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Abstract

This study proposes an image-based idea for analyzing the complex geometric characteristics of reservoir spaces using various change curves
of the pore geometric attributes to subdivide and evaluate tight reservoir rocks from micron to centimeter thicknesses. Using advanced imaging
and image-processing technologies, in this study, we transform information from reservoir images into a vertical stratigraphy via an imaging-
based method. The new parameter system incorporates three categories of parameters, size (S), morphology (M), and direction (D), to
quantitatively and comprehensively characterize the pores of unconventional reservoir rocks. Given these three categories of the parameters, the
curve at a certain depth value can be used to clearly identify obvious interfaces, which constitute high tip values. These interfaces may indicate
that the hydrodynamic conditions, stress conditions of the reservoir, temperature and pressure, or other physical or chemical conditions changed
significantly at these points, allowing the sedimentary compaction process to be well documented at the microscale level. This indicates that,
from a micro-level perspective, we can find micro-evidence of the hydrodynamic conditions at the time of formation. Such information can help
strengthen our understanding of the geological formation processes of unconventional hydrocarbon reservoirs.
© 2022 Sichuan Petroleum Administration. Publishing services by Elsevier B.V. on behalf of KeAi Communication Co. Ltd. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction view via the size and arrangement of rock particles on

geologic outcrops [16—19]. From a microscopic view, the

Nowadays, large amounts of crude oil and natural gas are
beginning to be extracted from unconventional reservoirs such
as tight sandstone, shale, volcanic rock, oil shale, and oil sand.
Unconventional hydrocarbon resources have gradually
become a main focus of energy exploration and development.
Consequently, a series of geological and geotechnical scien-
tific problems need to be explored [1—6]. Pores are where
fluids exist and flow in these unconventional reservoirs.
Therefore, a comprehensive characterization of the pore
properties is of great significance when quantitatively
exploring the distribution and flow characteristics of fluids
during the sedimentation process [7—15].

Geologists usually record and explore sedimentary,
compaction, and diagenesis processes from a macroscopic
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formation of pores is closely related to the processes of rock
particle deposition, compaction, diagenesis, and other similar
developments [20—22]. Therefore, the degree of pore evolu-
tion in a certain direction can reflect the microscopic deposi-
tion, compaction, and diagenetic records to a large extent.
Arns et al. used the Minkowski function and the K-means
clustering method to specify the fine delamination and char-
acterization of rocks. They obtained a one-dimensional log of
the morphological (Minkowski) functionals over a sliding
window as a basis for their multivariate classification. Using
sandstone as an example, they divided its particles into three
categories: fine, transitional, and coarse [23—29].

Rock slicing is the most intuitive and effective way to study
the development of rock minerals and pores and has been
widely used in energy research. In recent years, computed
tomography, field emission scanning electron microscopy (FE-

2352-8540/© 2022 Sichuan Petroleum Administration. Publishing services by Elsevier B.V. on behalf of KeAi Communication Co. Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:dushuheng@imech.ac.cn
www.sciencedirect.com/science/journal/23528540
https://doi.org/10.1016/j.ngib.2022.07.006
https://doi.org/10.1016/j.ngib.2022.07.006
http://www.keaipublishing.com/en/journals/natural-gas-industry-b/
https://doi.org/10.1016/j.ngib.2022.07.006
http://creativecommons.org/licenses/by-nc-nd/4.0/

366 S Du / Natural Gas Industry B 9 (2022) 365—375

SEM), focused ion beam scanning electron microscopy, and
other digital core technologies have gradually been developed
and have contributed to a series of important achievements in
research concerning unconventional hydrocarbon reservoirs
[30—37]. However, an inspection of former studies indicates
that the information contained in thin rock slices has not been
fully exploited. Geological information, such as the charac-
teristics of the pore development and the direction of the
mineral arrangement, has not been linked with the actual
formation direction. Therefore, the information obtained
cannot, at present, completely reflect the characteristics of the
pore evolution over a small depth range (e.g., the micron
grade). Consequently, this means that the available geological
information cannot fully reflect the true characteristics of the
sedimentation, compaction, and diagenesis of a deposit
[38—47].

Geometric description and image-processing techniques
provide a powerful tool for pore characterization. Via the
construction and integration of mathematical data, the corre-
sponding mathematical parameters can be given a geological
significance, providing a deeper understanding of geological
processes. According to current studies, it is believed that the
level of pore characterization of unconventional reservoirs is
moving from “fine quantification” to “precise quantification”
[48—56].

While studies on pore characterization have gradually
become more comprehensive, there are still abundant oppor-
tunities for additional research. For example, at present, most
descriptions of pores focus on parameters such as the equiv-
alent radius, tortuosity, and shape factor but discount other
parameters. Therefore, new criteria need to be integrated into
the parameter system for pore characterization such that de-
scriptions of pore evolution features become more specific,
allowing for more geological information to be identified
[57—60].

This paper presents a new experimental idea for how to
record the evolution process at microscale depths to study the
effects of deposition, compaction, and diagenesis on pore
development.

2. Methodology

The proposed technical process is shown in Fig. 1.
Accordingly, the sample core was processed following the
technological procedure outlined in Fig. 1.

Next, the reservoir core was sliced into thin sections and
characterized via FE-SEM. Many pore types with different
origins can be identified in the thin sections, including inter-
granular, corrosion, and intergranular (clay mineral accumu-
lation) pores, as well as very tiny nanopores [61—64]. When
the samples are processed according to the method outlined in
Fig. 1, the order of the pore development can be observed.
This ability to observe the order of the pore development
provides a foundation to further study the pore changes along
the formation direction.

The first panel in Fig. 1 can be used as an example to
explore the variation in the intergranular pores along the di-
rection of formation. The curves of all the pore parameters
along the vertical direction (the sedimentary direction) were
constructed to characterize the pore evolution characterization
of a tight oil sandstone reservoir at microscale depths.

The original depth range of the reservoir in the FE-SEM
image may be up to nearly 2800 pm; therefore, only the
parts of the curves with a depth range of 150 pum, rather than
the complete curves, are included to illustrate this method.

To study pore evolution at microscale depths in the vertical
direction, all pore parameters are ranked according to the y-
coordinate value of their centroid. Then, the average value of
pores with the same y-coordinate are calculated to represent the
average level of each parameter at a given y-coordinate value.

The curves of each pore parameter are built along the
vertical direction (the sedimentary direction), and the
geological significance of these curves is then investigated.
The pore parameters introduced here are divided into three
categories: size (S ), morphology (M), and direction (D).

To comprehensively and precisely characterize the pore
evolution, the parameters in the three categories are listed in
Tables 1—3.

As can be seen in Table 1, for the size, five parameters need
to be calculated: area (A), perimeter (P), radius (R,), major
(M), minor (M), Feret (F'), and MinFeret (M;). Note that the
above three types of parameters can all be calculated and
processed using ImagelJ, a public domain software for pro-
cessing and analyzing scientific images [40,60].

The area parameter indicates the actual size of the pore; the
larger the area, the better the reservoir properties.

The perimeter parameter denotes the complexity of the pore
boundary, where a higher perimeter value indicates a more
complex seepage path.

The radius parameter is similar in meaning to the area
parameter but reflects the equivalent size of the pore more
directly. A larger radius implies better reservoir properties.

The major and minor parameters express the equivalent size
of the pore in the two main directions after best ellipse fitting.
Under the minor condition, a larger major parameter indicates
a narrower pore and a longer streamline. Conversely, under the
major condition, a larger minor parameter indicates a flatter
pore and a shorter streamline.

The Feret and MinFeret parameters are similar to the major
and minor parameters but indicate the actual length and width
of the pore, respectively. Under the MinFeret condition, a larger
Feret value indicates a narrower pore and a longer streamline.
However, under the Feret condition, a larger MinFeret value
indicates a flatter pore and a shorter streamline.

As can be seen in Table 2, we defined four parameters to
characterize the pore morphology: aspect ratio (AR), round-
ness (R,), solidity (S,), and circularity (C)[40,60].

The aspect ratio indicates the ellipticity of a pore; a high
aspect ratio corresponds to a narrow pore and a long
streamline.
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Fig. 1. Technical process for the construction of the various change curves of the pore geometric attributes. (Note that the computed tomography (CT) image does
not show an actual sample from this study but is only used here to illustrate the experimental process.)
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Table 1

Size parameters concerning the pore evolution in an unconventional hydrocarbon reservoir over a microscale depth range.
Parameter type Parameter Graphic explanation Description

Size A(Area)/um?> Area of pore

P(Perimeter)/um Perimeter of pore

R
R,(Radius)/um Equivalent radius of pore
M,(Major)/um ”Mﬂlo : The primary axis of the best fitting ellipse.
M;(Minor)/pm q The secondary axis of the best fitting ellipse

1nor

F(Feret)/um The longest distance between any two points along pore boundary
M¢(MinFeret)/um The shortest distance between any two points along pore boundary

Table 2
Morphologic parameters concerning the pore evolution in an unconventional hydrocarbon reservoir over a microscale depth range.
Parameter type Parameter of pore Graphic explanation Description
Morphology AR(Aspect Ratio) The aspect ratio of the particle's fitted ellipse
Major/Minor
R, (Roundness) ']\Iinon’M ajor The inverse of Aspect Ratio

So(Solidity) ‘ Concavity of pore

Area/Convex area

C(Circularity) Circularity of pore

Table 3

Direction parameters concerning the pore evolution of an unconventional hydrocarbon reservoir over a microscale depth range.

Parameter type Parameter of pore Graphic explanation Description

Direction An(Angle)/® Anile The angle between the primary axis and a line parallel to the X-axis

FA(Feret Angle)/” gp Feret Angle The angle of the between the Feret and a line parallel to the X-axis

Roundness is similar to the aspect ratio; however, a greater The circularity signifies the actual circular degree of a pore.

roundness indicates a flatter pore and a shorter streamline. A higher circularity value indicates a more circular pore and a
The solidity expresses the compaction degree of a pore. A shorter streamline.

larger solidity value indicates a lower compaction degree of the As can be seen in Table 3, with respect to the direction,

pore. there are two parameters used Angle and Feret Angle [40,60].
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The Angle parameter designates the equivalent extension
direction of the pore after fitting, while the Feret Angle
parameter measures the actual extension direction of the pore.
The values of these two parameters reflect the dominant flow
direction during the deposition process. Meanwhile, for pores
in the same field of view, after obtaining their extension an-
gles, we can evaluate the consistency of the pore angles by
calculating the standard deviation of all of the angles. A
smaller standard deviation indicates a higher consistency of
the pore extension angle.

For example, in Fig. 1, the precise pore evolution can be
clearly seen in the three categories of size (S), morphology
(M), and direction (D). For the size and morphology param-
eters, the curve at a certain depth value can clearly indicate
obvious interfaces, i.e., a high tip value. These interfaces may
indicate a significant change in the hydrodynamic conditions,
the stress conditions of the reservoir, the temperature and
pressure, or other physical or chemical conditions, allowing
the sedimentary compaction process to be well documented at
the microscale level. For the direction parameters, there are
corresponding turning points in the curves at certain depths.
These turning points indicate transformations of the paleo flow
direction during the deposition and compaction processes; this
constitutes the most direct evidence available for the deter-
mination of the paleo flow direction at the microscale. This
determination is therefore of great theoretical and practical
significance.

3. Results and discussion

We selected samples from shale oil reservoirs in the
Lucaogou Formation in Jimusar Sag, Junggar Basin, western
Xinjiang, China, and subjected them to fine electron micro-
scopy imaging (Figs. 2 and 3). Then, the variation laws of the
pore geometry attributes were studied from the following three
different perspectives.

3.1. Pores at large scales

The shale oil reservoir samples were sliced and ground in
eight directions; then, fine electron microscopy imaging of the
rock slices in the eight directions was performed. Note that the
core used in this study is a sample with a diameter of 2.5 cm
and a length of 8 cm. The core was cut every 22.5° to obtain
slices in eight directions. This method is proposed in this study
to characterize the microscopic anisotropy and heterogeneity
of the samples [61].

We can qualitatively describe the heterogeneity and
anisotropy of the reservoir via the eight-direction electron
microscopy imaging. However, this only provides a qualitative
characterization. Using the proposed method, we are able to
establish curves of the various geometric attributes of the
reservoir in different directions, as shown in Fig. 4.

From Fig. 4-a, we can see that at a depth of approximately
1000 um, the morphological parameters of the pore form a
significant turning point even though the size parameters of
the pore are nearly unchanged. Specifically, in the reservoir
area (at a depth higher than 1000 pum), the roundness is
higher, the shape factor is higher, and the porosity is lower.
In the area with a depth of less than 1000 pm, the roundness
and shape factors decrease and the porosity increases. As far
as the directivity parameters are concerned, the direction of
the pores changes greatly with respect to that at 1000 pm.
This indicates that 1000 um is an important turning point.
Both the main direction of the hydrodynamic force and the
pore formation ability changed significantly at this point.
This shows that, from a micro-level perspective, we can
indeed find micro-evidence of the hydrodynamic conditions
present during pore formation.

3.2. Pores related to the key mineral

In the shale oil reservoirs in the study area, feldspar is
abundantly developed, resulting in a large number of primary
and secondary pores related to feldspar, primarily intra-
granular corrosion pores caused by feldspar self-dissolution.
This type of pore is one of the most important pore types in
shale oil reservoirs and plays an extremely important role in
oil reservoir and seepage processes.

Accordingly, the development of feldspar pores deserves
attention. As before, we sliced and ground the shale oil
reservoir samples in eight directions and performed fine
electron microscopy imaging for the feldspar in the eight di-
rections (Fig. 3). The pore anisotropy of the large horizon is
very similar to that of the feldspar.

From Fig. 5-a, we can see that at a depth of approximately
100 pm, the morphological parameters of the feldspar pores
form a significant turning point; however, the size parameters
of the feldspar pores do not change significantly. Specifically,
in the reservoir area with the depth of higher than 100 pm, the
roundness is higher, the shape factor is higher, and the porosity
is lower. The roundness and shape factor decrease and the pore
concavity increases in the area with the depth of less than
100 pm (Fig. 5-a).

Meanwhile, the feldspar pores change greatly for lengths
greater than approximately 150 pm. This indicates that the
main direction of the hydrodynamic force and the secondary
pore formation ability changed significantly at approxi-
mately 150 pm. Therefore, it is reasonable to conclude that
the heterogeneity of the pore development requires addi-
tional attention when studying the mineral grade because
there is a large amount of micro-evidence contained within
the pores of minerals (Fig. 5-a and 5-b).

The above results show that the reservoir heterogeneity is
very obvious in the microscopy and that research on this
aspect of reservoirs cannot be ignored.
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Fig. 2. Electron microscopy imaging of the pore development in a shale oil reservoir in the large visual field in eight different directions: (a) 0°; (b) 22.5°; (c) 45°;
(d) 67.5°% (e) 90°; (f) 122.5°%; (g) 125°; and (h) 157.5°.
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Fig. 3. Electron microscopy imaging of the pore development of feldspar in a shale oil reservoir in eight different directions: (a) 0°; (b) 22.5°; (c) 45°; (d) 67.5°%; (e)
90°; (f) 122.5°; (g) 125°; and (h) 157.5°.
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Fig. 5. Construction of the various change curves of the pore geometric attributes (pores related to the feldspar): (a) 0°; (b) 22.5°; (c) 45°; (d) 67.5°; (e) 90°; (f)
122.5°%; (g) 125°; and (h) 157.5°.
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4. Conclusions

The precise description of pores in unconventional hydro-
carbon reservoirs is currently an important and much studied
issue. At the same time, applying the precise identification of
pore information to analyses of actual geological processes is
an urgent problem. An effective method to construct the
various change curves of the pore geometric attributes to
subdivide and evaluate unconventional reservoir rocks in
micron to centimeter thicknesses will benefit the exploration
of reservoirs.

Using an innovative method incorporating advanced im-
aging and image-processing technologies, this paper transfers
information from reservoir imaging into a vertical stratigraphy
by establishing three parameter categories, size (S),
morphology (M), and direction (D), that characterize the pore
evolution of unconventional hydrocarbon reservoirs at micro-
scale depths. In this new experimental approach, the disci-
plines of mathematics, computer science, and geology are
combined to better analyze specific scientific problems.

Identifying a typical interface or turning point of a curve
accurately allows the characteristics of the geological condi-
tions in the sedimentary process to be analyzed and provides
important theoretical guidance for the determination of
geological factors such as the direction of the paleo flow, the
hydrodynamic conditions, the stress state of the reservoir, and
the temperature and pressure.
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