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Abstract

The fracture—cave carbonate reservoir in Unit 591 of the Tahe Qilfield is jointly controlled
by strike-slip fault activity, karstification, and later-stage fracture development, resulting
in reservoir spaces characterized by strong heterogeneity, strong discreteness, and multi-
scale superimposition. The inter-well connectivity of this type of reservoir is not governed
by the size of a single fracture—cave body or local fracture density, but rather by the spatial
configuration among the main controlling fault, the associated fracture network, and the
fracture—cave reservoir bodies. As the reservoir enters the middle-high-water-cut devel-
opment stage, the production differential between dominant connecting channels and
weakly connected fracture-cave bodies further enlarges, leading to marked heterogeneity
in the remaining oil distribution. Integrating post-stack seismic data, fracture prediction,
RGB attribute fusion, production performance, and numerical simulation data, this paper
constructs a main fault-controlled fracture-vug coupling probability (MFC-FVCP) model
under the constraint of the main controlling fault. Unlike conventional multi-attribute fu-
sion methods that mainly enhance seismic anomaly visualization, the MFC-FVCP model
transforms the main fault constraint, fracture connectivity, and fracture-cave reservoir-
body effectiveness into a unified coupling probability. The model uses three core compo-
nents—the main fault response field, the fracture attribute response field, and the frac-
ture—cave reservoir body response field —to characterize the fault-control effect, fracture-
network continuity, and effective reservoir-body response, respectively. By evaluating the
coupling probability, the inter-well connectivity potential is assessed, the dominant con-
nectivity areas where fractures and fracture—cave bodies synergistically develop under
the constraint of the main controlling fault are identified, and potential remaining oil tar-
gets are clarified. The predicted connectivity pattern was further constrained by produc-
tion performance, nitrogen injection response, and staged oil saturation simulation, which
improves the reliability of remaining oil enrichment prediction. The results show that the
T74 layer is the dominant development interval of fracture—cave reservoir bodies in Unit
S91. These fracture—cave bodies are mainly distributed along the main controlling fault
and associated fracture zones in beaded, chain-like, and banded patterns, exhibiting dis-
tinct fault-and-fracture control characteristics. Potential point A near well TK858XCH fea-
tures both good reservoir physical properties and insufficient sweep efficiency, making it
a key target for subsequent injection—production adjustment and remaining oil tapping.
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The MFC-FVCP model can incorporate static seismic responses, fracture-cave spatial
structures, and dynamic development responses into a unified evaluation framework,
providing a quantitative basis for characterizing inter-well connectivity and identifying
remaining oil enrichment areas in fracture—cave carbonate reservoirs.

Keywords: Unit S91; MFC-FVCP model; connectivity; structure gradient tensor attribute;
fracture density; remaining oil distribution

1. Introduction

The fracture—cave carbonate reservoir in the Tahe Oilfield is jointly controlled by
multiphase tectonic-karst processes, paleogeomorphology, and hydrodynamic conditions,
resulting in strong heterogeneity in the shape, scale, and spatial distribution of caves and
fractures [1-5]. This reservoir complexity leads to diverse inter-well connectivity relation-
ships and significant differences in injection—production responses during development.
As the reservoir enters the middle-high-water-cut stage, preferential flow pathways are
strengthened, gas and water channeling intensify, and remaining oil becomes more
widely dispersed and concealed, severely restricting the improvement of the recovery fac-
tor. Although traditional methods can identify large-scale caves and major faults, their
ability to characterize small-scale fracture-cave complexes is limited, making it difficult
to meet the requirements of remaining oil prediction and well pattern optimization in the
late development stage [6-11].

Considerable research has been conducted on fracture—cave reservoirs. Seismic in-
version and karst facies-controlled modeling can reveal the macroscopic distribution pat-
tern, but owing to resolution limitations and structural complexity, they mostly remain
qualitative and are unable to resolve the spatial assemblage of small-scale fracture systems
[12,13]. Tracer monitoring and numerical simulation have played a role in inter-well con-
nectivity evaluation and remaining oil studies, but they often focus on a single scale or
method, resulting in insufficient coupling between static models and dynamic data, and
a lack of unified quantitative criteria for connectivity classification. In terms of develop-
ment strategies, attempts have been made to implement techniques such as cyclic water
flooding and fluid potential regulation [14,15], but these rely heavily on empirical judg-
ment and lack detailed geological support regarding reservoir connectivity structure and
remaining oil distribution. In recent years, methods such as multi-scale multiple contin-
uum models [15-20], topological networks, and deep learning have been gradually intro-
duced, showing potential for quantitative characterization. However, their application re-
mains mostly confined to a single technical route, and a systematic evaluation framework
integrating multi-attribute characterization and dynamic data verification has not yet
been established [20-22].

To address the significant inter-well connectivity differences in static structure char-
acterization and unclear remaining oil distribution in the connectivity evaluation of frac-
ture—cave carbonate reservoirs, this study constructs the MFC-FVCP model [23-27]. Fault
enhancement filtering and direction-constrained ant tracking are used to finely identify
main controlling faults and associated fractures. By integrating fault distance decay, frac-
ture orientation matching, and fault size differences, the main fault influence field is es-
tablished to characterize the constraint intensity of the fault system on fracture develop-
ment and the spatial configuration of fracture—cave reservoir bodies [28-32]. Furthermore,
fracture-sensitive attributes such as ant tracking, variance, curvature, gradient magnitude,
and structure gradient tensor are combined to construct the fracture attribute response
field. Combined with fracture density results from different time windows of the T74 layer,
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the model constrains the planar heterogeneous distribution and vertical continuity of frac-
tures. For fracture—cave reservoir body characterization, RGB attribute fusion is embed-
ded into the MFC-FVCP model, allowing the boundary features, internal anomalies, and
spatial continuity of fracture—cave reservoir bodies to be incorporated into the fracture—
cave coupling evaluation, thereby transforming from single-attribute identification to
quantitative characterization of fracture—cave connectivity relationships. The static con-
nectivity paths characterized by the model are comprehensively compared with produc-
tion dynamic responses, nitrogen injection performance, and oil saturation simulation re-
sults, clarifying the differences in inter-well connectivity intensity under different fault-
fracture—cave assemblage patterns and their geological controlling factors [32-35]. The oc-
currence characteristics and enrichment patterns of the remaining oil are analyzed, and
favorable remaining oil enrichment zones are delineated, providing a basis for subsequent
scheme optimization and remaining oil tapping.

2. Geological Setting

The study area, Unit S91 of the Tahe Oilfield, is located in the southwestern part of
the Akekule Uplift in the Northern Tarim Uplift (Figure 1). It is a typical deep fracture—
cave carbonate reservoir in a shallow overburden area. The overburden in the area is rel-
atively thin, and the tectonic setting is generally stable. Multiphase tectonic evolution in-
dicates that strike-slip fault activity and karstification during the Caledonian and Hercyn-
ian periods jointly controlled reservoir formation and modification. The reservoir space
in the study area is diverse, including karst caves, tectonic fractures, dissolution fractures,
and fractured pores, exhibiting an obvious fracture—cave superimposition characteristic.
The reservoir mainly occurs in the Middle-Lower Ordovician Yingshan Formation and
the Lower Cambrian strata. The lithology is predominantly carbonate, locally interbedded
with lenticular micritic limestone, providing favorable conditions for karst development.
The fracture—cave reservoir bodies show strong heterogeneity and spatial discreteness in
the region, with significant differences in fracture—cave development degree between dif-
ferent depth intervals, forming multiple independent or weakly connected composite res-
ervoir systems. Controlled by the coupling of main faults and paleo-karst channels, the
lateral connectivity of the reservoir varies greatly, and the hydrocarbon occurrence state
is complex.
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Figure 1. Geological setting and location of Unit S91 in the Tahe Oilfield.
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3. Data and Methods
3.1. Fault Enhancement and Ant-Tracking Method

The main controlling faults and their associated fractures in fracture—cave carbonate
reservoirs are usually characterized by seismic reflection event offsets, locally reduced co-
herence, abrupt changes in reflection texture, and enhanced linear discontinuities. Coher-
ence, variance, and structural seismic attributes have been widely used for fault and frac-
ture identification, among which coherence attributes can highlight lateral discontinuities
in seismic reflections and serve as one of the fundamental attributes for fault interpreta-
tion. However, the fracture—cave carbonate reservoir in Unit S91 of the Tahe Oilfield is
jointly affected by karstification, strike-slip fault activity, and multiphase fracture devel-
opment. The seismic responses often contain fault discontinuities, abrupt fracture—cave
boundaries, local strong amplitude anomalies, and random noise simultaneously. Directly
using the original seismic volume or a single discontinuity attribute for fault interpreta-
tion tends to cause problems such as unclear fault boundaries, poor continuity of associ-
ated fractures, and spurious local fracture responses. Therefore, this paper introduces
fault enhancement filtering before ant tracking to improve the continuity and identifiabil-
ity of linear responses of faults and fractures. The main purpose of fault enhancement
filtering is to preserve fault boundaries and structural abrupt information while suppress-
ing the interference of random noise and non-structural anomalies on fault identification.
Previous studies have shown that fault-oriented structural enhancement processing can
improve the continuity of fault attribute volumes and the stability of fault surface con-
struction by enhancing discontinuous responses in seismic volumes and estimating fault
strike and dip. Based on this concept, this paper first applies structure-oriented prepro-
cessing to post-stack seismic data to highlight the seismic responses of fault surfaces, fault
damage zones, and small-scale linear discontinuities. Ant tracking is then performed on
the fault-enhanced volume to avoid noise amplification and fault fragmentation caused
by tracking directly on the original seismic volume.

The ant-tracking method is an automatic fault extraction technique based on swarm
intelligence. Its basic principle is to simulate the behavior of ant colonies searching for
optimal paths, automatically tracking discontinuous anomalies with continuous linear
features in a 3D seismic attribute volume. The automatic fault extraction method using
artificial ant colonies proposed by Pedersen provides an important technical foundation
for automatic 3D seismic fault identification. This method typically uses coherence, vari-
ance, chaos, or fault-enhancement attributes as input. By setting parameters such as search
step, similarity threshold, pheromone decay coefficient, and iteration number, virtual ants
migrate along directions with strong discontinuity and good spatial continuity, ultimately
forming linear anomaly volumes of faults and fractures. In recent years, multi-attribute
preprocessing and enhanced ant-tracking methods have further demonstrated that appro-
priate attribute preprocessing can improve fault identification continuity and reduce noise
interference.

Considering the obvious directionality of the strike-slip fault system in Unit 591, a
directional consistency constraint is introduced on the basis of conventional ant tracking.
The core of this constraint is to match the local linear anomaly direction with the strike of
the main controlling fault or the regional tectonic stress direction. When the local anomaly
direction is highly consistent with the strike of the main controlling fault, it is more likely
to represent effective associated fractures induced by fault activity. When the local anom-
aly direction differs significantly from the main fault strike, its interpretation weight as an
effective fracture is reduced. This treatment can, to some extent, mitigate spurious fracture
responses caused by cave boundaries, local strong reflection anomalies, and random noise,
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making the tracking results more consistent with the geological patterns of fracture devel-
opment under strike-slip fault control. In this study, ant tracking was performed on the
fault-enhanced seismic attribute volume rather than directly on the original post-stack
seismic volume. This treatment reduces the possibility that isolated cave boundaries, local
strong-amplitude anomalies, and random noise are mistakenly tracked as structural frac-
tures. The ant-tracking parameters were set as follows: 80 iterations, a tracking step of 100
samples, a similarity threshold of 0.70, a pheromone decay coefficient of 0.90, and an initial
ant number of 2000. This parameter combination was selected to preserve the continuity
of the main faults and associated fractures while avoiding excessive enhancement of
weakly continuous non-structural anomalies.

The azimuthal constraint was defined using the interpreted strike of the main con-
trolling fault as the reference direction. Considering the 180° symmetry of fracture strike,
the minimum included angle between the local linear anomaly and the main fault strike
was calculated. Linear anomalies within +25° were classified as strongly direction-con-
sistent responses and were preferentially retained. Anomalies with angular differences of
25-45° were regarded as weakly direction-consistent responses and were assigned lower
weights. Linear anomalies with angular differences greater than 45° were weakened in
the connectivity evaluation because they were less likely to represent effective associated
fractures controlled by the main strike-slip fault system.

3.2. Main Controlling Fault Constraint Factor

A fault zone is not a single geometric interface but a composite structural unit com-
posed of a fault core, a fault damage zone, and an associated fracture system. The structure
of the fault zone and its permeability heterogeneity are important factors controlling fluid
migration. A fault can act as a fluid conduit, a barrier, or a conduit-barrier composite
system under specific conditions. The fault damage zone usually contains fracture net-
works of different scales, orientations, and connectivity degrees, and their geometric
structures show certain similarities among different fault types such as strike-slip faults,
normal faults, and reverse faults. Previous studies have also pointed out that there is a
close relationship between fault zone structure, mechanical properties, and fluid flow
characteristics, and fault geometry cannot be discussed separately from reservoir flow ca-
pacity. In a strike-slip fault system, the fracture density around the fault core generally
decreases with increasing distance from the fault core, and macroscopic fractures exhibit
a clear spatial pattern in the fault damage zone. Therefore, in the connectivity evaluation
of fracture—cave carbonate reservoirs, the main controlling fault should not be treated
merely as a structural boundary in seismic interpretation maps, but should be further
transformed into a geological constraint factor that can participate in quantitative calcu-
lations.

The formation and connectivity of fracture—cave reservoir bodies in Unit 591 are
jointly controlled by strike-slip fault activity, fracture development in the fault damage
zone, and karst fluid migration. On one hand, the main controlling fault provides a pref-
erential migration pathway for fluids; on the other hand, it induces the development of
associated fractures through the fault damage zone, enabling discrete fracture—cave bod-
ies to connect along the fault and fracture zones. If a fracture—cave anomaly is far from the
main controlling fault, or if the orientation of surrounding fractures lacks consistency with
the main fault strike, then even if the anomaly has a strong amplitude response, it may
not have effective inter-well connectivity significance. Therefore, this paper introduces a
main controlling fault constraint factor into the MFC-FVCP model to quantitatively char-
acterize the degree to which any spatial location is controlled by the main controlling fault.
The main controlling fault not only determines the spatial background of fracture devel-
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opment but also influences fluid migration pathways and the assembly pattern of frac-
ture—cave reservoir bodies. Hence, in the static connectivity evaluation, this paper trans-
forms the main controlling fault from a conventional interpretation object into a quantita-
tive constraint factor to characterize the degree of control exerted by the main controlling
fault at any spatial location.

Let any spatial location in the study area be x, let the i-th main controlling fault be
F;, and let the number of main controlling faults involved in the calculation be N. Then
the main controlling fault constraint factor M(x) is defined as:

M(x)=1- ?’:1[1 — w;D; (x)0;(x)S;] 1)

where M(x) is the main controlling fault constraint intensity at location x, ranging from
O0to1l; w; isthe comprehensive weight of the i-th fault; D;(x) is the fault distance decay
term; O0;(x) is the orientation matching term; and S; is the fault size term.

The fault distance decay term is used to describe the gradual weakening of the fault’s
modification effect on the surrounding reservoir with increasing distance. Considering
that the damage zone of a strike-slip fault exhibits significant anisotropy, this paper em-
ploys an anisotropic Gaussian function to represent the distance decay effect:

d? d?
D) = exp |~ (5 + 52| @
where d;, is the perpendicular distance from location x to the i-th fault; d;; is the rel-
ative distance from location x along the strike direction of the i-th fault; and o;, and
oy are the fault’s perpendicular influence radius and strike influence radius, respectively.
This formulation captures the spatial characteristic that a strike-slip fault has a larger in-
fluence range along the strike direction and a relatively narrower range perpendicular to
the fault.

The orientation-matching term describes the directional consistency between local
fractures or linear anomalies and the main controlling fault, and is expressed as follows:

0;(x) = |cos(9f(x) — Gi)| 3)

where 6¢(x) is the dominant direction of local fractures or linear anomalies at location x
and 6; is the strike of the i-th main controlling fault. Since fracture strike has 180° sym-
metry, the absolute cosine form is used to eliminate the effect of direction reversal.

The fault size term is used to characterize the contribution differences of faults at
different levels to fracture development and fluid conduits, and is expressed as follows:

where L;j is the normalized fault length; R; is the normalized fault attribute response
intensity; C; is the normalized fault continuity; and 4;, 4,, 4; are weight coefficients,
satisfying:

).1+).2+).3=1 (5)

The main controlling fault constraint factor M(x) integrates fault distance, size, and
orientation matching into a unified quantitative framework and can be used for subse-
quent fracture—cave connectivity probability calculation. In the calculation of the fault-
size term 4;, A,, and A; were assigned values of 0.40, 0.40, and 0.20, respectively. The
fault-distance decay term and the orientation-matching term were assigned higher
weights because the effective connectivity of fracture—cave bodies in Unit S91 is primarily
controlled by their proximity to the main strike-slip fault damage zone and by the direc-
tional consistency between associated fractures and the main fault strike. The fault-size
term was assigned a lower weight because it mainly acts as a scale correction factor. If
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fault scale is overemphasized, the model may overestimate all areas around large faults
and weaken the contribution of local fracture-cave assemblages controlled by secondary
faults.

Sensitivity tests showed that increasing A; led to excessive concentration of high-
probability zones around large faults, whereas decreasing A4, or 1, weakened the con-
straints of the fault damage zone and fracture orientation consistency, increasing the risk
of misidentifying isolated amplitude anomalies as connected units. Therefore, the combi-
nation of 0.40, 0.40, and 0.20 provides a reasonable balance between main fault proximity,
fracture orientation consistency, and fault-scale correction (Table 1).

Table 1. Model parameters and calibration basis for the MFC-FVCP workflow.

Parameter Meaning Value/Setting Basis
Main fault damage-zone
A1 Fault-distance decay weight 0.40 control and fracture density
decay
Consistency between local
Az Orientation-matching weight 0.40 fracture orientation and

main fault strike
Correction for fault length,
As Fault-size correction weight 0.20 attribute response, and con-
tinuity
Preserves main fault conti-
Ant iterations Iteration number for ant tracking 80 nuity while avoiding over-
tracking
Consistent with planar ex-
Tracking step Ant-tracking step size 100 samples tension scale of main faults
and associated fractures
Balances weak associated
Similarity threshold = Structural similarity filter 0.70 fracture preservation and
noise suppression
Preserves dominant paths

Pheromone decay Pheromone decay coefficient 0.90 and weakens isolated
anomalies
Defined relative to inter-
Azimuthal tolerance Strong direction consistency +25° preted strike of main con-
trolling fault

3.3. Multi-Time-Window Fracture Density Characterization

Fractures serve as key flow channels connecting discrete fracture—cave reservoir bod-
ies, and their spatial continuity directly affects inter-well connectivity. Since a single hori-
zon or a single time-window fracture density attribute cannot fully reflect the vertical de-
velopment characteristics of the fracture system, this study extracts fracture density at-
tributes from multiple time windows around the target interval to characterize the planar
heterogeneity, orientation stability, and vertical inheritance of the fracture system. The
basic logic of multi-time-window fracture density characterization is as follows: different
time windows correspond to fracture responses in different vertical ranges near the target
interval. If a fracture anomaly appears in only one time window, it may represent local
noise, isolated fractures, or limited-scale anomalies. If high fracture-density values main-
tain good spatial correspondence and orientation consistency across multiple time win-
dows, it indicates that the fracture system has strong vertical extension capability and po-
tential connectivity significance.

The T74 layer is the main target interval for fracture-cave connectivity evaluation in
Unit S91. However, the fracture system and fracture—cave reservoir bodies are not strictly
confined to a single seismic horizon. Therefore, three time windows, namely T74+20 ms,

https://doi.org/10.3390/pr14142236


https://doi.org/10.3390/pr14142236

Processes 2026, 14, 2236

8 of 28

T74+40 ms, and T74+60 ms, were selected to evaluate the vertical inheritance and spatial
stability of fracture anomalies around the target interval. The T74+20 ms window mainly
reflects near-target fracture responses directly related to the T74 reservoir interval. The
T74+40 ms window characterizes fracture continuity within a broader vertical range
around the target layer. The T74+60 ms window further examines whether the fault—frac-
ture system maintains vertical inheritance at a larger scale.

To incorporate the multi-time-window fracture information into the coupling model,
a fracture connectivity factor F(x) is constructed, expressed as:

F(x) = i Fa(x) + ppFs(x) + psF, (x) (6)

where F(x) is the fracture connectivity factor at location x; F;(x) is the normalized
fracture density; F;(x) is the normalized fracture development intensity; F,(x) is the
normalized fracture orientation stability; and u;, u,, ps are the weight coefficients.

This factor is not simply equivalent to fracture density, but rather integrates fracture
development intensity, spatial continuity, and orientation stability. In areas where frac-
ture density is high but orientations are disordered and continuity is poor, the contribu-
tion to connectivity is relatively limited. Conversely, in areas characterized by high frac-
ture density, stable orientation, and good alignment with the main controlling fault, effec-
tive fluid conduits are more likely to develop.

3.4. MFC-FVCP-RGB Multi-Attribute Identification Method for Fracture—Cave Reservoir Bodies

Seismic attribute analysis is of fundamental importance for identifying carbonate
fracture—cave reservoir bodies. Attributes such as amplitude, coherence, curvature, vari-
ance, gradient-based attributes, and spectral decomposition attributes can, from different
perspectives, reflect structural discontinuities, variations in reflection energy, lithological
changes, and reservoir space anomalies. Chopra and Marfurt systematically reviewed the
application of modern volume attributes in structural deformation, carbonate diagenesis,
reservoir characterization, and geological body identification, noting that different attrib-
utes exhibit different geological sensitivities and that a single attribute is generally insuf-
ficient to fully capture the internal structure of complex reservoirs.

RGB multi-attribute fusion is a commonly used visualization technique in recent seis-
mic interpretation. Its basic principle is to assign different attributes to the red, green, and
blue channels respectively, and to enhance the synergistic response among multiple at-
tributes through color mixing. Relevant studies have shown that RGB fusion can integrate
subtle information from multiple seismic attributes into a single display space, helping
interpreters identify sedimentary bodies, structural features, and reservoir anomalies that
are not easily discernible from any single attribute. However, it should be noted that the
input attributes should have comparable numerical ranges and reasonable physical mean-
ings; otherwise, the color interpretation may become biased.

For fracture—cave carbonate reservoirs, the reservoir bodies typically consist of caves,
fractures, dissolution vugs, and multi-scale fracture—cave complexes, and their seismic re-
sponses exhibit strong heterogeneity and multiple interpretational possibilities. Previous
studies have indicated that fracture—cave carbonate reservoirs are significantly influenced
by post-depositional tectonic and karst modifications, resulting in complex reservoir
types. It is difficult to reliably delineate the spatial structure of reservoir bodies using only
seismic attribute carving or deterministic interpretation methods; therefore, fusion of
multi-source geological information is required to enhance the robustness of reservoir
characterization. Fracture—cave reservoir bodies generally manifest as composite seismic
responses, including strong amplitude anomalies, event disturbances, enhanced struc-
tural discontinuities, and abrupt local boundary changes. A single seismic attribute typi-
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cally highlights only one aspect of fracture—cave reservoir bodies and cannot simultane-
ously characterize their boundaries, internal anomalies, and spatial continuity. Conse-
quently, this study adopts the MFC-FVCP-RGB multi-attribute fusion method to identify
fracture—cave reservoir bodies.

In this method, three attributes—structure gradient tensor, variance, and gradient
magnitude —are selected as the inputs for the three RGB channels. The structure gradient
tensor attribute is primarily used to enhance directional changes in seismic reflection
structure and discontinuous boundaries. The variance attribute characterizes the disrup-
tion of lateral event continuity. The gradient magnitude attribute highlights local ampli-
tude jumps and anomalous boundaries. After normalization, these three attributes are
combined to form an RGB fusion vector.

Crep(x) = [WRPsgt(x)' We Poar (%), WBPgrad (x)] (7)

where Crgp(x) is the RGB fusion vector at location x; Psg(x), Pygr(x), and Pgrqq(x) are
the normalized structure gradient tensor, variance, and gradient magnitude attributes, re-
spectively; and wg, wg, wy are the weights of the RGB channels.

The weights of the RGB channels were set to 0.40, 0.30, and 0.30 for the structure
gradient tensor, variance, and gradient magnitude attributes, respectively. The structure
gradient tensor was assigned a slightly higher weight because it is more sensitive to di-
rectional changes and discontinuous boundaries of fracture—cave reservoir bodies. The
variance and gradient magnitude attributes were used as auxiliary constraints to charac-
terize reflection continuity disruption and local boundary changes. Therefore, the RGB
fusion result was not used only as a visualization product; instead, it was transformed
into a quantitative reservoir-body effectiveness indicator for subsequent coupling proba-
bility calculation.

To enable the RGB fusion result to be used not only for image display but also incor-
porated into the connectivity evaluation model, this paper further introduces the ampli-
tude anomaly attribute and constructs the fracture—cave reservoir body effectiveness in-
dicator V(x):

V(x) = 11llCrep (O, + 12 Pamp () + N3l Crap (I, Pagnyp () 8)

where V(x) is the effectiveness indicator of the fracture-cave reservoir body; [[Crgp (),
is the Euclidean norm (2-norm) of the RGB fusion vector, used to characterize the compo-
site intensity of structural boundaries and discontinuous responses; P, (x) is the nor-
malized amplitude anomaly attribute; and 74, 1,, 13 are weight coefficients.

Among these, |Crgp(X)Il,Pamp(x) is the boundary-internal anomaly synergy term.
This term is designed to highlight fracture—cave reservoir bodies that exhibit both clear
boundary responses and significant amplitude anomalies while reducing misidentifica-
tion caused by isolated strong-amplitude anomalies or isolated structural boundaries.
Through this method, the multi-attribute response of fracture-cave reservoir bodies is
transformed into an effectiveness indicator that can participate in probability calculations.

The amplitude anomaly attribute was further introduced to constrain the internal
reservoir-space response. This design reduces two types of misinterpretation: isolated
strong-amplitude anomalies without structural boundary support and isolated structural
discontinuities without effective reservoir-space response. Thus, the effectiveness indica-
tor emphasizes the co-occurrence of boundary response, internal anomaly, and spatial
continuity.
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3.5. Fracture—Cave Coupling Probability Model

The inter-well connectivity of fracture—cave carbonate reservoirs exhibits significant
multi-media coupling characteristics. It is not determined simply by the development de-
gree of a single vug, a single fracture, or a single fault, but is jointly controlled by the fault
damage zone, the fracture network, the cave reservoir bodies, and their spatial configura-
tion. Previous studies have shown that deep to ultra-deep fault-controlled fracture—cave
carbonate reservoirs generally feature large burial depth, weak seismic response, discrete
reservoir space, and strong heterogeneity. Reservoir prediction requires the integrated
consideration of fault control, fracture-cave response, and multi-attribute constraint in-
formation. Especially in the carbonate reservoirs of the Tarim Basin, fractures not only
affect the formation of reservoir space but also control the connectivity between discrete
vugs and caves, making them a key factor influencing inter-well connectivity and devel-
opment performance. For the connectivity evaluation of fracture—cave reservoirs, previ-
ous studies have mainly been conducted from two perspectives: static geological charac-
terization and dynamic production response. Static methods mostly rely on seismic attrib-
utes, fault interpretation, reservoir body delineation, and geological modeling to describe
the spatial configuration of faults, fractures, and fracture—cave bodies. Dynamic methods
mainly use production performance, pressure response, tracer monitoring, or injection—
production response relationships to invert inter-well connectivity intensity and prefer-
ential fluid pathways. In recent years, multi-source information fusion has gradually be-
come an important direction for connectivity research in this type of reservoir. For exam-
ple, relevant studies have combined seismic, well logging, dynamic production data, and
quantitative evaluation methods to characterize the dynamic-static connectivity of frac-
ture—cave marine carbonate reservoirs. Other studies have used multi-geological infor-
mation fusion methods to improve the reliability of fracture—cave reservoir body identifi-
cation and modeling.

A fracture—cave coupling probability model is constructed to quantitatively evaluate
the likelihood that the fracture network and fracture—cave reservoir bodies will form an
effective connected unit under the constraint of the main controlling fault. This model
does not simply superimpose high values of fault, fracture, and cave attributes, but em-
phasizes the synergistic relationship among the three geological elements: the main con-
trolling fault provides the structural and fluid migration background, the fracture net-
work provides connecting pathways between discrete fracture—cave bodies, and the frac-
ture—cave reservoir bodies provide effective storage space. Only when these three ele-
ments have a good spatial match in a given area is that area more likely to form an effective
inter-well connected unit.

The model expression is:

1
1+exp[—k(aM(x)+BF(x)+yV (x)+6M (x)F (x)V (x)-T)] (9)

Pc(x) =

where P.(x) is the fracture—cave coupling probability at location x; M(x) is the main
controlling fault constraint factor; F(x) is the fracture connectivity factor; V(x) is the ef-
fectiveness indicator of the fracture—cave reservoir body; a, f, ¥, and § are weight co-
efficients; M(x)F(x)V(x) is the fault-fracture-cave synergy term; T is the threshold pa-
rameter; and k is the probability mapping adjustment coefficient.

An effective connected unit is not determined by a high value of a single attribute,
but rather by the joint action of the main controlling fault, the fracture network, and the
fracture—cave reservoir body. If an area has only a strong-amplitude anomaly but lacks
fracture connectivity or is far from the main controlling fault, its coupling probability will
not be significantly increased. If an area simultaneously exhibits a fault constraint, fracture
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connectivity, and fracture—cave reservoir body response, it is more likely to form a domi-
nant connected unit.

The coupling probability does not represent a simple linear superposition of high-
value seismic attributes. Instead, it evaluates the spatial compatibility among the main
fault damage zone, directionally stable fracture networks, and effective fracture—cave res-
ervoir bodies. A high-amplitude anomaly contributes significantly to the coupling proba-
bility only when it is supported by fault constraint and fracture connectivity. Similarly,
high fracture density alone does not necessarily indicate strong connectivity unless the
fractures exhibit stable orientation, vertical inheritance, and spatial consistency with the
main controlling fault. Therefore, the MFC-FVCP model is designed to distinguish iso-
lated strong anomalies from effective connected units formed by fault-fracture—cave spa-
tial matching.

4. Results and Discussion
4.1. Fault Enhancement and Direction-Constrained Ant-Tracking Results

After fault enhancement filtering has been applied to the post-stack seismic data, the
responses of faults and linear discontinuities near the T74 layer in Unit S91 are signifi-
cantly enhanced. Compared with the original seismic volume, the boundaries of the main
controlling faults in the fault enhancement result are clearer, the offset features of local
reflection events are more prominent, and the interference of random noise and weakly
continuous reflections on fault interpretation is reduced. After fault enhancement pro-
cessing, linear anomalies that originally appeared as weak discontinuities or locally frag-
mented responses in the study area are expressed continuously, providing a relatively
stable attribute basis for subsequent ant tracking to extract the main controlling faults and
associated fractures.

Figure 2 shows the processing steps and identification results of fault enhancement
and direction-constrained ant tracking for the T74 layer in Unit S91. Figure 2a presents the
original post-stack seismic response, where the reflection events are generally continuous
to weakly continuous, but local offsets, abrupt changes in reflection energy, and weak
linear discontinuities can be observed at the locations of main fault development. Due to
the superposition of random noise, fracture—cave boundary anomalies, and local weak
reflections in the original seismic volume, the boundaries of the main controlling faults
are not very clear, and some linear structures appear only as faint discontinuous features,
making direct fine interpretation of faults and associated fractures difficult.

After fault enhancement filtering, the linear responses of the main controlling faults
and their associated fractures near the T74 layer in Unit S91 are significantly improved.
Compared with the original seismic volume (Figure 2a), the boundaries of the main faults,
which originally appeared as weak discontinuous responses, are transformed into linear
anomalies with good continuity in Figure 2b. The fault extension directions become more
clearly defined, and the offset characteristics of local reflection events are more prominent.
Meanwhile, the branched and pinnate associated fractures on both sides of the faults are
further enhanced, and the fracture continuity is markedly better than that in the original
seismic data. Random noise and weakly continuous reflections in the original data are
suppressed in the enhanced results, making the distinction between faults and non-struc-
tural noise more evident. Fault enhancement filtering effectively improves the identifia-
bility of main faults and associated fractures and provides a stable attribute basis for sub-
sequent ant tracking.

On the basis of the fault-enhanced volume, the direction-constrained ant-tracking
method is applied to extract the main controlling faults and associated fractures of the T74
layer. The tracking parameters are set as follows: 80 iterations, a step size of 100 samples,
a similarity threshold of 0.70, a pheromone decay coefficient of 0.90, and an initial ant

https://doi.org/10.3390/pr14142236


https://doi.org/10.3390/pr14142236

Processes 2026, 14, 2236

12 of 28

Inline (m)

Inline (m)

(a) Original post-stack seismic response (b) Fault-enhanced result

count of 2000. This parameter combination ensures continuity in fault tracking while min-
imizing noise amplification due to over-tracking. The directional constraint screens the
tracking paths by comparing the orientation of local linear anomalies with the strike of
the main controlling faults. Linear anomalies within +25° of the interpreted main fault
strike are preferentially retained, anomalies with angular differences of 25-45° are as-
signed lower weights, and anomalies exceeding 45° are weakened in the connectivity eval-
uation. This treatment improves the geological reliability of the extracted associated frac-
tures and reduces the influence of isolated non-structural responses.
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Figure 2. Fault-enhanced and direction-constrained ant-tracking results of the T74 layer. The ant-
tracking parameters include 80 iterations, a step size of 100 samples, a similarity threshold of 0.70,
a pheromone decay coefficient of 0.90, and an initial ant number of 2,000. The azimuthal tolerance

for strong direction consistency was set to +25° relative to the interpreted main fault strike.

As shown in Figure 2¢, the ant-tracking result with a directional constraint ade-
quately delineates the main controlling faults and the associated fracture network of the
T74 layer. The main controlling faults exhibit a continuous banded pattern in plan view,
with ant-tracking paths extending continuously along the main fault zones, indicating
that the faults have good spatial continuity and stability. Associated fractures are mainly
distributed on both sides of the main faults and preferentially propagate along branching
fractures that have good directional consistency with the main fault, locally displaying
pinnate, en échelon, and branching patterns. In contrast, fracture branches that are located
far from the main fault or have strikes that are significantly different from the main fault
show poor tracking continuity, suggesting that their contribution to the connectivity sys-
tem associated with the main controlling fault is limited.

Based on the ant-tracking results, the T74 layer exhibits pronounced directionality
and zonation. The main controlling faults extend continuously as banded features in plan
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view, with long fault lengths, forming the fundamental structural framework for the de-
velopment of fracture—cave reservoir bodies and the distribution of the fracture network
in the study area. Associated fractures are mainly distributed on both sides of the main
faults, at fault intersections, and in local structural transfer zones, locally displaying pin-
nate and branching patterns. The densest fracture-tracking responses occur in fault inter-
section areas, indicating that these areas have undergone intense structural fragmentation
and exhibit high fracture intensity, making them favorable zones for the subsequent for-
mation of composite fracture-cave connected units. From a spatial distribution perspec-
tive, the T74 layer can be divided into three types: main fault-controlled zones, associated
fracture development zones, and weak fracture response areas. The main fault-controlled
zones are characterized by linear anomalies with strong continuity, clear fault boundaries,
and well-defined extension directions. The associated fracture development zones are
mainly located on both sides of the main faults, appearing as small-scale but high-density
linear anomalies, locally distributed in branching and en échelon patterns. The weak frac-
ture response areas are far from the main controlling faults, where fracture-tracking paths
are short, orientations are scattered, and continuity and stability are significantly reduced.

4.2. Multi-Time-Window Fracture Density and Fracture Continuity Characteristics

To identify the vertical inheritance and spatial continuity of the fracture system in
the T74 layer, this study compares and analyzes the fracture density, fracture orientation,
and fracture development intensity within the T74+20 ms, T74+40 ms, and T74+60 ms time
windows (Figure 3). The multi-time-window fracture density results reveal the varying
characteristics of fracture anomalies in different vertical ranges near the target interval,
thereby avoiding the limitations of judging fracture connectivity based solely on a single
horizon slice.

The fracture density analysis shows that within the T74+20 ms time window (Figure
3a), the overall extent of high-fracture-density areas is relatively small and spatially dis-
persed. Some high-value anomalies are mainly concentrated near the main faults and at lo-
cal fault intersections, indicating that a certain foundation for fracture development already
exists near the target interval. However, the continuity of some fracture anomalies in this
time window is poor, and the connections between high-value areas are not significant, sug-
gesting that the near-horizon fracture responses are somewhat localized and that some
anomalies may represent only local damage zones or limited-scale fracture development.

Al

(a) Fracture density and orientation (left); fracture development intensity (right) at T74+20 ms
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(b) Fracture density and orientation (left); fracture development intensity (right) at T74+40 ms.
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(c) Fracture density and orientation (left); fracture development intensity (right) at T74+60 ms.

Figure 3. Multi-time-window fracture density characterization around the T74 target layer. The
T74+20 ms, T74+40 ms, and T74+60 ms windows represent near-target fracture response, medium

vertical continuity, and larger-scale vertical inheritance of the fault—fracture system, respectively.

Within the T74+40 ms time window (Figure 3b), the extent of high-fracture-density
areas expands significantly, and some previously isolated fracture anomalies begin to
show spatial connections. The dense fracture zones on both sides of the main faults be-
come more distinct, and stronger fracture development responses appear at local fault
intersections. Compared with the T74+20 ms time window, the continuity of fracture
anomalies within the T74+40 ms time window is enhanced, indicating that the fracture
system tends to extend upward or downward over a certain vertical range. This observa-
tion suggests that the fractures near the T74 layer are not strictly confined to a single hori-
zon but possess a certain vertical development thickness.

Within the T74+60 ms time window (Figure 3c), the high-fracture-density areas ex-
pand further, and the continuity of local high-value areas becomes even more pronounced.
Anomalous responses near the main faults, at fault intersection zones, and within dense
fracture zones are more prominent, indicating that the fracture systems in these areas ex-
hibit strong vertical inheritance and spatial stability. In contrast, although local fracture-
density anomalies can be observed in areas far from the main faults, their continuity is
poor and their correspondence across different time windows is unstable, suggesting that
they have a relatively low likelihood of serving as effective connected pathways.

Integrating the fracture density results from the three time windows, the fracture
system of the T74 layer exhibits distinct fault-controlled differences and connectivity char-
acteristics. Areas near the main faults show strong fracture responses, high density, and
significant directionality, making them the primary locations for the development of po-
tentially dominant connected channels. Fault intersection zones and structural transfer
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zones display high-fracture-density values with good spatial inheritance, representing
important areas of multi-scale fracture superimposition. In areas controlled by secondary
faults, local fracture responses are relatively strong but with limited continuity and stabil-
ity. In areas far from fault control, fracture responses are weak and fracture—cave bodies
lack effective communication pathways, resulting in generally poor connectivity. The
multi-time-window comparison also reveals that high fracture density does not neces-
sarily indicate strong connectivity. Only those high-fracture-density areas that maintain a
stable response across multiple time windows and show good consistency with the strike
of the main controlling faults and the dominant fracture orientation are more likely to
represent fracture paths with practical connectivity significance.

Fracture anomalies that remain spatially stable and directionally consistent across
the three time windows are interpreted as more reliable connected pathways, whereas
anomalies that appear only in a single time window are regarded as uncertain or weakly
connected responses. This criterion reduces the uncertainty of single-slice interpretation
and provides a more stable input for the fracture connectivity factor in the MFC-FVCP
model.

4.3. MFC-FVCP-RGB Identification Results of Fracture—Cave Reservoir Bodies

Based on the seismic attribute volumes of the T74 layer, four types of attributes —
structure gradient tensor, variance, gradient magnitude, and amplitude anomaly —are se-
lected as the fundamental inputs for multi-attribute identification of fracture—cave reser-
voir bodies. These attributes characterize the seismic response differences of fracture—cave
carbonate reservoirs based on the aspects of reflection structure variation, event continu-
ity disruption, abrupt local amplitude changes, and strong reservoir space responses, re-
spectively. In the MFC-FVCP-RGB identification process, each attribute is uniformly nor-
malized to reduce the impact of differences in dimension, dynamic range, and amplitude
distribution among different attributes on the integrated identification result. Subse-
quently, the structural attributes, continuity disruption attributes, and local gradient at-
tributes serve as constraints on reservoir body morphology and boundaries, while the
amplitude anomaly attribute serves as a constraint on the effective response of reservoir
space, enabling comprehensive discrimination of the development location, morphologi-
cal assemblage, and connectivity potential of fracture—cave anomalies. The core aim of this
workflow is to avoid the ambiguity inherent in single-attribute interpretation and to im-
prove the reliability of fracture—cave reservoir body identification through the consistency
and complementarity of multi-attribute responses.

Figure 4 shows the planar response characteristics of the structure gradient tensor,
variance, gradient magnitude, and amplitude anomaly attributes, respectively. Overall,
all four attributes reveal strong heterogeneous anomalies within the T74 layer, but there
are obvious differences in anomaly morphology, continuity, and spatial implications. In
Figure 4a, the medium-to-high-value responses of the structure gradient tensor attribute
are mainly distributed in reticular, chain-like, and locally banded patterns. The anomaly
distribution has strong directionality, and some high-value zones exhibit good spatial con-
nections. This attribute is sensitive to directional changes in reflection structure and inter-
face abrupt changes, so its high-value areas mainly reflect the spatial contours of fracture—
cave boundaries, fault boundaries, and fault-controlled zones. The banded anomalies
with good continuity indicate that some fracture—cave bodies in the study area are not
isolated but are controlled by fracture or fault systems along certain structural directions.
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(c) Gradient magnitude attribute response. (d) Amplitude anomaly attribute response.

Figure 4. Multi-attribute response characteristics of fracture—cave reservoir bodies in the T74 layer.
The structure gradient tensor, variance, and gradient magnitude attributes were assigned to the
RGB channels with weights of 0.40, 0.30, and 0.30, respectively, and the amplitude anomaly attribute

was used to constrain the internal reservoir-space response.

Compared with the structure gradient tensor attribute, the variance attribute in Fig-
ure 4b shows a more dispersed anomaly distribution which is mainly characterized by
point-like, patchy, and locally beaded high-value responses. This attribute is more sensi-
tive to the disruption of lateral continuity of reflection events and can highlight heteroge-
neous disturbances around fracture—cave bodies, local damage zones, and small-scale dis-
solution anomalies. The numerous isolated or semi-isolated high-value points in the fig-
ure indicate that there are many small-scale heterogeneous bodies within the T74 layer,
but the spatial continuity of these anomalies is relatively weak. Some high-value anoma-
lies are discontinuously aligned along concealed linear zones, suggesting that they may
be related to small vugs or fracture—cave assemblages connected by fractures. Scattered
anomalies lacking spatial extension direction and assemblage relationships require fur-
ther constraint using other attributes to determine their reservoir significance.

The gradient magnitude attribute in Figure 4c primarily highlights areas with large
local amplitude change rates, and its anomaly morphology lies between that of the struc-
ture gradient tensor attribute and the variance attribute. Compared with the more dis-
persed point-like responses in the variance attribute, the medium-to-high-value anoma-
lies in the gradient magnitude attribute show more pronounced clustering and edge en-
hancement features. Compared with the structure gradient tensor attribute, it is more sen-
sitive to local abrupt changes and small-scale anomaly boundaries. In the figure, distinct
cluster-like to beaded anomaly assemblages appear in the upper-right, middle-right, and
near local linear zones, indicating that these areas may contain composite anomaly bodies
composed of multiple small-scale fracture—cave units. Continuous medium-value transi-
tion zones are observed around some anomalies, suggesting that the gradient magnitude
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attribute can not only identify the core of strong anomalies but can also reflect the gradual
change from strong to weak at fracture—cave body boundaries.

Compared with the previous three attributes, the amplitude anomaly attribute in Fig-
ure 4d more directly reflects the strong reflection response within the reservoir space.
High-value anomalies in the figure are mainly distributed in point-like, cluster-like, and
locally beaded patterns, with obvious high-value clusters in some areas, indicating that
caves, vug groups, or fracture—cave complexes may be well developed. Especially in the
central and right parts of the study area, high-amplitude anomalies are relatively concen-
trated, showing a strong reservoir space response. However, the amplitude anomaly at-
tribute has limited ability to constrain fracture-cave body boundaries, structural continu-
ity, and fracture connection relationships. Although some isolated strong-amplitude
points have high response intensity, they lack stable correspondence in the structure gra-
dient tensor, variance, and gradient magnitude attributes, suggesting that they may rep-
resent isolated vugs, local strong reflection interfaces, or non-connected anomalies, and
cannot be directly equated with effective fracture—cave reservoir bodies.

Comparison of the four attribute types shows that the fracture—cave reservoir bodies
in the T74 layer exhibit obvious composite seismic response characteristics. The structure
gradient tensor attribute emphasizes anomaly boundaries and linear structural control,
the variance attribute highlights reflection continuity disruption and heterogeneous dis-
turbance, the gradient magnitude attribute enhances local abrupt changes and edge re-
sponses, and the amplitude anomaly attribute indicates the strong reflection core within
the reservoir space. A single attribute can only reflect one aspect of fracture—cave reservoir
bodies, easily leading to bias in anomaly interpretation. For example, relying solely on
amplitude anomalies may lead to isolated strong reflections being misidentified as effec-
tive reservoir bodies; relying solely on variance attributes may lead to noise disturbances
or non-reservoir fragmented responses being interpreted as fracture—cave anomalies.
Therefore, an effective fracture—cave reservoir body should exhibit spatial superimposi-
tion of multi-attribute responses, i.e., simultaneously possessing clear boundaries, conti-
nuity disruption, enhanced local abrupt changes, and strong internal amplitude re-
sponses.

From the perspective of spatial assemblage, the areas with common multi-attribute
responses are mainly concentrated in the central, upper-right, and middle-right anomaly
development zones. These areas show relatively clear banded or chain-like boundaries in
the structure gradient tensor attribute, high-value continuity disruption areas in the vari-
ance attribute, local boundary enhancement in the gradient magnitude attribute, and cor-
responding strong internal responses in the amplitude anomaly attribute. The consistency
of multi-attribute responses suggests that these areas are more likely to represent fracture—
cave composite reservoir bodies with good fracture communication conditions and well-
developed reservoir space. In contrast, scattered high-value points far from the main
anomaly zones mostly show single-attribute responses, lacking stable boundaries and
spatial extension relationships, and their reservoir effectiveness and connectivity signifi-
cance are relatively weak. Integrating the results of the four attribute types, the fracture—
cave reservoir bodies in the T74 layer mainly exhibit three assemblage patterns: beaded,
chain-like, and cluster-like. Beaded anomalies consist of multiple point-like or small clus-
ter-like high-value bodies discontinuously aligned along a dominant direction, reflecting
that discrete vugs or small caves form local connections under fracture communication.
Chain-like anomalies show semi-continuous distribution of multiple medium-to-high-
value anomaly bodies along the same direction, indicating strong control by fractures or
faults. Cluster-like anomalies usually correspond to larger-scale fracture—cave complexes
with strong internal amplitude responses.
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4.4. Fracture—Cave Coupling Probability Distribution Results

The fracture—cave coupling probability distribution of the T74 layer is constructed to
evaluate the spatial matching degree and potential connectivity between fracture—cave
reservoir bodies and the fracture network. Figure 5 shows the fracture—cave coupling pro-
file results along the direction of wells TK877X—T817(K)—TK878 —TK892XCH —
TK858XCH. In the profile, red anomalies represent fracture—cave reservoir bodies, black
anomalies represent caves and damage zones, blue anomalies represent fracture develop-
ment responses, and the green curves and labels indicate well trajectories and well loca-
tions. This profile can intuitively reflect the spatial configuration among fracture—cave
bodies, fracture zones, and well locations near the T74 layer, providing an important basis
for determining the static inter-well connectivity pattern (Figure 5).
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Figure 5. Superimposed distribution map of wells and fracture—cave reservoir bodies in the T74
layer. High coupling probability is controlled by the spatial matching among main fault constraint,

fracture connectivity, and fracture-cave reservoir-body effectiveness.

From the profile response, the fracture—cave reservoir bodies are mainly developed
near the T74 layer, generally concentrated between approximately 3550 and 3650 ms, and
exhibit discontinuous beaded, cluster-like, and locally banded patterns along the lateral
direction. The red fracture—cave reservoir bodies are not uniformly distributed; rather,
they show strong responses near wells T817(K), TK878, and TK892XCH, as well as in the
inter-well areas between them. Among these, the red reservoir bodies between TK878 and
TK892XCH are larger in scale, with multiple anomalies exhibiting continuous or semi-
continuous distribution near the T74 layer, and showing good spatial superimposition
with the blue fracture responses and the black cave and damage zones. This indicates that
this area not only has well-developed reservoir space in the fracture-cave bodies but also
possesses certain fracture communication conditions.

In the profile, fractures exhibit obvious vertical trans-layer characteristics and locally
concentrated distribution. Some fracture zones extend upward and downward from near
the T74 layer and overlap with red fracture—cave reservoir bodies or black damage zones,
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indicating that the fracture network plays a certain role in connecting fracture—cave anom-
alies of different scales. Particularly near wells T817(K), TK878, and TK892XCH, the frac-
ture responses are relatively dense and show good correspondence with the distribution
of fracture—cave reservoir bodies, suggesting a high degree of fracture—cave coupling in
this area, which facilitates the formation of local connected units. In contrast, although
fracture responses and local fracture—cave anomalies are also present near well TK877X
on the left side of the profile and near well TK858XCH on the right side, the scale of the
reservoir bodies, the continuity of anomalies, and the degree of fracture superimposition
are relatively weaker, making their connectivity stability lower than that of the central
inter-well area.

From the perspective of coupling relationships, the high-coupling-probability areas
mainly correspond to three types of spatial superimposition characteristics: first, direct
contact or interpenetration between red fracture—cave reservoir bodies and blue fracture
zones; second, adjacency or overlap between red reservoir bodies and black cave and
damage zones; and third, multiple fracture—cave anomalies arranged in beaded or chain-
like patterns near the T74 layer and connected by fracture zones. In the profile, areas sat-
isfying these conditions are mainly concentrated in the inter-well section from T817(K) to
TK878 to TK892XCH. This area has large-scale reservoir bodies, strong fracture responses,
and well-developed black damage zones, indicating that it possesses the coupled geolog-
ical conditions of “reservoir space—fracture pathways—damage zone modification,”
making it the location with the strongest potential static connectivity in the T74 layer.

Compared with the high coupling areas, some red fracture-cave anomalies, despite
being clearly visible in the profile, have relatively lower coupling probability if they lack
surrounding blue fracture zone support or have a loose spatial relationship with black
damage zones. Isolated red anomaly bodies can be seen at some locations in the profile,
but their vertical and lateral fracture responses are weak, and they lack stable communi-
cation pathways with adjacent fracture—cave bodies. Such anomalies are more likely to
represent locally isolated fracture—cave bodies or weakly connected reservoir bodies and
cannot be judged as effective connected units based solely on amplitude or reservoir body
scale. This characteristic indicates that the fracture—cave coupling probability evaluation
can screen individual fracture-cave anomalies and highlight composite reservoir bodies
that truly have connectivity significance.

From the perspective of inter-well connectivity patterns, the TK877X—T817(K)—
TK878 —TK892XCH —TK858XCH profile can be divided into three connected segments.
In the TK877X-T817(K) inter-well segment, the reservoir bodies are relatively scattered.
Although local red fracture-cave anomalies and blue fracture responses exist, the conti-
nuity between anomalies is limited and the overall performance shows moderate-to-weak
coupling. In the T817(K)-TK878-TK892XCH inter-well segment, the reservoir bodies are
most concentrated, with clear superimposition of red fracture—cave bodies, blue fractures,
and black damage zones, forming a relatively continuous fracture—cave complex, which
belongs to the strong-coupling-probability segment. In the TK892XCH-TK858XCH inter-
well segment, local reservoir bodies and fracture responses coexist, but the continuity is
weaker than that of the central inter-well segment; secondary connected channels can
form locally, and the overall performance is indicative of moderate coupling.

The static inter-well connectivity of the T74 layer is not simply controlled by well
spacing but mainly depends on the spatial coupling relationship among fracture—cave res-
ervoir bodies, fracture zones, and cave and damage zones. Inter-well segments with short
well spacing paired with a lack of fracture communication may not form effective connec-
tions. Conversely, where fracture-cave bodies between wells are continuously or semi-
continuously linked, accompanied by the interpenetration of fracture zones and the de-
velopment of damage zones, dominant static connectivity pathways are more likely to
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form. The T817(K)-TK878-TK892XCH inter-well segment is a typical area with such fa-
vorable coupling conditions.

Compared with single-amplitude interpretation, the MFC-FVCP result suppresses
isolated high-amplitude anomalies far from the main controlling fault. Compared with
fracture-density-only interpretation, it avoids overestimating fracture-intensive zones
without effective reservoir-body support. Compared with conventional ant-tracking re-
sults, the direction-constrained result better preserves fracture responses consistent with
the main strike-slip fault system. Therefore, the high-probability zones identified by the
MEC-FVCP model better correspond to dominant fault-fracture—cave assemblages and
dynamic production responses.

4.5. Remaining Oil Distribution Analysis

Based on the oil saturation simulation results, the spatial distribution and evolution
pattern of the remaining oil in the reservoir are revealed. Overall, the reservoir exhibits
strong spatial heterogeneity. High-oil-saturation areas are mainly concentrated along the
main controlling faults and dense fracture zones, with fracture—cave reservoir bodies
showing cluster-like, beaded, and locally banded patterns. Low-oil-saturation areas are
mainly distributed in the main flow channels of the main controlling faults and areas af-
fected by frequent injection-production activities. In the early stage, the overall oil satu-
ration of the reservoir was relatively high (Figure 6a). High-saturation areas extended
continuously along the main fault strike directions, and local fracture—cave reservoir bod-
ies achieved initial connectivity through associated fractures or fault damage zones, form-
ing potentially dominant static inter-well connected channels. The main controlling faults
played a dominant role in reservoir connectivity and the channel areas exhibited high
fluid flow capacity, whereas peripheral secondary reservoir bodies had limited connec-
tivity and relatively slow flow velocities. As production continued (Figure 6b), oil satura-
tion in the areas controlled by main faults and dominant fractures decreased significantly,
and high-oil-saturation areas began to concentrate in fault intersection zones and edge
reservoir bodies controlled by secondary fractures, showing a trend of local remaining oil
enrichment. This reflects the pattern that fluids are preferentially produced from the main
channels. By 2025 (Figure 6d), oil saturation in the main channel areas further decreased,
while secondary fractures and semi-isolated fracture—cave reservoir bodies still main-
tained relatively high oil saturation, forming a remaining oil pattern characterized by “low
saturation in main channels and high saturation in edge reservoir bodies.”

(a) 2002 (b) 2023
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Figure 6. Staged oil saturation evolution constrained by production history matching. The 2002 map
represents the early-stage reference saturation field, whereas the 2023, 2024, and 2025 maps repre-

sent staged oil saturation fields constrained by production history matching.

The staged oil saturation maps were derived from a numerical simulation model con-
strained by seismic interpretation, fracture—cave reservoir-body characterization, produc-
tion history, and injection—production relationships. The model framework incorporated
the interpreted main faults, associated fracture zones, fracture—cave reservoir-body distri-
bution, porosity and permeability properties, initial oil-water distribution, fluid proper-
ties, relative permeability curves, and well control constraints. The reliability of the simu-
lated oil saturation field was evaluated through history matching of cumulative oil pro-
duction, cumulative water production, water cut, pressure response, and nitrogen injec-
tion performance. The 2002 oil saturation map was used as the early-stage reference,
whereas the 2023, 2024, and 2025 maps represent staged oil saturation fields constrained
by production history matching (Figure 7).

4.6. Practical Application

Based on the MFC-FVCP model, the static and dynamic connectivity of the fracture—
cave carbonate reservoir in Unit S91 is comprehensively characterized, enabling system-
atic identification of remaining oil potential zones and guidance for development optimi-
zation. Model analysis shows that the distribution of the remaining oil in the reservoir is
not determined solely by porosity—permeability conditions, but is jointly controlled by the
spatial configuration of the main controlling fault, the fracture system, and the fracture—
cave reservoir bodies. In areas dominated by the main fault zone and its associated frac-
tures, well-connected fracture—cave reservoir bodies form preferential fluid pathways, the
reservoir can be continuously displaced, and the remaining oil saturation decreases sig-
nificantly with ongoing production. In contrast, in areas controlled by secondary faults or
local fractures, the fracture—cave reservoir bodies are mostly semi-isolated or locally
beaded in distribution, with insufficient connectivity, resulting in significant remaining
oil retention and the formation of potential enrichment zones.
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Figure 7. Evolution of oil saturation and remaining oil distribution in the 591 unit (colors represent

oil saturation, So, ranging from 0 to 90%. Solid red lines indicate major faults, dashed red lines in-

dicate secondary faults, red circles represent oil wells, and yellow circles represent dry wells. With

continued production, the remaining oil gradually changes from continuous distribution to local-

ized enrichment, mainly retained in weakly connected or fault-controlled areas).

The analysis of potential point A further illustrates the spatial distribution character-

istics of the remaining oil (Figure 8). In this area, the fracture—cave reservoir bodies are

moderately sized and densely distributed, and the local fractures have limited connectiv-

ity, resulting in an insufficient sweep of the injected medium into this region, thereby

forming a producible remaining oil enrichment zone. It can be clearly stated that the en-

richment of remaining oil in the potential area depends not only on the physical properties

of the reservoir but also on the spatial coupling relationship between faults and fracture—
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cave reservoir bodies. Such areas not only retain reservoir space but also possess the basis
for fluid re-mobilization, making them key targets for priority deployment of injection—
production wells or local stimulation in subsequent development.
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Figure 8. Plan view of remaining oil enrichment zones and target A in Unit S91.

Target A located near well TK858XCH is not situated in the strongest main fault-
controlled flow channel. Instead, it occurs along the margin of the dominant channel or
within a secondary fracture-controlled fracture—cave reservoir body. The MFC-FVCP re-
sult indicates that this area has a clear fracture—cave reservoir-body response but a lower
coupling probability than the central high-connectivity belt. The staged oil saturation sim-
ulation shows that the area still maintains relatively high oil saturation in the late devel-
opment stage, indicating insufficient sweep by injected fluids. Therefore, Target A was
not selected solely according to a high-oil-saturation anomaly, but was jointly constrained
by effective reservoir space, moderate-to-weak connectivity, relatively high late-stage oil
saturation, and dynamic evidence of insufficient sweep.

Compared with the strongly connected main channels, Target A has better remain-
ing-oil preservation conditions. Compared with completely isolated fracture—cave bodies,
it still has a certain basis for fracture stimulation and fluid re-mobilization. Therefore, it
can be regarded as a priority target for injection—production adjustment, local gas injec-
tion, sidetracking, or acid-fracturing stimulation.

The model also reveals the dynamic evolution pattern of the remaining oil. As the
production time advances, the oil saturation in the dominant channels of the main fault
zone gradually decreases, while the potential areas and marginal reservoir bodies still
maintain relatively high oil saturation, exhibiting a distribution pattern of “low saturation
in main channels and high saturation in marginal reservoirs.” This evolution characteristic
reflects that fluid displacement preferentially proceeds along the dominant connected
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channels, whereas semi-isolated reservoir bodies and weakly connected fracture—cave
bodies become long-term remaining oil retention zones due to limited fluid transfer. This
not only verifies the predictive rationality of the MFC-FVCP model but also provides a
quantitative basis for remaining oil development strategies. In practical development, the
MEFC-FVCP model can guide the optimization of injection—production layouts. For re-
maining oil near the edges of dominant channels, the injection—production correspond-
ence can be adjusted and the injection cycle or gas injection can be optimized to enable the
fluid to effectively sweep the marginal fracture—cave reservoir bodies, ensuring that the
remaining oil in the marginal potential areas can be effectively mobilized.

5. Conclusions

(1) The fracture—cave carbonate reservoir in the T74 layer of Unit S91 in the Tahe Oilfield
exhibits obvious multi-stage coupling control characteristics of faults, fractures, and
fracture—cave bodies. The main controlling faults and their intersection zones are the
primary structural boundaries controlling reservoir differentiation and fluid migra-
tion, governing the preferential migration direction of karst fluids and the banded,
chain-like, and beaded distribution of fracture—cave reservoir bodies. The associated
fracture network serves as the connecting pathway between discrete fracture—cave
bodies, and its development density, orientation stability, and vertical inheritance
determine whether the fracture—cave bodies can be transformed from isolated reser-
voir units into effective connected units. The results indicate that fracture—cave res-
ervoir bodies located within the main fault zones, fault intersection areas, and dense
fracture zones are more likely to form continuous or semi-continuous dominant in-
ter-well-connected channels. In contrast, fracture—cave bodies far from the main con-
trolling faults or lacking stable fracture connectivity, even with locally strong seismic
responses, are mostly isolated or semi-isolated reservoir bodies with relatively lim-
ited static connectivity and development potential.

(2) The multi-attribute identification results show that the fracture—cave reservoir bodies
in the T74 layer are not single-amplitude anomalies but composite seismic response
units composed of abrupt structural boundary changes, reflection continuity disrup-
tion, local gradient enhancement, and internal strong-amplitude anomalies. The
structure gradient tensor attribute, variance attribute, gradient magnitude attribute,
and amplitude anomaly attribute have different sensitivities to reservoir body
boundaries, heterogeneous disturbances, local abrupt changes, and reservoir space
responses, respectively. Areas with common multi-attribute responses can more ef-
fectively indicate fracture-cave composite reservoir bodies with reservoir signifi-
cance and potential connectivity, whereas single strong-amplitude anomalies or iso-
lated fragmented responses, if lacking fault and fracture support, should not be di-
rectly interpreted as effective connected reservoir bodies.

(3) The constructed fracture—cave coupling probability model under the constraint of the
main controlling fault achieves quantitative characterization of the spatial coupling
relationship among faults, fractures, and fracture—cave reservoir bodies. The high-
coupling-probability areas are mainly distributed along the main fault zones, fault
intersection areas, and dense fracture zones, representing the primary locations for
dominant static connected channels. Medium-coupling areas are mostly located at
the edges of the main channels and in secondary fault-controlled areas, possessing
certain reservoir space and limited communication conditions, making them im-
portant locations for remaining oil enrichment. The staged oil saturation simulation
and dynamic response analysis further indicate that high-connectivity channels are
preferentially swept during long-term production, whereas marginal or semi-iso-
lated fracture—cave bodies retain relatively high oil saturation. Potential point A near
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well TK858XCH simultaneously exhibits well-developed fracture—cave reservoir
bodies, limited fracture connectivity, insufficient sweep, and relatively favorable re-
maining-oil preservation conditions, making it a high-priority target for subsequent
injection—production adjustment and remaining oil tapping. This model provides a
quantifiable geological constraint framework for inter-well connectivity evaluation
and favorable remaining-oil area prediction in fracture—cave carbonate reservoirs.
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Abbreviations

Any spatial location in the study area; unit: m. It is recommended to use the metric

X system for plane coordinates or grid coordinates

i Index of the i-th main controlling fault; dimensionless

N Number of main controlling faults involved in the calculation; unit: count

I FX) Influence intensity of the main controlling fault on the reservoir location; dimension-
- less, range [0,1]

w i Comprehensive weight of the i-th main controlling fault; dimensionless; normaliza-
- tion is recommended

D_i(x) Intensity of fault influence decaying with distance; dimensionless

AiX) Matching degree between the dominant fracture orientation and the fault strike; di-
- mensionless, range [0,1]

S i Comprehensive characterization of fault size, attribute response, and continuity; di-
- mensionless

d _1i Perpendicular distance from location x to the i-th fault; unit: m

d_lii Relative distance from location x along the strike direction of the i-th fault; unit: m

o l1i Influence radius perpendicular to the fault; unit: m

o i Influence radius along the fault strike; unit: m, generally larger than the perpendicu-
- lar influence radius

0_£(x) Dominant direction of local fractures or linear anomalies; the unit in figures can be
- degrees (°), but radians (rad) are recommended when used in cosine functions

0 i Strike of the i-th fault; unit consistent with 6_f(x)

L i Normalized fault length; dimensionless, obtained by normalizing the original fault
- length

R i* Normalized fault attribute response intensity; dimensionless, can be derived from

ant tracking, coherence, or fault probability volumes
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C it Normalized fault continuity; dimensionless, used to characterize the stability of fault
- extension

Weights of the fault size factor; dimensionless. In the main text, the values are 0.40,

ALA2 A3 .
0.40, and 0.20, respectively

C_RGB(x) RGB multi-attribute fusion vector; dimensionless

Normalized structure gradient tensor response; dimensionless, normalized to [0,1]

P_sgt) before being input into the model

P var(x) Normalized variance response; dimensionless, normalized to [0,1] before being input
- into the model

P_grad(x) Normalized gradient magnitude response; dimensionless, normalized to [0,1] before
- being input into the model

P_amp(x) Normalized amplitude anomaly response; dimensionless, used to reflect caves, frac-

ture—cave complexes, and beaded reflection anomalies

w_R, w_G, Weights of the R, G, and B channels; dimensionless. In the main text, the values are
w_B 0.40, 0.30, and 0.30, respectively

Y_R,v_G, Nonlinear enhancement parameters for the RGB channels; dimensionless, used to

v_B suppress low-value background and enhance high-value anomalies
B_v(x) Initial fracture—cave anomaly response; dimensionless

Weights of the initial fracture—cave anomaly response; dimensionless, satisfying 1_1
e T

Comprehensive response intensity of fracture attributes; dimensionless; normaliza-

R_{(x) tion to [0,1] is recommended
R_v(x) Final response intensity of the fracture—cave reservoir body; dimensionless, range
- [01]
abcd Weights of the control terms in the final response field; dimensionless; can be deter-
T mined by validation or sensitivity analysis
Threshold adjustment parameter of the Sigmoid response; dimensionless, used to
T control the degree of differentiation between high and low values in the response
field
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    O  i  ( x ) =  | cos  (   𝜃  f  ( x ) −   𝜃  i ) |


    𝜃  f  ( x )
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    S  i =   𝜆 1   L  i ∗ +   𝜆 2   R  i ∗ +   𝜆 3   C  i ∗
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    𝜆 1 +   𝜆 2 +   𝜆 3 = 1
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  F  ( x )


  F  ( x ) =   𝜇 1   F  d  ( x ) +   𝜇 2   F  s  ( x ) +   𝜇 3   F  o  ( x )
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    C  R G B  ( x ) =  [   w  R   P  s g t  ( x ) ,   w  G   P  v a r  ( x ) ,   w  B   P  g r a d  ( x ) ]
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  V  ( x )


  V  ( x ) =   𝜂 1    ∥   C  R G B  ( x ) ∥ 2 +   𝜂 2   P  a m p  ( x ) +   𝜂 3    ∥   C  R G B  ( x ) ∥ 2   P  a m p  ( x )
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     ∥   C  R G B  ( x ) ∥ 2
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     ∥   C  R G B  ( x ) ∥ 2   P  a m p  ( x )


    P  c  ( x ) =  1  1 + exp  [ − k  ( 𝛼 M  ( x ) + 𝛽 F  ( x ) + 𝛾 V  ( x ) + 𝛿 M  ( x ) F  ( x ) V  ( x ) − T ) ]
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