
Applied Geochemistry 150 (2023) 105589

Available online 2 February 2023
0883-2927/© 2023 Elsevier Ltd. All rights reserved.

Exploring the role of the structural heterogeneity of fractured carbonate 
reservoirs in contact with dissolved CO2 based on fracture-water-rock 
simulation experiments 

Qian Ding a,b,c, Jingbin Wang a,b,c, Leilei Yang d,e, Dongya Zhu a,b,c, Wenbin Jiang f,g, 
Zhiliang He a,c,h,* 

a State Key Laboratory of Shale Oil and Gas Accumulation Mechanism and the Effective Development, Beijing, 102206, China 
b Petroleum Exploration and Production Research Institute, SINOPEC, Beijing, 102206, China 
c Key Laboratory of Geology and Resource in Deep Stratum, SINOPEC, Beijing, 102206, China 
d State Key Laboratory of Petroleum Resource and Prospecting, Beijing, 102249, China 
e China University of Petroleum, Beijing, 102249, China 
f Institute of Mechanics, Chinese Academy of Sciences, Beijing, 100190, China 
g School of Engineering Science, University of Chinese Academy of Sciences, Beijing, 100190, China 
h China Petroleum & Chemical Corporation, Beijing, 100728, China   

A R T I C L E  I N F O   

Editorial handling by Liwei Zhang  

Keywords: 
Brine with dissolved CO2 

Dissolution pattern 
Structural heterogeneity 
Fractured limestone 
Tarim basin 

A B S T R A C T   

Based on the geological background of ultra-deep fractured carbonate reservoirs in the Shunbei oil and gas field, 
the objective of this study was to clarify the interactions between fractured carbonate reservoirs and formation 
fluids (brine with dissolved CO2) under deep strata, and the potential impact of these interactions on reservoirs. 
In this study, high-temperature and high-pressure simulation experiments and numerical simulations based on 
the Yijianfang Formation in the Shunbei area were designed to investigate the influence of temperature, pressure, 
fluid, and structural heterogeneity on fluid transport and mass transfer, calculate the ion diffusion characteristics 
and the trend of mineral dissolution/precipitation along the fractures, and clarify the change in the reservoir 
space. The results indicated that the volume of the main fracture increased after the reaction between an acidic 
solution and a formation sample, the permeability of the sample increased by orders of magnitude, and its 
porosity increased accordingly. The overall reaction during the experimental period was dominated by the 
dissolution of calcium carbonate, and no calcium carbonate precipitated. The structural heterogeneity and hy-
draulic properties of the sample make the main flow channel a main fracture. The flow and reaction processes in 
the flow channel promoted each other. The effects of temperature and pressure on the overall reservoir space 
were insignificant. Branch fractures or microfractures can weaken the main fluid flow rate and tend to result in 
the accumulation of solutes, the ends of which may be potential locations for mineral precipitation. Therefore, 
the priority exploration location for deep and ultra-deep fractured reservoirs should be the main fractures up-
stream of the fluid flow.   

1. Introduction 

Deep and ultra-deep marine carbonates are rich in hydrocarbon re-
sources and are natural areas for China’s energy succession (He et al., 
2017a,b; Ma et al., 2020, 2022). A breakthrough was made in exploring 
ultra-deep ancient carbonate strata in the Shunbei region of the Tarim 
Basin in China. The main target layer of the Shunbei oil and gas field is 
the Ordovician Yingshan Formation - Yijianfang Formation, with a 

burial depth of 7200–8,000 m. Shunbei, an oil and gas field, submitted 
cumulative proven reserves of 2 × 108 t (oil equivalent) by the end of 
2021 (Qi, 2020, 2021; Deng and Spycher, 2019; 2022; Ma et al., 2022). 
The reservoir space of the Shunbei oil and gas field is a system of frac-
tures and cavities formed by tectonic activities with strong spatial het-
erogeneity (Qi, 2020; Ma et al., 2020, 2022). Structural fault and fluid 
activities play a vital role in controlling the formation and distribution of 
carbonate reservoirs (Han et al., 2016; Lu et al., 2017; He et al., 2017a, 
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b). Different types of geological fluids flow along the fractures, react 
with the surrounding rock, dissolve or precipitate minerals, change the 
pore space geometry, and affect fluid flow paths and solute transport. 
(Davies and Smith, 2006; Luquot and Gouze, 2009; Chen et al., 2014; 
Garcia-Rios et al., 2017). One of the aims of our study was to qualita-
tively and quantitatively clarify the influence of structural heterogeneity 
and fluid-rock interaction in the fracture-fluid-rock system to clarify the 
genesis mechanism of deep and ultra-deep fractured carbonate reser-
voirs and provide a theoretical and predictive basis for the reservoir of 
the Shunbei oil and gas fields. 

Predicting mass transfer and fluid flow in fractured rocks, couples 
physical flow processes and chemical reaction processes, is still a chal-
lenge because the heterogeneity of the fractures and chemical reaction 
processes are complex. For fluid-rock systems, laboratory-scale experi-
ments are generally used to simulate the reaction process, and numerical 
simulations are used to study the fluid-mineral reaction mechanism at 
the pore scale. Laboratory-scale experiments identify fluid-rock in-
teractions through equipment such as mixed-flow reactors, rotating 
disks, and high-temperature and high-pressure reactors. Core flooding 
testing is a useful experimental method for investigating the coupled 
flow and reaction processes in a rock matrix. During such tests, reactions 
in the fluid-rock system are studied by sampling and analyzing the 
effluent. Inductively coupled plasma-mass spectroscopy, ion chroma-
tography analysis, and pH probes have often been used to measure the 
concentrations of the chemical species of interest in effluent samples 
(Noiriel et al., 2005, 2009; Smith et al., 2013, 2014, 2017; Al-Khulaifi 
et al., 2018). Scanning electron microscopy (SEM), atomic force mi-
croscopy (AFM), and X-ray computed microtomography (XCMT) scans 
were performed on the specimens before and after experiments to study 
changes in the mineral dissolution-precipitation interface and pore 
space (Gouze et al., 2003; Noiriel et al., 2004, 2018, 2021; Deng et al., 
2015, 2017; Noiriel, 2015; Noiriel and Deng, 2018). These experimental 
studies have provided a good understanding of the factors that influence 
rock matrix dissolution (Li et al., 2019a). The water-rock ratio, tem-
perature and pressure, lithology, mineral distribution, particle diameter, 
pore connectivity, pore geometry, surface roughness, and physico-
chemical conditions of the fluid combine to control the reaction process 
of the fluid-rock system (Wellman et al., 2003; Steefel et al., 2005; 
Brantley, 2008; Luquot and Gouze, 2009; Chen et al., 2014; Noiriel, 
2015; 2017; He et al., 2017a,b; Ding et al., 2017, 2020). Using numerical 
simulations, previous authors have studied the dissolution-precipitation 
process of minerals at the pore scale under different CO2 pressures and 
concluded that the precipitation reaction depends on the anisotropy of 
the rock structure surface and local material transport mechanism; the 
strongest dissolution occurs at the fluid inlet, and preciptation may 
block the fluid outlet (Wellman et al., 2003; Luquot et al., 2016). Molins 
et al. (2014) combined experimental, tomographic, and porous 
computational techniques to simulate water-carbonate rock interactions 
at 4 bar pCO2. They examined the pore-scale mass transfer and surface 
reaction processes during calcite dissolution under high pCO2 condi-
tions. Deng et al. (2013, 2015, 2016) proposed a 2.5D continuous 
reactive transport model that captures and predicts the spatial pattern of 
the fracture pore size variation and the development of alteration layers 
in the near-fracture region. They observed the preferential dissolution of 
calcite in dolomite fractures, which results in the formation of prefer-
ential flow channels and altered layers. Garcia-Rios et al. (2015, 2017) 
conducted CO2 fluid-fractured limestone/sandstone core flooding ex-
periments, established a two-dimensional (2D) reaction transport 
model, and clarified that an increase in the flow rate led to an increase in 
the volume of dissolved limestone per unit time, indicating that the rate 
of calcite dissolution in fractures is controlled by transport. The rate of 
calcite dissolution was calculated by Noiriel et al. (2020) through XMT 
characterization by observing the dissolution/precipitation character-
istics of the three-dimensional (3D) surface of the mineral crystals. 
Future research should upgrade the pore-scale simulation to the site 
scale and even basin scale through numerical simulation combined with 

core CT characterization to provide solutions for oil and gas explor-
ation/carbon sequestration (Steefel et al., 2005, 2018; Noiriel et al., 
2009, 2018, 2021). These studies have deepened understanding of 
CO2-fluid-rock interactions at different levels, but they are insufficient 
for deep and ultradeep carbonate reservoirs. The studies above cannot 
explain the genesis mechanism of deep and ultra-deep fractured car-
bonate reservoirs because of the long duration of the water-rock inter-
action time, high temperature and pressure, and complex fluid 
composition under the geological background. 

Based on the geological background of deep and ultra-deep fractured 
carbonate reservoirs in the Shunbei oil and gas field, the objective of this 
study was to investigate the interactions between fractured carbonate 
reservoirs and brine with dissolved CO2 under surface-deep strata con-
ditions and the influence of these interactions on fractured carbonate 
reservoirs. Specifically, we carried out a series of reactions of fractured 
carbonate core samples in brine with dissolved CO2 from atmospheric to 
high temperatures and pressures (T = 50–200 ◦C, P = 10–60 MPa). 
Microscopy, SEM and spectral measurements, XCMT scanning, fluid 
chemistry analysis, and TOUGHREACT numerical simulations were used 
to qualitatively and quantitatively characterize changes in the fracture 
area and volume, sample porosity and permeability, calcite dissolution 
amount, calcite saturation index, calcite dissolution rate, and cation 
concentration in the fracture before and after the reaction with an acidic 
solution. The influence of heterogeneity and fluid flow on the fracture- 
fluid-rock interaction was explored, and thus the conditions and loca-
tions favorable for reservoir formation were clarified. 

2. Physical experiment 

2.1. Sample characterization 

The sample used in the experiment was limestone from the Ordovi-
cian Yijianfang Formation of the Yijianfang section of the Tarim Basin. 
Microscopic observation of the thin section identified the lithology as 
micritic limestone containing bioclastic clusters (Fig. 1). The X-ray 
diffraction whole-rock analysis of the sample showed that the minerals 
consisted mainly of calcite (81.3%), common pyroxene (18.0%), and 
quartz (0.7%) (model: Panalytical X’Pert PRO, X-ray diffractometer, 
Institute of Nuclear Industry). Six core samples with a diameter of 2.5 cm 
and a length of approximately 6 cm were cored side by side in one 
limestone sample. The core samples were relatively compact, with 
porosity ranging from 0.62% to 2.33% and permeability ranging from 
0.693 × 10− 3 to 1.300 × 10− 3 μm2 (model: 3H-2000-HPK, Multifunc-
tional Gas Permeability Instrument, Chinese Academy of Sciences). A 
longitudinal fracture was created artificially by sawing each core with a 
saw. An initial fracture aperture was between 0.8 mm and 1.0 mm 
depending on the sample, and obtained from XCMT observation (refer to 
Garcia-Rios et al., 2015; Hang Deng et al., 2018 for the fracture crea-
tion). The core samples were rinsed with deionized water, dried in an 
oven at 105 ◦C, weighed, and then wrapped with a heat-shrink film. 

2.2. Experimental equipment 

Six flow-through experiments with fractured cores were performed 
using the high T/P fluid-rock interaction equipment independently 
developed and designed by our research institute. Simulation experi-
ment of the gas-liquid-solid phase were performed under normal tem-
perature/pressure to high temperature/pressure. The device consists of 
the following parts: core holder, pressure vessel, constant-flow and 
constant-pressure pump, confining pressure pump, and effluent collec-
tion device. The experimental conditions, such as temperature and 
pressure, were monitored and controlled using a computer in real time. 
The fluid pressure at the inlet of the holder can be tracked by a confining 
pressure pump (the pressure difference is constantly larger than 5 MPa) 
to ensure that the fluid is transported in the pores inside the core. Then, a 
constant-flow pump is used to set a constant flow rate to drive the fluid 
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flow inside. 
The main technical specifications of the equipment were as follows: 

the experimental simulation temperature range was from room tem-
perature to 500 ◦C, the pressure range was from atmospheric pressure to 
100 MPa, and the flow rate range was 0.01 mL/min–10.00 mL/min. The 
core holder could load core samples with a diameter of 2.5 cm for a 
temperature range from room temperature to 200 ◦C and a pressure 
range was from atmospheric pressure to 100 MPa. The device can 
simulate the process of gas-fluid-rock interaction under different tem-
perature and pressure conditions and quantify the dissolution effect of 
geological fluid on carbonate reservoirs under different burial depths 
(corresponding to different T/P) (Fig. 2). 

2.3. Experimental methods 

The experimental methods were as follows. A solution of the simu-
lated formation fluid was prepared using deionized water containing 20 
wt% NaCl, and pure CO2 gas was bubbled into the pressure vessel for 24 
h to reach full equilibrium under different experimental pressures. CO2 
in geological fluids originates from the crust or mantle, and is usually 

associated with volcanic activity, deep fractures, or hydrothermal fluid 
and mineral interactions (Ballentine et al., 2001; Liu et al., 2017). The 
magmatic activity in the Tarim Basin was more intense during the 
Hercynian period, and the magma-driven hydrothermal fluids carried 
CO2 from the deeper strata. Previous studies have demonstrated that 
Laser Raman Spectroscopy shows that fluid inclusions in the Ordovician 
formation contain natural CO2 (Chen et al., 2015). The fluid salinity 
setting refers to the analysis of fluid inclusions in the Yijianfang For-
mation in the Tarim Basin, with the highest salinity in the Shunbei area 
reaching 22.4 wt% NaCl (Wang et al., 2019). The fluid is from the deep 
strata and has been in contact with the strata for a long time. Thus, the 
experimental fluid salinity was set as 20 wt% NaCl. Core samples 
wrapped in a heat-shrink film were assembled in a core holder. The main 
target was the Ordovician Yijianfang Formation in the Shunbei area of 
the Tarim Basin, where the burial depth currently exceeds 7000 m. To 
simulate the dynamic flow of fluid downward/upward along the frac-
ture while reacting with the surrounding carbonate rock, we used a 
range corresponding to a formation depth from 1000 to 8000 m. The 
depth was converted to the reaction temperature and pressure based on 
the geothermal gradient (3 ◦C/100 m) (refer to Wang et al., 2014 for the 

Fig. 1. Yijianfang Formation in the Yijianfang section of the Tarim Basin: a. Microscopic features: micritic limestone containing bioclastic clusters; b. SEM shows that 
the fracture surface morphology of the sample is compact; c. The core sample RS 3–10 after cutting along the long axis; d. X-ray computed microtomography (XCMT) 
scans of the core sample RS 3–10 after sawing (top view). 

Fig. 2. High T/P fluid-rock interaction equipment: (a) schematic of the experimental setup; (b) Equipment appearance.  
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geothermal setting), with a temperature range from 50 to 200 ◦C and a 
pressure range from 10 to 60 MPa (Table 1). The reaction time for each 
sample was 24 h. At the beginning of the experiments, the fluid was 
pumped into the experimental system at a flow rate of 0.5 ml/min using 
a constant flow and constant pressure pump (refer to Deng et al., 2015 
for the flow rate setting). The fluid flowed through the core holder 
through the main fracture and reacted with the fracture surface minerals 
(Table 1). Sample RS 3-1 was used as an example to estimate the resi-
dence time of the fluid in the core (only the fluid flow processes were 
considered), and the resident time was approximately 0.3 min. When the 
effluent fluid flowed out from the equipment outlet, it was collected 
every hour using a sampling tube, and the fluid pH was measured using a 
pH electrode (Orion, PEPRIS) at room temperature. The concentrations 
of Ca2+, Mg2+, and HCO3

− in the fluid were measured by ICP-OES 
(5300DV plasma emission spectrometer, Institute of Nuclear Industry) 
and an alkalinity meter (AT-510 Fully Automatic Titration Analyzer, 
Institute of Nuclear Industry). The detection limits of Ca2+ and Mg2+

were 0.3 and 0.1 μg/L, respectively. The samples were removed after the 
experiments and washed three times with deionized water, dried in an 
oven at 105 ◦C for 24 h, weighed, and scanned by XCMT and SEM. 

2.4. Fracture geometry characterization 

Before and after the experiment, the cores were scanned using XCMT 
equipment (NanoVoxel 3502 E, Sanying Precision Instrument Co., Ltd.) 
The XCMT scan system was set to 170 kV (voltage), 100 μA (current), 
and 0.4 s (exposure time). The XCMT device has a plate detector of 1920 
× 1536 pixels. The X-ray beam width (“slice” thickness) is 14.28 μm. A 
total of 1000 2D slices with pixels of different gray values were obtained 
using the built-in reconstruction algorithm of the CT system. All the 
slices were integrated in the ORS Visual SI software to reconstruct 3D 
space images and visualization. The pore network of the core 3D im-
aging data was extracted using ORS Visual SI to obtain the total number 
of pores, total number of throats, pore diameter, and throat diameter. 
The volume and area of the main fracture were extracted and calculated 
using VGSTUDIO MAX 3.4 software. Scanning electron microscopy- 
energy dispersive spectroscopy (SEM-EDS) was used to observe 
changes in the surface morphology of the samples before and after the 
experiment (Zeiss EVO MA 10, Germany, Institute of Nuclear Industry). 

3. Experiment simulation 

3.1. Modelling tool 

Numerical simulations have become an established method for 
evaluating the degree of porous rock-CO2 bearing fluid interaction. The 
numerical simulation results can be compared with physical experi-
ments to predict the experimental results. At the same time, numerical 
simulations can examine experimental processes that cannot be 
observed in real time or directly and can be used to investigate changes 
in the fluid-rock reaction system at more minor spatial scales (e.g., 
changes in the mineral dissolution-precipitation interface, flow pro-
cesses at the pore scale, etc.), and longer time scales (hundreds of days or 
even tens of thousands of years) (Hang Deng et al., 2019). 

The numerical simulation software TOUGHREACT was used in this 
study. TOUGHREACT is a good non-isothermal multiphase fluid reac-
tion geochemical migration simulation software used for saturated or 
unsaturated media. It can simulate the flow, heat, multicomponent so-
lute transport, and geochemical processes in one-, two-, and three- 
dimensional porous or fractured media during reservoir diagenesis. 
TOUGHREACT effectively combines water-rock interaction modeling 
with solute migration to model cementation, metasomatism, dissolu-
tion, pore destruction and preservation, pore filling composition, etc.(Xu 
et al., 2006). Unlike physical experiments, which are difficult to repro-
duce and whose scale is limited, numerical simulations performed with 
TOUGHREACT have almost no restrictions with regard to their time 
scales and spatial scales, or other conditions (Yang et al., 2022, 2022, 
2022b a, 2022). 

3.2. D conceptual model 

Based on the above experiments, TOUGHREACT was used to simu-
late the experimental process. The calculation steps were as follows: 2D 
gridding with the experimental settings and the equal volume principle; 
setting fluid and water chemical parameters; assigning a value to the 
permeability of each grid; and outputting the ion concentration and 
mineral change of each grid in 24 h. 

We cut the profile of the core in the simulation to observe fluid flow, 
transport, and reaction along the fracture. The profile in the model was 
the same as that in the experimental situation and was based on the CT 
data. Therefore, comparing the simulated profile results with actual CT 
data can accurately capture the flow characteristics of the fluid along the 
fracture. The core of the simulation was 6.5 cm long and 2.2 cm wide (to 
reduce on the calculation time, the width was reduced by 0.3 cm, which 
parallels that of the main fracture). The main fracture surface was tiled 
along the X- and Y-axes, and the fluid flowed from left to right along the 
X-axis. The total length in the x-axis direction was 6.5 cm, evenly 
divided into 200 grids, and the length of each grid was 0.0325 cm. The 
full length along the Y-axis direction was 2.2 cm, evenly divided into 40 
grids, and the length of each grid was 0.055 cm. The length along the Z- 
axis direction was 2.2 cm with one grid. Therefore, the model comprised 
8000 grids (Fig. 3). 

3.3. Water chemistry 

According to the experimental setting, the fluid in the simulation was 
a CO2-brine containing 20 wt% NaCl by mass. The concentrations of H+, 
Ca2+, Na+, K+, HCO3

− , and Cl− in the fluid, and the pH of the fluid were 
measured under six temperature and pressure conditions (Table 2). 

3.4. Initial conditions 

Assuming that each initial formation is homogeneous, the parame-
ters are listed in Table 3. 

Cases 1–6 were homogeneous models in which the minerals were 
uniformly distributed in calcite. The sample XRD results reveal that 
there are still some silicon ions that do not react with the acidic fluid; 

Table 1 
Experimental parameters of the fracture-fluid-rock interaction simulation 
experiments.  

Sample 
NO. 

Burial 
depth/m 

Surface 
temperature/◦C 

Temperature/ 
◦C 

Pressure/ 
MPa 

RS 3-1 1000 20 50 10 
RS 3-7 2000 20 80 20 
RS 3-9 3000 20 110 30 
RS 3-16 4000 20 140 40 
RS 3-12 5000 20 170 50 
RS 3-10 6000 20 200 60  Fig. 3. Schematic of geological model subdivision.  
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therefore, they are not considered in the model. The flow velocity was 
set to 1.0417 × 10− 6 m/s. The flow velocity in the model was converted 
from the experimental flow velocity relative to the cross-sectional area 
and the volume of the injected grid. This flow rate was consistent with 
the experimental injection velocity. In addition, the left middle area is 
the injection grid, which is consistent with the experimental injection 
fracture, and the core and fracture permeabilities were set according to 
the test results. The matrix permeability of the RS 3-1 sample was 1 ×
10− 15 m2, and the fracture permeability was 1.2 × 10− 11 m2. 

The model permeability images at time 0 for the six cases were 
compared with the XCMT scan core profiles. The position of the model 
permeability was consistent with the core fracture morphology. 

3.5. Boundary conditions 

The left side of the model was a constant velocity injection boundary, 
and the right side was a constant pressure boundary, which ensured that 
the fluid could be injected into the grid at all times. All physical and 
chemical conditions, such as the pressure and ion concentration of the 
boundary, which not only provided internal pressure in the evacuation 
system but also simulated the infinite spatial scale of the actual forma-
tion, did not change with time. 

4. Results 

A series of simulation experiments were conducted according to the 
experimental scheme. The differences before and after the reaction were 
qualitatively and quantitatively compared in terms of the mass loss 
percentage, dissolved cation concentration, pH, changes in physical 
properties, reservoir space morphology, fracture area, and fracture 
volume. 

4.1. Aqueous chemistry 

The reaction system includes CO2-brine (the fluid contained CO2 (sc/ 
g), CO2 (aq), HCO3

− ) and calcium carbonate. CO2 enters the brine, and 
the following reactions occur: 

CO2(gas)↔ CO2(aq)

CO2 +H2O ↔ H2CO3  

H2CO3 ↔ H+ + HCO−
3  

HCO−
3 ↔ H+ + CO2−

3  

H2O ↔ H+ + OH−

Calcium carbonate dissolution occurred in the core holder： 

CaCO3 +H+ → Ca2+ + HCO−
3 

The time-varying dissolved Ca2+ concentrations of the six cores are 
given in Fig. 4. 

The dissolved cations included Ca2+, Mg2+, Na+, K+, and Ca2+. The 
cation concentration fluctuated with experimental conditions and time, 
reflecting the influence of the experimental conditions (temperature and 
pressure) and fracture development. Among them, the dissolved Ca2+

concentrations and the fluctuation ranges of RS 3–7 and RS 3–9 were 
larger. The follow-up XCMT scan results revealed that the fractures of 
the above two samples were relatively straight, and their fluid flow rates 
were less affected by the branch fractures than those of the other 
samples. 

The relationship between fluid pH and time during the reaction is 
shown in Fig. 5. 

In the above six experiments, after the acidic solution reacted with 
the cores, the fluid pH increased by approximately 1.55–2.60 and then 
slowly decreased to a stable value. The fluid-rock reaction reaches 
equilibrium when the concentration of ions, such as Ca2+ and H+ in the 
effluent reaches a constant value. As can be seen in Fig. 5, the pH of the 
effluent from each sample tended to stabilize after 16 h, indicating that 
the interaction between the mineral and the fluid in the reactor tended 
to be in equilibrium. The Ca2+ concentration (excluding individual 
fluctuation points) in Fig. 4 also reflects this trend. 

4.2. Relationship between mass loss and temperature 

We weighed the mass of the six cores before and after they reacted 
with the acidic solution, and calculated and compared the dissolution 
mass loss percentages under different temperatures (mass loss percent-
age = (mass before reaction – mass after reaction)/mass before reaction 
× 100%). 

Table 2 
Initial ion concentrations in fluid under six temperature and pressure conditions.  

Ionic Species RS 3-1 50 ◦C 10 MPa RS 3–7 80 ◦C 20 MPa RS 3–9110 ◦C 30 MPa RS 3–16 140 ◦C 40 MPa RS 3–12 170 ◦C 50 MPa RS 3–10 200 ◦C 60 MPa 

H+/(10− 3 mol/L) 1.1740 1.0270 1.1300 0.8928 0.7483 0.6118 
pH 3.1340 3.1040 3.2549 3.2720 3.3320 3.7180 
Ca2+/(10− 4 mol/L) 0.2288 0.2822 0.2822 0.3474 0.3430 0.1246 
Na+/(mol/L) 2.1590 2.3010 2.4260 2.1850 1.9760 1.9780 
K+/(10− 3 mol/L) 0.7163 0.2687 0.2548 0.2595 0.2351 0.2284 
HCO3

− /(10− 3 mol/ 
L) 

0.7832 0.8049 0.9469 0.8189 0.7878 0.7368 

Cl− /(mol/L) 2.1590 2.3010 2.4260 2.1850 1.9760 1.9780  

Table 3 
Parameters related to the physical properties of the model.  

Parameters Value 

Porosity (%) 2.00 
Coefficient of compressibility (/Pa) 4.5 × 10− 10 

Rock density (kg/m3) 2650 
Thermal conductivity [W/(m⋅◦C)] 2.51 
Specific heat of rock particles [J/(kg⋅◦C)] 920  

Fig. 4. Variation in the Ca2+ concentration with time.  
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The experimental results revealed that the acidic fluid has a notice-
able dissolution effect on carbonate rocks, and the mass loss percentage 
of dissolution was in the range of 1%–2%. The mass loss percentage of 
the cores increased gradually with increasing temperature and then 
decreased at 170 ◦C. The mass loss percentage of RS 3–12 (170 ◦C) was 
1.8 times higher than that of RS 3-1 (50 ◦C)(Table 4). 

4.3. Fracture surface morphology changes 

The morphological changes in the main fracture surfaces of the cores 
before and after the reaction were compared in situ using SEM (Fig. 6). 
The process and degree of dissolution and transformation of the frac-
tures by the fluid under different temperatures and pressures were 
qualitatively evaluated by observing the morphological changes of 
pores, cavities, fractures, and crystal surfaces. 

Before the experiment, the size of the calcite particles was relatively 
uniform, the interior and the crystal edge were complete, and there were 
no etch pits or other dissolution features on the crystal surface (Fig. 6 a, 
b). After the experiment, a large number of honeycomb-like etch pits 
appeared on the crystal surface, and the diameters of the pores were 10 
μm–70 μm. The dissolution was enhanced along the contact edges of the 
calcite particles. The curvature of the crystal edges increased, forming 
dissolution fractures and etch pits (Fig. 6 c, d, e,f). The enhancement of 
local dissolution promotes the formation and connection of pores and 
fractures, thereby increasing the surface roughness and overall hetero-
geneity. The reaction time for each core was 24 h, and no new mineral 
precipitation was observed on the surface after the reaction. 

On the crystal scale, the dissolution of surface asperities, such as 
steps, crystal edges, and corners, was faster than the average surface 
retreat because of the formation of many steps on the crystal surface. As 
a result, the flat cleavage surface gradually evolved into a curved sur-
face, and the crystals became more rounded over time. In contrast, the 
topographic lows and bottoms of the steps dissolve more slowly than in 
the surrounding areas (Noiriel et al., 2020). 

4.4. Fracture area/volume calculated from XCMT 

The cores were scanned using XCMT before and after the experiment. 
Through threshold segmentation of 3D images, the pores and matrix, for 
example, were separated. A binary dataset in which zero and one were 
used to represent the pore and matrix, respectively, was generated 
(Jiang et al., 2017). The areas and volumes of the main fractures were 
then calculated. The physical characteristics of the fractures, such as 
thickness and shape, before and after the reaction were determined 
(Fig. 7). 

To avoid the influence of confinement pressure on the fracture, we 
used a heat-shrink film to wrap the sample before the experiment. The 
heat-shrink film can closely wrap and fix the two halves of the cut core 
sample after heating, which can minimize the relative movement during 
the assembly process and offset the influence of the confinement pres-
sure. Second, the images scanned by CT before and after the experiment 
were calibrated, and the relative positions of the images were consistent 
in all regions except for the fracture; therefore, the experimental data 
comparison could reflect the relative changes in the fractures before and 
after the experiment. Third, we considered online CT scanning (Yang 
et al., 2022; Al-Khulaifi et al., 2019), but owing to the high temperature 
and pressure of the experiment and the large sample size, online 
real-time CT scanning could not be supported. 

The degree of fluid transformation was compared by comparing the 
changes in the area and volume of the main fractures before and after 
the experiment (Table 5). The main fracture areas of RS 3-1 and RS 3–7 
increased slightly, whereas the fracture area of the remaining samples 
decreased by more than 50%. Except for sample RS 3–9, the volume of 
the remaining samples increased by 1.2–4 times (corresponding to RS 
3–16 and RS 3–7, respectively). 

4.5. Pore diameter distribution before and after the experiment 

According to the results of XCMT scanning, the diameters of all the 
pores in each core before and after the reaction were determined, and 
the number of pores in different diameter ranges was counted (Table 6). 
The distribution of pore diameters can reflect the degree of dissolution 
and transformation of pores of various sizes during the dissolution 
process. The dissolution process increased the diameter of the pores, and 
the precipitation process reduced the diameter. 

From the pore diameter distribution of the six cores and the trend 
before and after the experiment, the pore diameter of the samples was 
mainly 25 μm–50 μm, accounting for 60%–75% of the total number of 
pores. The number of pores with diameters in the range 25 μm–50 μm 
increased substantially after the experiment. Thus, the increase signifi-
cantly contributed to an increase in the total porosity. 

4.6. Permeability and porosity change 

For the binary image that divides the pores and matrix, the lattice 
Boltzmann method (LBM)–double relaxation time model (TRT) was used 
to calculate the permeability in the XYZ directions and the rate of change 
of permeability (Jiang et al., 2017). The direction along the fracture is in 
the X direction, and the Y and Z directions are the directions of the CT 
scan, which are not necessarily perpendicular to the X direction. 
Therefore, the main comparison was the rate of change in permeability 
along the Z-direction. The results revealed that the permeability of the 
cores increased after the experiment, among which the permeability of 
the RS 3–7 sample increased by approximately 26 times, the perme-
ability of the RS 3–12 sample increased by approximately 39 times, and 
the permeability of the RS 3-1 sample increased by 74%. The perme-
ability of RS 3-16 decreased slightly after the reaction (Table 7). The 
permeabilities of RS 3–9 and RS 3–10 after the reaction were unmea-
surable, mainly because the dissolution process excessively expanded 
the fluid channels and caused the fractures to be disconnected. 

The porosity of each core and porosity change before and after the 

Fig. 5. Variation in the fluid pH with time.  

Table 4 
Mass loss rate of samples during the reaction.  

Sample 
NO. 

Temperature/ 
◦C 

Pressure/ 
MPa 

Mass 
Before 
Reaction/ 
g 

Mass 
After 
Reaction/ 
g 

Mass Loss 
Percentage/ 
% 

RS 3-1 50 10 81.6151 80.7934 1.007 
RS 3-7 80 20 86.1441 84.9705 1.362 
RS 3-9 110 30 81.0798 80.2186 1.062 
RS 3-16 140 40 66.4589 65.9893 0.707 
RS 3-12 170 50 82.0866 80.5501 1.872 
RS 3-10 200 60 46.3913 45.7642 1.352  
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experiment were calculated (Table 7). It can be seen that the porosity of 
the cores increased after the experiment and that of RS 3–7 increased by 
approximately three times. The porosity increases in the other samples 
ranged from 22% to 88%. 

The porosity change rate exhibits a trend similar to that of the Ca 
concentration change in Fig. 4. RS 3–7 seems to have the highest 
dissolution. In Fig. 4, RS 3–7 shows a sudden increase in Ca concen-
tration after 16 h. It is possible that the fluid made contact with a certain 
area with purer/more calcite, thereby increasing the reaction rate. In 
addition, the morphology of the fracture can cause fluctuations in the 

reaction process, and the bending of the fracture and branch fracture 
may affect the fluid flow, which in turn affects the reaction of H+ and 
calcite. From the XCMT results, the fractures of RS 3–7 were the most 
uniform and flattest, and therefore the sample exhibited the highest 
degree of dissolution. According to Noiriel (2015), the process of min-
eral dissolution that releases metal ions from the lattice is not smooth 
and may be pulsed, which also causes fluctuations in the cation profile. 
Finally, based on the present data and simulation results, the effects of 
temperature and pressure on the dissolution and dissolution patterns 
were unclear. The reaction rates of calcite at different temperatures have 

Fig. 6. Surface morphology characteristics of fractures in cores before and after the experiment (a,b limestone before reaction; c. RS 3-1 after reaction; d. RS 3–7 after 
the reaction; e. RS 3–9 after the reaction; f. RS 3–16 after the reaction; g. RS 3–12 after the reaction; h. RS 3–10 after the reaction). 

Fig. 7. Fracture morphology scanned by XCMT before and after the reaction.  

Table 5 
Area and volume changes of the main fractures before and after the experiment.  

Sample 
NO. 

Area Before 
Reaction/mm2 

Area After 
Reaction/mm2 

Volume Before 
Reaction/mm3 

Volume After 
Reaction/mm2 

Proportion of Fracture Volume 
Before Reaction 

Proportion of Fracture Volume 
After Reaction 

RS 3-1 3675.326 3696.807 145.326 280.514 0.67% 1.29% 
RS 3-7 4953.806 5189.603 128.858 500.076 0.41% 1.62% 
RS 3-9 6532.773 4453.342 253.261 217.692 0.84% 0.71% 
RS 3-16 3163.258 1932.345 120.207 143.32 0.49% 0.59% 
RS 3-12 11 528.248 6905.831 391.276 542.048 1.27% 1.78% 
RS 3-10 4946.830 2454.505 156.486 293.596 1.07% 2.00%  
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been discussed and calculated in previous studies (Peng et al., 2015; 
Pokrovsky et al., 2009), and an increase in temperature can cause an 
increase in the reaction rate and reaction constants; however, the 
temperature-pressure effect is not obvious under actual multi-parameter 
reaction conditions. 

4.7. Model results 

4.7.1. Zero-time permeability 
Based on the matrix permeability, fracture permeability, and XCMT 

scan results, the permeability distributions of the six core samples at the 
start of the experiment were set and calculated. The model results were 
consistent with the XCMT scan results (Fig. 8). The zero-time perme-
ability comparison is used as a basis for the calculation of mineral 

composition, dissolved ions, and other parameters. 

4.7.2. Spatial and temporal distribution characteristics of the mineral 
dissolution, calcite saturation index, and reaction rate in main fractures 

Based on the initial conditions, the dissolved amount of calcite at 2 h 
(dissolved calcite mass/initial calcite mass), calcite saturation index, 
and calcite reaction rate in the main fracture under different experi-
mental conditions within the reaction time were calculated (Fig. 9). 

SIc is the solubility product of calcite; IAPc is the ionic activity 
product (IAPc = [Ca2+][CO2−

3 ]). When SIc > 0, the calcite precipitated. 
When SIc = 0, calcite dissolution and precipitation reached an equilib-
rium. When SIc < 0, calcite precipitated. [Ca2+] is the concentration of 
Ca2+ in the fluid (mol/L), and [CO3

2− ] is the concentration of CO3
2− in the 

fluid (mol/L). 
The acid fluid migrated and flowed along the fractures and reacted 

with the surrounding rock. The degree of dissolution was highest at the 
entrance and gradually decreased along the flow path. The calcite 
saturation index characterizes the degree of dissolution; the more 
negative the saturation index, the higher the degree of calcite dissolu-
tion. This parameter showed a similar trend to the dissolved amount of 
calcite, and the overall reaction trend was dominated by dissolution. The 
calcite reaction rate also appeared to be related to the fluid hydraulic 
characteristics as well as the reaction temperature. 

5. Discussion 

We show the evolution of fracture geometry, geochemical reactions, 
and fracture hydraulic properties, focusing on the effects of structural 
heterogeneity and the relationship between dissolution and precipita-
tion. The flow and reaction processes in the fractures promote and in-
fluence each other. Mineral dissolution and mineral precipitation alter 
the fluid channel morphology, porosity, and permeability of porous 

Table 6 
Pore size distribution before and after the experiments.   

RS 3-1 RS 3-7 RS 3-9 RS 3-16 RS 3-12 RS 3-10 

Pore Size Radius(μm) Before the experiments 
0–10 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
10–25 8.00% 0.70% 7.01% 7.23% 0.99% 0.73% 
25–50 64.92% 73.87% 70.36% 66.49% 59.56% 75.22% 
50–100 22.25% 2.48% 17.69% 19.29% 31.67% 18.19% 
100–200 2.67% 22.30% 2.28% 4.56% 5.97% 3.67% 
200–500 2.15% 0.66% 2.65% 2.40% 1.39% 2.17% 
>500 0.01% 0.00% 0.01% 0.04% 0.43% 0.02% 
Pore Size Radius(μm) After the experiments 
0–10 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
10–25 4.94% 0.96% 2.77% 4.75% 1.46% 5.01% 
25–50 66.66% 78.40% 81.17% 71.04% 65.36% 63.70% 
50–100 24.04% 5.62% 15.37% 21.25% 28.81% 25.28% 
100–200 3.41% 12.06% 0.57% 2.82% 4.05% 4.89% 
200–500 0.86% 2.55% 0.11% 0.12% 0.26% 1.02% 
>500 0.10% 0.41% 0.01% 0.01% 0.07% 0.09%  

Table 7 
Permeability and porosity change before and after the experiments.  

Sample 
No. 

X-direction Permeability Before 
Reaction/D 

X-direction Permeability After 
Reaction/D 

Rate of Permeability 
Change 

Porosity Before 
Reaction/% 

Porosity After 
Reaction/% 

Porosity 
Change 

RS 3-1 12.3919 21.579 74% 1.52 2.39 57% 
RS 3-7 2.43162 66.5925 2639% 0.62 2.61 321% 
RS 3-9 12.3115 – – 1.63 1.99 22% 
RS 3-16 6.80515 6.24662 − 8.2% 1.56 1.91 22% 
RS 3-12 22.2947 901.302 3943% 2.33 4.38 88% 
RS 3-10 5.84671 – – 1.83 3.25 76%  

Fig. 8. Comparison of zero-time permeability and XCMT scanned profiles (a, RS 3-1; b, RS 3–7; c, RS 3–9; d, RS 3–16; e, RS 3–12; and f, RS 3–10).  
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rock, affecting the fluid flow process. 

5.1. Distribution of calcite dissolved amount, calcite saturation in the fluid 
channels 

The numerical simulation used a tracer to indicate the physical flow 
of the fluid in the channel, which did not include the chemical reaction 
process. The fluid entered the fracture from the inlet to the left and 
flowed along the fracture. Simultaneously, the fluid diffused perpen-
dicular to the fracture plane (Deng and Spycher, 2019). The diffusion 
process spreads from the center to the circumference along the radius, 
and from the inlet to the outlet. 

It calculates the temporal and spatial evolution of the amount of 
dissolved calcite. As the fluid flowed along the fracture, the dissolution 
of calcite started from the fracture and spread. The dissolution process 
has a significant hysteresis effect relative to the flow process of the fluid, 
which is caused by the co-coupling of the flow and reaction. Simulta-
neously, the fluid front migrated along the fracture and soon reached the 
outlet, and the fluid flow in the fracture also reacted with the minerals 

on the fracture surface. The dissolution reaction and degree of dissolu-
tion spread from left to right, from the inlet to the outlet, and the degree 
of dissolution at the inlet was always greater than that at the outlet. 

It calculated the temporal and spatial evolution of the calcite satu-
ration index under different experimental conditions. The initial calcite 
saturation index was zero, indicating neither dissolution nor precipita-
tion. If dissolution occurred, the saturation index was negative; if pre-
cipitation occurred, the saturation index was positive. It was calculated 
that under the experimental conditions, the saturation index is negative, 
which means that only minerals dissolve in the reaction time. The calcite 
saturation index was most negative at the inlet. The degree of negative 
values gradually decreased along the fracture from left to right. The 
calcite saturation index approaches zero in the second half of the frac-
ture. This shows that after the reaction at the front of the fracture, H+ in 
the fluid is consumed, and the dissolution reaction at the back of the 
fracture becomes weaker. The numerical simulation of the reaction rate 
also shows a trend consistent with that of the calcite saturation index, 
which is due to the heterogeneity of the reaction rate. The presence of 
eddy currents in a rough cavity reduces the reaction rate on a large scale 

Fig. 9. Temporal and spatial evolution of the dissolved amount of calcite (first column), calcite saturation index (second column), and calcite reaction rate (third 
column) under different experimental conditions. (a, RS 3-1, 50 ◦C, 10 Mpa; b, RS 3–7, 80 ◦C, 20 MPa; c, RS 3–9, 110 ◦C, 30 MPa; d, RS 3–16, 140 ◦C, 40 MPa; e, RS 
3–12, 170 ◦C, 50 MPa; and f, RS 3–10, 200 ◦C, 60 MPa). 
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(Deng et al., 2018; Noiriel and Soulaine, 2021). 
The dissolved Ca2+ concentration calculated by numerical simula-

tion was higher than the actual Ca2+ concentration. This comparison 
indicates that the reaction has not yet reached a complete equilibrium. 
The dissolution of calcite is diffusion-limited and far from equilibrium 
under acidic pH (Plummer et al., 1978; Rickard and Sjoberg, 1983). The 
premise of the calculation was an ideal system, and the reaction reached 
equilibrium. Second, the main fracture was dominated by the flow. The 
grains and fluids in the small pores away from the main fluid channel 
reached equilibrium and ion transfer through the diffusion boundary 
layer. This transport difference also causes discrepancies (Molins et al., 
2014). Third, the THC model generally mimics the laboratory. Simula-
tion results, with a range of numerical errors, were deemed reasonable. 
These errors are mainly due to several factors, such as rock sample 
heterogeneities and neglected adsorption (Yang et al., 2022a). The 
laboratory samples were real rock samples with a heterogeneous dis-
tribution of minerals, whereas the numerical simulation was based on 
XRD test results with uniform settings of mineral types and contents, so 
it is a spatially homogeneous state during the reaction. This cannot be 
avoided because in the experiment, we could not measure the specific 
distribution of each mineral grain. Fourth, the experimental sample had 
other small fractures in addition to the main fracture, including loca-
tions without fractures, and the physical properties were heterogeneous. 
Numerical simulations have tried to describe the real physical property 
distribution based on CT and other test data as much as possible, but 
after all, some microscopic phenomena are not experimentally tested 
and cannot provide information for numerical simulations. Finally, 
regarding the flow and reaction, there was a difference between the 
experiments and the numerical simulations. Experiments may cause 
turbulence owing to local blockage, instability of experimental param-
eters, etc. In contrast, the numerical simulation was purely computa-
tional, and there was no turbulence in the experimental conditions. 

5.2. Sample heterogeneity changes 

The homogeneity of a rock sample is determined by its composition 
and texture, that is, mineralogy and physical heterogeneity (Noiriel 
et al., 2018, 2021). Changes in the flow path geometry lead to the 
evolution of petrophysical parameters such as porosity, permeability, 
and surface area (Hoefner and Fogler, 1988; Daccord et al., 1993a, 
1993b; Gouze and Luquot, 2011; Noiriel, 2015). Rock anisotropy 
(permeability anisotropy), pore-scale structural heterogeneity, and 
different mineral reactivities lead to new structural heterogeneity 
(Noiriel et al., 2007, 2015, 2021; Ellis and Bazylak, 2013; Garcia-Rios 
et al., 2017; Al-Khulaifi et al., 2019). The development of heterogeneous 
transport, which correlates advection-dominated flow paths with adja-
cent regions of static fluid dominated by diffusive transport, also facil-
itates nonlocal equilibrium at the pore scale (Noiriel and Soulaine, 
2021). 

5.2.1. Preferential flow channel formation 
The composition of the core was relatively uniform and pure calcite 

was considered in the simulation. The drilled limestone cores are dense 
and uniform. The slightly different morphology of the main fracture 
facilitated the investigation of the effect of structural heterogeneity on 
the flow and reaction. 

Owing to the high permeability of fractures, they act as preferential 
flow paths and thus generally control fluid flow and solute transport in 
fractured rocks (Deng and Spycher, 2019), whereas dis-
solution/precipitation primarily occurs in fractures (Garcia-Rios et al., 
2015). The morphology and physical properties of fractures evolve 
dynamically with mineral dissolution and precipitation, driven by 
changes in fluid composition, temperature, and pressure (Deng and 
Spycher, 2019). The evolution of fracture pore size results from complex 
interactions between advection, diffusion, and surface reactions (Noiriel 
and Soulaine, 2021). The velocity distribution within the fracture was 

non-uniform, with fast and slow flow regions. In the 
advective-dominated transport regime, the faster flow path preferen-
tially drives the reactants, resulting in non-uniform dissolution of the 
fractured surface, known as channeling (Starchenko and Ladd, 2018; 
Noiriel and Soulaine, 2021). 

An artificially created fracture in the core is the dominant channel for 
fluid flow. After entering from the inlet, the fluid flows along the di-
rection of the main fracture and dissolves the contact surface of the 
fracture, forming pores or expanding existing pores, expanding the main 
and branch fractures, and possibly precipitating minerals at the fracture 
ends (Andreani et al., 2009; Molins et al., 2014). The presence of the 
main flow channel makes the velocity field non-uniform, and the fluid 
velocity is reduced more (one to three orders of magnitude) in a 
non-channelized fracture (Noiriel et al., 2018). According to the theory 
of porous media seepage, the artificial fractures in the experiment were 
equivalent to creating wormholes along the flow direction. The corre-
sponding dissolution pattern is a dominant wormhole dissolution with 
high Pe and high Da (Zhang et al., 2022). Wormhole formation increases 
rock permeability and flow heterogeneity, which, in turn, alters the 
dissolution dynamics of the fluid-rock interaction system (Daccord et al., 
1993a,b). In this dissolution pattern, flow and dissolution in the fluid 
channel promote each other, and solute transport is dominated by 
advection and reaction, allowing rapid flushing of the dissolved solute 
around the isolated grain, which accelerates the dissolution process 
when more isolated grains are present (Zhang et al., 2022). 

5.2.2. Evolution of the fracture area/volume 
The results for the area and volume of the main fractures of the six 

cores showed that the volume and area increased after the reaction, and 
the volume increased more significantly (Table 5). The increase in the 
fracture area was due to the coupling between fluid flow and mineral 
dissolution. This coupling enhances the local porosity contrast, thus 
creating new surfaces for fluid-rock interactions. The pores and fractures 
formed by dissolution are connected and communicate with each other, 
which is conducive to the formation of dense and small fluid channels. 
This reduces the resistance of the fluid flow and provides more reaction 
sites for fluid-rock reactions. As in the previous sugar lump model 
(Noiriel et al., 2009), the accessibility of the fluid expands the fluid 
channel and enhances the degree of dissolution. 

In the experiment, the acid fluid flowed through the fracture and 
reacted with the carbonate rock. After the reaction, the calcite grains on 
the fracture surface became smaller and the surface roughness 
increased. The fracture areas before and after the experiment were not 
much different, but the two cores’ fracture areas are reduced by more 
than 50%. Correspondingly, the volume increases by 1.4–4 times after 
the experiments. Cores RS 3–12 and RS 3–10 exhibited smaller fracture 
areas and larger volumes after the experiments. The pressure of the core 
holder was increased from the normal pressure to 50 MPa, and the 
rubber sleeve further compacted the two halves of the core. The two 
faces of the fracture were pressed together to offset a part of the fracture 
area. Simultaneously, the fluid continues to flow through the uncom-
pacted fractures, and the water-rock ratio is relatively increased. The 
fluid continued to dissolve the minerals and expand the volume of the 
fracture. Through similar fractured core percolation experiments and 
numerical simulations, the volume of the fracture increased 30–90 times 
at a flow rate of 1 ml/min (Deng et al., 2018). 

Similarly, considering the effect of the fracture morphology on the 
dissolution process, the impact of the initial fracture geometry is sec-
ondary to the impact of the flow rate (Deng et al., 2018). Compared with 
core RS 3–12, the fracture of core RS 3–10 was straight and had a less 
negative effect on the main flow rate; therefore, the dissolution rate was 
higher (Noiriel and Soulaine, 2021). Therefore, the degree of reaction 
was higher, and the fracture volume increased. In general, in random 
fields with less roughness and shorter spatial lengths, fewer channels 
develop after the same reaction time. A decrease in the effluent cation 
concentration and overall dissolution rate was observed. A reduction in 
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the effluent cation concentration and overall dissolution rate was 
observed (Deng et al., 2018). In other words, the original structure of the 
fracture affects the way, path, and velocity of the fluid flow, which in 
turn affects the overall degree of dissolution. In summary, the factors 
affecting the fracture area/volume change include the hydrodynamic 
conditions, reaction pressure, and original geometry of the fracture. 

5.2.3. Porosity changes 
The changes in the porosity, permeability, pore diameter, pore 

amount, and other parameters of the six cores before and after the ex-
periments were compared (Tables 6 and 7). After the reaction, the 
porosity of the cores increased, ranging from 22% to 321%, with an 
average increase of approximately 98%. Before the reaction, the calcium 
carbonate crystals were in close contact, the crystal edges were straight, 
and the crystal faces were flat. After the reaction, many etch pits and 
dissolved pores formed on the crystal faces, and dissolved channels 
formed between the edges of the individual crystals and contact sur-
faces. Fluid–rock reactions tend to occur in topographic highs, crystal 
edges and corners, etch pits, and rough areas of the crystal surface. The 
surface free energy of the above reaction positions is higher, and the 
dissolution/precipitation reaction is prone to occur (De Yorea., 2003; 
Ruiz-Agudo et al., 2013, 2014; Offeddu et al., 2014; Renard et al., 2018; 
Noiriel et al., 2018, 2020; Nooraiepour et al., 2021). 

Noiriel et al. (2018, 2020) proposed that, during calcite dissolution 
in an acidic fluid, the dissolution rate of the crystal edge was estimated 
to be 1.7–2 times higher than that of the faces. Crystal edges may also 
experience higher diffusion fluxes at their surfaces, which are related to 
local hydrodynamic conditions. The dissolution rates significantly 
increased along the cleavage direction. Fine crystals will experience 
higher dissolution rates owing to more defects on the crystal surface and 
inside. 

Mineral dissolution alters the pore structure by enlarging the throat 
diameter and reducing the pore specific surface area (Xu et al., 2017). 
The distribution of the pore diameter can reflect the degree of dissolu-
tion modification of pores of different sizes by the dissolution process, 
which enlarges the pore diameter and decreases the pore diameter by 
the precipitation process. Comparing the diameter and number of pores 
inside the core before and after the reaction, the pore diameter of the 
sample was mainly 25–50 μm, accounting for 60%–75% of the total 
number of pores. The number of pores with diameters of 25–50 μm 
increased after the reaction, which contributed significantly to the in-
crease in total porosity, surface roughness, and reactive surface area. 

When fluid flows in a porous medium, the changes in porosity and 
permeability are mainly determined by the large pores in the sample. 
When the dissolution reaction occurs in pores with a larger diameter, the 
overall porosity and permeability increase (Molins et al., 2014), which 
can also be understood as a positive feedback between the local 
permeability and mineral dissolution rate. This feedback constantly re-
directs less-saturated fluids to more permeable flow paths, further 
increasing their permeability. The fluid preferentially enters large pores 
with lower resistance and undergoes a dissolution/precipitation reac-
tion. The greater the change in macropore diameter, the greater the 
change in the overall permeability. The results revealed that the number 
of pores with a diameter larger than 500 μm increased after the rock 
cores reacted with the acidic solution, and the permeability increased. 

5.2.4. Permeability enhancement 
Rock dissolution results in a highly complex and rough topography. 

The surface roughness increases locally owing to pit formation and 
coalescence (Steefel et al., 2015; Fischer and Luttge, 2018; Noiriel et al., 
2018). Changes in sample surface roughness in an acidic environment 
lead to changes in absolute permeability (Pilotti et al., 2002). 

The fracture of the cores in the experiments created preferential fluid 
channels, and the dissolution pattern corresponded to the dissolution of 
wormholes. The permeability enhancement after the experiment was 
also consistent with previous results (Luquot et al., 2013; Kaszuba et al., 

2013; Garcia-Rios et al., 2015; 2017). Fracture channelization results in 
a rapid increase in fracture permeability, even under confining pressure, 
because the rough structure of non-channelized regions in the fracture is 
preserved and can prevent fracture closure (Deng et al., 2018). Simul-
taneously, the flowing particles can be transported by the flow without 
blocking the fracture or causing the fracture permeability to decrease. 
The direction and degree of the fracture permeability change depend on 
the interaction between dissolution and precipitation (Deng and 
Spycher, 2019). Rock dissolution increases the permeability of the 
sample, resulting in an increase in the overall connectivity (Saeed 
Abbasi, 2021). 

After the experiment, the permeability of the core along the main 
fracture direction increased, and the increase ranged from about 26 to 
39 times. The permeabilities in the other two directions also increased. 
This result is consistent with previous observations (Garcia-Rios et al., 
2015; Deng et al., 2017; 2019; Noiriel and Soulaine, 2021). As the flow 
rate increased, the dissolution pattern changed from face dissolution to 
wormhole formation and uniform dissolution, and the fracture perme-
ability always increased and depended on the type of dissolution pattern 
(Garcia-Rios et al., 2015). 

The permeability of sample RS 3–16 was slightly reduced by 8.2%. 
Permeability reduction mechanisms include scale formation, suspended 
particle invasion, and fine particle migration (Saeed Abbasi, 2021). 
Based on the experimental setting, it is inferred that the migration of fine 
shed particles caused by upstream dissolution blocks the downstream 
micro-fractures (Luhmann et al., 2014; Luquot et al., 2014; Selçuk Erol 
et al., 2019). Fracture permeability increases with the detachment of the 
altered layer if the released particles are washed away (Deng et al., 
2017, 2019), whereas if the released particles are redeposited in the 
fracture and cause a significant reduction in the fracture pore size, the 
fracture permeability will decrease (Noiriel et al., 2007; Ellis and 
Bazylak, 2013; Dávila et al., 2016; Deng and Spycher, 2019). In this 
study, because of branch fractures, flowing particles that were trans-
ported downstream by the fluid, where they could coalesce at narrow 
points and reduce the hydraulic permeability of the fractures (Noiriel 
et al., 2007; Ellis and Bazylak, 2013; Dávila et al., 2016 a). 

5.3. Conditions for precipitation 

In core observations of limestone formations, it is often observed that 
fractures or pores are cemented by calcite, which reduces the porosity 
and permeability of the reservoir and decreases the reservoir storage 
space. Therefore, it is important to understand the temperature, pres-
sure, and fluid conditions under which calcite will dissolve or precipitate 
from formation fluids, or to clarify the depth (corresponding to T/P) in 
large-scale reservoirs. 

Precipitation associated with fluid-mineral interface evolution and 
flow path reorganization also play an essential role in porous media 
(Tartakovsky et al., 2007a,b; Li et al., 2008; Noiriel et al., 2012; Noiriel 
and Daval, 2017; Godinho and Withers, 2018; Noiriel and Soulaine, 
2021). In geological environmental studies, crystal nucleation and 
growth are critical for understanding the geometric evolution of porous 
media during reaction transport in geological environmental studies 
(Nooraiepour et al., 2021). During solute transport and reactive fluid 
flow within porous media, crystal nucleation and growth may alter the 
pore geometry and, thus, the transport properties of the porous media. 
Mineral precipitation and accumulation also change the reactive surface 
area for nucleation and growth, leading to changes in system reactivity 
and reaction rates. 

According to mineral nucleation theory, faster nucleation occurs in 
the existing carbonate cement, etch pits, surface roughness, and crystal 
edges. These sites have higher surface free energy and thus attract 
mineral formation and growth (Nooraiepour et al., 2021). No new 
CaCO3 precipitation was observed on the fracture surface by the 
SEM-EDS analysis, indicating a state of undersaturation in the fracture. 

In a reaction system, the carbonation reaction changes the aqueous 
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species concentration, alkalinity, and pH of the pore solution in a rela-
tively complex manner (Kashef-Haghighi et al., 2015; Sun et al., 2015; 
Pan et al., 2021). The pH of the acidic solution was less than 6; therefore, 
the main ions in the solution were H+ and HCO3

− (Edery et al., 2011). 
The process of surrounding rock dissolution is mainly the reaction be-
tween CaCO3 and H+ dissolved from CO2. Ca2+ in the CaCO3 crystal 
enters the solution and diffuses downstream with other ions such as H+

and HCO3
− . The CO3

2− concentration depends on the pH of the pore so-
lution and barely exists when the solution pH is less than 9. The pre-
cipitation reaction is also limited because of the lack of CO3

2− when the 
solution pH is less than 9 (Anna Varzina et al., 2020). 

During the experiment, the concentration of CO3
2− in the fluid was 

very low (almost unmeasurable), and the concentrations of other cat-
ions, such as K+ and Mg2+ was low neither. For example, the K+ con-
centration is 20 mg/L-30 mg/L, and the Mg2+ concentration is 
approximately 2 mg/L-3 mg/L. The saturation of the corresponding 
carbonate minerals at this temperature was minimal, which was not 
sufficient to meet the precipitation requirement. Compared with other 
studies that observed calcium sulfate precipitation (Garcia-Rios et al., 
2015; 2017), the initial solution was saturated with SO4

2− , so it was 
easier to reach gypsum over-saturation and therefore precipitate gyp-
sum. Increased calcium carbonate saturation and prolonged reaction 
time help increase the amount and total coverage of crystals (Noor-
aiepour et al., 2021). Transport limitations such as dead ends of frac-
tures and less connected fractures (Singurindy and Berkowitz, 2005; 
Menefee et al., 2017), or slow flow velocity (Dávila et al., 2016a) favor 
precipitation and fracture closing (Deng and Spycher, 2019). In core 
observations of limestone formations, it is often observed that fractures 
or pores are cemented by calcite, which reduces the porosity and 
permeability of the reservoir and decreases the reservoir storage space. 
Therefore, it is important to understand the temperature, pressure, and 
fluid conditions under which calcite will dissolve or precipitate from 
formation fluids, or to clarify the depth (corresponding to T/P) in 
large-scale reservoirs. 

If the fresh fluid supply is limited (slowing the flow rate and reducing 
the reactant concentration) or the reaction time is prolonged, the 
dissolution and precipitation reactions in the main fracture may reach 
equilibrium. Therefore, new mineral precipitation will be observed. 

6. Conclusions  

(1) An experiment was conducted to simulate fluid flow along the 
fracture, and the physical properties, area, and volume of the 
main fractures before and after the reaction were compared. The 
main factors controlling the main fracture area/volume change 
were the structural heterogeneity and hydraulic properties.  

(2) The TOUGHREACT numerical simulation was used to calculate 
the temporal and spatial distributions of the main minerals, cal-
cium carbonate saturation, and calcium carbonate dissolution 
rate in the main fracture. Calcium carbonate dissolved mainly 
during the reaction, and no new calcium carbonate precipitation 
occurred. 

(3) The initial setup of the experiment (flow rate and sample frac-
ture) promoted the formation of the main flow channels and 
wormhole dissolution pattern. The flow and reaction in the main 
flow channel promoted each other, and the existence of branch 
channels weakened the main flow rate. If the reaction time is 
sufficiently long, the end of the branch fractures or micro-
fractures may be potential mineral precipitation sites.  

(4) The development of fractured carbonate reservoirs is mainly 
determined by structural heterogeneity and hydraulic properties. 
Under the condition of a continuous fluid supply, if the fracture is 
wide and flat, it improves the reservoir storage performance. 
Significant fracture tortuosity and bifurcation weaken the modi-
fication effect of fluids and may lead to cementation, which will 
reduce reservoir storage performance. 
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