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A B S T R A C T   

The sealing and integrity of caprocks is a critical issue in the geological sequestration of CO2. In this work, we 
integrate multiscale pore-size measurements and imaging techniques, to characterize macropores, microporosity, 
and their spatial connectivity of intact mudstone cores from an Enping oilfield in the South China Sea. Together 
with the information on mineral compositions, we propose clay regions in the absence of organic matter as 
limiting pathways for supercritical CO2 flows in the cores, which primarily consist of nanopores ranging from 
tens to hundred nm in diameter. The FIB-SEM tomography is used to obtain nanoporous structures of a repre
sentative domain of those limiting pathways. We simulate the primary drainage of supercritical CO2 displacing 
brine in the domain by using an in-house quasi-static pore-network model. The numerical predictions of capillary 
breakthrough pressure match the experimental data well. Our proposed method of determining capillary 
breakthrough pressure can substantially complement experimental measurements. Moreover, it has the potential 
to quantitatively link the multiscale porous structures of mudstone to its CO2 sealing.   

1. Introduction 

CO2 emission induced by human activities is the main cause of global 
climate change. The IPCC report pointed out that to control the global 
temperature rise within the established 1.5 ◦C range at the end of this 
century, the world must rapidly reduce carbon emission to 25 gigatons 
of CO2 equivalent by 2030 and negative carbon emissions of more than 
10 gigatons per year after 2050 (IPCC, 2018). To tackle the global 
climate challenge, the China government has made a solemn commit
ment to achieve carbon peak by 2030 and carbon neutrality by 2060 
(The Central People’s Government of the People’s Republic of China). 
CO2 geological sequestration is currently the most effective method for 
reducing carbon emissions (Jiang et al., 2019; Sun et al., 2020; Kumar 
et al., 2018; Wang et al., 2023). The sealing and integrity of caprocks are 
essential for the feasibility and safety of CO2 geological sequestration. 
Research on CO2 geological sequestration mainly involves CO2-water
–rock reactions, mechanical failure under cyclic injections, and capillary 
breakthrough pressure (Elkhoury Jean et al., 2015; Jayasekara et al., 
2020; Lyu et al., 2023; Zhang et al., 2020, 2023). Among these, the 
breakthrough pressure of caprocks directly affects the reservoir pressure 
control and the maximum plume height of sequestration during CO2 
injection, which is one of the most important parameters to assess the 

CO2 sequestration capacity (Li et al., 2022; Espinoza and Santamarina, 
2017). 

As one of the most common types of caprock, mudstone has formed 
very low porosity and permeability during the long process of 
compaction, diagenesis, and later geological evolution, to allow them to 
play an important role in the sequestration and accumulation of oil and 
gas (Guo et al., 2022; Liu et al., 2015; Zhao et al., 2020). With the 
intensification of the greenhouse effect, mudstone has been studied as an 
important potential caprock for the geological sequestration of CO2. For 
instance, Hou et al. investigated the geological sequestration capacity of 
mudstones from the Da’anzhai formation in Sichuan Basin, China for 
CO2 by using petrological analysis and numerical simulations. The re
sults showed that the reaction of key minerals such as calcite, dolomite, 
and kaolinite after CO2 injection resulted in self-sequestration for CO2 
(Hou et al., 2022). Zhang et al. studied on CO2 sequestration capacity of 
the Upper mudstone caprock of the No.3 Coal Seam in Qinshui Basin, 
China (Zhang et al., 2021). Then, they found that the super-critical CO2- 
water–rock reaction caused the formation of dissolved pores, resulting 
in macroscopically increased pore volume and permeability of the 
reservoir. At the same time, the formation of some secondary mineral 
precipitates may block the CO2 flow channel to some extent. Therefore, 
the CO2 sequestration capacity of mudstone caprock will decrease in the 
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early stage and increase slightly in the late stage. Hence, it is suggested 
to select the strata with good reservoir integrity and undeveloped fissure 
as the object of CO2 sequestration. Jayasekara et al. studied the effect of 
super-critical CO2-saline-rock interaction on the sequestration capacity 
of overlying CO2 in the South-west Hub geo-sequestration project 
mudstone caprock effect, and they believe that the risk of the mineral 
reaction to the safety of CO2 sequestration by mudstone caprock mainly 
depends on the change of the net pore volume of mudstone after the 
mineral reaction (Jayasekara et al., 2020). However, the contents of 
these key reactive minerals in mudstone caprock tend to be extremely 
low, geological sequestration of CO2 still relies on the compacted 
structure of mudstone. Therefore, given wettability and interfacial ten
sion conditions, studying the capillary breakthrough pressure of 
mudstone caprock itself become the main purpose of analyzing the CO2 
geological sequestration capacity of mudstone caprock. 

Since the breakthrough pressure of caprock cannot be directly ob
tained by field test, the CO2 sequestration capacity of caprock has been 
measured via core flow experiments (Wu et al., 2020). In virtue of facile 
procedure and good data accessibility, the mercury intrusion test is the 
most widely used method for breakthrough pressure estimation (Hil
denbrand et al., 2002; Egermann et al., 2006; Pittman, 1992; Dewhurst 
et al., 2002; Heath et al., 2012). Nevertheless, the major limitation of the 
assessment of breakthrough pressure by mercury intrusion test is that 
the gas-mercury flow systems used in mercury intrusion tests cannot 
reflect the gas–water system in practical reservoirs, resulting in uncer
tainty in breakthrough pressure assessment. Hence, the gas–water two- 
phase displacement experiment was usually used to obtain the break
through pressure of CO2 flow inside the core (Kawaura et al., 2013; 
Rezaeyan et al., 2015; Busch and Müller, 2011). However, the direct use 
of core displacement experiments on low-permeability rock such as 
mudstone has shortcomings such as long measurement time, high cost, 
and low repeatability (Busch and Amann-Hildenbrand, 2013). There
fore, a novel method for assessment of the breakthrough pressure of 
compacted rock is urgently needed. 

Mudstone is a medium with multi-scale (nano-pores to micro-pores) 
pore structure, the clay minerals filled between the skeleton particles 
constitute the complex nano-pore flow area of mudstone, which is an 
important reason for the low porosity and permeability of mudstone (Li 
et al., 2021). For this reason, the key to studying the CO2 breakthrough 
pressure of mudstone is to reveal the control effect of such nano-pore 
flow zone on CO2 flow capacity. Using scanning electron microscope 
(SEM) and mercury intrusion technology (MICP), Li et al. characterized 
the shallow mudstone reservoir in Zhanhua Sag in East China Capillary 
breakthrough pressure and CO2 sequestration capacity. They believe 
that the content of clay minerals is the most important factor controlling 
the sequestration capacity of mudstone in this zone (Li et al., 2022). 
However, the specific correlation between clay minerals and CO2 
sequestration capacity of mudstone is not elucidated. Guiltinan et al. 
found that the breakthrough pressure of mudstone is also closely related 
to the composition of mudstone minerals and pore structure (Guiltinan 
et al., 2018). Unfortunately, they do not discuss the controlling effect of 
the nano/microporous zone formed by clay minerals on mudstone 
permeability, the flow behaviors and breakthrough pressure of CO2 flow 
in mudstones have rarely been linked to the clay minerals either. 

In this study, by combining XRD, high-pressure Mercury Intrusion 
Porosimetry (MIP), SEM, and micro/nano CT scanning, the limiting 
pathways of CO2 breakthrough in multi-scale pore structures of mud
stones were defined. Then, an image-based pore network of a clay 
microporosity zone forming limiting pathways was constructed by using 
the FIB-SEM and image analysis techniques. By using our in-house quasi- 
static pore-network model, the seepage processes of CO2 breakthrough 
were simulated, and the resultant capillary pressure curves were ob
tained. Furthermore, the effects of wettability on CO2 seepage and 
breakthrough pressure were investigated. The limiting pathways and 
breakthrough pressure of CO2 were evaluated from the perspective of 
mudstone multi-scale pore structures. It sheds light on the linkage 

between porous structures and CO2 breakthrough pressure. In addition, 
this study helped to improve the accuracy of indirect breakthrough 
pressure acquisition through mercury intrusion test, and effectively 
complement the existing breakthrough pressure evaluation techniques. 

2. Materials and methods 

The fluid flow behavior and phase permeability through rocks can be 
directly controlled by the pore structure and minerals composition of the 
rocks (Tan et al., 2023). Therefore, before we study the breakthrough 
pressure of CO2 flow in mudstone, its pore structure and minerals 
composition will be investigated. From Enping Oilfield in the South 
China Sea, we drilled samples at the underground depths of 991 m, 
1201 m, and 1671 m to investigate the multiscale pore structures of 
mudstone caprocks, labeled as MS-1, MS-2 and MS-3, respectively. Then, 
the three mudstone samples were prepared into standard samples to 
carry out the XRD analysis, low-temperature N2 adsorption test, micro/ 
nano CT scanning, and FIB-SEM scanning to analyze their minerals 
composition and pore structures. After that, the pore structure of the 
clay microporosity pores was reconstructed to perform the CO2 flow 
analysis. The whole procedure of our work was described in Fig. 1. 

2.1. Rock mineral analysis 

In order to analyze the components of the mudstone samples, XRD 
was used to conduct the rock mineral analysis. The Rigaku Ultima IV 
XRD was used to determine the contents of rock minerals in the three 
samples. First, the prepared sample was crushed into 1 mm particles for 
whole-rock mineral composition analysis. Then, the wet grinding 
method was employed to extract the clay minerals suspension, separated 
the clay particles by centrifuge, and added water to stir. Finally, the final 
obtained sample was spread on the ground glass sheet, and the clay 
composition determination was executed after natural air drying. 

SEM was employed to further identify the mineral types and distri
butions. To achieve this goal, the backscattered electron probe equipped 
with the Helios 5 CX instrument was used to observe the pore types and 
distributions of mudstone. Due to the low strength of the mudstone 
samples themselves, they are easy to be broken and damaged. Therefore, 
the samples were cut into 8 mm × 8 mm × 3 mm blocks by means of wire 
cutting, and the samples were wrapped with epoxy resin when preparing 
the samples for electron microscopy observation. After the gummed 
samples were formed, mechanical polishing and argon ion polishing 
were performed on the front and back of the observation surface to 
ensure that the observation surface could reach nanoscale flatness. 

2.2. Multi-scale pore structure analysis 

In this study, low-temperature N2 adsorption experiment and high- 
pressure mercury intrusion test were combined to analyze the 
mudstone pore size distribution, so as to reveal characteristics of mul
tiscale pore structures of mudstone. Additionally, micro-CT and FIB-SEM 
were used to analyze pore structures and connectivity of clay micropo
rosity zones, and macro porous zone of mudstone. Among them, we 
focused on the control effect of the clay microporosity zone on the 
overall seepage pathway of mudstone and provided a real digital core for 
the subsequent pore-scale simulations of super-critical CO2 flow. 

2.2.1. Low-temperature N2 adsorption test 
The low-temperature N2 adsorption experiment was performed to 

characterize the distribution of the nanoscale pores of mudstone. First, 
the mudstone was grand to pieces and sifted through a 60 ~ 80 mesh 
sieve to collect about 5 g samples. Then, the selected samples were 
subjected to vacuum extraction and heat pretreatment. After that, the 
ASAP2460 automatic gas adsorption instrument was used for the 
adsorption experiment and obtained related parameters of nano-pores in 
mudstone by using adsorption amounts under different balanced 
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relative pressure points. 

2.2.2. High-pressure mercury intrusion test 
Mudstone develops with multi-scale pores, and low-temperature N2 

adsorption can only analyze the nanoscale pores. To measure the pore 
size distribution of multi-scale pores of mudstone, a high-pressure 
mercury intrusion experiment was carried out. About 2 ~ 3 g bulk 
sample of the mudstone was prepared to perform the high-pressure 
mercury intrusion experiment. After drying at a low-temperature envi
ronment, the AutoPoreIV9500 device was used for a high-pressure 
mercury intrusion test. The maximum mercury intrusion pressure 
could reach 200 MPa with a relative pore size ranging from 5 nm to 800 
μm during the test. The mercury pressure was gradually increased (up to 
200 MPa) to overcome the capillary force and invade the pore of the 
sample. Finally, pore structure characteristics such as pore size distri
bution were determined according to the amount of mercury input 
under different pressures. 

2.2.3. Characterization by micro/nano CT and FIB-SEM 
To analyze the multi-scale pore connectivity of mudstone, the sample 

was first scanned using the GE Phoenix Nanoom S to reconstruct the 
macroporous pore regions of the mudstone with a resolution of 1 μm. 
Then, the Helios 5 CX was used for 3D imaging under focused ion beam 
scanning electron microscopy (SEM), with a resolution of 10 nm and 
slice spacing of 20 nm for the reconstruction of clay 3D microporosity 
structures. 

2.3. Quasi-static pore-network model 

Our in-house quasi-static pore-network model is used to simulate 
CO2 flow in the mudstones. First, an open-source extraction code, Por
eSpy, has been used to obtain the pore-network connectivity and geo
metric information of individual pores (Gostick, 2017). Watershed 
segmentation is used in the construction of pore bodies, while pore 
throats connecting pore bodies are volumeless. The used quasi-static 
pore-network code considers key two-phase displacement mechanisms 
such as cooperative filling of pore bodies, piston-type move, and snap- 
off. In addition, the cross-section of both idealized pore and throat 

elements is represented by three different shapes, namely circle, square, 
and triangle. This classification is based on Morrow’s ‘shape factor’, G =
A/P2, where A is the cross-sectional area, and P is the perimeter. The 
shape factor for triangles, square, and circles are 0~√3/36、√3/36 ~ 
1/16 and more than 1/16, respectively (Mason and Morrow, 1991). For 
the irregulated triangle and the square pore-throat element, we consider 
the effects of wetting phase residual in the corner to saturation, 
displacement type, and conductivity. For more details, one can refer to 
Qin’s published work (Qin et al., 2021). 

3. Results and discussion 

3.1. Multi-scale pore structures of mudstone 

The mineral composition of mudstone caprocks has an obvious 
controlling effect on their CO2 sequestration performance. Therefore, 
the mineral composition of the mudstone samples used in this study was 
investigated. Based on the XRD analysis, the minerals component of the 
mudstone samples with different depths is similar, as shown in Table 1. 
It analyzed that the main mineral component of mudstone samples in 
our case is quartz (content = 53% ~ 77%) followed by clay (content =
16% ~ 33%). Besides, potash feldspar, plagioclase, dolomite, calcite, 
and pyrite all exist in small amounts in these mudstone samples (content 
= 7% ~ 14%). As observed, it suggested that the formation depth could 
have a certain effect on the contents of the mineral components in 
mudstone caprocks. With the increase of depth, the content of quartz in 
mudstones gradually increases. At the same time, the content of clay in 
mudstones gradually decreased, and the main composition of clay 
changed from illite to illite/smectite mixture as shown in Table 2. 

To analyze the pore structure of the mudstone caprocks, the 2D SEM 
analysis of the mudstone samples was performed first. As shown in 
Fig. 2, the intergranular pores were the main pore types of the mudstone 
samples. However, the spaces of these intergranular pores were almost 
filled by many microporosity pores contributed from the clay minerals 
(Fig. 2-b, d, f), resulting in the formation of a multi-scale pore structure 
in mudstones. Additionally, it contains a very small number of organic 
matter pores (Fig. 2-a, only found in sample MS-1), further contributing 
to the nano-scale pore structure of the mudstone caprocks. Owing to the 

Fig. 1. Schematic flowcharts of the CO2 breakthrough pressure investigation of this work.  
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filling of clay minerals, the mudstone caprocks form their low porosity 
and low permeability nature. Because the content of the organic matter 
was too small, its influence on the pore structure and permeability of 

mudstone caprocks was neglectful. Thus, it can be inferred that the pore 
spaces were filled by clay minerals to form a remarkable microporosity 
pores region, which is the key factor to limit the flow pathways and 

Table 1 
Results of the mineral composition of the mudstone samples used in this study.  

Sample ID Permeability, mD Depth, m Mass fraction (%) 
quartz potash feldspar plagioclase dolomite calcite pyrite total 
Q Kfs Ab Dol Cal Py Clays 

MS-1 1.61 × 10-3 991  53.6  1.5  6.7  2.8  2.2  0.6  32.6 
MS-2 8.64 × 10-3 1201  65.4  6.4  3.8  0.0  2.0  0.9  21.4 
MS-3 4.93 × 10-3 1671  76.3  3.8  2.1  0.0  0.4  0.9  16.5  

Table 2 
Results of the clay minerals component of the mudstone samples used in this study.  

Sample ID Depth, m Mass fraction (%) Mixing ratio (%) 
smectite illite/smectite mixture illite kaolinite chlorite 
S I/S It Kao Chl I/S 

MS-1 991 – 29 38 18 15 50 
MS-2 1201 – 40 25 22 13 50 
MS-3 1671 – 50 22 18 10 50  

Fig. 2. SEM results of the mudstone samples in this study. (a) Electron microscopic image of organic matter mineral in sample MS-1; (b) Clay cement and its internal 
pore structure in sample MS-1; (c) The mineral distribution in sample MS-2, 60% of the mineral is quartz, the spaces between quartz are filled with clay and other 
cement; (d) The clay structure in sample MS-2; (e) The mineral distribution of sample MS-3 (similar to sample MS-2); (f) The clay structure in sample MS-3. 

D. Jianwen et al.                                                                                                                                                                                                                                



Journal of Hydrology 625 (2023) 129998

5

breakthrough pressure of CO2 in mudstone caprocks. 
In order to quantitatively analyze the multi-scale pore structure of 

mudstone caprocks, the pore sizes of the mudstone samples were 
investigated. Firstly, the mudstone samples were used to perform the 
low-temperature N2 adsorption experiment to characterize the distri
bution of the nano-scale pores. As observed in Fig. 3, the adsorp
tion–desorption curve shape of the three samples is approximately 
consistent. When P/PO > 0.45, the desorption curve was above the 
adsorption curve for all the mudstone samples. According to the BET 
formula, the pore size of these samples at the corresponding pressure at 
the time of curves convergence is mainly in the range of 3 nm, which 
means that the adsorption isotherm hysteresis loop effect and the loop of 
the curve forced shutdown phenomenon occurs in this pore size range 
(Brunauer et al., 1938). On the other hand, combined with the classifi
cation of the adsorption loop recommended by the International Union 
of Pure and Applied Chemistry (IUPAC) (Thommes et al., 2015), the 
adsorption loop curves of all mudstone samples are similar to the loop 
curves H3 type. Basically, the adsorption and desorption curves of the 
three samples have no obvious inflection points, indicating that the 
morphology of the nanoscale pore in the experimental sample is mainly 
slit flat and has good connectivity. 

According to Fig. 4, the pore sizes distribution of three mudstone 
samples drilled from different formations is similar, with the pore size 
mainly distributed in the range of 2 ~ 10 nm and the average peak 
appearing at 2.7 nm, which is consistent with the pore size range cor
responding to the forced closure phenomenon in the adsorp
tion–desorption curve. Combined with the above SEM observation 
analysis, we can see that samples contained a small amount of organic 
matter, indicating that the 3 nm pore size peak of the N2 adsorption test 
may be mainly derived from the contribution of organic matter. 
Therefore, to clarify the microporous zone pore size range of mudstone 
composed of clay minerals, it is necessary to further analyze mudstone 
pore size and connectivity. 

The low-temperature N2 adsorption experiment mainly character
ized the pore throat distribution of pore size range 2 ~ 60 nm, and the 
peak value of pore size is suspected to mainly contain the contribution of 
organic matter. To further analyze the distribution range of micropo
rosity pores and macro pores in mudstone, a high-pressure mercury 
intrusion test was carried out. Because the sample MS-2 was broken 
during the experiment, the analysis was carried out based on the results 
of MS-1 and MS-3. Fig. 5 indicates that there is a clear multi-scale pore 
structure from nanometer to micron in both samples, of which the 
microporosity pores size peak mainly appears in 10 ~ 100 nm, and the 
average peak value is 60 nm (MS-1) and 20 nm (MS-3), respectively. 
Moreover, combined with SEM images and N2 adsorption results, we can 
further conclude that the macro-pores of mudstone caprocks are mainly 
composed of intergranular pores with an average pore size of about 8 
μm, the microporosity zone of mudstone is composed of clay pores 
below 100 nm, and a very small amount of organic matter with pores 
less than 10 nm. Given that the content of organic matter is minimal, its 

impact on mudstone permeability and CO2 flow can be ignored. 
Therefore, we give the hypothesis that the microporosity zones of clay 
minerals in the mudstone are the key pore structures controlling the CO2 
flow behavior and capillary breakthrough pressure in mudstone cap
rocks. Then, the hypothesis will be demonstrated later. 

3.2. Pore connectivity of mudstone 

Low-temperature N2 adsorption and high-pressure mercury intrusion 
tests show that the mudstone samples used in this study have significant 
multi-scale pore size distributions with the coexistence of macro porous 
and microporosity regions. Especially, the microporosity region is 
mainly dominated by those pores in the range of 10 nm to 100 nm. To 
evaluate the effects of the microporosity region on the CO2 flow path
ways and breakthrough pressure in the mudstone caprocks, it requires 
further study of the pore connectivity between the microporosity region 
and the macro pores. Here, based on the above pore structure analysis, 1 
μm was selected as the spatial resolution of scanning to conduct 3D CT 
scanning on MS-1, MS-2, and MS-3 to analyze the connectivity between 
macro pores and microporosity pores in mudstone. AVIZO was used to 
carry out the segmentation of CT images to obtain the microporosity 
zone, macro porous zone, as well as the spatial distribution and per
centages of the matrix of the samples, and the results were summarized 
in Table 3. From the 3D imaging of the macro pores, it can be found that 
the connectivity of the sample is poor, and there is an obvious layering 
phenomenon. On the other hand, the microporosity pores are filled 
between the large pores to connect, which matches the analysis results 
of electron microscopy scanning, suggesting that to maintain the 
connection structure between the macro porous zones, the micropo
rosity zone is required as a bridging medium. As a result, these widely 
distributed microporosity zones in mudstone connected in series with 
the macro porous region form the connected flow channel of mudstone. 
This analysis suggests the existence of microporosity zones that limit the 
flow path and breakthrough pressure of CO2 in mudstone. Based on the 
results, the pore size peak of the macro porous zones matches the peak of 
the pore size distribution around 7 μm in the high-pressure mercury 
intrusion results, seen in Fig. 6, proving that our analysis is reliable. 

3.3. Porous structures of limiting pathways 

For the samples involved in this study, it can be concluded that clay 
pores with pore sizes range of 10 ~ 100 nm are the limiting pathways 
controlling the CO2 breakthrough pressure of mudstone. In this section, 
MS-1 was used as a representative sample to investigate the pore con
nectivity between the macro porous and microporosity regions. At first, 
a multisite scanning of MS-1 using FIB-SEM was performed and a 
representative clay minerals zone that did not contain organic matter 
was selected from the results for cutting and scanning analysis. Then, the 
scanned 1042 SEM images were imported into AVIZO software, and use 
the automatic calibration module to correct the images, and then use 

Fig. 3. Adsorption-desorption curves of mudstone samples.  
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non-local means Filter to eliminate noise and curtain effect. To improve 
the calculation efficiency and eliminate the influence of large rock 
particles on the results, we selected the clay minerals-rich region with a 
real size of 10 × 10 × 10 µm from the preprocessed image as the object of 
study. After resizing the voxel resolution to be10 nm, the actual size of 
the entire image was 1000 × 1000 × 1000. The final 3D scan grayscale 
image of the clay zone is shown in Fig. 7 (a). Fig. 7 (b) shows the nano- 
porous structure obtained after threshold segmentation. According to 
Fig. 7 (b), the nano-pores in the clay zone are of slit type with a wide size 
distribution, and the larger pores are mainly developed at the junction 
between the clay and the larger mineral particles, while the pores inside 
the clay are relatively small. Finally, the SNOW algorithm is used to 
extract the mudstone pore network using PoreSpy, and the pore network 
in the clay minerals is shown in Fig. 7 (c). 

Fig. 8 shows the diameter distribution of the tangential circle of the 
pore throat and the pore network coordination distribution of the 
microporosity region pore network model. It can be found from the 
figure that the main pore size distribution range is between 10 nm and 
100 nm with the peak value of nano-pore diameter distribution is about 
45 nm, which matches with the high-pressure mercury intrusion data. 

Fig. 4. Pore size distribution of mudstone samples under low-temperature N2 adsorption.  

Fig. 5. Pore size distributions of mudstone samples obtained by high-pressure 
mercury intrusion test. 

Table 3 
Statistical results of mudstone samples micro-CT pore structure analysis.  
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The average coordination number of the pore network is around 3.57 
after excluding those isolated pores, which indirectly confirms that the 
microporous zones have good pore connectivity so that they can play the 
role of a bridge connecting the macroporous zones in the mudstone 
samples. 

3.4. Breakthrough pressure of supercritical CO2 

The previous work claimed that it can cause CO2-clay minerals geo- 
chemical reactions during a long-time CO2 injection scenario, which in 

turn changes the pore structure of the mudstones and the caprock 
integrity (Jayasekara et al., 2020). In our present study, we are inter
ested in the presence of clay microporosity pores on the whole pore 
connectivity of the mudstone, and investigating their effects on the CO2 
flow pathways and breakthrough pressure in a short-time scale, the geo- 
chemical reactions are not our current concern. To investigate the CO2 
flow behavior and estimate its breakthrough pressure at reservoir stress 
conditions, the throat diameter of the established model of the micro
porosity pores in clay was transformed to suit the effective stress effect. 
The conversion formula of the throat size was described as follow (Song 
et al., 2020): 

r = r0

⎛

⎜
⎜
⎝

1 −
(

σeff
p1

)m

1 −
(

σeff 0
p1

)m

⎞

⎟
⎟
⎠

3
5

(1)  

where r refers to the corrected pore radius under effective stress effect, r0 
is the origin pore radius obtained from the FIB-SEM analysis, σeff is the 
actual effective stress exerted to the clay nano-pores under the reser
voir’s stress condition, and the effective stress of sample M− 1 is around 
10 MPa in our case, σeff0 is the experimental effective stress exerted to 
the clay nano-pores during the FIB-SEM scanning, p1 is the effective 
stress of clay nano-pores when they are completely closed, and the value 
is 100 MPa, m is the roughness coefficient of the pore surface (0.675 in 
this case). By transforming the crustal stress parameter, the throat 
diameter in the model was transformed, wherein the transformed pore 
size ranges from 10 nm to 80 nm, with a peak of about 35 nm. Therefore, 
in the actual simulation, the transformed pore size was employed for 

Fig. 6. Pore size distributions of the macro porous zones of mudstone samples 
obtained by CT scanning images analysis. 

Fig. 7. Cropped study area from the original FIB-SEM image (a), threshold segmentation of the extracted clay area 3D pore structure (b), and the clay area pore 
network model extracted using SNOW algorithm (c). 

Fig. 8. Pore and throat diameter distribution (a) versus frequency of coordination (b).  
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simulation calculation. The CO2 seepage and breakthrough pressure 
process were numerically simulated under two wetting conditions, 
respectively. They are homogeneous wettability environments with a 
contact angle of 35◦ and heterogeneous wettability with a contact angle 
evenly distributed from 25◦ to 50◦ environments. This is largely due to 
two reasons: 1) to keep our case study falling into the hydrophilic con
ditions; and 2) to compare the influence of heterogeneous and uniform 
wettability on CO2 transport. The experimental results are shown in 
Fig. 9. As observed, a breakthrough was observed in a homogeneous 
wettability environment when the overall CO2 saturation of the micro
porous zone of mudstone reached 0.29; in a heterogeneous wettability 
environment, the overall CO2 saturation of the microporous zone of 
mudstone at CO2 breakthrough was 0.36, indicating that the seepage 
relationship between CO2 and water in the microporous zone of 
mudstone is more complex, the CO2 seepage ability is relatively more 
limited, and the breakthrough saturation is higher. The CO2 break
through saturation at the microporous zone scale studied in this study 
differs from the CO2 breakthrough saturation at the core scale due to the 
different scales, where the CO2 breakthrough saturation is determined 
by the proportion of connected channels consisting of macropores and 
the microporous zone. 

According to capillary pressure curves (Fig. 10), the pressure of CO2 
breakthrough calculated in the two wettability environment simulations 
was 1.87 MPa and 1.89 MPa, respectively, with no significant difference. 
According to the Young-Laplace equation (Li et al., 2005), the minimum 
throat diameter in the microporous zone for CO2 breakthrough was 
calculated to be about 70 nm. In conjunction with the results of the 
mineral component analysis of the mudstone samples presented in 
previous studies (Heath et al., 2012), we found that the samples in this 
study were consistent with the mudstone samples mineral component of 
the Lower Tuscaloosa Group in a previous study. In addition, when the 
contact angle of the 8 mudstone samples they tested was 37◦, the esti
mated CO2 breakthrough pressure range was 0.03 ~ 5.31 MPa and the 
average breakthrough pressure was 3.14 MPa. Among them, the 
breakthrough pressure of the sample LT8590.9 was 1.87 MPa, which 
was consistent with the results of our analysis, which just confirmed the 
reliability of the proposed breakthrough pressure prediction method. 
The permeability of mudstone samples MS-1 was measured at 1.61 × 10- 

3 mD before the experiment. It is slightly higher than permeability 0.63 
× 10-3 mD calculated for microporous zone formed by clay minerals 
only. This can be attributed to the fact that compared to microporosity 

zones, the core scale contains more macroporous zones to increase the 
pore connectivity, resulting in a slightly higher overall permeability 
than the microporous zone only. In fact, the little difference between the 
microporous zone permeability and the core sample’s overall perme
ability just further proved that the rock permeability and CO2 break
through pressure are essentially determined by the microporosity zone 
composed of clay minerals in the mudstone caprocks. 

4. Conclusions 

By integrating several multiscale pore-size measurements and im
aging techniques such as SEM, micro CT, FIB-SEM, N2 adsorption, and 
high-pressure MIP, we found that the mudstones have remarkable 
multiscale pore structures ranging from a few nanometers to tens of 
microns. The macropores in the sizes of microns are isolated, which are 
connected by the microporosity of clays at the core scale. By analyzing 
the connectivity of mudstone pore structures, we identified the limiting 
pathways for CO2 breakthrough in the mudstones as the microporosity 
of clay minerals with main pore diameters of 10 ~ 100 nm. The FIB-SEM 

Fig. 9. Above: Simulation results of CO2 flow and distribution in the microporous zone at a contact angle of 35◦. Below: Simulation results of CO2 flow and dis
tribution in the microporous zone at a contact angle of 25 to 50◦. Pores and throats that have been invaded by non-wetting phases are marked in red, while pores and 
throats occupied by wetting phases are marked in blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 10. Simulation results of capillary pressure curves for CO2 -water system 
based on microporous zone. 
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was employed for quantitative analysis and 3D reconstruction of the 
limiting pathways. The pore size distribution of the FIB-SEM digital core 
matches the mercury intrusion data well. The breakthrough pressure 
through the identified limiting pathways predicted by the pore network 
model is around 1.88 MPa. Based on the Young-Laplace equation, the 
corresponding breakthrough (or critical) pore diameter is around 70 nm. 
Our proposed method of determining capillary breakthrough pressure 
can substantially complement experimental measurements. Moreover, it 
has the potential to quantitatively link the multiscale porous structures 
of mudstone to its CO2 sealing. 
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