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ABSTRACT: Tight sandstone reservoirs have become important areas for
unconventional reservoir development, and their pore network is a key feature
for identifying tight sandstone, which affects fluid migration path and reservoir
development efficiency. However, the connectivity characteristics of the pore
network at different scales have remained unclear owing to the numerous pores
and uneven pore shape. Here, using pore size distributions from many hundreds of
tight sandstone samples and subsequent topological data analysis, we construct the
topological structure of the pore network in the Yanchang Formation tight
sandstone of the Ordos Basin in China and visualize the topological characteristics
of the pore network with distances. We show that there are three connected groups within the pore structure of the tight sandstone.
The topology of the pore network resides on a trident ring manifold, suggesting that the pore network in the tight sandstone
encompasses three obvious dominant connection paths. One prominent bar on the H0 dimension in the barcode indicates a two-
point connection from nanoscale to microscale in the pore network. Three prominent bars with varying durations on the H1

dimension indicate the presence of three separate multipoint connections within a limited extent in the pore network. Connectivity
of combined pores is good and controlled by the topological structure of the pore network. This demonstration of pore connections
on a trident ring manifold provides a population-level visualization of the pore network in the tight sandstone.

1. INTRODUCTION
With the advancement of exploration technologies and the
depletion of conventional oil reserves, there has been a
growing global focus on tight sandstone reservoirs for oil and
gas exploration.1,2 The pore network of tight sandstones
exhibits a remarkable level of dynamism and intricacy, and
understanding the connectivity of tight sandstone reservoirs is
crucial for diffusion, migration, and even fluid−rock reactions
of CO2 in tight sandstone reservoirs.

3,4 In recent years, scholars
have conducted various experiments, such as rate-controlled
porosimetry, low-pressure gas adsorption, scanning electron
microscopy (SEM), X-ray-computed tomography, high-pres-
sure porosimetry (HIP), nuclear magnetic resonance, and
small-angle and ultrasmall-angle neutron scattering to study
the pore structure and connectivity characteristics of tight
sandstones. These studies have yielded valuable parameters,
including pore size distribution, pore−throat ratio, movable
fluid, pore shapes, and connectivity.5−11 However, analyzing
the pore network in tight sandstone requires treating the pore
network as a complex interconnected system. Each pore is
considered a node, and a topological structure is established
based on the interconnections between these pores. By
expanding the pore radius, the relationship between adjacent
pores changes. The larger the connect radius, the greater the
connectivity distance between pores and the larger the
distribution scale of the pore network it forms. With hundreds
of thousands of micropores and multidimensional data
represented by connections between pore throats, detecting

changes in pore connections can be challenging due to the
dynamic and complex nature of pore networks.12 Therefore, it
is crucial to employ stable and intuitive methods for
quantifying and visualizing the pore network of tight sandstone
reservoirs.
Persistent (co)homology is a powerful tool in the field of

topological data analysis (TDA), which has shown success in
various domains.13 It has been employed in the analysis of
neural data and their topology,14−16 molecular representation
schemes,17 identification of warning signals for financial
crises,18 analysis of powder compacts,19 and the study of a
complex and dynamical system.20,21 In the study by Ando et
al., 4D-CT scanning and persistent homology were utilized to
analyze the pore connection mechanism in the duct structure
of pure iron. This approach allowed them to predict and
quantify changes in pore connection, demonstrating the
application of persistent homology in studying the pore
network.22 These diverse applications highlight the versatility
of persistent homology in capturing and analyzing the
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topological features and structures present in different data
sets.
In this study, we used persistent homology to provide a

quantitative framework for depicting the topological structure
of the pore network. We aim to determine the pore network of
different scales and track the changes in pore connectivity of
the tight sandstone with distance.

2. METHOD
2.1. Samples. For this investigation, samples of the tight

sandstone were collected from the Chang 7 Member of the
Triassic Yanchang Formation in the Ordos Basin of China
(Figure 1A). The Chang 7 subsection was characterized by
semideep and deep lake conditions, which led to the
development of tight sandstone formations near the source
rocks (Figure 1B).
A total of 120 cylindrical core plugs with a diameter of 2.5

cm were drilled in alignment with the bedding surface of the
tight sandstone. After removing residuals, the samples
underwent a 24 h vacuum drying process at a temperature of
105 °C. Subsequently, each sample was subjected to helium
porosity and nitrogen permeability tests, as well as HIP tests.
Eight additional samples were collected for thin section and
SEM analysis.

2.2. Experimental Section. 2.2.1. Thin Section and SEM
Analysis. In the initial stage, we impregnated thin sections of
tight sandstones with colored epoxy to visualize the pore
system. This technique allowed for the depiction of the pore
spaces within the rock. Subsequently, we examined these
impregnated thin sections to analyze the characteristics of the
pores and detrital components present in the tight sandstone.
To further investigate the samples, we performed scanning
electron microscopy (SEM) measurements. The samples were
coated with a layer of gold, which enhanced the contrast and
provided better resolution during imaging. The SEM analysis
enabled the detection and characterization of various features,
including the cementation and microscopic characteristics of
tight sandstones.

2.2.2. High-Pressure Porosimetry (HIP). In this study, we
used an Autopore 9420 mercury porosimeter to conduct HIP
tests on tight sandstone samples with a maximum displacement
pressure of 200 MPa. By analyzing the pressure data and
corresponding mercury saturation, intrusion curves were
obtained. It is important to note that the capillary pressure
curve serves as an indicator of the pore structure as the size
and connectivity of the pores influence capillary pressure. The
pore diameter was evaluated using the Washburn equation, as
shown in eq 1.23

Figure 1. Geological and lithological features of the Ordos Basin. (a) Location and tectonic units of the research area. (b) Stratigraphic column of
the Chang 7 Formation.
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=d
P

2 cos
(1)

where d represents the pore radius in μm, P is the capillary
pressure in MPa, γ is the surface tension of the mercury with
480 dyn/cm, and θ is the contact angle between mercury and
the solid surface with 140°.

2.3. Data Set. During the mercury intrusion process, the
entry of mercury into the pores of tight sandstones provides
valuable insights into the pore network. The resulting mercury
intrusion curves obtained from the samples can be transformed
into pore size distribution curves. In these curves, the
observation is the pore radius, while the variables are the
distribution frequency.
To investigate and analyze the topology of the pore network,

we developed a multidimensional pore size distribution
module using 120 samples. This module comprises a matrix
with 120 rows and 20 columns (Supporting Table 1). The
column data represent the pore radius, ranging from 0.0037 to
25.3156 μm, with a total of 20 values. The row data
corresponds to the frequency values of the pores in each
sample

2.4. Analysis of the Connection between Pores by
Persistent Homology. 2.4.1. Data Dimensionality Reduc-
tion. Dimensionality reduction techniques enable the trans-
formation of high-dimensional data into a lower-dimensional
space, facilitating the analysis and visualization of the pore
network in tight sandstone reservoirs.24

Principal component analysis (PCA) identifies the most
important patterns and variations in the data by creating new
variables, called principal components, that are linear
combinations of the original variables. The principal
components that capture the largest amount of variance in
the data set were retained for further analysis.
The uniform manifold approximation and projection

(UMAP) algorithm has proven to be effective in processing
data sets that contain noise and outliers while preserving
important structural features. By utilizing UMAP for
dimensionality reduction, the visualization and analysis of the
topological structure in point cloud data can be improved and
topological differences across different data sets can be
compared.25

To construct the initial high-dimensional graph, UMAP
introduces the concept of a “fuzzy simple complex″. This
concept represents a weighted graph, in which the edge
weights indicate the likelihood of connecting two points.
UMAP determines connectivity by extending a radius from
each point and establishing connections when these radii
overlap.26 Furthermore, UMAP ensures a balance between
local and global pore connections by specifying that each point
must be connected to its nearest neighbor. This constraint
helps to preserve both local and global relationships within the
pore structure. Overall, UMAP offers a powerful approach to
dimensionality reduction and visualization, enabling the
exploration and understanding of complex pore networks
with noisy and outlier-prone characteristics.
The resulting curves were smoothed using a Gaussian kernel

with σ = 2 bins and then standardized (“z-scored”). We used a
two-stage dimensionality reduction procedure on the matrix of
the pore size distribution. In the first stage, we applied PCA to
reduce the dimension of the matrix (pore radii as observations
and frequency as variables), and the principal components
were retained. In the second stage, we ran UMAP on the

principal components. Several hyperparameters were specified
for the UMAP algorithm. The “n_dims” parameter was set to
3, indicating that the dimensionality of the projected data was
reduced to three dimensions. The random-state parameter was
set to 42, ensuring reproducibility of the results. The “metric”
parameter was set to “euclidean”, indicating that the Euclidean
distance was used to measure the similarity between data
points. The “n_neighbors” parameter was set to 10, specifying
the number of neighboring points considered during the
optimization process. Finally, the “min_dist” parameter was set
to 0.1, controlling the minimum distance between points in the
low-dimensional projection.

2.4.2. Persistent Homology. Persistent homology, a tool in
topological data analysis, is used to characterize the underlying
connectivity features of a data set. These features can be
understood as connected components, loops, voids, and
higher-dimensional structures. The algorithm in persistent
homology gradually expands spheres around each point in the
point cloud. As these spheres expand uniformly, they capture
the local connectivity information on the data set. In the
context of persistent homology, the lifetime of these features is
taken into account.16,27 By combining the spheres at a specific
radius, a space is formed with various types of voids, including
zero-dimensional (0D) connected components, one-dimen-
sional (1D) loops, two-dimensional (2D) voids, and higher-
dimensional features (Figure 2). By increasing this radius from

zero until all of the balls intersect, we observe the lifetime of
each hole�the range of radii from when the hole first appears
until it disappears. These lifespans are visually represented as
bars, and the complete set of bars is referred to as the
barcode.14 The filtration parameter or proximity parameter
refers to a value that determines the scale or threshold at which
the data is analyzed. At each step of the filtration, the
topological features are computed and tracked as they appear,
merge, or disappear. The persistence barcode or diagram
visualizes this evolution by representing each feature as an
interval, where the length of the interval signifies the
persistence or robustness of that feature. The filtration

Figure 2. Schematic diagram illustrating the homology topological
space based on the number of topological holes (β). (A) Three disks,
which has a 0D hole (a connected component). (B) A circle has a 0D
hole and a 1D hole. (C) A trident ring has a 0D hole and three 1D
holes. (D) A sphere is a connected component and has a 2D hole (a
cavity). (E) A torus is a connected component with two 1D holes
(illustrated with red circles) and one 2D hole (a cavity in the interior
of the torus).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c08847
ACS Omega 2024, 9, 11589−11596

11591

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08847/suppl_file/ao3c08847_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08847?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08847?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08847?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08847?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08847?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


parameter influences which features are detected and how they
are represented in the barcode. Choosing an appropriate
filtration parameter is crucial for capturing the desired
topological information in the data.

2.4.3. Analysis of the Connection between Pores by
Persistent Homology. Persistent homology summarizes the
topological features of data. The lifetime of pore connections
can be defined by the process of expanding the pore radius
from the initial appearance of the pore to the radial interval
filled. As the sphere’s radius increases, the interpore distance
gradually widens. According to the length of bars in the
barcode, the lifetime of each pore connection of zero-
dimensional (H0), one-dimensional (H1), and two-dimen-
sional (H2) in the pore distribution matrix can be represented
(Figure 3). Short bars are considered noise, while significantly

longer bars signify crucial topological information within the
point cloud. Bar length denotes the birth and death times of
pore-connected structures. A greater difference between birth
and death times implies an extended duration for the
corresponding pore connection.

In persistent homology, the 0D persistence features
represent connected components, the 1D persistence features
correspond to tunnels or loops, and the 2D persistence features
correspond to cavities. In three-dimensional space, the
barcodes of H0, H1, and H2, respectively, represent
configurations for two-point connections, polygons formed
by more than three-point connections, and polygons formed
by more than four points.22 A model for the pore network has
been proposed for tight sandstones. Therefore, in this study,
the pores were considered point clouds, and the barcode was
applied to quantitatively analyze their pore network.

3. RESULTS
3.1. Petrology Characteristics of Samples. The Chang

7 tight sandstone is composed mainly of feldspathic lithic
sandstone (Figure 4A). The primary rock components are
feldspar and quartz, with rock fragments present, as well. The
cementing materials primarily consist of authigenic clay
minerals, such as chlorite, kaolinite, and Illite, as well as
carbonate (Figure 4B,C).
The predominant pore types in the tight sandstone include

intergranular, dissolution, intercrystalline, and combined pores.
Intergranular pores are primary space that persists after
compaction and cementation (Figure 4D). Dissolution pores
are formed through the dissolution of mineral grains (Figure
4D). Through this dissolution process, these pores can connect
with other pores, leading to the development of combined
pores with large radii (Figure 4E). Intercrystalline pores are
developed in clay minerals (Figure 4F).
The porosity of the 120 samples ranges from 5.9 to 13.1%,

averaging at 10.2%. Meanwhile, their permeability ranges
between 0.04 × 10−3 and 0.65 × 10−3 μm2, with an average
permeability of 0.24 × 10−3 μm2 (Supporting Table 2). The
correlation between permeability and porosity is weak (R2 =
0.21), indicating that the permeability is not dependent on the
total pore space in samples but rather is influenced by the
connectivity and distribution of pores (Figure 5).

Figure 3. Schematic diagram of barcodes with persistent homology.
The lifetime of each hole of dimension zero (H0), one (H1), and two
(H1) is indicated by the length of the bar in the barcode diagram.
Each node in the diagram represents a pore, and each edge represents
a connection. The ε denotes an increase in the distance between the
connected pores.

Figure 4. Petrophysical characteristics of tight sandstone samples. (A) Feldspathic lithic sandstone in sample FT-1. (B) Chlorite in sample FT-2.
(C) Kaolinite in sample G4. (D) Intergranular pores and dissolution pores were isolatedly distributed in sample FT-6. (E) Combined pores with
large radius in sample FT-4. (F) Intercrystalline pores in chlorite in sample FT-7.
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3.2. Data Dimensionality Reduction. 3.2.1. PCA.
According to the PCA results, the variance explained by the
20 principal components (PCs) was examined. The cumulative
variance contribution rate of the initial six principal
components accounts for 99.9%, signifying that they account
for a significant proportion of the variance within the data set
(Figure 6). Thus, the first six PCs have been retained.

3.2.2. UMAP. UMAP was used to reduce the six principal
components into a 3D visualization (Figure 7). The resulting
scatter plot exhibited a distinctive finger-like structure,
indicating a layered configuration in the connectivity of
pores.15,16 The connectivity between pores is generally weak,
with most of the pores being connected from a single node. In
the 3D visualization, three distinct clusters of closely related
data points were identified, suggesting the presence of three
connected groups within the data.

3.3. Pore Network by Persistent Homology. Persistent
homology analyses were used to construct barcodes for the
data set. In the analysis, four long-lived bars were detected,

including a single 0D hole represented by a H0 bar and three
1D holes represented by H1 bars (Figure 8). These bars
exhibited significantly longer lifetimes compared to other bars.
This observation suggests that the network dynamics during
HIP exist on a low-dimensional manifold.

4. DISCUSSION
4.1. Connections between Pores by Persistent

Homology. In the analysis of persistent homology, each
pore corresponds to a node, while each connection
corresponds to an edge. Barcodes can be utilized to observe
and analyze the structural characteristics, aggregation, and
connectivity among various regions of the pore network in
tight sandstone. A H0 bar in the barcode signifies a
homological feature that spans the entire scale. Three H1

bars in the barcode indicate the existence of three homological
features in one dimension. Each H1 bar represents a one-
dimensional homological feature, with its horizontal direction
denoting the range of the pore radius wherein the feature
appears. The presence of three H1 bars with varying durations
suggests that these one-dimensional homological features exist
within distinct pore ranges, highlighting the existence of

Figure 5. Porosity vs permeability of samples.

Figure 6. Variance explained by the 20 principal components (PCs)
after applying PCA to the data set. A noticeable decrease after the
sixth PC.

Figure 7. 3D visualization of the data set after UMAP. Three distinct
clusters of closely related data points were seen.

Figure 8. Barcode diagram of the data set of samples, indicating four
most prominent bars across all dimensions (one prominent bar in
dimension 0 and three in dimension 1).
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multilevel pore structures within the tight sandstone. The
barcodes clearly exhibit characteristics resembling a trident
ring, which possess a hollow area (0D hole) connected to it via
three different paths or channels (1D hole). This suggests that
the pore network in the tight sandstone encompasses three
distinct connection paths.
Through quantitative analysis of the connectivity in the tight

sandstone, the H0 bar signifies the presence of a double-point
connection that spans the entire pore network. Although the
pore structure of tight sandstones is connected, its connectivity
is poor. The H1 bar indicates the existence of a multipoint
connection structure within the pore network, which forms a
polygon by connecting more than three points. Three H1 bars
with varying durations indicate the existence of three obvious
pore networks with good connectivity. However, these three
H1 bars are not synchronized and are short-lived, suggesting
that these three network channels can only exist within a small
range and are not interconnected with each other.

4.2. Influence of Diagenesis on Pore Network. The
tight sandstones are characterized by three distinct pore types
with different fractal dimensions and corresponding pore
structures: combined pores, isolated grain pores, and clay-
dominated pores.28 The pore spaces of these three types
gradually transition from the microscale to the nanoscale.
Combined pores are formed by dissolution pores that connect
with surrounding pores and are easily identified by their
irregular shape. These pores have multidirectional connected
paths, leading to a better connectivity. Isolated grain pores
have a limited number of poorly connected paths, resulting in a

weak connectivity. Clay-dominated pores, on the other hand,
have narrow and complex connected paths, leading to poor
connectivity.
Intercrystalline pores are widely distributed in authigenic

clay, and they are adjacent to each other but have poor
connectivity, with most of them being unidirectional
connections (Figure 9A). As a result, in the low ε area of
the barcode, one bar exists on H0 while no bar appears on H1.
Both intergranular pores and dissolution pores have larger

radii. However, significant compaction and cementation effects
cause the throats between particles to narrow, resulting in poor
interconnectivity among intergranular pores. Similarly, dis-
solution pores, which are primarily formed within particles
through the dissolution of acidic fluid, also display poor
connectivity. Additionally, there is poor connectivity between
intergranular pores and dissolution pores (Figure 9B).
Consequently, in the high ε area of the barcode, one bar
exists on H0 while no long bar appears on H1.
Moreover, intercrystalline pores provide a connecting

channel for dispersed intergranular pores and dissolution
pores, and these pores construct a multiscale pore network.29

Therefore, a H0 bar exists from low ε values to high ε values,
indicating that there is a pore network with poor connectivity
ranging from nanoscale to microscale in the tight sandstone.
After strong dissolution, the dissolution pores connect with

adjacent pores, forming combined pores. The combined pores
can be connected to the surrounding pores with good
connectivity, showing a clear H1 bar in the barcode (Figure
9C). However, due to the low content and dispersed

Figure 9. Schematic diagrams of the pore connection. (A) Adjacently developed intercrystalline pores and their connected paths, sample FT-5. (B)
Isolated intergranular (dissolution) pores and their connecting paths, sample FT-2. (C) Combined pores and their multiple connecting paths,
sample FT-3.
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distribution of combined pores, it is not possible to stably form
a multiconnected pore network on a large scale. It can only
form a multipoint connected network within a small range.
Therefore, combined pores can enhance the local connectivity
of pores, leading to only a few H1 bars with varying durations
in the barcode.
Through diagnostic processes, the tight sandstone under-

goes changes in its pore structure, leading to the formation of
distinct pores with varying radii and connectivity. These
include intercrystalline pores, dissolution pores, intergranular
pores, and combined pores. These interconnected pores create
a complex, multilevel pore network. By analyzing the
modifications in the pore network across different scales, we
can gain a comprehensive understanding of the flow paths
within tight sandstone.
During compaction, the pore is reduced, causing the pores

to become isolated and the connectivity between pore throats
to deteriorate. Quartz and calcite cements fill the pore−throat
space, thereby impacting the quality of the reservoir.
Additionally, clay minerals divide intergranular pores into
intricate seepage pathways, hindering the movement of clay-
bound water on the surface of intercrystalline pores.
Consequently, fluid flow through pore throats is impeded,
and the effective storage capacity of the pores is diminished.
After intensive dissolution, dissolution pores could connect
with other pores to form irregular combined pores with a large
storage space, resulting in good connectivity between
dissolution pores and dissolution throats.
Thus, pores with good local connectivity will become

objectively dominant connecting paths, which can affect the oil
charging area and development efficiency.

5. CONCLUSIONS
A combination of cast thin sections, SEM, HIP, and persistent
homology was conducted to visualize and quantify the
topological structure of the network in the tight sandstone
and their influencing factors. The following conclusions were
derived:

1. The population-level characteristics of the pore network
in the tight sandstone can be visualized and quantified
using the lifetime of the bar in the barcode, and the
connectivity changed with increasing pore distance.

2. The topology of the pore network resides on a trident
ring manifold, consisting of one bar on the H0

dimension and three bars on the H1 dimension of the
barcode.

3. Connectivity of combined pores is good, and con-
nectivity of tight sandstones is controlled by pore−
throat structures formed by dissolution.

4. The pore network in the tight sandstone encompasses
three highly connected pore networks, indicating that
their fluid migration process is uneven, with three
objective dominant connecting paths, which can affect
the oil charging area and development efficiency.
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