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Condensate gas reservoirs in the second area of the Shunbei Oilfield in the
Tarim Basin, China have undergone multiple stages of tectonic movements,
resulting in complex structural patterns and reservoir characteristics. These
reservoirs face significant development challenges, including rapid production
decline, limited reservoir reconstruction methods, and weak well pattern
control capabilities. To enhance their stable production capacity, this study
employs a comprehensive approach involving geological analysis, seismic
reflection characteristics research, geological data analysis, and bottom water
discrimination methods to systematically investigate the Shunbei condensate
gas reservoir. The results indicate that structural characteristics significantly
influence the formation of reservoirs and the distribution of oil and gas
reserves. Long-term fault activity is conducive to the development of large-
scale reservoirs. Reservoir connectivity and physical properties play a crucial
role in production performance.Optimizing reservoir reconstruction parameters
can enhance both production and stable production capacity of oil and
gas wells. However, sealed water conditions during development and strong
bottom water presence are unfavorable for production capacity. Based on
these findings, a quantitative evaluation index system for assessing the stable
production capacity of carbonate reservoirs has been successfully established.
This system clarifies the importance and weight relationships of factors such
as fracture activity intensity, fracture background, and water body influence.
The system has been validated through its application in the No. 4 and No.
8 belts, although practical application still requires careful consideration of
the complex geological conditions. The research outcomes provide a critical
foundation for evaluating the stable production capacity of carbonate reservoirs
and formulating effective oil and gas field development strategies. These insights
contribute to improving the overall efficiency and sustainability of oil and gas
field developments.
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1 Introduction

In global exploration and development of oil and gas, carbonate
reservoirs play a crucial role as storage spaces for hydrocarbons
(Ma et al., 2019; Atmadibrata et al., 2019; Esrafili-Dizaji and
Rahimpour-Bonab, 2019; Hu et al., 2020; Yang et al., 2020;
Zhou et al., 2024). However, due to their unique geological
structures and complex reservoir characteristics, maintaining stable
production from carbonate reservoirs faces numerous challenges.
For instance, the carbonate reservoirs in the Khuff Oil Field (Rahim
and Al-Qahtani et al., 2003; Khan et al., 2019; Sabouhi et al.,
2024) in the Middle East suffer from low efficiency in well
pattern deployment due to complex geological structures; the
Yibal Oil Field (Aoudia et al., 2010) experiences a relatively
low recovery rate due to high-salinity and high-temperature
conditions; and the Tahe Oil Field faces a sharp production
decline caused by water influx (Liu and Chen, 2010; Liao et al.,
2024). The fracture-reservoir-aquifer coupling evaluation system
developed in this study, compared to the production enhancement
techniques used in the Khuff Oil Field, places greater emphasis
on quantitative weight allocation of multi-factor interactions.
It has been successfully validated in the Shunbei Oil Field,
providing a novel reference for addressing the development
challenges of similar reservoirs worldwide (Wu et al., 2010;
Hosseini et al., 2024).

Compared with globally representative carbonate reservoirs,
such as the Wolfcamp Formation (Permian Basin, USA)
(Hennenfent et al., 2015; Alvarez and Schechter, 2017; Male et al.,
2023; Ramiro-Ramirez et al., 2024) and the Asmari Formation
(Zagros Fold Belt, Middle East) (Awdal et al., 2016; Moradi et al.,
2024; Taheri et al., 2024; Tong et al., 2024; Fallah-Bagtash et al.,
2025), the Shunbei Oilfield in the Tarim Basin exhibits
distinct uniqueness in its ultra-deep, high-temperature, high-
pressure environments and multi-phase tectonic superimposition
(Yuan et al., 2021; Mou et al., 2023; Dang et al., 2024; Deng et al.,
2024). Research on its sustained production mechanisms provides
critical insights for global carbonate reservoir development.
Consequently, the Shunbei Oilfield occupies a unique and
representative position in worldwide carbonate reservoir studies.
Geologically, it is located in the Shuntuoguole low uplift of the
Tarim Basin. The region has undergone multiple complex tectonic
movements, resulting in pronounced basement differentiation and
a highly intricate tectonic pattern influenced by the interaction of
various tectonic units (Deng et al., 2023). This complex tectonic
setting is relatively rare among global carbonate reservoirs, making
it an exceptional natural laboratory for investigating the impact of
tectonic activity on reservoir formation and evolution. In terms
of reservoir characteristics, the Shunbei Oilfield is classified as
an ultra-deep, high-temperature, high-pressure, fault-controlled
fracture-cavity carbonate reservoir with exceptionally strong
heterogeneity. The reservoir types are diverse, encompassing
fractured, fractured-cavity, and cavity reservoirs. The development
characteristics and distribution patterns of these reservoirs are
unique, differing significantly from those of most carbonate
reservoirs worldwide.This makes the Shunbei Oilfield an exemplary
case for studying complex reservoir characteristics. Regarding
development conditions, the Shunbei Oilfield presents formidable
challenges due to its high temperature, high pressure, and

complex reservoir conditions. These conditions demand advanced
drilling, completion, oil production, and reservoir reconstruction
technologies. The specific and typical problems encountered
during its development provide invaluable practical experience
and research data for the development of similar reservoirs
globally (Ma et al., 2022; Yun and Deng, 2022; Bu et al., 2023;
Ni et al., 2023).

Although extensive research has been conducted on the stable
production capacity of condensate gas reservoirs, achieving notable
results (Qadir et al., 2011; Xu et al., 2019; Jiang et al., 2021),
significant deficiencies remain in the current studies focusing on the
Shunbei carbonate reservoirs. The existing evaluation index system
is imperfect, hindering a comprehensive and accurate assessment of
their stable production capacity. Moreover, the employed evaluation
methodologies lack scientific rigor, complicating the formulation
of precise decisions during actual development processes. These
issues critically impede the efficient exploitation of the Shunbei
oil and gas field, manifesting as rapid production decline, limited
reservoir stimulation techniques, and insufficient well pattern
control capabilities, which have become increasingly pronounced
(Xiao et al., 2012; Guo et al., 2016; Zhang et al., 2020). Against
the backdrop of continuously growing global energy demands
and the gradual depletion of conventional oil and gas resources,
the efficient development of complex carbonate reservoirs such as
those in the Shunbei Oilfield becomes crucial for alleviating energy
pressures. Failure to address the challenges faced by the Shunbei
Oilfield promptly could result not only in resource wastage but also
adversely affect regional energy supply and economic development.
Consequently, there is an urgent need to investigate and enhance its
stable production capacity.

In recent years, advancements in petroleum exploration and
development techniques have deepened the understanding of
carbonate reservoirs (Wang L. Y. et al., 2024). The application of
modern geophysical techniques (Wang et al., 2022; Li F. L. et al.,
2024), geological modeling (Khalid et al., 2022; Xie et al., 2023),
and numerical simulation techniques (Su et al., 2024) has provided
robust tools for studying carbonate reservoirs. Additionally, the
continuous development of reservoir stimulation (Gao et la., 2023;
Li P. H. et al., 2024) and enhanced recovery techniques (Li et al.,
2023) has provided technical support for efficient development.
Nevertheless, challenges persist, such as unsatisfactory reservoir
stimulation outcomes and the high costs of enhanced recovery
technologies.Thus, further study is needed to explore more effective
development techniques and management strategies for carbonate
reservoirs.

In this study, we focused on the gas-condensate reservoir in
Block 2 in the Shunbei Oilfield. By comprehensively analyzing the
regional structural characteristics, hydrocarbon reservoir structures,
controlling influence of faults on the hydrocarbon reservoirs,
reservoir characteristics, effects of reservoir stimulation, and
influence of bottom water on productivity, we aimed to investigate
the stable production capacity of these carbonate reservoirs.
The key factors affecting the stable production capacity were
identified, and a scientific and rational quantitative evaluation
index system was established, providing a theoretical foundation
for the efficient development of the Shunbei gas-condensate
reservoir.
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2 Geologic background and overview
of the study area

The Shunbei Oilfield is located in the Shuntuogole low
uplift in the Tarim Basin, China, an area of significant tectonic
importance that has undergone complex tectonic evolution (Qi,
2020; Zhang et al., 2022). During the Caledonian period, plate
extrusion caused the basement to fold and fracture, forming the
initial fault structures. In the Hercynian period, an extensional
stress field further activated these faults, creating fault basins.
Sedimentary carbonate strata formed the reservoir base, with
fault activity and karstification promoting reservoir development.
In the Himalayan period, plate collision led to strong tectonic
deformation, reactivating fractures and forming a complex fault
system.This system acted as a key pathway for oil and gasmigration,
influencing their direction and accumulation sites. Fold structures
also facilitated the migration and entrapment of hydrocarbons
into favorable reservoirs at higher structural positions. Overall, the
tectonic evolution of the Shuntuoguole low uplift is closely tied to
reservoir formation and hydrocarbon migration, playing a crucial
role in the development and distribution of the Shunbei oil and
gas field region. In this study, we focused on Block 2, specifically
Zone 4 and Zone 8. As shown in Figure 1, this map illustrates
the fracture network distribution in the Shunbei Oil Field region
of the Tarim Basin, China, displaying the major fault zones and
tectonic units (Chen et al., 2024). Zone 4, located in the core area of
Block 2, contains relatively stable geological structures.The primary
faults in this zone are northeast-trending, are predominantly
inherited extensional-shear strike-slip faults, and exhibit a three-
segment pull-apart style, making this a favorable area for reservoir
development. In contrast, Zone 8, situated at the edge of Block
2, contains relatively complex geological structures. The primary
faults in this zone are also northeast-trending but are predominantly
inversional, compressional-shear strike-slip faults. Understanding
the geological background of the Shunbei oil and gas field and the
general situation of the study area provides a fundamental basis
for further exploration of reservoir characteristics. Subsequently,
the reservoir characteristics of Zones 4 and 8 in Shunbei will be
analyzed in detail to further elucidate their relationship with stable
production capacity.

3 Analysis of reservoir characteristics

3.1 Reservoir types and distribution

The stable production capacity of the carbonate reservoirs
is closely related to their unique reservoir characteristics. In
Zone 4 and Zone 8 in the Shunbei area, the reservoir types
are diverse, primarily including fracture-type, fracture-cavity type,
and karst-cave type reservoirs. As shown in Figure 2, different
reservoir types exhibit distinct seismic expressions on seismic
sections, which can be characterized through various seismic
attribute volumes (Wang Z. et al., 2024).The fracture-type reservoirs
are characterized by high-angle fractures serving as themain storage
space, limited pore development, and a relatively small storage
capacity, but the fracture network provides good flow channels.
Zone 4 has a higher degree of fracture development and better

reservoir connectivity compared to Zone 8.The fracture-cavity type
reservoirs include both fractures and cavities, and the fractures and
cavities are interconnected, forming a complex storage space, with
a high storage capacity and good flow performance. Data indicate
that the fracture-cavity reservoirs in Zone 4 are better developed
than those in Zone 8. The karst-cave type reservoirs are mainly
composed of karst caves and are characterized by large storage
spaces and poor connectivity, making extraction more difficult.
They are distributed in both Zone 4 and Zone 8, but their scale is
relatively small.

The reservoir distribution characteristics are critical for
achieving a stable production capacity. Laterally, the reservoir
development conditions vary significantly across the different
areas. The reservoirs in Zone 4 are relatively concentrated and
continuous and are controlled by the northeast-trending faults,
and the reservoirs near the fault zones are well-developed. The
reservoirs in Zone 8 are more scattered and are influenced by
multiple fault interactions (As shown in Figure 3, Fault Zone
4 exhibits high continuity, while Fault Zone 8 shows poor
continuity. Vertically, the reservoirs are mainly developed in
the Ordovician strata, and the reservoir physical properties and
storage space differ across the layers. The upper layers generally
have better physical properties and more developed fractures
and cavities.

3.2 Reservoir physical properties and pore
structure

The reservoir physical property parameters are important
indicators for evaluating the stable production capacity.The porosity
is a key parameter that reflects the storage capacity, and its
magnitude directly impacts the hydrocarbon storage volume. The
porosities of the carbonate reservoirs vary widely. The fracture-
type reservoirs generally have low porosities, ranging from 1% to
5%, while the fracture-cavity and karst-cave type reservoirs have
porosities ranging from 5% to 20%. The permeability reflects the
reservoir’s permeability characteristics, and the permeabilities of
the different reservoir types are significantly different. The fracture-
type reservoirs typically have low permeabilities, usually between 1
and 10 mD, while the fracture-cavity reservoirs have permeabilities
of 10–1,000 mD. In the study area, the reservoirs in Zone 4 in
Shunbei have relatively higher porosities and permeabilities, with
average porosities of 8%–17.6% and permeabilities of generally
several hundred millidarcies. In contrast, the reservoirs in Zone 8
have lower porosities and permeabilities, with average porosities of
2%–3%, and permeabilities typically ranging from 10 to 200 mD.
As shown in Table 1, the statistical results demonstrate that Zone
4 exhibits higher average permeability and porosity compared to
Zone 8. Additionally, Zone 4 has a largermaximumdetection radius,
reflecting superior reservoir connectivity.

3.3 Fracture characteristics of reservoirs

The characteristics of the fractures in a reservoir play a decisive
role in its stable production capacity. The degree of fracture
development is reflected by the fracture density and fracture length.
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FIGURE 1
(a) Structural Division of Tarim Basin, China, and (b) Regional tectonic map, illustrating the distribution of the various fault systems
(modified from Chen et al., 2024).
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FIGURE 2
Types of Ordovician reservoirs in Well SHB43X, Shunbei 2nd Block: (a) Seismic profile, (b) tensor ants seismic attributes, (c) energy gradient seismic
attributes, and (d) variance seismic attributes.

FIGURE 3
Schematic illustration of fault trends in Zones 4 and 8 in the Shunbei area: (a) Belt 4 fracture model, and (b) belt 8 fracture model.

Higher fracture densities and longer fracture lengths can effectively
improve the conditions for hydrocarbon migration and storage
(Ding et al., 2021). In Zone 4 in Shunbei, the fracture density
is relatively high, with an average of 1–2 fractures per meter,
and the fracture lengths reach tens to hundreds of meters. In
contrast, in Zone 8, the fracture density is lower, with an average
of 0.5–1 fracture per meter, and the fracture lengths range from
a few meters to several tens of meters. As shown in Table 2, the
fracture development characteristics of typical wells in Zones 4
and 8 were statistically analyzed. A direct correlation between
fracture development intensity and productivity was established,
validating the effectiveness of the fault activity intensity index.
The fracture types mainly include structural fractures and non-
structural fractures. Structural fractures, such as tensile fractures,
compressive fractures, and shear fractures, are formed by tectonic
movement. These fractures are closely related to changes in the

tectonic stress field and played a significant role in the reservoir
modification and hydrocarbon migration. Non-structural fractures,
such as shrinkage fractures, interlayer fractures, and pressure-
solutional fractures, are associated with the physical and chemical
changes in rocks as well as stratigraphic subsidence. The fracture
connectivity is also an important indicator for evaluating the
stable production capacity of reservoirs. Parameters such as the
fracture density, fracture length, and fracture aperture are typically
used to assess connectivity. Reservoirs with good connectivity
have densely distributed fractures, longer fracture lengths, and
larger fracture apertures. In Zone 4 in Shunbei, the fractures
exhibit good connectivity, and the fractures are interconnected,
forming effective flow pathways. However, in Zone 8, the fracture
connectivity is relatively poor, which hinders hydrocarbon flow and
extraction.
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TABLE 1 Comparison of well test interpretation detection radius and fracture-cavity volume in Zones 4 and 8 in the Shunbei area.

Well nunber Inner radius (m) Permeability (md) Porosity (%) Fracture cavity
volume (104m3)

Farthest detection
radius (m)

SHB8X 102 300 3.09 — 1,171

SHB81X 51 4.3 0.23 9 429

SHB82X 80 147 2.6 377 639

SHB83X 30 9.3 0.75 86 502

SHB84X 55 84.2 2.23 346 1,359

SHB802X 436 711 3.66 — 837

SHB803X 184 511 3.41 — 595

SHB8-2H 24 2.08 0.01 108 539

SHB8-3H 100 256 2.97 832 937

Average value of No.8 118 225 2.11 293 802

SHB4-7H 160 328.7 12.76 869 6,387

SHB4-1H 56 177 11.2 249 3,029

SHB4-9H 180 456 13.56 1,179 5,333

SHB4-2H 350 3.77 1.57 175 691

Average value of No.4 286 241 9.77 378 3,249

4 Analysis of fault control

The fault activity in the Shunbei oil and gas field has evolved
through the Caledonian, Hercynian, and Himalayan periods. Fault
activities during these different periods have significantly influenced
the formation and evolution of oil and gas reservoirs (Wang et al.,
2021; Dou et al., 2024). The fault systems are primarily strike-
slip faults, including northeast-trending, northwest-trending, and
southern composite systems. On the plane, these fault systems
exhibit a north-south junction and east-west zoning pattern. As
shown in Table 3, a comparative analysis of parameters across
different fault systems was conducted. This study compares the
geometric and kinematic characteristics of the NE-trending, NW-
trending, and southern composite fault systems, providing a basis
for the classification of fault activity intensity. Based on parameters
such as the fault displacement and slip rate, the intensity of the
fault activity can be categorized into four levels: strong, relatively
strong, moderate, and weak. The intensity of the fault activity varies
among the different fault systems, with the northeast-trending fault
system exhibiting stronger activity and the northwest-trending
fault system exhibiting weaker activity. The fault types mainly
include extensional-shear, compressional-shear, and compressional-
ridge faults. The different types of faults have varying controlling
effects on the hydrocarbon reservoirs. As shown in Figure 4, the
structural styles of different fault systems in the Shunbei Block 2 are
illustrated.This includes a comparative analysis of the NE-trending,

NW-trending, and composite fault assemblages, highlighting
their geometric configurations (e.g., fault spacing, segmentation)
and kinematic patterns (e.g., displacement gradients, linkage
mechanisms). The extensional-shear faults facilitate hydrocarbon
migration and accumulation. The compressional-shear faults have
relatively weaker control over the hydrocarbon reservoirs, and
the compressional-ridge faults hinder hydrocarbon migration and
accumulation.

4.1 Faults and reservoirs

Fault activity causes reservoir rocks to fracture, forming
numerous cracks and cavities, thereby increasing the reservoir
porosity and permeability. Fault activity can also modify
the reservoir through processes such as dissolution and
compaction, which further improve the reservoir’s physical
properties (Li Y. B. et al., 2024). The fractures and cavities
formed by fault activity are interconnected, enhancing the
reservoir connectivity and facilitating hydrocarbon migration and
accumulation. In the study area, the impacts of the different fault
systems on the reservoir connectivity varies.The northeast-trending
fault system significantly improves the reservoir connectivity,
whereas the northwest-trending fault system has a relatively
smaller impact on the connectivity. For carbonate reservoirs,
the main reservoir stimulation measures include acidizing,
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fracturing, temporary plugging segmentation, fracture expansion,
and chelating agent-based unblocking. The effectiveness of
these measures varies depending on the characteristics and
actual conditions of the reservoir. Therefore, it is necessary to
select appropriate stimulation techniques tailored to specific
reservoir features.

4.2 Faults and hydrocarbon accumulation

Fault systems serve as critical hydrocarbon migration pathways.
Oil and gas can migrate through fault zones into surrounding
reservoirs. The migration direction is primarily controlled by
the fault systems and structural patterns, typically moving from
structural highs to structural lows. The oil and gas accumulation
process in carbonate reservoirs is complex, including the generation,
migration, accumulation, and preservation of oil and gas. The
Shunbei gas-condensate reservoir follows a fault-lithological
composite trap accumulation model, in which the fault zones
control the hydrocarbon migration and accumulation, and the
lithological features influence the hydrocarbon storage and
distribution.

4.3 Case studies

The fault activity in Zone 4 in the Shunbei area is frequent
and intense, making the fault intersection zones key areas for
hydrocarbon enrichment. The intersections of multiple faults
result in highly fractured rocks, creating numerous interconnected
fracture and pore systems. These provide superior spaces for
hydrocarbon storage and migration. Such favorable reservoir
conditions lead to high hydrocarbon production and a strong stable
production capacity in this area. As shown in Figure 5, the spatial
correlation between high-productivity well distribution and fault
attributes in Zone 4 is analyzed. This demonstrates the controlling
effect of fault locations on hydrocarbon productivity, thereby
providing a basis for well placement optimization in structurally
complex areas. For example, well SHB4-2, located near a fault
intersection, exhibited an excellent initial production performance
during the early stage of development, and a relatively slow decrease
in production during the subsequent production.This demonstrates
its strong stable production characteristics, which are attributable to
the superior reservoir physical properties and efficient hydrocarbon
migration pathways created by the fault activity.These factors enable
sustained and effective hydrocarbon flow from the deep reservoirs to
the wellhead.

In contrast, the fault characteristics in Zone 8 in the Shunbei
area differ. While faults are present, the intensity of their activity
is weaker, and their distribution is more dispersed. This has
resulted in less effective reservoir modification compared to Zone
4. In some areas in Zone 8, the poor fault connectivity restricts
hydrocarbon migration, leading to a smaller scale of hydrocarbon
accumulation. As shown in Figure 6, the spatial correlation between
high-productivity well distribution and fault attributes in Zone 8 is
analyzed. This validates the critical control of fault positioning on
hydrocarbon productivity, thereby providing a geological basis for
optimizing well placement strategies in fault-controlled reservoirs.
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TABLE 3 Comparison of geometry, kinematics, and activity of the different fault systems.

Comparison parameter NE fault system NW fault system Southern composite system

Fault property Extensional-shear type Compressional-shear type Compressional-shear type

Structural style Three-segment, mainly extensional Three-segment,
compressional/translational

Compressional ridge structure

Evolution process Progressive strike-slip Inversion strike-slip Partial inversion and strike-slip

Orientation with respect to present stress Parallel Perpendicular Parallel

Typical fault zones Zone 4, Zone 8 Zone 5, Zone 7 Zone 12, Zone 16

FIGURE 4
Structural analysis of various faulting sets within Block 2 in the Shunbei area.

For instance, in the area around well SHB8-5, the limited
communication effect of the faults on the reservoir has resulted in
a lower initial production and shorter stable production period.
However, in certain localized areas in Zone 8, when the faults
intersect with favorable reservoir lithologies, some hydrocarbon
accumulations can form. In particular, in zones with well-developed
limestone, the faults provide hydrocarbon migration pathways,
leading to higher production in these areas. Nonetheless, the
overall stable production capacity in Zone 8 remains inferior to
that in Zone 4.

5 Analysis of factors affecting stable
production capacity of reservoirs

5.1 Fault properties

The fault intersection area is crucial for stable reservoir
production. In these zones, strong fault activity extensively fractures
the rock, creating numerous cracks and pores. This provides
excellent conditions for oil and gas storage andmigration.The stress
concentration at the fault intersections has promoted hydrocarbon
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FIGURE 5
Relationship between fault properties and high-yield wells in Zone 4 in the Shunbei area: (a) fault characteristics of zone 4 (refer to Fault
Zone No.4 in Figure 4), and (b) cumulative production from belt 4 production wells.

enrichment and preservation, making these areas the primary zones
for high-yield well development. The reservoirs in the extensional
zones have stronger stable production capacities due to their better
connectivity and abundant hydrocarbon reserves.This is because the
higher fault activity intensity in the extensional zones has enhanced
the reservoir modification and facilitated hydrocarbon migration
and accumulation. In contrast, the compressional zones have weaker
stable production capacities, poorer reservoir connectivity, and
smaller hydrocarbon reserves. As shown in Figure 7, the differential
stress regimes within Shunbei Block 2 are characterized, explaining
the controlling effect of tectonic stress on reservoir development.
There is a positive correlation between the fault activity intensity
and stable production capacity: the greater the fault activity
intensity is, the better the reservoir modification, hydrocarbon
migration, and accumulation are, leading to a stronger stable
production capacity.

In Zone 4 in the Shunbei area, there are numerous highly
active fault intersections, such as the fault zone near well SHB42X.
These provide efficient pathways for hydrocarbon migration
and accumulation, resulting in excellent reservoir connectivity.
This allows hydrocarbons to flow rapidly and smoothly within
the reservoir, ensuring high production rates and strong stable
production capacities. However, in Zone 8, the fault activity is
weaker andmore dispersed, leading to poorer reservoir connectivity.
For instance, in the area around well SHB8-3, limited hydrocarbon
migration has resulted in lower production and greater challenges
in achieving stable production.

5.2 Reservoir characteristics

The reservoir scale is one of the key factors influencing the stable
production capacity. Larger reservoirs indicate greater hydrocarbon
reserves, which can ensure long-term stable production. The larger
the reservoir scale is, the higher the hydrocarbon production
and recovery rate are, and the stronger the stable production
capacity is. The degree of reservoir filling significantly impacts
the stable production capacity. Higher filling levels reduce the
effective reservoir volume, decrease the hydrocarbon reserves, and
weaken the stable production capacity. Additionally, the nature
and distribution characteristics of the filling materials affect the
reservoir physical properties and flow capacity, thereby influencing
the stable production capacity. Reservoir connectivity is crucial for
hydrocarbon migration and accumulation within the reservoir and
is critical for achieving a stable production capacity. In reservoirs
with good connectivity, hydrocarbons can migrate smoothly,
improving the recovery rates Conversely, reservoirs with poor
connectivity restrict hydrocarbon movement, resulting in a weaker
stable production capacity.

In Zone 4 in the Shunbei area, the reservoirs are relatively
large and have high porosities and permeabilities. For example,
the reservoir associated with well SHB4-5 benefits from favorable
physical conditions, leading to abundant hydrocarbon reserves and
sustained stable production during extraction. However, in certain
areas in Zone 8, the higher degrees of reservoir filling reduce
the effective reservoir volume. For instance, near well SHB8-6,
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FIGURE 6
Relationship between fault properties and high-yield wells in Zone 8 in the Shunbei area: (a) fault characteristics of zone 8 (refer to Fault Zone No. 8
in Figure 1), and (b) cumulative production from belt 8 production wells.

the reduced hydrocarbon reserves significantly impact the stable
production capacity, leading to a noticeable decline.

5.3 Water body characteristics

In the geological history period, confined water was primarily
formed by the rapid accumulation of sediments and the entrapment
of pore water. Over extended geological periods, this water
interacted with the surrounding rock, gradually altering the physical
properties of the reservoir while maintaining its relative stability.
Tectonic movements subsequently influenced the pressure and
distribution of the confined water, modifying the reservoir pressure
environment. Confinedwater benefits the stable production capacity
of reservoirs by acting as a natural pressure support and slowing
the decrease in hydrocarbon production. It also reduces the risk of
water intrusion, providing a stable environment for hydrocarbon
extraction (Qiu et al., 2023). Bottom water typically accumulates
at the base of the reservoir and connects with the aquifer during
deposition. Tectonic movements alter the formation, leading to
changes in bottom water flow and distribution, which have complex
effects on reservoir physical properties. Dissolution can enhance
porosity and permeability, but water flooding and hydration
expansion can reduce oil and gas saturation and permeability.
These processes may even cause water breakthrough, increasing the

difficulty of extraction (Tang et al., 2022). In contrast, bottom water
negatively impacts the stable production capacity. The intrusion
of bottom water causes a decrease in hydrocarbon production,
increases the difficulty of extraction, and increases costs. Bottom
water has strong energy, making it prone to upward intrusion
into hydrocarbon reservoirs, thereby disrupting production. Water
energy replenishment plays a critical role in maintaining the stable
production capacity of reservoirs. Adequate replenishment of water
energy helps maintain the reservoir pressure stability and extends
the stable production period. Water energy replenishment mainly
comes from formation water recharge and the elastic expansion of
the water bodies. Changes in these factors affect the role of water
bodies in maintaining the stable production capacity.

In Zone 4 in the Shunbei area, the water energy replenishment
is relatively stable, and confined water provides excellent pressure
support, slowing the decrease in hydrocarbon production. For
instance, during the development of well SHB44X, the stable water
environment helped sustain relatively stable production over an
extended period of time. As presented in Table 4, the correlation
between water distribution patterns and hydrocarbon productivity
in Zone 4 is statistically analyzed. However, in Zone 8, certain areas
exhibit active bottom water conditions. The intrusion of bottom
water in wells such as well SHB8-4 caused a rapid decline in
production, significantly impairing the stable production capacity
of the reservoir.
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FIGURE 7
Stress background context for the various faults in Block 2 in the Shunbei area.

6 Analysis of reservoir stimulation
measures

For carbonate reservoirs, the primary reservoir stimulation
measures include acidizing, fracturing, temporary plugging
segmentation, fracture expansion, and chelating agent-based
unblocking (Liu et al., 2020). Acidizing treatment involves using
acid solutions to dissolve obstructions in the reservoir, such
as clay and calcite, thereby improving the permeability of the
reservoir. Fracturing involves injecting fracturing fluid under high
pressure to create fractures in the reservoir, thereby enhancing
the connectivity and permeability of the reservoir. Temporary
plugging segmentation is a reservoir reconstruction technique
used in oil exploitation. During fracturing, a temporary plugging
agent is injected to block opened cracks or high-permeability
areas temporarily. This divides the reservoir into smaller sections,
allowing the fracturing fluid to target other areas for more effective
stimulation and improved mining efficiency. Fracture expansion
involves using specialized tools and processes to extend and
widen existing fractures after reservoir fracturing. This increases

the length and width of the fractures, expands the oil and gas
seepage channels, and enhances production rates. By enlarging the
pathways for oil and gas flow, this technique significantly boosts
the reservoir’s productivity. Chelating agent-based unblocking
involves the use of chelating agents that react with metal ions in
the reservoir to remove obstructions and improve the reservoir
permeability.

In Zone 4 in the Shunbei area, reservoir stimulation measures
have achieved significant results. Acidizing treatment has played
an important role. For example, after acidizing treatment, in well
SHB4-3, substantial improvements in both the oil production and
the duration of the stable production were achieved. In addition,
fracturing measures have also had positive impacts on the reservoir
development. Due to the proper fracturing design and construction
parameters, the fracturing fluid effectively entered the deeper parts
of the reservoir, formed an efficient fracture network, and increased
the oil and gas output. In high-yield wells such as wells SHB42X and
SHB44X, significant improvements in the production and stable
production time were achieved through fracturing. In Zone 8,
due to the differences in the reservoir characteristics compared
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TABLE 6 Assigned values for reservoir effectiveness in Zone 4 in the Shunbei area.

Tectonic background Activity intensity Effectiveness of collective reserves (%)

Pull Extrusion Translation Average

Rising background

Strong 70 63 54 62

Stronger 38 27.3 24.3 30

Mid 40.3 23 14.5 26

Translation background
Stronger 73 56.4 47 59

Mid 13 52 35 33

Average 47 42 35 42

TABLE 7 Assigned values for water body impact index in Zone 4 in the Shunbei area.

Tectonic background Activity intensity Water impact index (%)

Pull Extrusion Translation Average

Rising background

Strong 5 0 6 4

General — 0 — 0

Weaker 0 0 0 —

Feebleness 3 0 — 1

Translation background
Stronger — 0 9 3

General 0 0 5 2

Average 2.5 0 5 2.5

to those in Zone 4, the reservoir stimulation measures required
more specific targeting. Temporary plugging segmentation was
particularly effective in this region. By using plugging agents
to divide the reservoir into multiple segments, the individual
segments were successfully modified, improving the overall effect
of the stimulation. For example, in well SHB8X, a significant
increase in oil and gas production was achieved through the
application of temporary plugging segmentation. Additionally,
fracture expansion techniques also yielded some improvement in
the reservoir stimulation in Zone 8. By expanding the fractures
along their walls, the lengths and widths of the fractures were
increased, thereby improving the flow capacity of the reservoir.
As presented in Table 5, the effectiveness statistics of reservoir
stimulation measures are analyzed by comparing the application
outcomes of various techniques (e.g., hydraulic fracturing,
acidizing) in Zone 4 and Zone 8. Reservoir reconstructionmeasures
have improved reservoir conditions to a certain extent. However,
to more scientifically evaluate the stable production capacity of
reservoirs and guide the development of oil and gas fields, it
is essential to establish a comprehensive quantitative evaluation
index system.

7 Establishment of a quantitative
evaluation index system

7.1 Construction of the evaluation index
system

Regarding the stable production capacity of carbonate
reservoirs, in this paper, we develop a quantitative evaluation
index system for Zones 4 and 8. First, the reservoir scale-related
indicators are determined based on the fault activity intensity,
fault properties, and reservoir genesis. Under the framework
of geological analysis and geophysical exploration techniques,
key parameters are derived to evaluate reservoir scale (S). Fault
activity intensity (I), reflecting the magnitude of fault movement,
exhibits a positive correlation with reservoir dimensions. Higher
intensity values enhance reservoir space development through
intense rock fragmentation, promoting pore-fracture networks and
justifying its substantial weighting. Fault properties, quantified
as extensional (F1), compressional (F2), and translational (F3)
components, demonstrate differential impacts: extensional faults
optimize fluid migration and reservoir formation, compressional
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TABLE 9 Statistical assigned values for reservoir effectiveness in Zone 8 in the Shunbei area.

Tectonic background Rate of collective effectiveness of reserves (%)

Pull Translation Extrusion Average

Relatively strong Mid Weak Relatively strong Mid Weak

Weak pull — — 1.1 38.6 17.3 3.5 — 15.2

Weak extrusion — 13.7 — — — 0.7 — 7.2

Strong extrusion uplift 56.5 2.7 — 18.1 — 3.9 3.9 14.6

Faults convergence 33.2 — — — 81 — — 57

Average 44.9 6.3 1.1 28.3 29.8 2.7 3.9 19.6

faults impose destructive effects, while translational motions exert
minimal influence, necessitating distinct weighting coefficients.
Reservoir genetic mechanisms, including karstification (C1) and
tectonic fracturing (C2), exhibit scale-dependent contributions,
karst-dominated systems prioritize large-scale dissolution voids,
whereas fracture-controlled reservoirs emphasize connectivity,
requiring weighted quantification based on their respective capacity
to enhance subsurface storage potential. S is expressed as follows
(Equation 1):

S = a1∗I+ a2∗F1+ a3∗F2+ a4∗F3+ a5∗C1+ a6∗C2, (1)

where a1, a2, …, a6 are coefficients to be determined. For the
fault activity intensity (I), quantitative assessment was conducted
through three parameters: fault displacement, slip rate, and activity
phases (as shown in Table 3), with values assigned using theAnalytic
Hierarchy Process (AHP). The fault properties (F1, F2, F3) are
mutually exclusive variables, while the reservoir genetic types (C1,
C2) can coexist andwere determined based on core samples andwell
logging data. Data from over 20 wells in the Shunbei No.4 and No.8
Zones were collected, including reservoir scale, fault parameters,
and genetic types. Using reservoir scale as the dependent variable
and other influencing factors as independent variables, a multiple
linear regression analysis was performed to establish the coefficient
of determination.

The indicators pertaining to reservoir effectiveness are derived
from well logging, well testing, and core analysis data, with
weighting coefficients assigned based on fault activity intensity
(A), the angle between fault and principal stress (θ), and fault
properties. Fault activity intensity directly governs the degree of
reservoir modification and the development of fluid migration
pathways. Higher activity intensity enhances reservoir permeability
and connectivity, favoring hydrocarbon storage and extraction, and
thus receives greater weighting. The angle between fractures and
principal stress (θ) influence fault orientation and propagation,
where smaller angles promote stress-driven fault initiation and
extension, thereby improving reservoir effectiveness, though with
a slightly lower weighting compared to fault activity intensity.
Additional considerations include fault properties and other
geological parameters. The reservoir effectiveness, denoted as E, is

calculated as follows (Equation 2):

E = b1∗A+ b2∗θ+ b3∗F, (2)

where b1, b2, and b3 are coefficients to be determined. The
effectiveness ratings of reservoir units in Shunbei Zone 4 are listed
in Table 6. This table establishes quantitative scoring criteria for
reservoir effectiveness under different structural settings, providing
a basis for parameter selection in the quantitative evaluation model.
The fault activity intensity (A) is quantified into three grades
(see Table 6), while the fault-stress intersection angle (θ), defined
as the measured angle between the maximum principal stress
orientation and fault strike, critically influences seepage efficiency.
Fault properties (F) are categorized into three classes reflecting
reservoir connectivity variations. The Analytic Hierarchy Process
(AHP) was employed to integrate qualitative expert knowledge with
quantitative data for weight assignment, ensuring logical rationality
through consistency verification and alignment with hierarchical
reservoir effectiveness evaluations. The entropy weight method was
implemented for weight calculation based on reservoir effectiveness
values assigned across diverse structural settings. The systematic
weight allocation involved constructing a hierarchical framework
(target layer E, criterion layerA/θ/F, and solution layerwith reservoir
classifications), developing averaged judgment matrices through
pairwise comparisons of criteria by domain experts, computing
weight vectors via the eigenrootmethodwith consistency validation,
and ultimately verifying results through Equation 2 using Table 6’s
index values.

The water impact index is defined as the proportion of the
water’s impact on the recovery rate. Statistical data are used
to assign the water impact quantification values based on the
activity intensity. Table 7 establishes quantitative scoring criteria for
water body impacts under different structural settings, providing a
basis for parameter selection in the quantitative evaluation model.
Observations of the water distribution patterns revealed that the
water bodies are primarily developed in a translational tectonic
settingwith poor connectivity anddrainage. In the translational fault
zones, the impact on the recovery rate ranges from 4% to 9%, with an
average of 5%. The statistical results indicate that the compressional
segments are unaffected by water, while the extensional segments
in the high-activity areas are moderately affected, with an impact of
approximately 5%.
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The indicators related to the water impact are determined
through analysis of the formation water chemistry, resistivity
logging, and water production data for the wells. The water impact
index (W) is calculated as follows (Equation 3):

W = c1∗T+ c2∗D, (3)

where the parameter T (Hydrocarbon connectivity) quantifies
hydraulic communication between water bodies and source rocks,
with higher weighting in the model given its critical influence
on hydrocarbon production. Strong connectivity with bottom
water facilitates aquifer influx into reservoirs, adversely impacting
hydrocarbon recovery. This parameter is categorized into three
tiers based on water chemical analysis. The parameter D (Conduit
efficiency) evaluates fault-mediated water migration capacity, where
enhanced fault conductivity mitigates water interference during
production. It receives lower weighting and is quantified using the
water invasion index derived fromwell test interpretation combined
with structural context analysis. Undetermined coefficients c1 and
c2 were defined using a logistic regression model trained on
water breakthrough observations and recovery data from multiple
wells in Zone 4. The water body impacts (see Table 7) and a
quantitative scoring standard for water impacts under varying
tectonic backgrounds were established, providing parameter inputs
for the quantitative evaluation model.

Reservoir scale (S) serves as a fundamental factor influencing
cumulative production, where larger reservoirs typically indicate
greater hydrocarbon reserves and theoretically higher cumulative
yields. Reservoir effectiveness (E) quantifies production feasibility
and efficiency, with highly effective reservoirs enabling easier
hydrocarbon extraction and making more substantial contributions
to cumulative production. The water impact index (W) represents
the adverse effects of aquifer interference on productivity, higher
index values correspond to stronger production suppression. In the
model, this inhibitory effect is mathematically expressed through
the (1-W) term to reduce predicted cumulative production values.
When accounting for thewater inZone 4, the cumulative production
(P) can be predicated using Equation 4:

P = (S∗E) ∗ ideal recovery factor∗(1−W). (4)

For Zone 4, the ideal recovery factor is the average dynamic
recovery factor, which is 31%. Based on the three factors, i.e.,
the reservoir scale, reservoir effectiveness, and water impact,
we assigned values for the individual wells in Zone 4. The
calculated cumulative production was compared with the elastic
rate-based production predictions (Table 8), and an accuracy of 99%
was achieved.

Analysis of the wells with significant prediction errors: For well
SHB4-3, the reservoir effectiveness value was set as 46.9% according
to the parameter table (Table 6), while the actual statistical value was
31.2%, likely due to the poor well-reservoir connectivity. For well
SHB4-13, the calculated cumulative production is far lower than the
actual prediction. The actual prediction may involve deviations in
the elastic production rate or dynamic reserve estimates. For well
SHB4-7, the calculated value is lower than the actual prediction.
The analysis results suggest that within the central uplift zone, the
fault activity intensity at the location of this well is relatively strong,
meaning that the reservoir effectiveness should be higher than the

Frontiers in Earth Science 18 frontiersin.org

https://doi.org/10.3389/feart.2025.1559057
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Chen et al. 10.3389/feart.2025.1559057

average value in the parameter table (Table 6). Additionally, the
influence of the adjacent water flow, which was not accounted for
in the calculation, resulted in underestimation of the cumulative
production.

For Zone 8, the overall reservoir effectiveness is relatively low,
with an average of 19.6%. The reservoir scale and effectiveness
are significantly higher in the fault intersection zones than in
other areas, and they are lowest in the weak extensional zones.
The reservoir effectiveness is correlated with the fault properties
and activity intensity, and the extensional segments in the high-
activity areas perform better. The assigned values for the reservoir
effectiveness are presented in Table 9, establishes quantitative
scoring criteria for reservoir effectiveness under different structural
settings, providing a basis for parameter selection in the quantitative
evaluation model.

Zone 8 is minimally affected by water, and the estimated
cumulative production (P) was calculated using Equation 5:

P = (S∗E) ∗ ideal recovery factor. (5)

For Zone 8, the ideal recovery factor is 30%. The cumulative
production predictions, calculated based on the reservoir scale,
filling degree, and connectivity, are compared in Table 10.

The prediction results have an accuracy of 98%. The fault
intersection zones have the highest cumulative production, aligning
with the distribution of the high-yield wells. Although the reservoir
effectiveness is lower in the extensional segments than in the
translational segments, because they have a larger scale results, they
have the highest cumulative production.

Based on comprehensive analysis of the calculation results for
Zones 4 and 8, we summarized four qualitative discrimination
indicators for the macro-regional distribution characteristics of
high-yield wells.

First, regarding the impact of the maximum principal stress
direction, the smaller the angle with the fracture orientation is,
the lower the compressive stress is, the better the continuity of the
high-permeability fractures along the fault’s strike is, and the larger
the recoverable volume and cumulative production are. The trend
deteriorates toward the east, and the ranking is as follows: three-
segment > three-segment + compressional ridge transition zone >
compressional ridge structure. Second, regarding the impact of the
fault activity intensity, within the same fault zone, the degree of
reservoir development is related to the intensity of the fault activity.
The middle section, which has a greater activity intensity, is more
favorable for reservoir development. Third, regarding the stress
background of the fault development, the extensional and weak
extensional zones are the most favorable areas for high-yield well
development. Lastly, the favorability of the reservoir development
locations is as follows: fault intersections > turning sections >
midsections of translational strike-slip faults > ends of the fault.
Fault intersections are the most favorable zones for high-yield well
development. In this study, a three-dimensional evaluation system
encompassing six major factors for the stable production capacity
of high-yield wells was established. Table 11 establishes a three-
dimensional evaluation matrix based on fault location, structural
settings, and water body impacts, providing a visual decision-
making tool for development plan optimization.

7.2 Uncertainty analysis and sensitivity
assessment

Uncertainty analysis of the model identified three primary
sources: (1) Fault parameter interpretation errors caused by seismic
data resolution limitations (burial depths exceeding 7,500 m in
ultra-deep reservoirs), which may lead to misjudgment of fault
activity intensity. This issue can be mitigated through integration
of borehole image logging and core-based fault density calibration.
(2) Ambiguity in water body type discrimination, where dynamic
boundaries between confined water and bottom water under
tectonic stress require refinement. Water chemical isotope analysis
could enhance identification accuracy and reduce misclassification.
(3) Reservoir heterogeneity, characterized by significant well-to-well
variations in fracture-cavity connectivity. Fractal dimension analysis
is proposed to quantify heterogeneity patterns, with a heterogeneity
correction term added to Equation 2 to optimize effective porosity
calculation models.

A single-factor sensitivity analysis was performed to assess the
impact of parameter variations (±20% perturbation) on production
forecasts, quantifying cumulative production response amplitudes
in two case wells: SHB4-10H (Zone 4, highly fractured area) and
SHB802X (Zone 8, fault intersection zone). Results indicate that
a 20% increase in fault activity intensity (I) enhanced cumulative
production by 18.2% (Zone 4) and 15.3% (Zone 8), consistent with
the geological concept of “fault-controlled reservoirs” governing
storage capacity and connectivity. For the fault-stress intersection
angle (θ), a 20% increase reduced production by 12.5% (Zone 4)
and 10.5% (Zone 8), attributed to elevated seepage resistance from
angle widening, with Zone 4’s higher fracture density amplifying
sensitivity. A 20% increase in effective reservoir effectiveness
(E) boosted production by 10.5% (Zone 4) and 8.9% (Zone
8), reflecting stronger sensitivity in Zone 4’s karst reservoirs to
volumetric efficiency. Conversely, a 20% increase in the aquifer
influence index (W) decreased production by 7.5% (Zone 4)
and 3.2% (Zone 8), confirming weaker aquifer impacts in Zone
8. The analysis highlights I as the most sensitive parameter,
aligning with fault-dominated reservoir dynamics, while the inverse
correlation between W and production stability validates bottom-
water encroachment as a detrimental factor.

8 Discussion

Compared with the traditional single factor evaluation
method, the fracture-reservoir-water coupling evaluation method
constructed in this study comprehensively considers various
factors such as tectonic activity, reservoir characteristics, reservoir
reconstruction and water characteristics, and achieves accurate
evaluation of stable production capacity through quantitative weight
distribution. This system emphasizes the dynamic interaction of
geological factors and provides a new paradigm for the evaluation
of complex carbonate reservoirs. The proposed principle of
prioritized development in fault intersection zones, as outlined
in this study, exhibits theoretical consistency with the fault-
block reservoir development strategies implemented in the North
Sea Viking Graben region (Fossen et al., 2003; Eikeland and
Hansen, 2009; Gomes et al., 2018; Underhill and Richardson,
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2022). However, the parameter threshold determination for ultra-
deep reservoir conditions presents significantly greater technical
challenges, particularly regarding geological complexity and
engineering feasibility under extreme depth constraints. The
research results have direct reference value for global carbonate
reservoirs. By reasonably increasing or reducing the influencing
factors of reservoir stable production, the framework of reservoir
stable production for a specific oilfield is established, and the
influence weight of each factor is quantitatively characterized. The
reservoir stable production development model is established to
guide the optimization of oilfield development plan and improve
economic benefits.

At the methodological level, this study integrates the Analytic
Hierarchy Process (AHP) (Lee, 2015) and Entropy Weight Method
to resolve the weight allocation challenges in geological multi-
factor evaluation. The Fault Activity Intensity (I) is quantified
through displacement, slip rate, and active periods, with its weight
assignment reflecting the cumulative modification effects of multi-
phase fracture fragmentation-dissolution on reservoir porosity and
permeability. The Effective Reservoir effectiveness (E) introduces
the parameter of angle (θ) between fractures and stress, revealing
the dynamic control of current NE-trending maximum principal
stress on paleo-fracture openness, thereby addressing the oversight
of current geostress field responses in traditional static reservoir
evaluations. The Water Impact Index (W), through coupling water
chemical isotopes with production dynamics, establishes for the first
time a quantitative relationship between water types and recovery
rates, challenging the conventional belief that water presence
universally hinders development (Tan et al., 2022).

For this method, there are the following improvement strategies:
We should further improve the geological models of carbonate
reservoirs and conduct in-depth research on the formation
mechanisms and evolutionary processes of reservoirs, providing
a more accurate geological basis for studying the reservoir stable
production capacity.We should enhance research on and application
of new techniques and methods, such as three-dimensional
seismic techniques (Narayan et al., 2023; Zhang G. Y. et al., 2024),
numerical simulation (Tang et al., 2024; Zhang Y. et al., 2024),
and artificial intelligence (Huang et al., 2023; Hu et al., 2024), to
improve the accuracy of reservoir characterization and prediction,
thereby offering more scientific technical support for evaluating the
stable production capacity. Three-dimensional seismic technology
enhances reservoir characterization and fault identification with
high precision. It integrates with existing geological and geophysical
methods to improve prediction accuracy. Numerical simulation
uses actual data to model oil and gas migration and reservoir
dynamics, predicting mining effects and optimizing development
plans to boost efficiency and extend stable production. Artificial
intelligence (AI) analyzes data to predict reservoir parameters
and intelligently adjusts development strategies using optimization
algorithms, ensuring precise decision-making.

Future research directions could focus on the following
aspects: Firstly, deepening the understanding of fault-reservoir-
aquifer coupling mechanisms. This should involve conducting
dynamic reservoir-controlling mechanism studies of multi-phase
fault activities. While current models primarily quantify static
parameters of fault activity intensity, future studies could investigate
the time-dependent control of multi-stage faulting on reservoir

formation. Additionally, as the current aquifer influence index
employs static assignments, establishing quantitative relationships
between basal water breakthrough timing and reservoir dip
angle/fracture aperture would strengthen dynamic water invasion
predictionmodels. Secondly, optimizing and expanding quantitative
evaluation frameworks. Research should address time-dependent
effects of high temperature/pressure on reservoir properties to
enhance ultra-deep reservoir prediction accuracy. Systematic
validation across global carbonate reservoirs is recommended
to develop regionally adaptable evaluation protocols. Lastly,
advancing uncertainty analysis and risk assessment methodologies.
Quantifying geological controls on reservoir development through
probabilistic modeling would enable risk early-warning systems.
This would inform rational development planning and contingency
strategies, ultimately mitigating operational risks. Implementation
of sensitivity-constrained Monte Carlo simulations could effectively
characterize parameter interdependencies.

9 Conclusion

The primary factors influencing the stable production capacity
of carbonate reservoirs include the fault properties, reservoir
characteristics, and water body characteristics. Fault intersections,
turning sections, and the midsections of translational strike-slip
faults are the most favorable zones for high-yield well development.
A positive correlation exists between the fault activity intensity and
stable production capacity. The key factors affecting the cumulative
reservoir production capacity are the reservoir scale, filling degree,
and connectivity, while the reservoir physical properties and
pore structure significantly impact the stable production capacity.
Confined water enhances the productivity, whereas strong bottom
water negatively impacts productivity. Water energy replenishment
plays a crucial role in maintaining the stable production capacity.

Based on the three key elements of fault-reservoir-aquifer,
this study establishes a stable production capacity evaluation
system integrating six core indicators: fault activity intensity, fault
nature, effective reservoir volume, reservoir scale, aquifer type, and
stimulation parameters. The Analytic Hierarchy Process (AHP) was
employed to determine indicator weights, achieving a breakthrough
from qualitative description to quantitative prediction, with
successful applications in Zone 4 and Zone 8. Compared with
traditional methods, the system innovatively incorporates dynamic
structural parameters (including fault activation stages and stress
intersection angles) into reservoir effectiveness calculations,
addressing evaluation challenges in ultra-deep heterogeneous
reservoirs. It precisely differentiates development effects between
confined water and bottom water through coupled water chemical
isotope analysis and production dynamics, while establishing
a three-dimensional evaluation matrix encompassing fracture
location, structural context, and aquifer influence, providing an
intuitive decision-making tool for development optimization.

Reservoir stimulation measures are vital for enhancing
the stable production capacity. Techniques such as acidizing,
fracturing, temporary plugging segmentation, fracture expansion,
and chelating agent-based unblocking effectively improve reservoir
connectivity, permeability, and stability. Further optimization of
these measures is needed to enhance their effectiveness.
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This study elucidates the stable productionmechanisms of ultra-
deep fault-controlled carbonate reservoirs, advancing the structural-
reservoir-fluid coupling theory for reservoir characterization.
By identifying fracture intersections, extensional segments, and
central strike-slip zones as sweet spot criteria, it challenges the
conventional structural high-zone reservoir control paradigm and
offers valuable insights for global exploration and development
of analogous reservoirs. From an economic perspective, this
study offers significant benefits for actual oil and gas field
development. In terms of production improvement, identifying
the qualitative discriminant index for high-yield well distribution
allows for precise targeting of favorable mining areas, enhancing
extraction efficiency. For example, optimizing mining layouts in
Shunbei’s No. 4 and No. 8 belts based on this research increased
production by 1%–9% in certain areas. Regarding cost control,
optimizing reservoir stimulation schemes has reduced unnecessary
operations and material waste, cutting single-well stimulation costs
by 3%–12%. Furthermore, detailed analysis of reservoir and water
properties enables more rational extraction methods, improving
recovery rates by an anticipated 1%–3%. These findings contribute
to both enhanced productivity and cost efficiency, making a
substantial impact on the economic viability of oil and gas field
developments. The comprehensive improvements in production
and cost management underscore the practical value of this
research, supporting sustainable and economically viable operations
in challenging reservoir environments.
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