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The Changling fault depression in the southern Songliao Basin hosts volcanic
rock reservoirs with significant oil and gas potential, yet their complex
pore structures require advanced characterization to optimize resource
exploration. To address this, we employed multi-scale computed tomography
(CT) imaging combined with mercury intrusion porosimetry (MIP) to analyze
three representative volcanic rock samples through three-tier micrometer
CT scanning. This integrated approach enabled the construction of a multi-
scale digital rock model, facilitating qualitative and quantitative evaluations of
pore-throat structures across diverse storage spaces. Results revealed detailed
three-dimensional distributions of porosity, connectivity, and pore-throat radii,
demonstrating pronounced heterogeneity in reservoir properties. The results
demonstrate that integrating multi-scale CT scanning with mercury intrusion
data provides a robust method for characterizing the three-dimensional pore
distribution effectively. This research provides an in-depth understanding of
the microscopic characteristics of volcanic rock reservoirs and establishes
a scientific and technical foundation for advancing the exploration and
development of oil and gas resources.

KEYWORDS

volcanic rock reservoir, multi-scale CT imaging, microscopic characterization, pore
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1 Introduction

Reservoir characterization has traditionally relied onmethods such as core observation,
thin section identification, mercury intrusion porosimetry (MIP), and scanning electron
microscopy (SEM) (Anovitz and Cole, 2015; Dong et al., 2024). Each of these techniques,
however, has inherent limitations. Core observation is restricted to external features and
lacks the capability to investigate the internal pore structures. Thin section identification,
while valuable for detailed mineralogical and textural analysis, is confined to two-
dimensional assessments and cannot capture the three-dimensional pore architecture
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FIGURE 1
Three-scale CT scan images of rhyolitic volcanic breccia (A, D): show the large-scale structure of the full diameter sample; (B, E): show the mineral and
part of the pore structure of centimeter plug sample; (C, F): show finer mineral and pore structure of millimeter plug sample.

(Bai et al., 2013; Liu et al., 2020). Similarly, SEM provides high-
resolution imagery of micropore morphology and dimensions
but is also limited to two-dimensional analysis (Bera and
Shah, 2021; Chalmers et al., 2012). MIP quantifies accessible
porosity and pore-throat sizes through mercury penetration
under pressure, but only addresses interconnected pore spaces,
neglecting isolated pores (Kuila, 2013; Njiekak et al., 2018; Qajar
and Arns, 2022). In contrast, computed tomography (CT) imaging
represents a significant advancement in reservoir characterization
by enabling non-destructive, three-dimensional visualization
of rock samples (Dong et al., 2019; Cnudde and Boone, 2013;
Ma et al., 2016; Mees et al., 2003). CT imaging allows for the
extraction of detailed microstructural pore-throat parameters
across a continuum of scales (Ma and Liu, 2011; Bai et al., 2013;
Ma et al., 2016; Li et al., 2016; Liu X. F. et al., 2021). This facilitates
a comprehensive spatial and quantitative evaluation of reservoir
quality, critical for accurate reservoir characterization (Ma et al.,
2017; Remeysen and Swennen, 2008; Dong et al., 2018). However,
due to the heterogeneity in pore sizes within core samples, ranging
from nanometers to millimeters, capturing the full spectrum
of pore characteristics requires multiple resolutions during
CT scanning.

The Changling fault depression of the Southern Songliao
Basin holds immense potential for oil and gas resources, with

multiple volcanic gas reservoirs already discovered in the Yingcheng
and Huoshiling formations (Zou et al., 2012; Wang et al., 2015;
Miao et al., 2020; Li et al., 2023). Despite the promising resource
potential, complex geological structures and uncertainties in
reservoir microscopic features pose substantial obstacles to oil
and gas exploration and development in the region (Zheng et al.,
2021; Qu et al., 2022; Li et al., 2023). Hence, advancing reservoir
studies, particularly on pore structure characteristics, is essential
for effectively evaluating and predicting reservoirs (Liu et al.,
2017; Liu B. et al., 2021). This is vital for achieving breakthroughs
in the exploration of volcanic oil and gas resources in the
Songliao Basin. The Flint Ridge Formation, studied herein,
developed in the early stage of fault basin formation and was filled
during the fault’s initial stages. It lies in unconformity contact
with the underlying strata and exhibits deposition thicknesses
exceeding 800 m. The lithology is predominantly gray-black
mudstone interspersed with gray fine sandstone in the lower part,
transitioning to volcanic breccia, andesite, and tuff in the upper
part. While multi-scale CT imaging has been successfully applied
to sedimentary reservoirs (Dong et al., 2019; Ma et al., 2017), its
integration with mercury intrusion data for characterizing volcanic
rock reservoirs—particularly in the Songliao Basin—remains
underexplored.This study represents the first systematic application
of this approach to address the unique challenges posed by the
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FIGURE 2
Three-scale CT scan images of crystal tuff. (A, D): show the large-scale structure of the full diameter sample; (B, E): show the mineral and part of the
pore structure of centimeter plug sample; (C, F): show finer mineral and pore structure of millimeter plug sample.

heterogeneity of volcanic pore networks in the Changling fault
depression.

To address the complex exploration challenges in the Changling
fault depression, this study employed a three-scale micrometer-
resolution CT scanning protocol on three representative
volcanic rock reservoir samples. By integrating CT imaging
with MIP, a multi-scale pore network digital core model was
developed, significantly enhancing understanding of the reservoir’s
microstructural characteristics.

Qualitative analyses provided a detailed description of the
three-dimensional pore-throat structures across various types of
storage spaces within these volcanic rocks. Quantitative evaluations
calculated critical parameters such as porosity, connectivity, and
pore-throat radii distribution. This combined approach enabled
a comprehensive characterization of the microscopic features of
volcanic rock reservoirs.

This study not only advances the understanding of
microstructural attributes influencing fluid flow and trapping
mechanisms in volcanic reservoirs but also provides a scientific
and technical basis for optimizing exploration and development
strategies in the Changling fault depression. Moreover, it
demonstrates the value of integrating multi-scale imaging and
analytical techniques to gain critical insights into reservoir quality

and performance, offering a robust foundation for oil and gas
exploration and development.

2 Samples and methods

2.1 Samples

In this study, 64 core samples were obtained from 11 wells
drilled in the Huoshiling Formation of the Changling fault
depression. These cores encompass lithologies such as tuff, tuffite,
breccia, and andesite. Three representative samples—rhyolitic
volcanic breccia, crystal tuff, and tuffite—were selected based on
(1) lithological abundance (>60% of the Huoshiling Formation’s
volcanic sequences), (2) distinct pore structure characteristics,
and (3) resource significance. Although andesite is present in the
formation, it was excluded due to its limited abundance (<15%) and
low porosity (<2% in preliminary helium tests). Samples were drilled
from texturally homogeneous zones to minimize intra-lithology
variability.

The analysis began with a macroscopic examination of the full-
diameter samples via initial CT scanning. This step provided an
overview of the structural composition and facilitated preliminary
identification of heterogeneities within the samples. Subsequently,
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FIGURE 3
Three-scale CT scan images of tuffite. (A, D): show the large-scale structure of the full diameter sample; (B, E): show the mineral and part of the pore
structure of centimeter plug sample; (C, F): show finer mineral and pore structure of millimeter plug sample.

FIGURE 4
Registration results of CT images of crystal tuff. The same view of (A): Full diameter sample; (B): Centimeter plug sample; (C): Millimeter plug sample.

thin sections were prepared to aid in accurate rock typing and
the identification of pore types, further refining the geological
characterization of the reservoirs.

Following these macroscopic and microscopic assessments,
centimeter plugs were drilled from the primary samples for

quantitative evaluation. Helium porosity measurements were
performed on centimeter plugs (samples ①–③) using a ECK-
III porosimeter following GB/T 29172-2012. Helium porosity
measurements conducted on these plugs revealed porosities of
8.21%, 3.57%, and 0.34% for samples ①, ②, and ③, respectively.
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FIGURE 5
CT grayscale images and pore segmentation results of rhyolitic volcanic breccia at three scales (A, D): Full diameter sample; (B, E): Centimeter plug
sample; (C, F): Millimeter plug sample.

These values highlight the significant variability in porosity among
the samples, which reflects their distinct textural and compositional
properties.

To further explore pore-throat size distributions and
connectivity, high-pressuremercury intrusion tests were performed.
High-pressure mercury intrusion tests utilized a Micromeritics
AutoPore IV 9505 on subsamples from the CT-scanned plugs, with
pore-throat radii calculated via the Washburn equation.

2.2 Methods

This study employed a comprehensive methodology to
characterize volcanic rock features at multiple scales using
advanced imaging techniques. The workflow included multi-
scale core CT imaging, precise image registration, multi-scale
image segmentation, and multi-scale pore network modeling
and analysis.

2.2.1 CT imaging and sample preparation
The primary equipment utilized in this study is the nanoVoxel-

3502E CT scanner, manufactured by Tianjin Sanying Precision
Instruments Co., Ltd., China. This state-of-the-art scanner has
a maximum spatial resolution of 0.5 µm and can hold sample

diameters of up to 30 cm.This equipment can carry out amulti-scale
CT scanning across a diverse range of sample sizes, thereby enabling
detailed and accurate visualization of geological samples from the
macro to the micro scale.

Each sample undertook an initial CT scanning at a resolution of
80 µm. This scanning provided a comprehensive view of the entire
core, capturing macroscopic features that were essential for initial
assessments and further detailed studies. Following the full diameter
scanning, a standard plug of 2.5 cm diameter was extracted from the
core for higher resolution scanning at 16 µm.This step was essential
for examining finer structural details that were not discernible at
lower resolutions. To get even greater details, particularly focusing
on the microporosity of the core, a 4 mm diameter millimeter
plug sample was drilled using a precision millimeter drill bit.
These smaller samples were scanned at an ultra-high resolution of
2.6 µm, enhancing the visibility of the smaller scale pore structures.
This level of detail is pivotal for accurately characterizing the
microporosity and determining the connectivity and distribution of
pore-throats within the volcanic rock.

2.2.2 Image registration across scales
To align CT images across three distinct scales—millimeter

plugs, centimeter plugs, and full diameter cores—a hybrid
registration method is utilized. This method combines algorithms
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FIGURE 6
CT grayscale images and pore segmentation results of crystal tuff at three scales. (A, D): Full diameter sample; (B, E): Centimeter plug sample; (C, F):
Millimeter plug sample.

of image features and grayscale information to optimize the
accuracy of alignment (Cui et al., 2017; Cui et al., 2020). This dual
approach allows for effective handling of the different resolutions
and complexities encountered in multi-scale imaging, ensuring that
features across scales are accurately matched and the continuity
of geological features is maintained. Image registration was
implemented with MATLAB R2021a (MathWorks) using custom
scripts based on the hybrid registration method. Image processing
and analysis were performed using Avizo 9.0 (Thermo Fisher
Scientific) for 3D visualization.

2.2.3 Image segmentation
Multi-scale image segmentation plays a crucial role in the

multi-scale characterization process, allowing for a detailed analysis
of porosity and structural features across different scales. This
step ensures that corresponding features across the scales are
accurately matched, facilitating a coherent analysis across different
resolutions. To simplify the computational process and optimize
the analysis, the largest square area within the cylindrical scanned
data is extracted for segmentation. This approach focuses the
segmentation process on the core area of the sample, minimizing
edge effects and ensuring the most representative data is analyzed.
Segmentation is performed sequentially, starting from the smallest
scale (millimeter plug) to the largest (full diameter core). This

hierarchical approach allows for detailed analysis at smaller
scales to inform the broader, more generalized segmentation at
larger scales.

The segmentation process is structured in several steps to
effectively differentiate between various rock components such
as pores and minerals: (1) Initially, threshold segmentation was
applied to high-resolution images using Otsu’s method (Otsu,
1979) to distinguish pores from the matrix; (2) In the registered
overlapping image regions, a low-resolution voxel corresponds
to N3 voxels at a higher resolution (where N is the resolution
ratio). By analyzing the proportion of components within these
regions, the grayscale values of the low-resolution images are
calibrated against a curve that represents the average distribution
of the grayscale-component proportion. This calibration is crucial
for accurately scaling up detailed pore and mineral information
to larger voxel scales; (3) Utilizing the established grayscale-
porosity distribution curve, porosity values are assigned to each
voxel in the low-resolution images, ranging from 0 to 1, to
depict the distribution of porosity accurately; (4) Following the
methodology used for porosity, grayscale values are similarly used
to assign values to different mineral components across the scales.
These steps are applied progressively to achieve multi-scale image
segmentation from millimeter plugs to centimeter plugs to full
diameter cores.
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FIGURE 7
CT grayscale images and pore segmentation results of tuffite at three scales. (A, D): Full diameter sample; (B, E): Centimeter plug sample; (C, F):
Millimeter plug sample.

TABLE 1 Distribution of pore proportions at different scales.

Samples Porosity (%)

<0.1 um 0.1–1 um 1–10 um >10 um

Rhyolitic volcanic breccia 61.07 8.68 25.68 4.57

Crystal tuff 87.79 1.09 7.98 3.14

Tuffite 75.22 21.72 1.16 1.93

2.2.4 Pore network modeling
The modeling of the pore network also follows a structured

multi-scale approach (Jiang et al., 2012; Jiang et al., 2013; Ma et al.,
2017), which was implemented through the following steps: (1)
Multi-scale model extraction. Pore network models were extracted
at each scale using the maximal ball algorithm (Dong and Blunt,
2009). This algorithm identifies pores as maximal spheres fitting
within void spaces and connects them via throats (narrowest
constrictions between pores). At each resolution, the extracted
networks captured pore-throat radii distributions, coordination
numbers, and spatial connectivity specific to their scale. (2) Fine-
scale model generation. For sub-resolution pores below the CT
detection limit, a stochastic modeling approach was adopted.
Based on MIP data, we generated synthetic pore networks,

matching the cumulative pore size distribution derived from
MIP curves. This hybrid approach ensured representation of
both resolved and unresolved porosity. (3) Cross-scale model
coupling. Statistical distributions of throat properties from finer-
scale models are used to bridge coarse scale pores and fine
scale pores.

3 Results

3.1 Imaging scanning results

The multi-scale scale CT imaging of the rhyolitic volcanic
breccia reveal significant insights into the internal structure and
porosity of the rock at varying scales (Figure 1).
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FIGURE 8
Multi-scale integrated pore network model (A) Rhyolitic volcanic breccia (B) Crystal tuff (C) Tuffite.

FIGURE 9
Multi-scale integrated pore radius distribution for three sample groups.

The initial full diameter scanning at 80 µm resolution provides
a broad view of the rhyolitic volcanic breccia, showcasing its
clastic lava structure. The largest observable clasts measure
approximately 3 cm, indicating a heterogeneously distributed
coarser grain structure typical of breccia. At this scale, some
areas of pore development are visible, offering initial insights into
the porosity of the sample. However, due to the relatively coarse
resolution, finer details of pore structures are not discernible,
which may underrepresent the total porosity and complexity of
the pore network.

The increase in resolution in the centimeter plug scanning allows
for a better identification of larger pores. This mid-scale imaging
provides a more detailed view of the porosity that was only partially
visible in the full diameter core scans. These images are critical for
assessing the connectivity and size distribution of the larger pores,
which are essential factors in evaluating the potential fluid flow and
storage capacity of the reservoir.

The highest resolution imaging of the millimeter plugs reveals
the finest details of the rock’s internal structure. This level of detail
is crucial for understanding the micro-scale features that influence
the overall properties of volcanic rocks. The scans clearly display

the distribution of cracks and smaller-sized pores. These features
significantly impact themechanical properties of the rock, including
its permeability and structural integrity. At this scale, the shapes and
boundaries of clastic structures become more distinct.

The results from the three-scale CT imaging of the crystal
tuff provide detailed insights into the structural and porosity
characteristics of the rock, revealing significant variations at
different scales (Figure 2).

The CT images of the full diameter core indicate that the crystal
tuff exhibits a good level of homogeneity, with no large or clearly
visible pores. This suggests a dense matrix with potentially minor
macroscopic porosity, which could imply limited macroscopic fluid
flow paths within this scale. The lack of large pores might indicate a
relatively intact rock structure, which is beneficial for certain types
of structural stability but might limit reservoir capacity at this scale.

At this intermediate scale of the centimeter plug CT scanning,
the emergence of some large pores becomes evident. These features
were not visible at the lower resolution of the full diameter scan,
showcasing the importance of examining different scales to capture
varying pore sizes.The presence of these larger pores could enhance
the potential fluid storage and permeability of the rock, indicating
more favorable reservoir properties than initially suggested by the
full diameter core scan.

The highest resolution scan of the millimeter plug reveals
the development of micropores, predominantly characterized as
intracrystalline dissolution pores. These types of pores are typically
formed by the chemical alteration of minerals, particularly feldspar,
within the rock matrix.The clear visibility of angular feldspar grains
within the matrix underscores the mineralogical composition of the
tuff. Feldspar, being a primary component, plays a significant role
in the rock’s overall behavior, including its reaction to geochemical
processes and its mechanical properties.

The CT imaging results from the three-scale examination of
the Tuffite provide critical insights into the structural integrity and
porosity characteristics of this type of volcanic rock (Figure 3).

The full diameter core CT images reveal a high degree of
homogeneity with a notable absence of large pores. This suggests
a compact rock matrix with limited macroscopic porosity, which
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TABLE 2 Multi-scale digital rock core pore-throat parameters results.

Samples Rhyolitic volcanic breccia Crystal tuff Tuffite

Porosity/% 8.21 3.57 0.34

Connected Volume/% 62.3 48.2 31.7

Porosity

Number 174,536 27,928 15,453

Radius/um

Maximum 887 741.5 320.4

Minimum 0.002 0.002 0.002

Average 2.36 1.69 0.74

Throat

Number 147,218 9,490 4,240

Radius/um

Maximum 293.2 244.7 103.9

Minimum 0.001 0.001 0.001

Average 0.83 0.27 0.11

could imply restricted large-scale fluid flowwithin this sample at this
resolution.

The centimeter plug images uncover the development of
horizontal fractures, which appear as vertical fractures in the CT
images. The presence of these fractures is crucial as they could
represent potential pathways for fluid flow despite the overall low
porosity observed.The same images display hardly any visible pores,
emphasizing the rock’s structural density and the likely reliance on
fractures for any significant permeability.

The millimeter plug CT imaging suggest pores are not
developed, reinforcing the findings from larger scales regarding the
compact nature of the rock. However, the detailed imaging reveals
mineral debris particles, predominantly quartz and feldspar, with
varying degrees of rounding. A significant portion of the rockmatrix
is bound by clay cement, with clay content constituting about 30%
of the composition.This high clay content could significantly impact
the mechanical properties of the rock, potentially influencing its
brittleness and reducing permeability.

3.2 Multi-scale images segmentation

The CT images of the crystal tuff sample at different scales
(full diameter, centimeter plug, and millimeter plug) are aligned
using image registration techniques as an example (Figure 4). After
the imaging process, we get the CT grayscale images and pore
segmentation results of rhyolitic volcanic breccia, crystal tuff, and
Tuffiteat threescales (Figures 5–7).Thesegmentationat themillimeter
scale is precise, capturing detailed pore structures and microporosity.
This high-resolution segmentation provides crucial insights into the
finestporosity features,whichareessential forunderstandingfluidflow
at the microscopic level. At the centimeter scale, the segmentation
is probabilistic, reflecting the variation and distribution of pores as
observed in the higher resolution data.This intermediate scale bridges
thedetailedmicroporosity and themoregeneralmacroscopic features,
offering a balanced view of porosity distribution. The largest scale

employs aprobabilistic segmentation approachaswell,which captures
the overall three-dimensional distribution of porosity.While this scale
provides less detail, it is crucial for understanding the general porosity
trends and guiding macroscopic analyses and interpretations.

3.3 Multi-scale integrated models in
reservoir evaluation

In order to construct a multi-scale integrated digital rock core
model, it is necessary to calculate the porosity proportions at
different pore sizes. Using gas-measured porosity as the standard
for total porosity, the porosity proportions of three sample groups
are statistically analyzed across four intervals: less than 0.1 µm,
0.1–1 μm, 1–10 μm, and greater than 10 μm, in terms of their
contribution to the total porosity (Table 1).

The digital rock core pore network model is progressively
integrated across different scales. In the millimeter pore network
digital rock core model, nanoscale pores reflected by mercury
intrusion data are filled using a random filling method. This model
serves as the input to fill the centimeter pore network digital rock
core model, and ultimately the full diameter model. The final multi-
scale pore network digital rock core model integrates mercury
intrusion and three different CT scale pore data (Figure 8), aligning
the digital rock core porosity with the gas-measured porosity.

Based on the integrated multi-scale pore network model, the
full-scale pore radius distribution is calculated (Figure 9). The pore
radius here represents equivalent spherical radius, calculated using
the maximal inscribed sphere algorithm (Dong and Blunt, 2009).
The pore radius distributions of the three sample groups all show
amultimodal distribution, with detailed pore and throat parameters
presented inTable 2.The integratedmodel provides parameters such
as connected porosity, number of pores, pore radius distribution,
number of throats, and throat radius distribution. Based on
this model, the effectiveness and distribution of porosity can be
accurately assessed. Combined with the frequency distribution
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FIGURE 10
Pore radius distribution based on mercury intrusion and CT imaging.
(A) Rhyolitic volcanic breccia (B) Crystal tuff (C) Tuffite.

of storage spaces, this can provide a robust basis for reservoir
identification and prediction.

4 Discussion

4.1 Relationship between reservoir
lithology and its pore distribution

The segmentation results and subsequent analyses of the three
sample groups reveal intricate details about the relationship between
reservoir lithology and pore distribution. Each type of volcanic
tuff exhibits unique pore characteristics that significantly affect the
reservoir’s storage capacity and flow dynamics.

4.1.1 Rhyolitic volcanic tuff
This sample predominantly exhibits intergranular, fissure, and

dissolution pores. Porositymeasurements across scales (2.1%–2.4%)
indicate a relatively uniform micrometer-scale pore distribution.
However, these account for only 30% of the gas-measured
porosity, suggesting that significant nanometer-scale pores remain
undetected by CT imaging. The pore distribution is unimodal
and skewed, with micrometer-scale pores significantly larger than
nanometer-scale ones, as depicted by the normalized pore radius
distribution curve (Figure 10A).

4.1.2 Crystal tuff
The primary storage spaces in this sample are devitrification and

dissolution pores (Figure 10B). The core porosity is extremely low
(0.4%) compared to gas-measured porosity, indicating a substantial
presence of nanometer-scale pores. The unimodal and skewed
distributioncurverevealsawiderangeofporesizes,withdevitrification
and dissolution processes playing critical roles in pore formation.

4.1.3 Tuffite
This sample is characterized by sparse development of storage

spaces, primarily interstitial pores among clay minerals, with
occasional fractures (Figure 10C). The very low porosity (0.01%)
accounts for only 3% of the gas-measured porosity, highlighting
the dominance of nanometer-scale pores. The multimodal,
skewed distribution reflects a complex interplay between minimal
interstitial porosity and sporadic larger fractures.

The lithological differences among rhyolitic, crystal tuffs, and
tuffite significantly influence pore characteristics and reservoir
behavior. Rhyolitic tuffs feature relatively higher micrometer-
scale porosity, while crystal tuff and tuffite exhibit predominantly
nanometer-scale pores and limited macroscopic porosity. These
variationsarecritical forreservoirmodelingandfluidflowpredictions.

The presence of substantial nanometer-scale pores across
all samples emphasizes the importance of using complementary
techniques, such as MIP, alongside CT imaging. This dual approach
captures both micrometer- and nanometer-scale porosity, enabling
a comprehensive understanding of reservoir properties. Effective
reservoir management must incorporate these insights to optimize
fluid flow modeling and recovery strategies.

In conclusion, integrating CT imaging with MIP provides
a robust framework for assessing volcanic rock reservoirs. The
lithological control on pore distribution is a key factor in defining
reservoir quality, performance, and potential exploitation strategies.

4.2 Application of multi-scale integrated
models in reservoir evaluation

4.2.1 Multi-scale imaging technique application
The application of multi-scale CT imaging provides a

comprehensive view of volcanic rock structural and porosity
characteristics, from macroscopic to microscopic scales. Such
as, the presence of micropores and intracrystalline dissolution
pores indicates significant secondary porosity, which is crucial
for evaluating reservoirs where primary porosity is limited. These
features are often critical in volcanic rocks where primary porosity
is limited. The lack of significant pore development and high clay
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content in tuffite samples limit its natural porosity. However, the
presence of fractures could offset these limitations by offering
alternative fluid flow pathways.

This approach offers critical insights into the interplay between
rock texture, porosity development, and reservoir potential. It
enhances the geological and petrophysical characterization of
volcanic rock reservoirs, aiding in the development of more effective
exploration and extraction strategies. By providing a detailed
understanding of reservoir architecture, multi-scale imaging
improves predictions of fluid flow behavior and reservoir quality,
particularly in complex volcanic formations.

4.2.2 Applications of multi-scale integrated
models

The integration of high-resolution imaging techniques, such
as CT scans, MIP, and nanoscale imaging, enables detailed
characterization of reservoir pore and throat networks across
various scales. Multi-scale models offer a precise depiction of
porosity, permeability, and structural integrity, facilitating reliable
simulations of fluid dynamics within reservoirs. Understanding
fluid movement across interconnected pore networks enables the
prediction of hydrocarbon behavior during extraction, essential for
optimizing recovery techniques.

Comprehensive models guide well placement, production rates,
and enhanced recovery strategies. By identifying high-permeability
and high-porosity zones, these models support targeted resource
deployment, improving yield potential.

The detailed spatial and quantitative analysis provided by multi-
scale models significantly reduces the uncertainties traditionally
associated with reservoir evaluations. This improved predictive
capability is crucial for both upstream exploration decisions and
ongoing reservoir management, helping to minimize financial risks
and optimize operational strategies.

Multi-scale models are particularly valuable for evaluating
unconventional reservoirs, such as shale and tight gas formations,
where pore structures are highly heterogeneous. The models aid in
tailoring hydraulic fracturing and other recovery methods to the
unique characteristics of each reservoir.

The complex datasets generated by multi-scale models are ideal
for machine learning and artificial intelligence applications. These
technologies enhance data interpretation, automate trend detection,
and refine predictive reservoir behavior models under various
operational scenarios.

In conclusion, multi-scale integrated models represent a
paradigm shift in reservoir evaluation. By offering a detailed
understanding of pore structures and fluid dynamics, these
models enhance the efficiency, sustainability, and profitability
of hydrocarbon extraction projects. They provide a foundation
for informed decision-making, robust resource management,
and improved recovery strategies, transforming the approach to
exploring and managing volcanic rock reservoirs.

5 Conclusion

(1) Multi-scale scanning technology enables the detailed three-
dimensional characterization of pore distribution across
scales, from millimeter-sized samples to full-diameter

cores. However, in tight reservoirs, a significant portion
of pores, particularly at the nanometer scale, may remain
undetected, necessitating complementary methods for a
comprehensive analysis.

(2) Among the three analyzed volcanic rock types—rhyolitic
volcanic breccia, crystal tuff, and tuffite—the rhyolitic volcanic
breccia exhibits the best physical properties and the highest
pore connectivity, making it the most favorable reservoir.
Crystal tuff ranks second in reservoir quality, while tuffite
demonstrates the poorest characteristics, with limited porosity
and connectivity.

(3) The integration of multi-scale CT scanning with MIP and
nanoscale imaging facilitates the construction of a full-scale
digital pore network model. This model provides a visual
representation of the morphology and spatial distribution of
pores in three dimensions, enabling the quantitative analysis
of pore and throat characteristics. Key parameters, including
pore count, radius distribution, connectivity, and throat
dimensions, are quantitatively evaluated, offering a robust
foundation for assessing reservoir effectiveness and guiding
exploration and development strategies.
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