction of ﬂow is from the bottom to top; the cooler colors
represent the voxels with lower velocities, and the warmer colors
represent the voxels seeing higher velocities. The full range of existing
velocities (divided by the respective Darcy velocity of each image) are
represented on linear color scales, customized for each image to
maximize the contrast. 3D visualization indicates a two-stage
dissolution in Ketton core: the ﬁrst stage is characterized by a
uniform growth of channels, while the second stage follows a singlechannel growth regime. This is seen as the concentrated ﬂow in the
Ketton core at later times. The black box in the ﬁrst and last ﬁgures
highlight the initial and ﬁnal condition of the region where the
dominant channel in Ketton eventually formed.

extent that it determines more focused dissolution in the
calcite. This is what leads to the two-stage dissolution: the ﬁrst
stage is characterized by a uniform growth of channels, while

Figure 4. PDFs of the velocity over time for the composite (A), Ketton calcite (B), and Silurian dolomite (C) portions plotted separately.
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Figure 5. Plot A shows the surface area of the Ketton calcite subvolume, highlighted by a black box in Figure 3, through time; the initial increase
reﬂects uniform dissolution of grains, and the later drop in surface area can be explained as small pores merging into one another to form a larger
channel. Plot B shows the normalized surface area (surface area divided by the number of pores) against time. The 90 min point marks the
establishment of a single dominant channel.

1050 and Da from 2.8 × 10−5 to 6.5 × 10−5), dissolution occurs
through a widening of the existing fast-ﬂow channels. In the
experiments presented here, dissolution patterns in the Ketton
pore space are additionally inﬂuenced by the dynamic change in
ﬂow heterogeneity of the preceding Silurian dolomite mineral,
leading to a two-stage dissolution: initially there is a widening
of the fast ﬂow channels throughout the Ketton core, while at
later times dissolution is focused through a widening of a single
channel. These observations serve as a demonstration of
complexity of dissolution patterns in mixed mineralogy systems.
To further elucidate this phenomenon and more accurately
deﬁne the time threshold when the dominant channel in the
Ketton formed, we have extracted a subvolume for the Ketton
rock, where the main channel has developed, as marked by the
black box in Figure 3. Figure S5 shows the plot of the porosity
proﬁle of this subvolume (A) and the eﬀective perimeter of the
porosity per image slice with time (B). The perimeter was
calculated for every 2D image slice perpendicular to the
direction of ﬂow using the Crofton formula,64 which counts the
number of image line intersections to estimate curve lengths.
The porosity proﬁle increases evenly across the length of the
core, suggesting that no wormholing occurs but that channel
expansion does. Figure S6 shows the growth of Ketton pores at
the top and side cross-sections of the subvolume analyzed up to
the time when they merge to form a single channel. The images
reaﬃrm the widening of existing ﬂow paths, rather than etching
a new path through the rock.14,29
Also within this subvolume, we calculate the area available for
reaction as the sum of pore and rock voxel common interfaces.
In Figure 5A, we plot the evolution of the surface area with
time: the surface area increases until t = 45 min and then
steadily decreases. With this plot alone, the point at which the
dominant channel formed may not be determined because it
gives little information on the eﬀect that merging pores have on
surface area change.
Recalling Figure 4C, by t = 315 min in the PDFs of velocity
of Ketton, the second peak (representing velocities higher than
average) emerges, which indicates the existence of a single
channel. To mark the start of a single channel development, we
resort to the analysis presented in Figure 5B. It shows the
surface area normalized by the number of pores in the image.
From t = 0 min to t = 90 min, there is a clear increase in
normalized surface area. Within this period, the increase of
normalized surface area is due to the growth of individual pores.
Starting from t = 90 min, many small pores merge and a single

large pore, or channel, forms. This is indicated by the
ﬂuctuation in the plot of the normalized surface area after 90
min. This method helps to identify the time at which a
preferential ﬂow path was generated at t = 90 min.
Our combined pore-scale imaging and modeling approach
allows us to study the coupled impact of structure and transport
properties on the eﬀective reaction rates in a chemically
heterogeneous composite rock made up of Silurian dolomite
and Ketton limestone arranged in series. The advantage of this
approach is that it allows us to study complex media composed
of minerals with contrasting ﬂow, transport, and reaction
characteristics. Eﬀective reaction rates for the two minerals
were shown to be in a good agreement when comparing
measurements and analysis from images and from eﬄuent
analysis, thus providing a validation method for mixed
mineralogy samples.
We observe a large change in the ratios of eﬀective individual
reaction rates in the dolomite and limestone (calcite). The
eﬀective reaction rates for calcite and dolomite are 1 order of
magnitude lower than their corresponding batch reaction rates.
The ratio of the eﬀective reaction rates for calcite and dolomite
decreases with time. We ﬁnd that physical heterogeneity
exerted a greater inﬂuence on the eﬀective reaction rates than
the diﬀerence in the intrinsic reaction rates for the two
minerals; this was a consequence of dynamic changes in pore
structure, which, through the widening of existing ﬂow
channels, aﬀected dynamic transport rates, as clearly seen
from the changing velocity distributions.
Furthermore, a detailed analysis of the dynamics of ﬂow and
transport in each mineral core has led to new observations of
dissolution patterns in the calcite inﬂuenced by the preceding
dolomite. Velocity ﬁeld visualization and PDFs of velocity
conﬁrmed that the evolving dolomite ﬂow heterogeneity
characteristic has a large impact on the nature of dissolution
in the calcite. We observe two-stage dissolution. Initially,
dissolution in the more heterogeneous dolomite is concentrated in a few fast channels, whereas the Ketton dissolution is
more uniform. In the second stage, a dominant channel
emerges in the dolomite, providing a focused ingress of reactant
to the Ketton, which too then sees dissolution concentrated in
a single dominant channel. Hence, we demonstrate that the
propagation of single-channel growth can occur through two
minerals with contrasting ﬂow, transport, and reaction
characteristics, which in this way can preserve spatial memory
eﬀects. These experimentally observed dynamic eﬀects, leading
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to diﬀerent type of dissolution, need to be considered in poreto-ﬁeld-scale modeling of reactive transport.
Our combined pore-scale imaging and modeling methodology can be extended to study reactive transport dynamics in
multimineral subsurface media encountered in contaminant
transport, CCS, nuclear waste disposal, and oil-recovery
applications.
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