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Abstract Abiotic carbonate precipitation has garnered significant interest as a mechanism for mineral
trapping of carbon dioxide (CO2) in geologic carbon storage, as a natural diagenetic process frequently
occurring in marine environments, and as an engineering approach for soil improvement. This study
explored pore‐scale precipitation of calcium carbonate (CaCO3) and its effect on the permeability of
porous media, using X‐ray computed microtomography (CMT). In a column experiment, CaCO3 was
precipitated in a sand pack from a supersaturated CaCO3 solution, while porosity, pore volume fraction of
carbonate, and permeability were being monitored and X‐ray CMT images were being acquired.
Permeability reduction by ~99.94% was observed when precipitated carbonate occupied ~46–47% of pore
volume. The X‐ray CMT images showed that carbonate crystals were initially nucleated onto sand
grain surfaces, which facilitated subsequent precipitation, indicating a predominantly grain‐coating
behavior. The scanning electron microscopy revealed the carbonate crystals of ~1–20 μm in size and the
presence of internal pores in the carbonate layers at the submicrometer scale. Variations in carbonate
layer thickness and geometric tortuosity, and preferential carbonate precipitation behavior with local
clogging were examined through morphological analysis and phase segmentation. Particularly, the
pore‐scale precipitation pattern and hence the pore geometry were found to evolve with continued
precipitation from a grain‐coating behavior, through a pore‐filling behavior, and finally into a dramatic
pore‐throat‐clogging behavior. Our results provide unique experiment data for predictive modeling of
long‐term CO2 transport and provide new insights into the changes in physical and transport properties
during CO2 mineral trapping.

1. Introduction

Mineral trapping of carbon dioxide (CO2) as a product of geologic carbon storage (GCS) is considered as one
desirable mechanism due to the permanence of CO2 storage, even though it is a relatively slow process
(Gunter et al., 1996; Intergovernmental Panel on Climate Change [IPCC], 2005; Olajire, 2013).
Dissolution of injected CO2 lowers the pH of brine (e.g., pH < 6), such that the weakly acidic brine reacts
with carbonate minerals and produces bicarbonate ions. When the bicarbonate ions encounter cation‐rich
environments with a relatively high pH (e.g., pH > 6) during advective or diffusive transport, these ions com-
bine with cations to form carbonate minerals. On this basis, the injected CO2 is trapped and almost perma-
nently stored in carbonate minerals, referred to as the mineral trapping mechanism (Gunter et al., 1996;
IPCC, 2005; Olajire, 2013).

Owing to its importance, extensive efforts have been made to understand the mechanisms of CO2 mineral
trapping through experimental and numerical studies. Previous experimental studies have mostly attempted
to identify the effects of environmental factors, such as pH, temperature, and pressure, on the kinetics of car-
bonate precipitation (e.g., Druckenmiller & Maroto‐Valer, 2005; Soong et al., 2004). Due to the time needed
to simulate the CO2 mineral trapping in vitro, reservoir‐scale numerical approaches have been taken to
explore the various kinetics effects of carbonate precipitation on CO2 storage (e.g., André et al., 2007;
Soong et al., 2004; Xu et al., 2004). However, few studies have examined the effect of carbonate
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precipitation on transport properties of porous media (e.g., Krevor et al., 2012; Yasuhara et al., 2017), and
fewer have examined the abiotic carbonate precipitation mechanism that is more relevant to CO2 mineral
trapping in GCS. The pore‐scale mechanism of mineral trapping and its effect on the permeability of the host
medium remain poorly investigated.

Precipitation of calcium carbonate (CaCO3) in unconsolidated or consolidated sediments is a natural diage-
netic process frequently occurring in marine environments. Some examples include abiotic carbonate preci-
pitation from saturated solutions induced by evaporation, pressure decrease, and/or temperature decrease
(Molenaar & Venmans, 1993); biotic carbonate precipitation through CO2 pressure drop by autotrophic pro-
cesses such as photosynthesis or methanogenesis (Douglas & Beveridge, 1998; Yates & Robbins, 1999); ske-
leton production by eukaryotes (Freytet & Verrecchia, 1998; Krumbein, 1979); and heterotrophic bacterial
and fungal mediation (Castanier et al., 1999; Monger et al., 1991; Verrecchia et al., 1993). These naturally
cemented sediment layers by carbonate precipitation have been known to cause engineering problems, such
as complications for dredging works (Molenaar & Venmans, 1993). On the other hand, induced carbonate
precipitation, either biotic or abiotic, has been proposed as a way to engineer and improve soil properties,
such as stiffness, strength, and permeability (DeJong et al., 2006; Hammes et al., 2003; Hammes &
Verstraete, 2002).

On this basis, various attempts have been made to understand natural carbonate precipitation processes
(e.g., Castanier et al., 1999; Drew, 1911; Krumbein, 1968, 1979) and their effects on various sediment
properties. Studies have focused mostly on mechanical strength (e.g., Akili & Torrance, 1981; DeJong
et al., 2006; Ismail et al., 2000; Kucharski et al., 1996; Molenaar & Venmans, 1993; Whiffin et al.,
2007) and permeability (e.g., Cheng et al., 2013; Dadda et al., 2017; Ferris et al., 1996; Nemati &
Voordouw, 2003).

However, previous studies on abiotic carbonation have generally employed unnatural carbonate synthesis
methods, such as mixing sodium carbonate (Na2CO3) and calcium chloride (CaCl2) solutions (e.g., Akili
& Torrance, 1981;Wu et al., 2010), which are far from the natural diagenetic processes. While quite extensive
efforts have been made to investigate biotic carbonation (or microbially induced calcite precipitation
[MICP]; e.g., Al Qabany et al., 2011; Dadda et al., 2017; DeJong et al., 2006; Whiffin et al., 2007), the natural
diagenetic process involving abiotic carbonate precipitation remains poorly examined, despite their frequent
occurrence in nature.

The nucleation loci of carbonate crystals in pore spaces have a profound effect on engineering behaviors and
properties of porous media. Thus, the use of proper experimental methodology in replicating natural preci-
pitation processes is important for the development of analytical or empirical models for property determi-
nation. However, acquisition of such weakly cemented samples with allowable disturbance is a challenging
task, as they can be easily disturbed and damaged during sampling (Ismail et al., 2000). Therefore, replica-
tion of the natural carbonate precipitation process poses a challenge when charactering natural porous
media cemented with carbonates. There have been only a few studies (Jones & Detwiler, 2016; Molenaar
& Venmans, 1993) that successfully mirrored natural diagenetic processes in the laboratory, where
carbonate‐rich porous samples were synthesized by precipitating the carbonate minerals out of carbonate‐
supersaturated aqueous solutions. However, such limited test data availability has hampered in‐depth
investigation of the role of carbonate cementation in determining the physical, hydraulic, and mechanical
properties of sediments.

Therefore, this study explored the pore‐scale precipitation habits of calcium carbonate and its effect on per-
meability of porous media to gain insights into CO2 mineral trapping and natural diagenesis by abiotic car-
bonate precipitation. A column experiment was conducted to precipitate CaCO3 in sand out of an aqueous
solution that was supersaturated with CaCO3. During carbonate precipitation, the variations in its porosity,
carbonate saturation, and permeability were periodically measured. Further, the sand pack was imaged
using X‐ray computed microtomography (CMT) imaging, to visualize the pore‐scale precipitation patterns,
and the acquired X‐ray images were also analyzed to extract several relevant parameters, including spatial
variations in porosity, carbonate layer thickness, and tortuosity. The observed morphological characteristics
of the carbonate‐precipitated sand pack were correlated to its permeability reduction, using some theoretical
and semianalytical models. Finally, implications of the obtained results were discussed in relation to CO2

mineral trapping in GCS practices and carbonate precipitation as a natural diagenetic process.
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2. Materials and Methods
2.1. Materials

Coarse silica sand (Ottawa 20/30, U.S. Silica, Frederick, MD, USA) was used as the host sand. The silica sand
was chosen because sandstone reservoirs with high porosity are the target formations in the majority of GCS
projects (Bachu, 2000; IPCC, 2005). The sand had a fairly uniform grain size with the mean diameter (D50) of
770 μm, and the grains were subrounded and spherical, as shown in Table 1. CaCO3 mineral grains with
more than 95% purity (AlphaMarin, Preis aquaristik, Bayerfeld‐Steckweiler, Germany) were used as the car-
bonate agent for abiotic carbonate precipitation. These carbonate minerals were identified to be pure calcite
by the X‐ray diffraction analysis. Deionized water (DIW; >107Ω·cm) was used as the circulating fluid and as
the pore fluid to dissolve and precipitate CaCO3minerals. In this study, CO2 gas (research‐graded with 99.9%
purity, Sam‐O Gas Co., Daejeon, South Korea) was used to lower pH and supersaturate the pore fluid
with CaCO3.

2.2. Column Design and Sample Preparation

An X‐ray transparent and rigid‐walled polycarbonate column was developed to hold the sand pack tight dur-
ing the carbonate precipitation process (Figure 1a). The column consisted of a polycarbonate tube with an
inner diameter of 3.18 mm, an outer diameter of 9.53 mm, and a height of 44.1 mm. Two porous polycarbo-
nate discs (diameter = 3.1 mm, thickness = 1.5 mm; Figure S1b in the supporting information) and two
stainless steel springs (SUS304; ~3.5‐kN/m spring constant) were used to confine the sand pack in the poly-
carbonate column. More than five holes with 500‐μm diameter were made through the polycarbonate discs
to ensure laminar circular fluid flows while retaining the sand grains (see Figure S1b).

Table 1
Basic Index Properties of the Sand Grains and Initial Conditions of the Sand Pack

Sand grains Sand pack

Parameters Values Parameters Values

D50 0.77 mm Porosity 31.9%
D10 0.46 mm Vertical stress 822 kPa
Cu 1.20 Permeability 1.23 × 10−9 m2

Cc 0.99 Sand pack height 9.05 mm
Unified soil classification system (USCS) Poorly graded sand (SP) Sand pack diameter 3.18 mm
Specific gravity 2.63 Dry sand pack mass 0.121 g
Roundness 0.90a

Sphericity 0.90a

aData were gathered from Cho et al. (2006).
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Dry sand particles were hand‐tamped on the polycarbonate disc attached to the spring in the column. Then,
this compacted sand pack was topped with the second disc and spring, to hold it in position during the
experiment. This sand pack was confined under the vertical effective stress of 822 kPa to minimize the grain
movement during the flow, with no lateral deformation allowed. The porosity and final height of the result-
ing sand pack were 31.9% and 9.05 mm, respectively.

2.3. Test Setup and Procedure for Abiotic Carbonate Precipitation

As one of the diagenetic processes occurring in marine environments, the mineral CaCO3 is precipitated out
of pore water supersaturated with CaCO3 (Molenaar & Venmans, 1993). Considering this, we built the flow
circulation setup, as shown in Figures 1b and S1, for abiotic carbonate precipitation in the sand pack, follow-
ing the method suggested by Molenaar and Venmans (1993). This setup replicated the natural diagenetic
process of carbonate precipitation in marine environments.

CaCO3 grains were rinsed with DIW and sieved to remove dirt and fine particles, and a pack of prepared
grains was contained in the reactor (i.e., carbonate reactor). This pack of carbonate grains was first saturated
with pH‐neutral DIW, and then CO2 gas was flowed into the carbonate reactor at a pressure of 118 kPa. The
CaCO3 dissolved in the water due to the lowered pH, and the water became saturated with CaCO3 (i.e., satu-
rated CaCO3 solution). Thereafter, the saturated CaCO3 solution, which had a pH of ~6.0, flowed to an aera-
tion bottle, where it was aerated and stirred to increase pH, hence producing a solution supersaturated with
CaCO3 (i.e., supersaturated CaCO3 solution). The pH of the supersaturated CaCO3 solution was kept at
approximately 7.3, and this supersaturated CaCO3 solution was flowed to the sand pack to induce calcium
carbonate precipitation using the sand grain surfaces as nucleation sites. After flowing through the sand
pack, the effluent flowed back to the carbonate reactor, completing a fluid circulation loop. The effluent
solution leaving the sand pack had a pH of 7.1–7.2.

In this experiment, the pH was the key to controlling the precipitation of CaCO3 because the increase in pH
by aeration created a metastable state with supersaturation. Thus, pH was monitored to maintain consistent
experimental conditions at three locations: in the saturated CaCO3 solution leaving the reactor, in the super-
saturated CaCO3 solution leaving the aeration bottle, and in the effluent leaving the sand pack (Figure 1b).
The degree of supersaturation can be assessed by using the saturation index (SI), which is an indicator to
determine whether the water is saturated, undersaturated, or supersaturated with the given mineral. The
SI can be defined as SI = Log10(([Ca

2+]actual·[CO3
2‐]actual)/([Ca

2+]eq·[CO3
2‐]eq)) for CaCO3, in which the

equilibrium concentrations of calcium ion [Ca2+]eq and carbonate [CO3
2‐]eq differ with pH. Using Visual

Figure 1. (a) A digital photograph of the sand column and (b) a schematic diagram of the carbonate precipitation experi-
mental setup.
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MINTEQ (Gustafsson, 2011), the solubility of CaCO3 was computed to be ~24.3 mmol/L for pH = 6.0,
~3.31 mmol/L for pH = 7.1, and ~2.48 mmol/L for pH 7.3 under the ambient temperature of 20 °C.
Accordingly, the saturated CaCO3 solution leaving the carbonate reactor and the effluent leaving the sand
pack were presumed to be fully saturated for the corresponding pH conditions, that is, SI = 0. The SI for
the supersaturated CaCO3 solution leaving the aeration bottle was estimated to be approximately 2
(Figure S2).

The net duration for the circulation flow was approximately 58 hr, during which 2 million pore volumes of
supersaturated CaCO3 solution passed through the sand pack. The flow rate in the flow circulation loop was
maintained constant at 10.6 ml/min until the porosity was reduced to 17.6% (i.e., Step 4). Thereafter, the
reduced flow rate of 0.626 ml/min was used until the porosity was reduced to ~17.2% (Step 5). The circula-
tion was halted at which point the peristaltic pump could not circulate the fluid at the given flow rate due to
the flow resistance caused by lowered porosity and permeability. When the degree of supersaturation further
increased with enhanced aeration, we observed more precipitation occurred in the aeration bottle and in the
tubes before the sand pack. When the flow rate was lowered, most of precipitation occurred before the sand
pack and at the inlet region, promptly blocking the flow entry. Contrary to that, an increase in the flow rate
was found to be beneficial to produce relatively homogeneous precipitation within the sand pack, reducing
the precipitation in unwanted spots. However, the increase in the flow rate leads to the increase in seepage
velocity, which can possibly cause preferential flows as the Reynolds number increases. Therefore, the aera-
tion rate and the circulation flow rate were determined after several attempts, confirming homogeneous
precipitation inside the sand pack while minimizing unnecessary precipitation. Conclusively, the chosen
flow rate determined the pH values and the degree of supersaturation in our experimental condition.

Reynolds number (Re) for the circulation flow was calculated according to the definition suggested by
Chilton and Colburn (1931), that is, Re = (ρ·Dp·v)/μ, where ρ is the water density (1,000 kg/m3), Dp is the
mean particle diameter (770 μm), v is the superficial fluid velocity (i.e., flow rate/sectional area), and μ is
the dynamic viscosity of water (0.001 Pa·s). While the Reynolds number (Re) for Steps 4–5 was computed
to be approximately 1, it ranged ~17 for Steps 0–4, both of which belong to the laminar flow regime (i.e.,
Re < 1,600). However, it is also reported that non‐Darcy behavior begins to manifest when Re > 10
(Fancher & Lewis, 1933; Zeng & Grigg, 2006). Therefore, for Steps 0–4, there is possibility that preferential
flow paths were developed due to the non‐Darcy flow that occurred, affecting the carbonate precipitation
patterns in our experiment conditions. In addition, the Péclet number ranged 104–105, according to
Pe = (Dp·v)/(Dpm·ϕ), where Dpm is the effective diffusion coefficient of ions in porous media (~10−9 m2/s
for HCO3

− and CO3
2−; Zeebe, 2011). This indicates that the precipitation reaction simulated in this study

was dominated by the advective transport not by the diffusion.

2.4. Porosity and Permeability Measurements

During the experiment, the flow was paused periodically to measure the amount of CaCO3 precipitated and
to compute the variations in porosity and permeability. Typically, this occurred approximately every 10 hr.
Thus, the procedure involved a total of six measurement periods, including the baseline measurement with
no carbonate. At each pause point, the sample was first flushed with DIW to minimize additional salt pre-
cipitation during oven‐drying, even though the solubility was fairly small. In addition, the carbonate preci-
pitates in unwanted spots (e.g., tubes or fittings) were rinsed and removed to exclude their effect on porosity
and permeability measurement. Then, the sample was oven‐dried at 60 °C for more than 24 hr, and the
bulk porosity and pore volume fraction of calcium carbonate (Scc; defined as CaCO3 volume divided by
the total pore volume) were computed based on the dry mass of the sand pack. Further, the permeability
of the sand pack, K, was measured by using the falling head permeability method (ASTM D5084‐16a,
2016). The permeability test was conducted in the laminar and Darcy flow regime (Re = ~0.01–1). Upon
the completion of porosity and permeability measurement and, if any, X‐ray CMT imaging, the flow of
supersaturated CaCO3 solution was resumed, carefully resaturating the sand pack column. Meanwhile,
because the local porosity near the rigid tube wall is unavoidably higher than the mean porosity for sand
packs, the diameter of sand packs is recommended to be larger than 10 times of the particle diameter to
reduce the wall effect (Benenati & Brosilow, 1962). As precipitation of carbonate minerals increased the
effective number of particles within the cross section, it is thus presumed that the wall effect diminished
with continued precipitation. Nevertheless, especially in the early stage of carbonate precipitation, it
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should be noted that the rigid wall effect may have affected the permeability measurement, resulting in the
higher permeability.

2.5. X‐ray CMT Imaging

After the porosity and permeability measurements described above, X‐ray CMT imaging was conducted on
the sand pack columnwhen a significant reduction in permeability was observed. Therefore, over the course
of the progressive carbonate precipitation, the sand pack was imaged a total of four times using the X‐ray
CMT facility at the Korea Institute of Civil Engineering and Building Technology, Gyeonggi, South Korea.
The nanofocus open X‐ray source tube with the focal spot size of 400 nm was adopted for acquiring high‐
resolution images in combination with the flat panel detector having 2,048 × 2,048 pixels. As a result,
1,464 sliced images were obtained from each scan, covering the entire height of the sand pack. Each sliced
image was composed of 520 × 520 pixels, with the pixel size of 6.058 μm after cropping the volume of interest
for the analysis domain, and each slice corresponded to a thickness equal to the pixel size (for more detailed
information on the X‐ray CMT equipment and scanning conditions, refer to Tables S1 and S2). The 3‐D
median filter (3 × 3 × 3 kernel) was applied to all acquired images prior to phase segmentation. The image
analysis method for phase segmentation is further detailed in section 2.6.

2.6. Image Analysis: Phase Segmentation

The 2‐D sliced images with a pixel size of 6.058 μm contained three different components that had
unique grayscale values: air, sand, and calcium carbonate. The densities of these three components are
as follows: ~0.012 g/cm3 for air at 20 °C under an ambient pressure condition, 2.63 g/cm3 for sand grains,
and 2.68 g/cm3 for carbonate minerals. Figure 2 illustrates the original 2‐D sliced images where the three
components coexist. The profiles of gray values in Figure 2 uniquely highlight carbonate, sand, and air in
order. The air phase had the lowest gray value, followed by sand and then carbonate. The carbonate
mineral has a slightly larger grain density and hence a greater X‐ray attenuation coefficient than the sand
grain. As an example, the X‐ray mass attenuation coefficients for 100 keV are ~0.195 cm2/g for CaCO3

and ~0.168 cm2/g for SiO2; these values can be readily obtained from National Institute of Standards
and Technology (NIST; Ermis, 2017; Saloman et al., 1988). Therefore, when a voxel was fully filled with
the carbonate minerals, the gray value was observed to be slightly higher than what it would have been
for sand grains (Figure 2). Note that some pixels were partially filled with carbonate, as the micrometer‐
sized carbonate crystals precipitated on sand grain surfaces, as shown in Figure 2 (see Figure S4). When a
voxel was partially filled with carbonate minerals (partial saturation), it was found that the gray value of
the voxel was found to be between the values for the air void and the sand grain.

Figure 2. The sliced images of coexiting components (sand, carbonate, and void pore), and the profiles of grayscale value
from Scans 0 and 3.
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There was no distinct threshold value that delineated the boundary between adjacent phases as the gray
values for each component generally followed Gaussian distributions. Therefore, each phase and component
inherently shared a similar range of pixel values. Thus, the following procedure to segment participating
phases and components, that is, air, carbonate, and sand, was implemented.

1. From the baseline scan (Scan 0) that contained sand and air, the sand grains were delineated by using the
simple thresholding method as implemented in ImageJ, where the threshold gray value was determined
based on the initial porosity measured. Thereby, the pixels containing the sand were set and referred to as
the sand pixels.

2. An advanced morphological analysis on carbonate precipitation required the separation of different
objects within a class. Thus, individual sand grains were separated within the sample to enable grain‐
scale analyses, including carbonate thickness analysis. The Distance Transform Watershed 3D was
applied to separate and label the individual sand grains in the baseline image set (Scan 0) using the
MorphoLibJ plugin (Legland et al., 2016), as implemented in ImageJ.

3. The sand pixels for Scans 1–3 were also set using the sand pixel coordinates from Scan 0 because there
was no or only minimal movement of the sand grains from Scan 0 to Scan 3. The sand pixels were sub-
tracted and set to 0 in the gray scale for the image sets of Scans 1–3.

4. The remaining pixels were set as air void pixels or carbonate‐containing pixels. These pixels can have a
wide range of grayscale values, in accordance with the proportion of carbonate crystals in the pixels
(or voxels). Therefore, assuming a linear correlation between the grayscale value and CaCO3 saturation,
those remaining pixels were categorized into the following six classes based on their CaCO3 saturation
levels (Scc): (a) Scc = 0% (i.e., air void pixel), (b) 0% < Scc < 25%, (c) 25% ≤ Scc < 50%, (d)
50 ≤ Scc < 75%, (e) 75% ≤ Scc < 100%, and (f) Scc = 100%, in which the pixels are completed filled with
CaCO3 (see Figure S5).

The involvement of multiple components, the complex morphology of precipitated carbonate, and the
micrometer‐sized carbonate crystals, combined with the limited CMT resolution, posed an image processing
challenge. It is thus important to note that our deterministic approach to segmenting the three coexisting
components with partial carbonate saturation naturally produced a semiquantitative assessment of their
volume fractions and spatial configurations. However, the analyzed image sets appear reasonably acceptable
in evaluating the carbonate volume fraction and morphology at the pore scale.

2.7. Postexperiment FIB‐SEM Analysis

Scanning electron microscopy (SEM) equipped with a focused ion beam (FIB) has been popularly used as an
imaging tool for visualizing the internal structure of geological objects at the nanometer scale (Lemmens
et al., 2011 and Salif et al., 2017). The FIB‐SEM uses a FIB to mill a sample at the region of interest and then
uses SEM to obtain the cross‐sectional views of the freshly cut areas. In this study, the sand pack columnwas
disassembled after a certain amount of carbonate precipitation, and a lump of sand grains cemented by the
carbonate was imaged using FIB‐SEM (Helios G4, Thermo Fisher Scientific, OR, USA) to observe the nanos-
cale morphological characteristics of the precipitated carbonates.

3. Results
3.1. Variations in Bulk Porosity, Carbonate Saturation, and Permeability

Figure 3 shows the digital photographs of the sand pack during carbonate precipitation, where white carbo-
nate minerals can be seen filling the pore spaces. The initial bulk porosity was 31.9%, and it decreased to
17.2% as 2 million pore volumes of supersaturated CaCO3 solution had passed through, which took approxi-
mately 58 hr, as shown in Figure 4a. Accordingly, the pore volume fraction of carbonate increased with the
porosity reduction, and at the final step (Step 5), the pore volume fraction of carbonate was measured as
~46.8% (Figure 4a). The flow for precipitation continued for 58 hr, and a total of 298 hr was taken for the
whole experiment considering the time taken for oven‐drying, porosity and permeability measurement,
and X‐ray CMT imaging.

Figure 4b shows the variation in permeability, and the permeability normalized to the initial value (or nor-
malized permeability) during carbonate precipitation. The initial permeability was 1.23 × 10−9 m2, and it
decreased to 7.54 × 10−13 m2, equivalent to a permeability reduction of ~99.94%, or by more than 3 orders
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of magnitude. The drastic reduction in permeability between Steps 3 and 5 was presumed to have been
caused by local blockage of the flow path. These results are summarized in Table 2.

3.2. X‐ray CMT Imaging and FIB‐SEM Results

Figure 5 shows the representative XY‐ and YZ‐sliced images of the carbonate‐precipitated sand pack from the
baseline scan (Scan 0) through to the final precipitation scan (Scan 3). An increase in the gray value (or the
lighter color) indicates increase in X‐ray attenuation and material density. Therefore, the dark color denotes
air voids, while the gray‐to‐white color denotes solid components (sand and carbonate). The carbonate crys-
tals were initially nucleated on sand grain surfaces, and the subsequent crystal nucleation was facilitated by
preexisting crystals or by sand grain surfaces. This is consistent with the observation made for hydrate
nucleation on glass bead surfaces (Ta et al., 2015). Therefore, the carbonate precipitates showed the
grain‐coating, grain‐bridging, and contact‐cementing behaviors. These pore‐scale patterns of carbonate pre-
cipitation were repeatedly confirmed in the preliminary experimental runs, as illustrated in the supporting
information (Figure S3). As the sand grain surfaces served as the nucleation sites, the heterogeneous nuclea-
tion mechanism was presumably dominant for CaCO3 precipitation in this experiment (Turnbull, 1950).

The SEM images shown in Figure 6 also confirmed such pore‐scale habits of carbonate precipitation. The
majority of the carbonate crystals were found to range from 1 to 20 μm in size (also see Figure S4). The
nanoscale calcite growth pattern is reported to be affected by the SI, where the spiral growth pattern is

Figure 3. Digital photographs of the sand column over the course of the carbonate precipitation experiment.

Figure 4. (a) Variations in porosity and pore volume fraction of carbonate and (b) variations in permeability and normal-
ized permeability reduction during carbonate precipitation.
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dominant when SI ≈ 0.4, the two‐dimensional growth pattern is dominant when SI > 1.6, and the two pat-
terns co‐occur when SI ≈ 1.0 (Teng et al., 2000). Therefore, because the SI in the inlet region where the
nucleation started occurring was estimated to be ~2, the two‐dimensional growth pattern was dominant
for the carbonate precipitation in our study. The SEM images in Figure 6c and Figure S4e also corroborate
such two‐dimensional growth pattern. Although the SI was presumed to decrease from the inlet to the out-
let, the effect of the SI on crystal size or morphology was hardly found in this study; however, this may differ
with experimental conditions for precipitation.

The FIB‐SEM imagery also revealed that the aggregates of carbonate precipitates contained internal pores, as
shown in Figure 6d. Therefore, the pixel size of our X‐ray CMT images, 6.058 μm, was insufficient to resolve
such small and porous carbonate aggregates. Thus, a considerable number of voxels were presumed to be
partially saturated with carbonate.

4. Morphometric Analysis of X‐ray CMT Image Sets
4.1. Pore‐Scale Behavior of Abiotic Carbonate Precipitation in a Sand Pack

Figure 7 depicts the phase segmentation results for the representative XY‐sliced images from all the data
sets, where the carbonate saturation level at each voxel is denoted by color variation. Some carbonate

Table 2
Summary of Test Results and Estimates

Step
#

Scan
#

Elapsed
time (hr)

Cumulative
flow volume
(million PV)

Permeability
(m2)

Normalized
permeability

(−)

Porosity (%) PV fraction of carbonate (%)

By bulk mass By X‐ray images By bulk mass By X‐ray images

0 0 0 0.00 1.23 × 10−9 1.0000 31.9 32.3 0 0
1 1 17 0.50 7.40 × 10−10 0.6021 28.2 29.4 11.6 8.72
2 2 27 0.83 1.97 × 10−10 0.1602 22.1 22.6 31.1 28.9
3 — 36 1.23 1.00 × 10−10 0.0816 20.7 — 35.8 —

4 — 52 1.97 1.48 × 10−12 0.0012 17.6 — 45.7 —

5 3 58 1.99 7.54 × 10−13 0.0006 17.2 16.9 46.8 45.9

Note. PV = pore volume.

Figure 5. Representative X‐ray computed microtomography images during carbonate precipitation: (a) XY slices and (b)
YZ slices.
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Figure 6. (a–c) The scanning electron microscopy images of the carbonate‐precipitated sand grains. The red rectangles
indicate the location of the zoomed images in the following panels. (d) The focused ion beam‐scanning electron micro-
scopy image of the precipitated carbonate layer. The crystal size of the precipitated CaCO3 ranges ~5–20 μm; the carbo-
nate layers are composed of aggregated CaCO3 crystals. The cut edge shows the presence of internal pores in the
precipitated carbonate layer.

Figure 7. (a) Segmented XY‐sliced images during carbonate precipitation, where the color denotes different levels of pore
volume fraction of carbonate. (b) Enlarged images of the red rectangle regions in Figure 7a.
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seeds were initially precipitated on sand grains (Scan 1), and these seeds facilitated further precipitation
of carbonate, in which carbonate crystals coated the sand grain surfaces, cemented at grain contacts, and
even bridged sand grains (Scans 2 and 3). With continued precipitation, the carbonate layers became den-
ser and thicker.

Figure 8 shows the YZ‐sliced images of the column center. The flow direction appeared to have had a pro-
found effect on the vertical distribution of carbonate. The precipitation mostly occurred near the inlet and
middle regions of the column, due to the relatively instantaneous precipitation of carbonate when suitable
nucleation sites were encountered (see Scans 2 and 3 in Figure 8a). Further, preferential carbonate precipi-
tation on the bottom surface of the sand grains was found, owing to the upward flow of supersaturated
CaCO3 solution (see Scans 2 and 3 in Figure 8b). This confirmed that the carbonate precipitation was
influenced by the fluid flow path (or stream line). In addition, higher pore volume fraction of carbonate
(or denser carbonate) was observed closer to the sand grain surfaces. A similar observation can also be made
in the rendered 3‐D images in Figure 9. Meanwhile, because the flow velocity during carbonate precipitation
was in the non‐Darcy flow regime (Re = ~17), preferential flows might have been possibly developed, which
can affect the spatial distribution of carbonate within the sand pack. Although nonuniform carbonate
precipitation was not evident across the cross sections (or horizontal x‐y plane), owing to the high porosity
of the sand pack and the uniform grain size, the non‐Darcy flow effect on carbonate precipitation pattern
warrants further study.

4.2. Variations in Porosity and Pore Volume Fraction of Carbonate Estimated From X‐ray
CMT Images

Bulk porosity (ϕ) and pore volume fraction of carbonate (or carbonate pore volume fraction; Scc) for the
whole sand pack were calculated from the segmented X‐ray CMT image sets, by taking the partial carbonate
saturation at the pixel scale into account, as listed in Table 2. As a result, the bulk porosity was estimated to
decrease from 32.3% to 16.9%, while the pore volume fraction of carbonate increased from 0% to 45.9%. These

Figure 8. (a) Segmented YZ‐sliced images during carbonate precipitation, where the color denotes different levels of pore
volume fraction of carbonate. (b) Enlarged images of the red rectangle regions in Figure 8a. The color legend in Figure 7
also applies here.
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values are superimposed in Figure 6, and the estimates from the mass measurement and those derived from
the X‐ray CMT image sets showed similar results with less than 5% difference. This close agreement in
porosity and carbonate pore volume fraction estimates validated our assumption of a linear relationship
between the carbonate pore volume fraction and the grayscale value.

Figure 10 shows vertical variations in porosity and pore volume fraction of carbonate, which were computed
by averaging 20 slices and taking the partial carbonate saturation into account. For example of the porosity
calculation, if a pixel is identified as “0–25% carbonate saturation,” the pixel was considered as 12.5% carbo-
nate filled and 87.5% void, simply using the median value of the saturation range. As shown in Figure 10a,
the lower and upper porosity values for Scan 0 were initially ~25% and ~45%, and the both decreased to ~10%
and ~35% by Scan 3, respectively, with the continued precipitation. Meanwhile, it was noted that the poros-
ity variation (or difference between the upper and lower porosity values) increased from ~20% in Scan 0 to
~25% by Scan 3, which is attributable to the vertical inhomogeneity of carbonate precipitation along the flow
direction. Likewise, the lower and upper Scc values were ~2% and ~15% for Scan 1 and increased to ~10% and
~65% by Scan 3, respectively. The spatial distribution of Scc showed less precipitation in the region close to
the outlet (near the top of the column), as shown in Figure 10b. This again confirmed the facilitated
precipitation of carbonate at the inlet and middle regions, which was possibly because the nucleation
rate was faster than the retention time that water stayed within the column, attributable to our experimental
conditions, including the flow rate and the pH conditions in association with the degree of
CaCO3 supersaturation.

The maximum carbonate precipitation (Scc = ~65%) and the minimum porosity (ϕ = ~8%) occurred at
around the medium‐high region (or ~3 mm deep from the top; as shown in Figure 10c). Because the pores
were mostly filled with the carbonate pixels with Scc > 75%, such a region with the lowest porosity was
presumed to have a profound control on bulk permeability of the whole carbonate‐precipitated sand
pack. While the bulk porosity decreased from 32% for Scan 0 to ~17% by Scan 3, the bulk permeability
was reduced by more than 3 orders of magnitude; and this drastic permeability reduction, which can be even
called as “clogging” or “plugging,” was thought to be attributed to the local blockage by carbonate
precipitation (Figure 10c).

4.3. Variations in Particle Thickness

The grain‐scale behavior of carbonate precipitation was explored by examining morphological evolution of
individual grains. Dividing the sand column evenly into three sections (inlet, middle, and outlet sections),
three sand grains from each section, a total of nine sand grains, were chosen. Using the watershed

Figure 9. Segmented 3‐D images during carbonate precipitation, where the color denotes different levels of pore volume
fraction of carbonate. (b) Enlarged 3‐D images of the red rectangle regions in Figure 9a. The color legend in Figure 7 also
applies here.
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algorithm (Vincent & Soille, 1991), each grain was segmented from neighboring grains for all the scan data
sets. Figure 11 shows 3‐D‐rendered images of the segmented grains, which confirmed the grain‐coating habit
by carbonate precipitation. With further precipitation, the grains became larger and the carbonate layers
grew thicker and denser.

The effective thickness of the carbonate layers on these sand grains was evaluated using the BoneJ plugin
implemented in ImageJ (Doube et al., 2010). The equivalent diameter of a sphere having the same volume
as each grain was computed, and the average value was taken to describe the effective diameter D for each

Figure 11. Evolution of carbonate precipitation at the single‐grain scale. These sand particles were segmented from the
inlet, middle, and outlet sections.

Figure 10. Vertical variations in (a) porosity and (b) pore volume fraction of carbonate. (c) The segmented sliced image at
the location with the minimum local porosity. The circles in Figures 10a and 10b indicate the vertical location of the sliced
image in Figure 10c. Note that the flow was imposed from bottom (inlet) to top (outlet).
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section. Figure 12 shows the variations in average carbonate thickness and relative grain diameter with the
pore volume fraction of carbonate of the corresponding sections. As Scc increased to ~55%, the carbonate
layer thickness increased to 38–50 μm, on average. Given the initial grain diameter Do = ~840 μm, the car-
bonate thickness led to an increment in effective grain diameter by 10–12%. In particular, the carbonate
thickness was the least in the outlet section. Again, this is because of the fast precipitation kinetics relative
to the flow velocity, in that the calcium carbonate in the inflowing supersaturated CaCO3 solution was gra-
dually consumed as the solution flowed upward from the inlet to the outlet through the sand column. This
was considered to be consistent with the observations made in previous sections (Figures 8 and 10).

The variations in carbonate thickness and relative grain diameter against pore volume fraction of carbonate
can be theoretically computed, assuming the simple cubic (SC) packing and the face‐centered cubic (FCC)
packing and the uniform grain‐coating carbonate, as superimposed in Figure 12. Because the theoretical
porosities of SC packing and FCC packing were 47.6% and 26%, respectively, the carbonate thickness for
the sand pack, with the porosity of 32%, was expected to be placed between the curves for SC and FCC
packing. It was found, however, that most of the estimated thickness values was significantly greater than
the expected, being close to the values of SC packing. This was attributed to the granular carbonate
crystals and the presence of internal pores in the carbonate layers, as previously confirmed in FIB‐SEM
images (Figure 6d).

4.4. Variation in Tortuosity With Carbonate Precipitation

Geometric tortuosity τ is a measure of transport change caused by the complexity of flow path, which is
defined as the ratio of the path length Lp to the Euclidian distance from one face to the other parallel face
of the control volume Lcv (i.e., τ = Lp/Lcv; Cooper, 2015). A value of τ = 1 implies that the flow path is just
the straight line, while a value of τ> 1 indicates that the flow path is tortuous and augmented. The geometric
tortuosity of the carbonate‐precipitated sand pack was computed using the X‐ray CMT images and the
numerical code called Taufactor (Cooper et al., 2016). Tortuosity was estimated by taking the ratio of the
steady state diffusive flux through the pore network against that through the same control volume fully satu-
rated with fluid (Cooper et al., 2016).

Figure 13 shows the change in geometrical tortuosity by carbonate precipitation for different binarized
image sets. Note that for a given X‐ray CMT image set, the different binary image sets can be extracted by
varying the threshold carbonate saturation (Scc

th), above (which is a solid pixel) and below (which is a void
pixel) when binarizing the grayscale images. This elicited the question over where the minimum (or
threshold) carbonate saturation level was that needed to be considered as a solid for binarization purpose.
To address this, several threshold carbonate saturations were tested: (i) Scc = 0–100% (or Scc

th = 0%), (ii)
Scc = 25–100% (or Scc

th = 25%), (iii) Scc = 50–100% (or Scc
th = 50%), and (iv) Scc = 75–100% (or Scc

th = 75%).
Table 3 summarizes the geometric tortuosity values obtained for different thresholds.

Figure 12. Changes in (a) the carbonate layer thickness and (b) the relative grain diameter during carbonate precipitation.
Theoretical estimations assuming the simple cubic (SC) packing and the face‐centered cubic (FCC) packing were
superimposed.
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The geometric tortuosity was explored to understand the transport in the pore geometry modified by carbo-
nate precipitation, where the flows are in the laminar and Darcy flow regimes (e.g., Re < 0.1). As shown in
Figure 13a, in all cases it was found that the geometric tortuosity value increased with increased Scc. When
Scc

th = 25%, the geometric tortuosity was more than doubled from 1.28 to 2.75 when Scc became ~46%. This
indicated that the fluid traveled more than twice the distance when Scc = ~46%, compared to when Scc = 0%.
Furthermore, the flow paths extracted from the case with Scc

th = 25% are shown in Figure 13b. With no
carbonate precipitation, the flow paths were wide, and so the flow lines were thick and less curved, whereas
it was found that carbonate precipitation gave rise to thinner flow lines and the more tortuous paths, which
was attributed to grain‐bridging and pore‐clogging behaviors.

Further, it was observed that the geometric tortuosity value (τ) increased with the decrease in the threshold
carbonate saturation (Scc

th), that is, τ = 1.44 when Scc
th = 0% and τ = 1.30 when Scc

th = 75% for Scan 1. This
was because decreased threshold carbonate saturation led to the reduction in porosity in the binary image

Figure 13. (a) Variations in geometric tortuosity obtained from X‐ray scans during carbonate precipitation and (b) the
representative images of total flux lines demonstrating tortuosity in the given sand packs. The flux lines were generated
for the binarized images with Scc

th = 25%.

Table 3
Physical Property Estimates From X‐ray CMT Image Analysis

Property

X‐ray CMT scan #

0 1 2 3

Permeability (m2) 1.23 × 10−9 7.40 × 10−10 1.97 × 10−10 7.54 × 10−13

Normalized permeability (−) 1 0.6021 0.1602 0.000613
Porosity (%) 32.3 29.4 22.6 16.9
Pore volume fraction of carbonate (%) 0 8.72 28.9 45.9

Tortuositya (−)

Scc = 0–100%b 1.28 1.44 2.00 5.06

Scc = 25–100% 1.28 1.38 1.75 2.75
Scc = 50–100% 1.28 1.35 1.59 2.12
Scc = 75–100% 1.28 1.30 1.39 1.85

Specific surface areaa (m−1)
Scc = 0–100% 5,319 4,660 3,858 2,584

Scc = 25–100%b 5,319 4,654 4,803 3,866

Scc = 50–100% 5,319 4,694 5,379 5,339
Scc = 75–100% 5,319 4,944 5,241 6,312

Note. CMT = computed microtomography.
aThe tortuosity and the specific surface area were estimated for different binary image sets obtained for the correspond-
ing Scc range. Scc indicates the pore volume fraction of carbonate. bThe colored tortuosity values and the specific sur-
face area values were used to plot the Kozeny‐Carman permeability curves, as shown in Figure 15.
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set, and such variation was seen to becomemore profound with continued
carbonate precipitation, as τ = 5.06 when Scc

th = 0% and τ = 1.85 when
Scc

th = 75% for Scan 3. Therefore, the τ value from Scc
th = 0% and the τ

value from Scc
th = 75% can serve as the upper and lower bounds for the

geometric tortuosity, and the actual τ value was presumed to lie between
these two bounds. The tortuosity analysis herein provides semiquantita-
tive results only, due to the limited resolution of the imagery. The X‐ray
CMT images with higher resolution, which can resolve down to the level
of carbonate crystals and internal pores of carbonate layers, may provide
more quantitative results.

5. Discussion
5.1. Effect of Pore Volume Fraction of Carbonate on
Permeability Reduction

In GCS practices, the long‐term fate of injected CO2 is expected to be in a
form of carbonate mineralization, where dissolved CO2 reacts with rock
minerals and abiotically transforms into carbonate minerals. Thus, pre-
dictive modeling of long‐term CO2 transport and fate associated with
abiotic carbonate precipitation requires a mathematical model that corre-
lates the normalized permeability (K/Ko) with the pore volume fraction of
carbonate (Scc). The pore volume fraction of carbonate is also correlated to
the porosity normalized to the baseline value, that is, ϕ/ϕo = 1 − Scc.
Herein, the experiment results produced were compared with several
analytical models, including the capillary tube models and Kozeny‐type
grain models. Two end‐member capillary models were considered for a

description of pore‐scale precipitation: the capillary grain‐coating model (CGCM) and the capillary pore‐
filling model (CPFM). In CGCM, a solid coats the wall of a capillary tube, reducing the inner diameter of
the tube, that is, K/Ko = (1 − Scc)

2. CGCM can be applied to the case where the carbonate minerals precipi-
tate evenly on grain surfaces. In CPFM, a solid grows from the center of a tube, causing annular flows, that is,
K/Ko = 1 − (Scc)

2 + 2(1 − Scc)
2/ln(Scc), and CPFM can be applied to the case where the carbonate minerals

precipitate from the center of the pore space (Dai & Seol, 2014; Kang et al., 2016; Kleinberg et al., 2003; Noh
et al., 2016). In addition, there are two types of Kozeny grain models: Kozeny grain‐coating model (KGCM;
K/Ko = (1− Scc)

n+1) and Kozeny pore‐filling model (KPFM; K/Ko= (1− Scc)
n+2/(1 + Scc

0.5)2). The empirical
parameter n is the Archie saturation exponent, which implies the extent of pore‐clogging and the level of
permeability reduction, and at one point, the KGCM with the exponent n = 1 becomes identical to
CGCM. The greater value for exponent n indicates greater reduction in permeability, and hence, more
significant pore‐filling or even throat‐occluding behaviors (e.g., n > 10). The detailed derivations for these
analytical models can be also found in Noh et al. (2016).

Figure 14 shows the normalized permeability (K/Ko) with the pore volume fraction of carbonate (Scc) and
with the porosity normalized to the baseline value (ϕ/ϕo), superimposed with the analytical models and
some previously published data (Armstrong & Ajo‐Franklin, 2011; Dadda et al., 2017). The permeability
was substantially reduced as the carbonate minerals precipitated within the sand pack. Above all, the
permeability reduction trend was found to vary with the pore volume fraction of carbonate. In a low‐
volume‐fraction regime (Scc < 20%), the normalized permeability appeared to follow the grain‐coating
models (CGCM and KGCM). However, in an intermediate regime (20% < Scc < 40%), the normalized perme-
ability was placed near the CPFM and the KPFM with the exponent n = 2, which is close to the KGCM
prediction for an exponent value of 5 (n = 5). After that, in a high volume fraction regime (Scc > 40%), the
trend was more dramatic than that of the CPFM. In the high volume fraction regime, the data followed
the KGCM with the exponent n greater than 10 (i.e., n = 11–12), which was partly attributed to the local
blockage of pore throats mentioned previously. Such an exponent value n greater than 10 was unexpectedly
high, which implied one particular class of the pore‐throat‐clogging behavior rather than typical grain‐
coating or pore‐filling behaviors. This simple analysis indicates that the pore‐scale pattern evolves with

Figure 14. The normalized permeability reduction with the ratio of porosity
to initial porosity. The microbially induced calcite precipitation (MICP)
test data are extracted from Armstrong and Ajo‐Franklin (2011) for MICP_1
and Dadda et al. (2017) for MICP_2. Several theoretical models are super-
imposed for comparison: capillary grain‐coating model (CGCM), capillary
pore‐filling model (CPFM), Kozeny grain‐coating model (KGCM), and
Kozeny pore‐filling model (KPFM).

10.1029/2018WR023578Water Resources Research

BAEK ET AL. 16



continued carbonate precipitation; it begins with a grain‐coating
behavior, transforms through a pore‐filling behavior, and finally evolved
into a peculiarly dramatic pore‐throat‐clogging behavior with increasing
carbonate saturation.

Interestingly, the permeability reduction induced by MICP (Armstrong &
Ajo‐Franklin, 2011; Dadda et al., 2017) appeared to be more profound
than the abiotic carbonate precipitation studied here (e.g., the exponent
n > 20). This difference is presumably attributable to the loci of crystal
nucleation in pores, where carbonate minerals are nucleated from the
surface areas of bacteria that are attached on grain surfaces (Armstrong
& Ajo‐Franklin, 2011).

Previously, Hommel et al. (2018) showed that the permeability reduction
by biogeochemical mineral precipitation can be described with a simple
power law relation (i.e., K/Ko = (ϕ/ϕo)

n = (1 − Scc)
n), which is extended

from KGCM. However, this study clearly shows that the power exponent
n evolved with continued carbonate precipitation. Accordingly, it indi-
cates that the single power exponent n or single permeability model is
unable to capture such a change in permeability when the pore geometry
evolves with mineral precipitation, whether it is a simple power law
relation (Hommel et al., 2018) or the Kozeny‐Carman model (Carman,
1937; Kozeny, 1927; Scheidegger, 1958). Furthermore, reservoir rocks
can vary from site to site. Therefore, understanding of the evolution of

pore geometry by geochemical reactions for the target geologic formations is expected to provide better
insight into the resulting variation in permeability parameters for the target geologic formations and possible
geochemical reactions.

5.2. Permeability EstimationWith a Kozeny‐CarmanModel: Effect of Local Blockage and Specific
Surface Area

The permeability variations of the sand pack, caused by carbonate precipitation, were explored using the
Kozeny‐Carman permeability model (KC model). One class of the Kozeny‐Carman family model can be
expressed as follows (Carman, 1937; Kozeny, 1927; Scheidegger, 1958):

K ¼ C⋅ϕ3

τ2⋅Ss2
; (1)

where K is the absolute permeability, C is the empirical shape factor, ϕ is the porosity, τ is the geometric
tortuosity, and Ss is the specific surface area per sediment bulk volume. The permeability value from each
scan was predicted by using the KC model, for which the porosity values obtained from X‐ray CMT images
(section 4.2; Table 3) and the geometric tortuosity values obtained for Scc

th = 0% (section 4.4; Table 3) are
used.

In the samemanner with the tortuosity, the specific surface area Ss can be determined for different threshold
carbonate saturations (Scc

th), as summarized in Table 3. It is hypothesized that the specific surface area
increases with the carbonate precipitation because small carbonate crystals of 1–20 μm are precipitated on
sand grain surfaces. From the binarized X‐ray images contrarily, Ss values slightly decreased with the
reduced porosity during carbonate precipitation. For instance, with Scc

th = 25%, Ss was estimated to decrease
from 5,319 to 3,866 m−1 as the porosity was reduced from 32% to 17%. This is mainly because the X‐ray CMT
resolution with the voxel size of 6.058 μm was not enough to resolve the individual carbonate crystals.
Nevertheless, the Ss values obtained with Scc

th = 25% were used to compute the permeability using the
KC model. Herein, the empirical shape factor C was inversely calculated from the baseline sand pack (from
Scan 0), and it was kept constant at 1.7 over the porosity reduction with the carbonate precipitation.

Figure 15 compares the measured K values and the KC model predictions. The KC model predictions were
close to the measured K in the early stage of the precipitation (i.e., ϕ > 20%; Scans 0–2 or Steps 0–3). This is

Figure 15. Variation in permeability with porosity reduction during carbo-
nate precipitation. The number in each test data point indicates the scan
number. Note that the geometric tortuosity changed with carbonate
precipitation, and the K‐ϕ curves are plotted by using the Kozeny‐Carman
model and the geometric tortuosity and specific surface area values obtained
from the scanned images.
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because there was not enough carbonate precipitated to significantly alter the internal pore structure and the
specific surface area, changing the permeability. However, when the porosity was further reduced to less
than 20% in the high Scc regime, it is clearly noticeable that the KC model overestimates the permeability
by more than 1 order of magnitude (i.e., for the last two measurements, Scan 3 or Steps 4 and 5). This
overestimation is attributable to two combined reasons. One is the local blockage that occurred in the region
with the local porosity of ~8% at the end of carbonate precipitation, as previously discussed. It implies that
the measured permeability was significantly determined by such local properties, while the KC model
adopted the bulk properties. The other reason is that the substantially increased specific surface area was
not captured by the X‐ray imaging; thereby, it was not taken into account in the KC model computation.
This exercise again demonstrates that abiotic carbonate mineral precipitation changes the tortuosity and
specific surface area as well as the porosity as the internal pore geometry is altered. At the same time, local
clogging often happens and controls the bulk transport properties.

5.3. Implications to Natural Diagenetic Processes and GCS

In this study, precipitation of calcium carbonate (CaCO3) is explored as one of the natural diagenetic
processes frequently occurring in marine environments. As our experiment was conducted with high flow
rates (the Pèclet number Pe > 104), with clean porous media composed of silica sand grains, and with
DIW under ambient temperature and pressure conditions, the presented results can provide an analogy to
the advection‐dominant diagenetic processes occurring at shallow subsurface and shallow sea conditions.
Because of the predominant heterogeneous nucleation, the observed grain‐coating patterns of abiotic
carbonate precipitates are presumably valid, and so does their impact on permeability in deep subsurface
conditions or deep sea conditions even though the pore pressure and temperature differ. The presented data
set with high‐quality images are expected to allow further investigation of the role of carbonate cementation
in determining the physical, hydraulic, and mechanical properties of sediments.

Mineral trapping of carbon dioxide (CO2) as a product of GCS is thought to occur starting from the verge of
CO2 plums after the completion of CO2 injection (André et al., 2007; Gunter et al., 1996; IPCC, 2005; Olajire,
2013; Soong et al., 2004; Xu et al., 2004). Thus, the presented abiotic carbonate precipitation can be exploited
as an analogy, at the spatial scale, to the reactions occurring at the verge of CO2 plums, where fresh brine
advectively intrudes into CO2 plums, increasing pH. At the temporal scale, the simulated experimental
process in this study is presumed to manifest after completion of CO2 injection. Once the CO2 injection is
completed and the well is closed, the CO2 pool will diffuse and be dissolved into surrounding brine while
the surrounding fresh brine also intrudes into the CO2 pool. Therefore, carbonate dissolution and precipita-
tion will actively take place in the region close to the rim of CO2 pool. Such carbonate precipitation is
expected to mostly occur in the far‐field region at distance from the injection well and hence hardly affect
the fluid injection for the initial CO2 injection phase. However, long time after, if the mineral trapping also
occurs in the near‐well region, the reduced permeability by the carbonate precipitation may have an effect
on subsequent fluid injection.

Meanwhile, various geochemical characteristics of a target geologic formation can affect nucleation and
growth behavior of carbonate precipitates. These include pore water chemistry (e.g., pH and ionic strength),
physicochemical characteristics of rock minerals (e.g., roughness, surface charge, wettability), pressure, and
temperature. It is well known that the geochemical factors have significant effects on the precipitation rate;
however, their effects on the morphological precipitation patterns at the pore scale yet remain poorly
examined. For instance, it has been found that the rate of carbonate precipitation increases with increases
in pH, calcium concentration, and carbonate concentration, and with an increase in roughness of rock
minerals (e.g., Castanier et al., 1999; Dove & Hochella, 1993; Kile et al., 2000; Lebron & Suarez, 1996;
Reddy & Nancollas, 1976). On the other hand, the presence of other competing cations, including manga-
nese ions or magnesium ions, has been reported to decrease the precipitation rate (e.g., Lebron & Suarez,
1996; Reddy & Nancollas, 1976). Regarding mineral morphology, pH reportedly affects the morphology
and size of precipitated calcite crystals (Declet et al., 2016); pH < 10 causes regular crystal morphology with
large crystal sizes, and pH > 11 renders irregular crystal morphology with small crystal sizes. We presume
that the tested pH condition is placed within the general pH range of GCS practices, which is less than 10
in natural geologic formations.
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In GCS, carbonate precipitation is expected to occur in the conditions with brine under elevated pressure
and temperature conditions (e.g., >10 MPa, >40 °C). Thus, caution should be taken, noting that our
experiment was conducted with clean porous media composed of silica sand grains and with DIW under
ambient temperature and pressure conditions. Nevertheless, the observed grain‐cementing patterns of
abiotic carbonate precipitates are thought to be valid because of its innate nature of heterogeneous
nucleation. Further investigation is warranted, particularly on the effect of elevated pressure and tempera-
ture conditions as well as various geochemical conditions on pore‐scale morphology of carbonate precipita-
tion. As the stored CO2 in carbonate minerals is expected to last for more than 104 years, the precipitated
carbonate minerals can undergo various annealing processes, such as dissolution and reprecipitation cycles,
crystal growth by Ostwald ripening, and/or geochemical mineral transformation, over a long period of time.
Accordingly, the long‐term behavior of the precipitated carbonate for CO2 mineral trapping, including the
questions related to annealing effect, Ostwald ripening effect, long‐term mineralogy evolution, needs to be
further examined.

6. Conclusions

This study explored the pore‐scale habits of abiotic carbonate precipitation and its effect on permeability
as a way to gain insights into CO2 mineral trapping and natural diagenesis. As a result of the abiotic
carbonate precipitation in the sand pack, its permeability was reduced by more than 3 orders of magni-
tude with the porosity reduction from 32% to 17% as the pore volume fraction of carbonate increased
to ~46–47%. The precipitated carbonate phase in the sand pack was successfully imaged using X‐ray
CMT and segmented via the image analysis and phase segmentation processes. The main findings of this
study are as follows:

1. Segmented X‐ray CMT images showed that the carbonate crystals were initially nucleated on sand grain
surfaces and that these seeds facilitated subsequent precipitation, indicating that a grain‐coating
behavior predominated. With continued precipitation, the carbonate layers became denser and thicker,
leading to contact‐cementing and even to grain‐bridging behaviors.

2. Flow direction had a profound effect on the spatial distribution of carbonate both at the grain scale and at
the core scale. Preferential carbonate precipitation in the inlet and middle regions at the core scale, and
on the bottom of grain surfaces at the grain scale, were observed. These behaviors were attributed to the
relatively instantaneous nucleation and the upward flow direction. In addition, local clogging, exhibiting
porosity less than 10% (ϕ= ~8% and Scc = ~65%), was found, which was presumed to have contributed to
the notable reduction in permeability.

3. The SEM and FIB‐SEM images revealed that the sizes of individual carbonate precipitate crystals ranged
from 1 to 20 μm and that the carbonate layers were composed of aggregates of such crystals with the
presence of internal pores. From the segmented grain images, we noted that the bulk thickness of the
carbonate layers grew to 38–50 μm on average and the grain diameter increased by 10–12% with
Scc = ~55%. This value was significantly greater than the expected theoretical values and was attributed
to the presence of internal pores.

4. The pore‐scale precipitation pattern was found to have evolved with continued precipitation. It started
with a grain‐coating behavior at a low pore volume fraction regime and evolved through a pore‐filling
behavior, before finally transforming into a pore‐throat‐clogging behavior at a high pore volume fraction
regime. This trend of normalized permeability (K/Ko) with carbonate pore volume fraction (Scc) was cap-
tured by using the KGCM, but with different power exponents for different carbonate pore volume frac-
tion regimes.

5. Carbonate mineral precipitation was found to continuously alter the internal pore geometry, changing
the geometric tortuosity and specific surface area as well as the porosity. At the same time, local clogging
can readily happen and control the bulk transport properties. Accordingly, the single model parameter
set or single permeability model is unable to capture the observed permeability change as the pore geo-
metry evolves by geochemical reactions, including mineral precipitation.

The results presented in this study contribute to understanding the variations in transport properties caused
by abiotic carbonate mineral precipitation that occurs as natural diagenetic processes and that is expected to
inevitably take place during CO2 mineral trapping in GCS.
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