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Highlights

e Ketton rock was dissolved using solutions with different salinities
«  Amount of Ca?>" and NaCl salt in solution impacts the dissolution patterns
o Salinity exhibits an opposing influence on dissolution rate and calcite solubility.

o Time-lapse imaging reveals the distinct structural evolution of the dissolution patterns

Keywords: Carbonate dissolution; Micro-CT; Reactive transport; Acid well stimulation;
Wormhole formation; Porosity-Permeability relation

Abstract

This study investigates the impact of brine composition—specifically calcium ions and NaCl-
based salinity—on the development of dissolution features in Ketton, a porous calcium
carbonate rock. Utilizing a laboratory XMT (X-ray microtomography) scanner, we captured
time-lapse in situ images of Ketton samples throughout various dissolution experiments,
conducting four distinct flow-through experiments with differing brine solutions at a flow
rate of 0.26 ml min~'. The scans yielded a voxel size of 6 um, enabling the assessment of the

temporal evolution of porosity and pore structure through image analysis and permeability
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evaluations via single-phase fluid flow simulations employing direct numerical solutions and

network modeling, as opposed to direct measurement.

Time-lapse imaging technique has delineated the extent to which the concentrations of CaCl.
and NaCl in the injecting solution control the structural evolution of dissolution patterns,
subsequently triggering the development of characteristic dissolution pattern. The inflow
solution with no Ca?>" ions and with the minimal salt content manifested maximum
dissolution near the sample inlet, coupled with the formation of numerous dissolution
channels, i.e., wormholes. Conversely, solutions with a trace amount of Ca*" ions induced
focused dissolution, resulting in the formation of sparsely located channels. Inflow solutions
with high concentrations of both Ca?>" ions and salt facilitated uniformly dispersed
dissolution, primarily within microporous domains, initiating particle detachment and
displacement and leading to localized pore-clogging. The relative increase in permeability, in
each experiment, was correlated with the developed dissolution pattern. It was discerned that
varying ratios of salt and calcium concentrations in the injected solution systematically
influenced image-based permeability simulations and porosity, allowing for the depiction of

an empirical porosity-permeability relationship.

1. INTRODUCTION

Carbonate formations constitute ~20% of sedimentary basins and ~60% of the world’s
hydrocarbon reservoirs (Morse and Mackenzie, 1990; Akbar etal.,, 2000;
Schlumberger 2019) and calcite is the dominant mineral in these reservoirs. Applications
such as CO: sequestration or acid stimulation for enhanced oil and gas production from
carbonate reservoirs involve the interaction of an acidic fluid with the calcite. This leads to

the dissolution of calcite and the creation of secondary porosity and permeability.
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Numerous studies have shown that parameters such as injection rate, the acidity of the
injected solution, and initial heterogeneity of the porous medium can impact the dissolution
processes and control the subsequent evolution of rock properties (e.g., Esteves et al., 2020;
Golfier et al., 2002; Hoefner and Fogler, 1988; Luquot and Gouze, 2009; Meile and Tuncay,
2006; Menke et al., 2017; Soulaine et al., 2017; Yoo et.al., 2021). In particular, dissolution
kinetics along with the acid injection rate is known to form characteristic dissolution pattern
(e.g., Daccord et al., 1993; Elkhoury et al., 2013; Golfier et al., 2002; Hoefner et al., 1987;
Hoefner and Fogler, 1988; Luquot et al., 2014; Luquot and Gouze, 2009; Maheshwari et al.,
2013; Panga et al., 2005). At the pore scale, the interaction of an acid with calcite mineral is a
combination of two processes: (i) the transport rate of the aqueous ions to and from the
mineral surface and (ii) the dissolution reaction taking place at the mineral surface.
Manipulation of the rate of any of these processes affects the effective dissolution rate and
consequently the dissolution patterns. In general, five types of dissolution patterns have been
reported, corresponding to different dissolution kinetics for a given acid injection rate (e.g.,
Fredd and Fogler 1998; Hoefner and Fogler, 1988; Maheshwari et.al., 2013; Soulaine et al.,
2017): 1) face dissolution, 2) conical wormholes, 3) dominant wormholes, 4) ramified
wormbholes, and (5) uniform dissolution. For example, when the injected solution is highly
reactive such that the transport time scale of the acid is longer compared to the reaction time
scale of the acid, the acid is mostly consumed to dissolve the rock close to its inlet face. This
leads to the development of the face dissolution pattern. Acid solutions with low reactivity,
on the other hand, can penetrate further into the rock, causing uniform dissolution since time
scale of transport becomes smaller than the time scale of chemical reaction. In summary, with
decrease in the dissolution rate, the dissolution regime changes from the face dissolution
regime to the uniform dissolution regime, while passing through the intermediate regimes

corresponding to the different wormhole dissolution patterns. These patterns have a major
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control on the required amount of acid volume that needs to flow through the sample to
achieve specific permeability increase for the same amount of porosity increment (e.g., Fredd
and Fogler 1998; Hoefner and Fogler, 1988; Maheshwari et.al., 2013; Soulaine et. al., 2017,
Yoo et.al., 2021). For example, among the five dissolution patterns, the dominant wormholes
are the most conducting channels and require the least volume of acid injection to enhance

the permeability by a certain amount.

One way of controlling which dissolution regime is achieved in reactive-transport dissolution
is by addition of dissolution-inhibiting or -enhancing compounds. Examples are the addition
of microemulsion (Hoefner et al., 1987), varying the CO2 concentration (Luquot et al., 2014)
or using SO4%" ions in the injected acid (Garcia-Rios et al., 2015). Luquot et al., 2014 showed
that high pCO: developed preferential flow paths while lower pCO:2 resulted in uniform
dissolution. Garcia-Rios et al., 2015 observed the inhibitory effect of SO4* ions on calcite

dissolution rates while observing no significant effect on the created dissolution patterns.

The impact of salinity and dissolution-inhibiting or -enhancing ions and compounds present
in formation water on pore geometry evolution during dissolution of porous carbonate rocks
is less well-known. Hanor (1994) reported that the salinities of pore waters in subsurface
basins may span over five orders of magnitude i.e., from few mg I"' in shallow meteoric
systems to over 400000 mg 1! in evaporite-rich sedimentary basin such as Michigan Basin, in
USA. Moreover, in the formation brines, Ca®* is the second most abundant cation after Na™.
The concentration of Ca®>" can even exceed the Na* concentration in formation waters with
salinities higher than 300000 mg 1! (Gledhill and Morse, 2006). Therefore, understanding the
geochemistry of high salinity and Ca** rich formation waters is important in the assessment of
(the permeability evolution in) carbonate minerals enriched sedimentary basins for

applications such as COz sequestration or acid stimulation for enhanced oil production.
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Several batch dissolution experiments have examined the influence of the salinity of the
solution and Ca*" concentration on the calcite dissolution rates (Anabaraonye et al., 2019;
Buhmann and Dreybrodt, 1987; Finneran and Morse, 2009; Gledhill and Morse, 2006;
Gutjahr et al., 1996; Pokrovsky et al., 2005; Sjoberg and Rickard, 1985). For transport-
controlled dissolution regime, no impact of the NaCl-based ionic strength on calcite
dissolution rates is observed when I <IM (Pokrovsky et.al., 2005), while strong inhibition of
calcite dissolution rates is observed with NaCl-salinity >1M (Gledhill and Morse, 2006). The
impact of Ca®" ions in solution on the dissolution rate is contested in literature. Some authors
found that calcium inhibits calcite dissolution in neutral to basic conditions only (Sjoberg and
Rickard,1985), while others found that calcium ions enhance calcite dissolutions rates

(Gutjahr et al. 1996; Gledhill and Morse 2006).

While there is a clear, albeit incoherent, impact of calcium and salinity on calcium carbonate
dissolution rates, the implication of this influence on the development of secondary porosity
and permeability in carbonate rocks is unknown. We are not aware of any reactive flow
experimental studies that have explored the control of NaCl and Ca®" concentration on the

dissolution patterns.

Through time-lapse imaging, we have examined the influence of the amount of NaCl and
Ca’" ions in the injected solution over the structural evolution of dissolution patterns and
subsequent development of characteristic dissolution pattern in Ketton samples. We present
the results of four flow experiments using different acidic solutions with constant flow rate
into four samples of oolitic limestone. The composition of these solutions, i.e., amount of salt
and Ca®" ions, was chosen to cover a wide range of dissolution kinetics. X-ray
microtomography (XMT) image analysis and effluent analysis were used to calculate the
removed mass of calcite and consequent changes in the porosity of the samples. The link

between dissolution and permeability enhancement of the samples was investigated using



122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

numerical simulation of single-phase flow using two approaches: pore network modelling
(PNM) approach utilizing the pore network extracted from the XMT images and direct
numerical simulation (DNS) method, also utilizing the XMT images. Finally, for each

experiment, development in permeability was related to the modified porosity of the sample.

2. MATERIAL AND METHODS

For this study, we have utilized a relatively homogeneous carbonate rock type: Ketton
limestone. This oolitic limestone is a part of the Lincolnshire Formation, which was
deposited around 165 million years ago. Four cylindrical shape samples named K1, K2, K3,
and K4, of 6 mm in diameter and ~12mm in length were drilled side by side out of a
limestone block. Calcite-equilibrated solutions were prepared using deionized water at an
atmospheric pressure and room temperature conditions. The composition of these solutions
calculated using PHREEQC (Parkhurst and Appelo, 2013) and Pitzer database is provided in
Table S1. The samples were pre-saturated using a protocol based on that of Boone et al.
(2014) outside of the flow cell under vacuum condition with a calcite-equilibrated solution
for about 48hrs. After mounting the pre-saturated sample in the flow cell, any air still present
in the sample was flushed by flowing the calcite-equilibrated solution through the sample for
~2000 pore volumes at three flow rates, 10 ml min™!, 5 ml min' and 1 ml min!. Then an
image was taken to visually verify that no air was present within the sample and the full
saturation of the pore space was achieved. To impose a uniform radial fluid at the injection
face of the sample, an inert porous sintered glass plug (Robu glass por 0 filter) was placed in
front of the inlet side of the carbonate plug. Both plugs were inserted into a Viton sleeve,
placed in a custom-built Hassler-type flow cell made from X-ray transparent PEEK. A
confining pressure of ~20 bar was applied on the sleeve to avoid fluid bypassing the sample.

The fit of the sleeve to the sample was assessed visually on the raw data and was observed to



146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

fit very tightly (Figure S1). Additionally, the confinement pressure meter indicated a

consistent pressure of ~20 bar during the experiment, indicating a leak-free flow.

Note that flow was established from bottom to top of the sample while all presented images
in the subsequent sections are upside down. All experiments were performed under room

temperature and a confining pressure of ~20 bars.

2.1 Chemical composition of injecting solutions

Four solutions with the same HCI concentration of 0.001 mol dm™ but different salinity and
Ca?" concentration was prepared. All solutions were prepared by adding the appropriate
amount of the reagents with, CaClz, NaCl, and HCI to deionized water under atmospheric
conditions. pH values of these solutions are provided in Table 1. The first solution had an
ionic strength of 0.2 mol dm™, without calcium ions (referred to as no calcium low salinity
solution, or NCLS). A second solution had a similar ionic strength but contained 1x 10~ mol
dm™ of Ca?"ions (low calcium low salinity solution, or LCLS). The third type of solution had
an ionic strength of 1.2 mol dm?, without calcium ions (no calcium high salinity solution, or
NCHS). Finally, the fourth solution had a similar ionic strength as the third but contained
0.335 mol dm™ of Ca?' ions (high calcium high salinity solution, or HCHS). For all four
experiments, acidic solutions were injected with a same and constant flow rate of 4.16 x 10~

m’s! (i.e.,, Q = 0.26 ml min™).

The concentration of Ca*" ions in inflow and outflow solutions was measured with the ICP-
OES method. This method can measure Ca®" concentration within a range of
0.5-5 x 107 mol dm>. Therefore, most of the solutions were diluted using 0.7M HNO3 acid,
to a dilution ratio of 1:100, while some of the solutions related to experiment HCHS were

diluted by a ratio of 1:1000. The pH of the original inflow and outflow solutions (i.e., without
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dilution) was measured with a pH 3110 portable pH meter and pH electrode SenTix™ or (for

the HCHS experiment) WTW - Sensolyt 900-P.

The solution composition of all inflow solutions was calculated using PHREEQC (Parkhurst
and Appelo, 2013) with the Pitzer database. These calculations showed that the activity
coefficient of H" is close to unity for all solutions (Table S1). For inflow solutions NCLS and
LCLS, the measured value of pH matched with the calculated value of pH. It should be noted
that the measured pH values for the NCHS and the HCHS was affected by the non-
compatibility of the utilized electrode with the high concentration of ions in the solutions. As
a consequence, the measured value of pH of these solutions using above mentioned electrode
differed from the calculated value of pH. In order to clarify the uncertainties over pH values,
we have re-measured pH with a different pH electrode WTW - Sensolyt 900-P and
multimeter WTW portable pH meter Multiline Multi 3630 IDS. These measurements were
performed on a separate solution prepared with the same recipe as that of the inflow solution
for experiment HCHS. A measured pH value of 3.03 for this solution using pH electrode
WTW - Sensolyt 900-P further affirms the non-compatibility of the pH electrode SenTix™
for measurements in high salt (calcium and chloride) solutions. Table 1 summarizes
experimental details related to flow and solution chemistry. Note that the Pitzer model is not
tailored to the exact conditions at the start of, and during our experiments. Therefore, the SI’s
calculated for calcite (Table 1) should be treated with caution.

2.2 Data acquisition and processing

In situ imaging of the sample was performed using a laboratory-based environmental micro-
CT scanner built at Ghent University (Bultreys et al., 2016). The starting step of each
experiment was the saturation of the sample with calcite-equilibrated water, followed by
scanning of the sample. The scanning was performed with an X-ray beam energy of 110kV
and an exposure time of 80ms. The reconstructed voxel size of the images was 6 um per

8
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voxel and three stacks were required to cover the full length of the sample. Such full sample
length scanning was performed at the beginning and the end of the experiment. During acid
injection, the scanner was fixed near the inlet of the sample; therefore, time-lapse scans
correspond to the top ~6 mm section of the sample. Hereafter, these time-lapse scans are
referred as half-length sample volumes. For both full-length scans and half-length scans, a
total of 2200 projections, covering a 360° rotation of the scanner, were obtained in 15

minutes. Details on the processing steps of both types of scans is provided in SI Section 1.

2.3 Skeleton analysis

In this study, we used the skeletonization methods to characterize the wormholes created
during limestone dissolution. The skeletonization workflow converts the three-dimensional
pore space into a one-dimensional object while preserving topological and geometrical
features. This process of dimension reduction includes iterative removal of individual voxels
from a volume until a single line of voxels (i.e., the medial axis of the volume) remains along
the pore space. This yields a simplified skeleton representation of the pore space, in which
each voxel stores properties of the original complex 3D pore space through attributes like
thickness, orientation and length. Detailed steps on the skeletonization of wormholes and
subsequent quantification of the wormhole are provided in SI Sections S2 and S3,

respectively.

2.4 Pore network extraction and flow modelling

We have calculated the velocity field and permeability of the sample at a different stage of
the dissolution process. For this purpose, we have utilized a pore network model because it
requires less computational time than direct numerical simulation. Single phase flow was
simulated on the extracted pore network. For simulating flow, the inlet face of the network

was maintained at a constant value of Darcy velocity (i.e., constant average pore inlet
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velocity) and the outlet face at an atmospheric pressure condition, after which the pressure
and velocity in each pore were found by imposing mass conservation. The Darcy velocity

was calculated as:

Q (1
where, Q is the volumetric flow rate (m?® s') and A is the cross-section area of the sample
(m?).

From the Darcy velocity (up) and pressure difference between the inlet and outlet faces

(APppy ), the permeability of the network is obtained from:

kpnm = i b @)
APpyy

where, u is the viscosity of water, 0.001 Pa.s, and L is the pore network length along the flow

direction.

The remaining boundaries of the network parallel to the flow direction were implemented as
no-flow boundaries. Further details on the modeled equations can be found in Raoof et al.

(2012).

2.5 Direct flow simulation of pore-scale images

In order to evaluate the permeability changes during dissolution, XMT images which were
acquired at the start and end of the experiment were used as 3D pore space domains for the

microscale fluid flow simulation.

The XMT-based pore spaces were first simplified and scaled using open-source image
processing software, MeshLab (MeshLab, version 2021.05; https://www.meshlab.net). The

resulting pore space was used for fluid flow simulations under same flow direction as that of

10
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experiments. Flow equation were solved with a pressure difference imposed on either side of

the sample and a no-slip boundary condition at the lateral faces of the domain.

OpenFOAM, an open-source CFD toolbox, was used to perform single phase flow simulation
(Aslannejad et al., 2018; Bedram and Moosavi, 2011). For meshing purposes, a native
meshing tool of OpenFOAM (in this case, snappyHexMesh) was used. The flow simulation
required a significant number of discretization cells (i.e., base refinement level: 100 x 100 x
250); therefore, the parallel computation was done using 8-cores. Classic Semi-Implicit

Method for Pressure Linked Equations (SIMPLE) algorithm was used to solve flow equation.
Absolute permeability, kpys (m?) was calculated using the Darcy equation:

kpns = —,u QL ()
APpys Ly L,

where, Q (m*.s) is flow rate, L,, Ly and L, are the domain dimensions in each direction and

APpys 1s the imposed pressure difference. A mesh sensitivity study was performed by
varying the number of discretization cells in the X, y, and z directions. Along with the base
refinement level, two more refinement levels i.e., refinement level 1: 100 x 100 x 150 and
refinement level 2: 200 x 200 x 250, were simulated. Cropped sample length-based dataset of
Sample K1 belonging to the start and end of the experiment was utilized. We observed that a
4x increment in discretization cell numbers (base refinement level and refinement level 2)
results in ~8% permeability variation for the unreacted rock volume and ~18% permeability
variation for the dissolved rock volume, while the relative change in permeability due to
dissolution is comparable among different mesh configurations (Figure S2).

2.6 Sample characterization prior to experiments

Characterization of the Ketton samples is based on the XMT images, FIB-SEM images, EDS

analysis, XRD analysis, and properties of the extracted pore networks.
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XMT images showed that Ketton is composed of spherical grains and can be considered a
relatively homogeneous carbonate rock at the macroscopic scale (Figure S1 and S4). Electron
microscopy imaging of the surface and cross-sectional view of a randomly chosen spherical
grain were done using FIB-SEM imaging technique. Results showed the extent of the intra-
grain porosity (Figure S7). SEM images of the part of the sample showed textural
heterogeneity at a microscopic scale (Figure S8). We observed that some part of the grain
was made of rhombohedral particles, which is a typical morphology of calcite. Other parts of
the grain were made of needle-shaped particles, which is a typical morphology of aragonite
(e.g. Nan et al., 2008). EDS analysis suggested that these particles were majorly composed of

Ca, C and O (Figure S9).

In order to identify the particle polymorph, we conducted XRD analysis of three new samples
that were extracted from the same Ketton limestone block. Figure S10 shows the comparison
of the XRD spectra of a representative sample with the RRUFF reference of calcite,
suggesting that Ketton is predominately composed of the calcite and that the needle-shaped

particles are probably the pseudomorphs i.e., aragonite converted into calcite (Figure S8).

Next, the petrophysical properties of the four samples ie., K1, K2, K3 and K4 were
investigated through analysis of the initial XMT images and of the extracted pore networks
for the initial conditions in the samples. The initial porosity of each sample was calculated by
dividing the volume of pore space by the total volume of the sample. The initial permeability
of each sample was calculated from the single-phase flow simulation on extracted pore
networks. A comparison of the porosity of all samples shows that K1, K2 and K3 have

similar initial porosity while K4 has a different initial porosity (Table 1).

Figure S11 shows the statistical distribution of some of the characteristic properties of the

initial pore space of the samples. K1, K2 and K3 have similar throat radii and K2 and K3

12
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have similar pore sizes. K4 has a slightly wider range of pore sizes and throat widths than
K1-K3, while all four samples have a similar distribution of coordination numbers. Figure
S1le shows the frequency distribution of the normalized velocity which was obtained by
normalizing the velocity value of each throat (i.e., obtained from PNM) by the Darcy
velocity. The Darcy velocity was obtained by dividing the flow rate with the cross-sectional
area of the sample. The frequency distribution of normalized velocity indicated the
probability of faster and slower velocity channels in comparison with the Darcy velocity. K2
and K4 have a somewhat greater number of fast channels as compared to K1 and K3. The
observed velocity field in this study is similar to the previously reported velocity field for
Ketton samples (Al-Khulaifi et al., 2017). Overall, the narrowness of the velocity channel

suggested that all four samples have relatively similar initial pore structure (Figure S11e).
2.7 Quantification of the changed volume of calcite

AViuciteeffiuens> the cumulative value of changed amount of calcite volume (m’), was

obtained as:

Q Mcalctte (4)

Pcaicite

ZAcCa (tt -t

n
AVCalcite,effluent

where, n is the sampling steps, Q is the flow rate (m* s), poqicite is the density of calcite
(2710 Kg m™), M gcite is the molecular mass of calcite (0.1 Kg mol') and AcCa is the

difference between outflow and inflow Ca?" concentration (mol m™).

AVeaicite xur» the change in the number of solid voxels of XMT images in an experiment

duration denoted by time t, is given as:

_ yt t=0
AVCalcite,XMT = VCalcite,XMT - VCalcite,XMT (5)

Average reaction rate was calculated from the time-based evolution of the macroporosity as:

13
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Pcalcite A(Z)XMT (t) Vb (6)
AIwcalcite At A (t)

Tealcite(t) =

where, T.q;cite (t) is the average reaction rate (mol m? s'), A@yr (t) is the change in the
macroporosity of the sample between the scan time t as compared to the initial porosity, At
(s) is the acquisition time of the image and A(t) (m?) is the surface area obtained by adding up
the voxel faces forming the boundary between solid and pore phase and V,, (m?) is the total
volume of the sample. It should be noted that above reaction rates are based only on
macroporosity while neglecting the changes in the microporosity. Average reaction rates at
different time steps of the experiment was calculated from the XMT images of the half-length
sample. The average reaction rate at the beginning and at the end of the experiment was
calculated from the XMT images of the cropped length sample. Note that the average
reaction rate calculated from Equation 6 inherited an error depending on the time interval of
scans used in the calculation (i.e., At). We observed that for the scan time interval used in this

study, this error was around 20% (SI Section S4, Figure S12).

Equation 6 calculates the average reaction rate from the average macroporosity changes.

Additionally, we have calculated local reaction rate as:

Pcaicite ADxmr (2) (7)
Mcalcite At

TZcqicite (Z) =

where, 7Z.qicite (2) is local reaction rate (mol m™) calculated from the change in the slice-
averaged porosity of the sample (i.e., Figure 4b) occurred in the experiment duration, At, and

at a distance of z from the sample inlet.

In order to understand the coupling of transport and reaction times scales, we have defined

two dimensionless numbers i.e., Peclet number and Damkohler number.

The Peclet number (Pe) compared the time scale of advection to that of diffusion and was
defined as:

14
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Uy, () L (1) (8)

Pe(t) = D

where, U,, (m s™) is the average pore velocity obtained by dividing constant Darcy velocity
with the image-based porosity at different time steps, / is the mean pore radius calculated
from the extracted pore network of the sample and D is the diffusion coefficient (3.36 x 10~

m?s).

The Damkodhler number (Da) compared the convection time scale with the reaction time

scale:

TZcqicite MVcalcite (9)
A Ugy ()

Da(t) =

where, MV,4;cite is the molar volume of calcite (3.69 x 10 m® mol™), rz.4cire indicates the
reactive strength of the injecting acid (mol m™ s!) at the inlet of the sample calculated from
Equation 7 and A is the specific surface area of the cropped sample length at the beginning of

the experiment.

The Pe and Da number, at different time steps were calculated from the XMT data of the half
sample length, while, at the beginning and at the end of the experiment were calculated from

the XMT data of the cropped sample length.
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Experiment NCLS LCLS NCHS HCHS Method

Ketton sample K1 K2 K3 K4 -

Flow rate (m’s™) 4.16 x 10 4.16 x 10 4.16 x 10 4.16 x 10 -

Darcy velocity (m s™) 1.54 x 10 1.54 x 10 1.54 x 10 1.54 x 10 -

Injection duration (s) 72000 72000 43200 57000 -

Injected pore volume 6722 6977 3507 4489 -

Inflow pH(Calculated) 3.1 3.1 3.00 3.05 PHREEQC Pitzer

Inflow pH (Measured) 3.01 2.97 2.77 3.03¢ pH electrode SenTix™or

WTW

Inflow Ca*" (mol dm™) - 1x10° - 335x 10 ICP-OES

Inflow -salinity (mol dm™) 0.2 x 107 0.2 x 107 1.16 x 1073 1.12 x 1073 ICP-OES

Inflow-saturation index (SI) - -11.45 - -8.04 PHREEQC Pitzer

Porosity at t = 0s (%) 13.42 12.1 13.88 16.3 XMT?*

Permeability (kpy),) at t = 0s (m?) 1.13 x 1072 6.37 x 10713 1.31 x 1072 3.18 x 10712 Flow simulation on

cropped sample length

using PNM

Permeability (kpys) at t = 0s (m?) 1.98 x 10712 4.75 x 10712 1.77 x 10712 3.97 x 10712 Flow simulation on

cropped sample length

using DNS

Average equivalent diameter at t = 0s 0.89 x 10 0.53 x 10 0.51 x 10 0.65 x 10 XMT *#

(m)

Average volume of pores at t = 0s (m?) 0.57 x 107! 0.29 x 107! 0.31 x 10! 0.47 x 107! XMT ?

Number of pores in the extracted pore 6832 6259 6948 6130 PNMP

network

Number of throats in the extracted pore 12419 10915 12919 10919 PNMP

network

Average pore radius at t = 0s (m) 5.46 x 107 497 x 10 493 x 107 5.31 x 107 PNMP

Average throat radius at t = 0s (m) 2.59 x 107 2.61 x 107 2.59 x 107 2.93 x 107 PNMP

Average coordination number at t = 0s 3.64 3.49 3.72 3.56 PNMP

Average pore velocity att = 0s (m s™) 2.43 x 107 2.79 x 107 2.47 x 107 2.47 x 107 PNMP

Size of the full sample length (Voxels) 1319x1317x2494 | 1316x1316%x2418 | 1317x1319x2552 | 1317x1318x%2342 XMT Images

16




Size of the cropped sample length (Voxels) 1319x1317%1950 1316x1316x1950 1317x1319%x1950 1317x1318%1850 XMT Images
Size of the half sample length (Voxels) 1319x1317%818 1316x1316%850 1317x1319%850 1317x1318x782 XMT Images
Scan interval of the half sample length (min) | 40,136, 154, 154, | 90, 90, 90, 99, 105, | 150,30,180,120,12 | 40,215,20,75,165,1 -

154, 154, 154, 154 120, 126 0,160,136,56 65,165,165,165,25

Table 1: Parameters for all four dissolution experiments including the skeleton (pore network) information. * XMT image of cropped
sample length. ® Pore Network Model of cropped sample length. ¢ pH measurements were done on a separate solution made according to
the same recipe and using a WTW — Sensolyt 900-P pH electrode; for this solution, the SenTix electrode was affected by the high

concentration of ions in the solutions.
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3. RESULTS AND DISCUSSION

This study is based on four reactive flow experiments (Table 1 and Table S1): NCLS (No
Calcium Low Salinity), LCLS (Low Calcium Low Salinity), NCHS (No Calcium High
Salinity) and HCHS (High Calcium High Salinity). The analysis of effluent solution for all
four experiments is provided in Section 3.1.1. The results are compared with the XMT
image-based analysis in Section 3.1.2. Next, we assess the temporal evolution of bulk
porosity and local porosity in Section 3.1.3 and corresponding effective reaction rate in
Section 3.1.4. Further, we examine the characteristics of the dissolution structures developed
in each experiment in Section 3.2. Finally, the impact of the dissolution structures on

permeability changes is provided in Section 3.3.
3.1 Mass transfer analysis
3.1.1 Effluent Analysis

Figure la presents the temporal evolution of the normalized Ca?* concentration (AcCa),
which represents the difference between outflow and inflow Ca®* concentration during the
sampling interval. Positive values of AcCa for experiments NCLS, LCLS and NCHS
indicates persisting dissolution throughout the experiments. From the first sampling point
onwards, the experiment NCLS maintained a steady-state value of outlet Ca*" concentration
and AcCa. Experiment LCLS, on the contrary, initially provided a lower outflow
concentration compared to NCLS, which later approach towards a higher steady-state value.
For experiment NCHS, outflow Ca®" concentration showed a decreasing trend. From the
saturation index of the injected solutions, we estimated the maximum amount of Ca?"
concentration which could be dissolved before these solutions would reach equilibrium with
respect to calcite. Comparison of these estimates with the measured AcCa suggests that the

outflow solutions of experiments NCLS, LCLS and NCHS were almost in equilibrium with
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calcite (Figure 2a). Note that, the differences between the quantities of dissolved Ca** ions
observed in the experiment and those in the simulation most likely reflect the impact of
differences in sample's initial permeability on the overall amount of calcite dissolved during
the experiments. Future investigations on homogenous porous media (e.g., 3D-printed) could

circumvent such uncertainties.

In the case of experiment HCHS, normalized AcCa was negative initially, followed by
positive values (Figure 1a). As stated earlier, the inflow solution HCHS was acidic, with the
measured pH value of 3.05, and undersaturated with respect to the calcite. Through the
examination of mixing calculations (specifically, PHREEQC + Pitzer calculations when
mixing varying fractions of inflow solution HCHS with a solution in equilibrium with
calcite), we did not identify any ratios resulting in either supersaturated mixtures or salting-
out conditions. Moreover, from the saturation index, we estimated that this solution can
dissolve up to around 0.7x107 mol dm™ calcite, before reaching equilibrium with respect to
calcite (Figure 2a). Therefore, it is most likely that the initial negative AcCa value does not
represent calcite precipitation but was caused by error accumulation during the strong
dilution necessary on in- and outflow samples in preparation of ICP-OES measurements from
which AcCa values were calculated. We suspect the calculated Ca®* concentrations for HCHS
samples included an uncertainty larger than the standard error of 10% (SI Section S5.1,

Figure S13).

We observed the impact of salinity and Ca®>" concentration of the inflow solutions on the
equilibrium concentrations (Figure 2a). As expected, inflow solutions containing Ca** ions
(i.e., LCLS and HCHS) required a lower amount of Ca?" ions to reach to the equilibrium as
compared to the inflow solutions with no Ca®" ions (i.e., NCLS and NCHS) (Figure 2a).

Similarly, increments in salinity led to enhanced solubility of calcite, with more saline inflow
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solutions dissolving larger amounts of calcite than the inflow solutions with lower salinity

(i.e., NCLS) (Figure 2a).

Figure 1b shows the measured pH of the effluent samples from all four experiments. Inflow
solutions all had an approximate pH value of 3.0 (Table S1). The higher pH values measured
in the outflow indicate dissolution-induced solution buffering. The amount of fluid buffering
directly relates to the amount of Ca*" ions produced (Figure 1). Initially, experiment NCHS
showed both the highest value of pH and Ca?" concentration at the outflow, followed by a
decreasing trend (Figure 1). For experiment NCLS, outflow pH remained constant and for
experiment LCLS, outflow pH showed an increasing trend. We observed a good agreement
between the measured outflow pH and predicted outflow pH (Figure 2b). For the experiment
HCHS, the pH of the outflow solution was calculated corresponding to the equilibrium
concentration. For this experiment, we observed a higher difference between the calculated
pH and the measured pH (Figure 2b). This is probably due to the higher uncertainty

associated with the pH measurement in highly saline Ca**-rich outflow solution.
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Figure 1: (a) Measured Ca?" concentrations from effluent solution for experiments

NCLS, LCLS, NCHS (left-hand vertical axis) and HCHS (right-hand vertical axis) (b)

Measured pH from effluent solution for all four experiments
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Figure 2: PHREEQC simulations for all four injected solutions showing (a) the
maximum amount of AcCa which can be dissolved before the solution reaches to the
equilibrium and (b) pH of the solution as a function of the added amount of AcCa.

3.1.2 Effluent concentrations vs XMT Analysis

The comparison of the calcium concentration in the effluent with ketton volume (loss) with
XMT helps to (further) quantify the amount of dissolution in the different experiments.
Figure 3a shows a comparison of the changed amount of calcite volume, calculated using
AcCa with values obtained from XMT image analysis using Equations 4 and 5, respectively.

For experiments NCLS, LCLS and NCHS, we observed a difference of ~around 14-25%
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between values obtained from effluent analysis and those from XMT images (Figure 3a). A
potential cause of this discrepancy could be resolution of imaging (voxel size 6 um). This
difference would be dependent on the length of the sample along the flow direction used in
volume change calculations. Increased difference for cropped length sample-based analysis,
as shown in Figure 3a, is due to dominance of dissolution close to the sample inlet. As
discussed in Section 2.3, the remaining part of this study will be based on the analysis of the
cropped length sample. Figure S5 shows the cropping position through a vertical slice of
sample K1. It should be noted that while the calculated mass of dissolved calcite from the
effluent and XMT analyses doesn’t exhibit an exact correspondence, they do, in essence,
agree on the relative extent of dissolution rate among the NCLS, LCLS, and NCHS

experiments.

For experiment HCHS, the difference between effluent analysis and XMT images was more
significant (Figure 3a). This, along with the arguments provided in Section 3.1 further
suggests that the ICP-OES measurement of solutions containing a high amount of Ca*" ions

might have inherited higher uncertainty.
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Figure 3: (a) Cumulative changes in the solid calcite volume calculated from effluent
analysis (triangle) and using XMT images (circle, full sample length and diamond,
cropped sample length) for experiments NCLS, LCLS, NCHS (left-hand vertical axis)
and HCHS (right-hand vertical axis). (b) temporal evolution of the macroporosity
calculated from XMT images (circle, cropped sample length and triangle, half sample

length) for all four experiments.

3.1.3 Porosity

The time-lapse imaging of the sample allowed in situ tracking and analysis of the dissolution-
induced changes in the porosity. Figure 3b shows the temporal evolution of macroporosity
during the four experiments calculated from XMT images. Injection of undersaturated
solutions led to an increase in the macroporosity of samples for experiments NCLS, LCLS,

and NCHS. Consequently, total increments in the macroporosity are of magnitudes 0.025,

24



443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

0.0296 and 0.0158 for experiments NCLS, LCLS, and NCHS, respectively. It should be
noted that the observed reduction in porosity in the NCLS experiment towards the end could
potentially be attributed to the clogging of certain pores by migrating calcite particles after

detachment due to dissolution of some of the matrix.

For the experiment HCHS, macroporosity of the top half of the sample first slightly
decreased and then this decreased macroporosity was nearly maintained until the end of the
experiment, where a slight increment was observed (Figure 3b). Luquot et al., 2014 has also
observed similar decrement in the macroporosity for the acids with lower corrosiveness (i.e.,
less strong undersaturation). They noted that the acids with lower reactive strength attack the
microporosity of the grain and resultant small particles clog the macropores. The change in
macroporosity obtained from XMT images does not resolve such changes in microporosity.
Therefore, changes in the microporosity of the sample were investigated through changes in
grey volume in the full samples between beginning and end of the experiment (SI Section
S5.2). For the same sections of the sample (i.e., cropped sample length) of this experiment,
we observed that the total change in the grey volume (i.e., microporosity + macroporosity)
was 3.3 x10° m? as compared to the segmented volume (i.e., macroporosity) of a value of
0.16 x10® m? (Figure S14: semi quantitative). This suggests that the inflow solution HCHS
had dissolved more sub-resolution calcite matrix and the detached fine grains accumulated in
the macropores (cf. Luquot et al., 2014).

Figure 4 provides a vertical profile of porosity along the direction of the flow. Each data
point was obtained by averaging using a moving windows including 30 consecutive 2D slices
(i.e., corresponding to 0.18mm). Comparison of the vertical porosity profile of the samples
from the initial and final time steps of the dissolution experiment unveiled the following

information:
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Firstly, for experiment NCLS, we observed a strong deviation of evolved porosity
distribution along the flow path compared to initial porosity distribution whereas, for
experiment LCLS and NCHS, evolved porosity distribution was similar to initial porosity
distribution (Figure 4a). This is caused by the difference in reactive strength of the injecting

fluid, as also discussed Section 3.2.1.

Next, we observed that solution NCLS created maximum porosity changes in the first 2 mm
part of the sample whereas for solution LCLS, the effective depth of reaction front (i.e.,
corresponds to a porosity difference (new porosity (%) - old porosity (%) of more than 3%)
was around Smm (Figure 4b). In the case of solution NCHS, the top 3mm part of the sample
experienced an average of 3% porosity change. The depth of penetration of the reaction front
is related to the amount of fluid buffering. Fluid buffering is a result of a complex interplay of
initial reactive strength of the injecting fluid and transport time scale (e.g., Agrawal et al.,
2020; Gray et al., 2018; Molins et al., 2014). Section 3.1.4 explores this relationship between
reaction and transport time scale for an individual experiment. For experiments NCLS,
LCLS, and NCHS, the whole sample showed positive porosity changes, whereas, for
experiment HCHS, the top part of the sample showed negative porosity changes (Figure 4b).
It is worth noting that for experiment HCHS, % macroporosity difference is less than 0.5%
and that dissolution in micropores played an important role. Alternatively, the SI values
obtained with our generalized Pitzer model may be inaccurate (Harvie and Weare, 1984;
Felmy and Weare, 1986), and locally calcite supersaturation may have occurred, leading to

the observed pore clogging/porosity decrease.

Note that, due to the constraints with the data acquisition as mentioned in Section 2.2, bulk
porosity for the first- and last-time steps of the experiment was calculated from the data of the
full sample (Figure 3b). However, porosity for the intermediate time steps was calculated
from the data of half-length sample i.e., part of the sample near the injection point. The

26



492

493

494

495

496

497

498

499

500

difference between porosity data of these two samples size at time t= 0 denotes the initial

heterogeneity of the samples (Figure 4a) whereas, the difference at the end of the experiment

is a result of dissolution heterogeneity along the direction of flow (Figure 4b).
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Figure 4: Porosity changes in all four experiments showing (a) the slice-averaged
porosity values (%) along the sample, and (b) difference between porosity values (%).
The vertical profiles corresponded to the XMT images of the cropped sample length at
the beginning and the end of experiment. In order to increase the visibility, only a part

of the vertical profile (i.e., from 1.8 till 12.5 mm) is shown. Figure S15 shows the full
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vertical profile (i.e., from 1.8 mm till 13.5 mm). Black arrow indicates the flow
direction. Note the different x-axis ranges utilized for panel (b). Note that flow was

established from bottom to top of the sample and all presented images are upside down.
3.1.4 Reaction rate and dimensionless numbers

Time-lapse XMT scans of the sample enabled monitoring of the macroporosity of the sample
as the experiment progressed. This porosity was utilized to obtain the changed amount of
calcite mass to calculate the evolution of the average reaction rate over the course of the
experiments.  Figure 5a shows the evolution of the average reaction rate for all four
experiments. Figure 6 shows the vertical profile of the local reaction rate calculated from the

XMT images of the full sample obtained at the beginning and the end of the experiment.

We observed that the addition of the Ca*" ions in the inflow solution decreased the calcite
dissolution rate (NCLS vs LCLS and NCHS vs HCHS in Figures 5a and 6). For example, at
40 minutes, the average dissolution rate corresponding to the NCLS solution was 47.3%
higher than the solution LCLS. Similarly, the solution NCHS (i.e., no Ca*" ions and high
salinity) also showed a higher average dissolution rate as compared to the solution HCHS
(i.e., 337 x 10 mol dm™ Ca?" ions and high salinity). In the past, several studies have shown
such inhibitory impact of the Ca?" ions over the calcite dissolution kinetics (Buhmann and

Dreybrodt, 1987; Sjoberg and Rickard, 1985).

We observed that the dissolution rate of macroporosity at the sample inlet for solution NCHS
was approximately 54% less than solution NCLS (refer to Figure 6). Additionally, the mean
dissolution rate of macroporosity, calculated over half the sample length, was found to be
lower in experiment NCHS compared to NCLS (see Figure 5a). Prior effluent analysis
revealed higher outflow Ca2+ concentrations in experiment NCHS than in NCLS (Figure 1a).

A plausible justification is the conflicting impacts of salinity on the dissolution rate and the
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solubility of calcite. In saline solutions, the dissolution rate might be hindered, but the
solubility of calcite might be enhanced. Consequently, saline solutions, despite exhibiting
diminished macroporosity-based dissolution rates near the sample inlet, were able to dissolve
more calcite across the entire sample length before reaching equilibrium with calcite. Another
possible explanation is that a higher dissolution rate in microporosity regions in the NCHS
experiment compared to NCLS experiment is currently not reflected in the calculated

dissolution rates.

The Pe number for all four experiments was greater than one, indicating advection-controlled
transport regimes such that the rate of renewal of the fluid inside pore space of the sample
was dominated by advection (Figure 5b). For all experiments, the Da number was less than
1.0. This suggests that the dissolution conditions in the sample were reaction-limited
(Figure 5c) as the time scale of advection is shorter than that of dissolution reaction. As the
experiment progressed, we observed a decrease in the Pe number. This is because wormholes
are dominantly responsible for porosity changes and average pore size did not increase by the

same proportion as porosity increased.

For the studied reaction-controlled dissolution regime, this decrease of the Pe number also
contributes to a decrement in the average dissolution rate (Figure 5a). This impact of the
temporal evolution of the Pe number over the average dissolution rate was much clearer in

experiment NCLS compared to LCLS and NCHS experiments.
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Figure 5: Temporal evolution of (a) the average reaction rate based on Equation 6, (b)

Pe Number, and (c¢) Da number, calculated from XMT images (circle, cropped sample
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Figure 6: The full vertical profiles of the slice-averaged dissolution rate for all four
experiments calculated using Equation 7. The black arrow indicates the flow direction.
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3.2 Evolution of the dissolution structure

All four experiments were performed with the same injection rate and on samples from the

same rock type with very comparable pore structure (Figure S11). Therefore, as expected, the

reactive strength of the injecting solutions was directly reflected by the Da number. The Da

number is highest for experiment NCLS, then LCLS, NCHS, and HCHS. Previously, the

control of the Da number on the dissolution patterns has been investigated through both

experimental and numerical studies (Fredd and Fogler, 1998; Golfier et al., 2002; Hoefner

and Fogler, 1988; Luquot et al., 2014; Maheshwari et al., 2013). Table 2 provides overview

of the dissolution patterns observed in the previous studies. In the next sections, we discuss

the qualitative and quantitative aspects of the dissolution patterns developed in each

experiment.

Sample rock Pe Convective | Type of Dissolution | Reference
Da

NaCl Salt | 8.32 x 10 | 120 Face dissolution Golfier et.al., 2002
grains packed 3 -
porous media 4.14 x 10~ | 24 Conical wormhole

1.66 6.01 x 102 | Dominant wormhole

83.2 1.2 %103 Ramified wormhole

832 1.2 x 101 Uniform dissolution
Oolitic 0.2 0.1-1 x 10* | Dominant wormhole | Luquot et.al., 2014
grainstone and uniform
from the dissolution
Lusitanian
Basin
Ketton 9 0.5 Dominant wormhole | Gray et.al., 2018
carbonate rock
Ketton 2100 2.8 x107 Uniform dissolution | Menke et.al., 2015
carbonate rock
Ketton 14-19 7.28 x 10° - | Dominant wormhole | This study
carbonate rock 8.53x 107 |- Uniform

dissolution

Table 2: Overview of the dissolution pattern observed in the previous studies.

3.2.1 Dissolution structures in experiments NCLS, LCLS and NCHS
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Experiment NCLS was performed with a solution that has low salinity, devoid of Ca?* ions.
This injected solution initiated the dissolution with an effective reaction rate of a magnitude
of 7x10% mol m? s’ (Figure 5a). Addition of a small amount Ca*" ions (experiment LCLS),
lowered initial effective reaction rate to 4x10° mol m? s (Figure 5a). In the experiment
NCHS, injection of a saline solution that did not contain Ca** ions, caused a lower dissolution

rate than in experiments NCLS and LCLS (Figure 5a and 6).

The time-lapse scanning of the pore space allowed a qualitative analysis of the temporal
evolution of the dissolution structures in these experiments. In experiment NCLS, it was
noted that dissolution was remarkably uniform in the radial direction during the initial 40
minutes (Figure 7a), indicating that the initial phase of dissolution was primarily influenced
by fluid acidity rather than the sample’s initial pore structure (Figure 7a). Such difference
between the modified porosity and the initial porosity was also clear in the vertical porosity
profiles provided in Figure 4a. The radially homogeneous dissolution occurred in the first
~2mm of the flow path, after which selective dissolution paths continued further along the
flow direction (Figure 7a). This development of dissolving channels was most likely guided
by the initial heterogeneity and structure of the sample. Conversely, for experiments with
lower Da numbers (i.e., LCLS and NCHS the formation of the dissolution structure was more
significantly influenced by the heterogeneous pore structure of the sample, as contrasted with
experiment NCLS (Figure 7b-c, and 4a). For example, in the experiment LCLS, after 40
minutes of acid injection, dissolution created sparsely localized flow channels (Figure 7b).
From the scans of the half sample length, we observed that the sample’s pore space evolved
into several conducting channels. The trajectories and length of these channels were
established within a certain experiment duration (i.e., 484 minutes in experiment NCLS, 255
minutes in experiment LCLS and 369 minutes in experiment NCHS) while the diameter of

channel continued to grow (Figure 7 and S16). From the scan of the full sample, which was
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acquired at the end of the experiment (i.e., 1200 minutes for the experiments NCLS and
LCLS; 720 minutes for the experiment NCHS), we observed that most of these channels did
not develop much beyond the half sample length that was scanned during the experiment
(Figure 8). In the experiment NCLS, two of the channels extended over the full length of the
sample, while in the experiments LCLS and NCHS, only one such dominant channel was

formed (Figure 8).

Next, through skeleton analysis, we characterized and quantified final form of the dissolution
structures in these three experiments (Figure S17; Table S2). The quantification was based on
attributes derived from the individual segments of the channels and side branches: the length
(sum of the segment length), radius (radius of the segments) and mean radius (average of the

segment radius).

The evolution of the dissolution structures also indicates that the less reactive injecting
solutions (i.e., higher Ca®" and/or salt concentration) resulted in localization of the channels.
This was evident from the decreasing number of inlet nodes (where the number of inlet nodes
shows unique/main flow channels) with the decreasing Da number (Table S2). All the
channels originating from the inlet nodes were divided into three categories based on their
lengths (Figures S18-S20; Table S2). Figure S21 shows the histogram of the channel lengths
for experiments NCLS, LCLS and NCHS. We observed that in the experiment NCLS, two
dominant channels of a length ~14 mm were formed. In contrast, in the experiments LCLS
and NCHS, only one dominant channel of the length of 12.30 and 10.28 mm, respectively,
was formed.

The impact of the reactivity of the injected solution on the starting diameter of the channel
was also observed (i.e., in the vicinity of the sample inlet). For example, in the experiment
NCLS, the starting diameter of two of the category 1 channels was larger than 0.6 mm while,
in the experiments LCLS, the starting diameter of both of the category 1 channels was
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smaller than 0.4 mm (Figure S22a and b). Moreover, the Da number also represents the
buffering of fluid as it moves along the sample (Agrawal et al., 2020). This is reflected in the
vertical radius profile (i.e., in the direction of flow) of the channels. In the experiments LCLS
and NCHS, the vertical radius profiles of the category 1 channels were more homogeneous

than the experiment NCLS (Figure S22).

Furthermore, in the experiment LCLS, for each category 1 channel, the number of side
branches and the length of the side branches were significantly higher than the experiment
NCLS (Table S2, Figure S23a-b and S24a-b). The increased ramification of dissolution
channels with decreasing Da number has also been observed by Luquot et al. (2014). On the
contrary, the dissolution pattern in the experiment NCHS developed with the least amount of

ramification as evident from the least number of end nodes (Table S2, Figure S23c).
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Figure 7: Temporal evolution of the dissolution patterns in experiment (a) NCLS, (b)

LCLS and (¢) NCHS. XMT images of these samples at the remaining time steps are

shown in Figure S16.
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Figure 8: Final form of the dissolution patterns in experiments NCLS, LCLS and
NCHS. Note that the duration of experiments NCLS, LCLS and NCHS was 1200, 1200

and 720 minutes.

3.2.2 Experiment HCHS

We observed that the presence of a high amount of Ca?" ions lowered the effective
dissolution rate by two orders of magnitude compared to experiment NCHS (Figure 5a). As
mentioned earlier, the macroporosity of the top part of the sample decreased throughout this
experiment (Figure 3b and 4). Figure 9 presents the temporal evolution of the pore space
where the locations of removed solid mass and of added solid mass are highlighted. As
explained earlier, the injected HCHS was acidic and undersaturated with respect to the calcite
and mixing calculations (performed in PHREEQC with default Pitzer database) showed that
it is unlikely that mixing variable amounts of the HCHS solution with the equilibrated initial
solution present in the sample can result in a composition that is supersaturated with respect
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to calcite. A possible explanation of the accumulated solid mass in the pore space is related to
the dissolution of the microporous matrix, causing solid particles to detach from the matrix
and migrate through the pore space. This is described by the so-called sugar lump model
(Luquot et. al., 2014). From the XMT image after 150 minutes of acid injection, we observed
that small amounts of such displaced particles were uniformly distributed in the pore space
(blue in Figure 9). Dissolution of the microporous matrix was confirmed by grey value
analysis of the images (Figure S14; semi quantitative), which showed an increase in the sum
of microporosity and macroporosity. From the scan of the full sample at the end of the
experiment (Figure 9c), we observed that the amount of clogging by displaced solid particles
was higher closer to the inlet. This is consistent with most of the dissolution occurring closer
to the inlet, also in the microporous domain, leading to more detachment and local
displacement of particles. Alternatively, use of the default Pitzer model in PHREEQC for the
calculation of the solution chemistry might have led to an overestimation of the
undersaturation state of the inflow solution (Harvie and Weare, 1984; Felmy and Weare,

1986) and locally calcite supersaturation may have occurred, leading to the observed pore

clogging.
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Figure 9: Temporal evolution of the pore space in the experiment HCHS. Red colour
highlights the locations from where the solid mass was removed. Blue colour highlights
the locations where the solid mass was added. XMT images of this sample at other time
steps are shown in Figure S25. Note that red coloured box shown in plot (¢) indicates the

volume imaged in plots (a) and (b).

3.3 Evolution of transport properties

Dissolution patterns control permeability changes in the sample, which is related to the
volume of acid injection required for wormhole breakthrough (PVsr). One of the earlier

definitions of wormhole breakthrough is when the permeability of the sample increases by a
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factor of 100 (Fredd and Fogler, 1998). The amount of acid required for a breakthrough is a
function of the dissolution pattern, and therefore depends on Pe and Da numbers, which
reflect the injection rate and the solution’s corrosive nature (i.e., chemical reactivity, in the
current case determined by salinity and calcium concentration). For example, face dissolution
will require higher volumes of acid to attain a certain permeability increment than

wormholes.

Figure S26 shows the temporal evolution of permeability calculated from both the pore
network model and direct numerical simulation during all four experiments. For all
experiments, both methods yielded a similar amount of permeability change - i.e., a
noticeable permeability increment in the experiments NCLS, LCLS, and NCHS, and no

significant permeability change in experiment HCHS.

If we consider the definition of breakthrough from Fredd and Fogler (1998), none of the
experiments in this study led to a breakthrough point (Figure S27). The highest permeability
increment corresponding to a factor of 7.9 and 5.8 was noted for experiment LCLS based on
permeability values from the pore network model and direct numerical simulations,
respectively. We observed that the injection of the same number of pore volumes resulted in
the highest permeability increment for experiment LCLS and lowest for experiment HCHS
(Figure S27). This indicates that the dissolution pattern formed in experiment LCLS is

optimal, just as the Da number of this experiment is ideal among all four experiments.

The volume of acid required for a breakthrough was calculated through the extrapolation of
the direct numerical simulation-based permeability response curve as shown in Figure S27.
Figure 10 shows the distribution of PVar as a function of Da number. As expected for
experiment LCLS, the lowest amount of pore volumes was required to achieve an increase in

permeability by a factor of 100. This suggests that the increasing amount of salinity and Ca*"
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concentration of the injecting solution results in an increase in the number of acid pore

volumes required for changing the permeability.

NCLS

A,
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Figure 10: The expected number of pore volumes to obtain a full breakthrough curve at
different Da number. Note that direct numerical simulation permeability, kpyg, was

used for the calculation of PVgr.

Figure 11 shows the changes in permeability as a function of porosity for all four
experiments. In the past, several experimental and modelling studies have used the simplified
version of Kozeny -Carman relation i.e., a power-law relation as k ~ ¢" , to relate the
permeability changes with the evolving porosity of the sample (e.g. Bernabé et al., 2003;
Luquot et al., 2014; Luquot and Gouze, 2009; Nogues et al., 2013; Pereira Nunes et al.,
2016). The exponent n is a function of the initial porous medium properties and the
processes which cause the changes in the pore structure. A higher value of n results in higher
permeability change with small porosity changes. In the past, a number of experimental
studies have reported a range of values for exponent n, corresponding to the dissolution
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pattern developed in different types of carbonate rocks (e.g., Menke et.al., 2015; Luquot and
Gouze, 2009; Luquot et.al., 2014). For example, for a uniformly dissolving Ketton carbonate,
Menke et.al. (2015) obtained a value of 5.16 while Luquot and co-workers (2009, 2014)
found values of 0.29 and 0.32 corresponding to the development of homogeneous dissolution
pattern in Oolitic Limestone. To calculate the exponent, we used half sample length-based
porosity and permeability values instead of cropped sample length. This is because, for curve
fitting, we had multiple data points from the half sample length while only two data points
from the cropped sample length. We obtained the lowest value of n corresponding to the
uniform dissolution patterns in the experiment HCHS (Figure 10). For the variety of
wormholes formed in the other three experiments, we noted that the value of exponent n lies
between 9 and 11 (Figure 11). Luquot et.al. (2014) also obtained a high value of n = 7.07
corresponding to the formation of dominant wormholes. Since the initial porous medium
structures for the various experiments presented here was similar (Figure S11), this wide
range of n values noted in this study most likely reflects the composition of the injected
solution, and therefore Da number. Additionally, for all experiments except LCLS, we
observed an alignment in the porosity-permeability trend from half sample length and
cropped sample length datasets. In the case of experiment LCLS, porosity-permeability
changes in cropped sample length indicate a lower exponent compared to in the half sample
length. This is due to the initial heterogeneity of sample K2 along the flow direction as also
indicated by the difference in the macroporosity values at t=0 (Figure 3b). It cannot be ruled
out completely that subtle differences in the initial pore structure of different samples
affected the distinct pore structures that evolved during the dissolution experiment.
Nevertheless, our results strongly suggest that lower dissolution rates at the sample inlet
(experiment LCLS) favor the rapid formation of localized channels compared to solutions

with a higher reactivity (experiment NCLS). It can therefore be concluded that adjusting the
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chemistry of the injecting fluid creates an interplay between reaction and transport time
scales that guide a dissolving porous medium to evolve into different pore structure. This
suggests that precaution should be taken in the generalization of a single porosity-
permeability model for a range of reservoirs containing formation water of different
salinities. Potentially, the impact of Ca** concentration and salinity can be implemented in

the derivation of porosity-permeability models to improve their predictability.
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Figure 11: Permeability-porosity relationships for the four experiments. Circle and
triangle markers show PNM results for pore network extracted from cropped sample
length XMT images and half sample length XMT images, respectively. Square markers
show DNS results for the cropped sample length XMT images. Note that the porosity-
permeability relationship is obtained by fitting a power-law curve in the PNM based

permeabilities of half sample length datasets.

Conclusions

In this study, we employed time-lapse imaging to explore the dissolution of Ketton limestone
across four samples under uniform flow conditions but varying reactive conditions, imposed

by the composition of injected brine. The imaging highlighted the different stages in the
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evolution of dissolution patterns, governed by the Da number—subsequently influenced by
salt concentration. XMT scans at sequential time steps showedthe constant interplay between
changing porosity and permeability of the samples and the evolution of flow patterns and

average reaction rates.

Our observations highlighted the profound influence of brine composition on alterations in
porosity and permeability. The concentration of calcium ions and sodium chloride in the
injecting solution emerged as determinants of the calcite dissolution rate, both displaying
substantial inhibitory effects. Solutions with minimal salinity and no calcium ions resulted in
the most effective calcite dissolution rate, with predominant dissolution near the sample inlet
and relatively less along the flow path, creating wormholes with vertically diverse radius
profiles. In contrast, solutions with low calcium concentration led to the formation of
selective dissolution paths, yielding more uniformly structured wormholes with extensive
ramifications. High salt and calcium concentrations significantly decreased dissolution rates,

with minimal and uniformly distributed dissolution mainly within the micropore space.

In essence, elevated levels of salt and Ca** ions induced a reaction-limited dissolution regime,
maintaining the solution’s corrosive properties over extensive penetration depths, resulting in
homogeneous dissolution. Conversely, reducing salt and Ca?" concentrations shifted the
system towards a transport-dominated dissolution regime, leading to non-uniform dissolution,
as the formation of wormholes became evident due to the positive feedback between

increased permeability and heightened mass transfer rates (Golfier et.al., 2002).

The obtained range of Kozeny-Carman exponents, reflecting the relationship between rock
permeability and porosity evolution, was broad, attributed to the variability in the
corrosiveness of the injected solutions. To summarize, diverse combinations of salinity and

Ca?" concentrations in the injected solution could alter dissolution from a disseminated and
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microporous regime to a wormhole regime, resulting in variations in the porosity-
permeability relationship. It is important to acknowledge the limitations in this study, such as
the absence of lab measurements of porosity and permeability data, leading to uncertainties in
quantifying initial pore structures. Addressing these constraints through extended
experimental or modelling methodologies will pave the way for enhanced insights in this

research direction.
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