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Abstract

The Cambrian platform-margin shoals in the Yudu area, Tarim Basin, are important targets
for deep and ultra-deep hydrocarbon exploration, but their development and reservoir-
forming mechanisms remain poorly constrained. This study integrates 3D seismic interpre-
tation, drilling and logging data, core observations, thin-section petrography, and reservoir
characterization to investigate shoal architecture, reservoir characteristics, and controlling
processes. Seismic data reveal that multistage, basinward-prograding carbonate buildups
developed along fault-controlled platform-margin slope breaks adjacent to the Yudu rift
trough. Core and petrographic observations show that the shoals are dominated by granu-
lar, microbial, algal, and oolitic dolomites, with intercrystalline, dissolution, vuggy, and
fracture-related pore systems. High-quality reservoirs are preferentially developed within
thick, vertically stacked shoal complexes and are characterized by strong heterogeneity and
locally enhanced porosity and permeability. Early dolomitization favored the preservation
of primary pore frameworks, whereas subsequent faulting and multistage dissolution
generated and enhanced fracture–vuggy reservoir space. The spatial association between
platform-margin shoals and the Yudu rift trough further provided favorable conditions for
near-source hydrocarbon accumulation. These results demonstrate that Cambrian reservoir
development was governed by coupled tectono-sedimentary and diagenetic processes and
highlight fault-controlled platform margins as favorable targets for deep and ultra-deep
carbonate exploration.

Keywords: Tarim Basin; Yudu area; Cambrian; platform-margin shoals; dolomite reservoirs;
tectono-karstification; fault-controlled reservoirs; ultra-deep carbonates

1. Introduction
Deep and ultra-deep carbonate reservoirs in the Tarim Basin have become one of the

most important targets for hydrocarbon exploration in China during the past decade [1–3].
In particular, the Cambrian subsalt dolomite system in the Tarim Basin contains abundant
hydrocarbon resources and exhibits significant exploration potential [4,5]. Recent explo-
ration breakthroughs in the Shunbei, Tazhong, and northern Tarim regions demonstrate
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that platform-margin carbonate buildups and associated dolomite reservoirs constitute
the primary exploration targets in the deep Cambrian succession [5–7]. The discovery of
high-productivity reservoirs in deeply buried Cambrian strata indicates that favorable
reservoirs can still be preserved under ultra-deep burial conditions (>7000 m), despite
intense compaction and complex tectono-diagenetic modifications.

Previous studies have shown that the development of high-quality Cambrian car-
bonate reservoirs in the Tarim Basin is closely related to the evolution of rift-controlled
paleogeomorphology, platform-margin facies belts, dolomitization, and multi-stage karstifi-
cation [8–10]. Synsedimentary extensional tectonism during the Early–Middle Cambrian re-
sulted in the formation of a series of intracratonic rift troughs and fault-controlled platform
margins in the Tarim Basin [11–13]. These paleogeomorphic highs and slope-break zones
provided favorable conditions for the development of high-energy shoal complexes, micro-
bial buildups, and platform-margin reef–shoal systems [14–16]. In recent years, increasing
attention has been paid to the controlling effects of Cambrian rift troughs on source rock
distribution, sedimentary facies differentiation, and hydrocarbon accumulation [17–20].
In particular, the coupling relationship between rift troughs and platform-margin shoal
reservoirs has become a major focus in deep carbonate exploration.

The Yudu area, located in the western slope-break zone of the Tarim Basin, is situ-
ated adjacent to the Yudu rift trough and represents an important exploration domain
for deep Cambrian dolomite reservoirs [8,21,22]. Seismic interpretation and drilling data
indicate that the Cambrian platform margin in this area was strongly controlled by synsed-
imentary fault activity and inherited paleogeomorphology [23–25]. Multiple stages of
platform-margin shoals developed along the slope-break belt, forming large-scale shoal
complexes characterized by progradational geometries and lateral migration [14,26,27].
Recent exploration results from the study area reveal the presence of thick dolomite reser-
voirs with abundant dissolution pores, vugs, and fractures, indicating favorable reservoir
quality in the platform-margin shoal belts [28–30]. Moreover, hydrocarbon shows, over-
flow phenomena, and high-pressure coefficients observed in several wells suggest that the
platform-margin reservoirs adjacent to hydrocarbon kitchens possess excellent hydrocarbon
accumulation conditions [31,32].

Although significant progress has been achieved in the exploration of Cambrian
carbonate reservoirs in the Tarim Basin, several key issues remain unresolved in the Yudu
area. First, the spatial distribution and evolutionary characteristics of platform-margin
high-energy shoals are still poorly constrained due to limited drilling penetration and
the complexity of deep seismic responses. Second, the coupling relationship between
synsedimentary fault-controlled paleogeomorphology and shoal development remains
unclear. Third, the formation mechanisms of high-quality dolomite reservoirs, particularly
the relative contributions of sedimentation, dolomitization, karstification, and tectonic
dissolution, require further investigation. These unresolved issues significantly restrict the
prediction of favorable exploration targets in the deep Cambrian succession.

Based on 3D seismic data, drilling information, core observations, thin-section petrog-
raphy, and reservoir characterization data from the Yudu area, this study systematically
investigates the distribution characteristics of Cambrian platform-margin high-energy
shoals and the formation mechanisms of high-quality dolomite reservoirs. The objectives of
this study are to: characterize the seismic and sedimentological features of platform-margin
shoal complexes; clarify the controlling effects of the Yudu rift trough and fault-controlled
paleogeomorphology on shoal development; determine the reservoir space types and multi-
stage diagenetic evolution of the Cambrian dolomite reservoirs; and establish a genetic
model for the development of high-quality reservoirs and hydrocarbon accumulation in
the Yudu platform-margin belt. The results provide new insights into the development
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mechanisms of deep Cambrian carbonate reservoirs and offer important guidance for
further hydrocarbon exploration in the Tarim Basin.

2. Geological Setting
2.1. Regional Tectonic Setting

The Tarim Basin is one of the largest superimposed cratonic basins in China and
contains a complete Neoproterozoic–Paleozoic marine carbonate succession with significant
hydrocarbon resources [33–35]. Tectonically, the basin is bounded by the Tianshan Orogenic
Belt to the north, the Kunlun Orogenic Belt to the south, and the Altun Orogenic Belt to the
southeast [36–38]. During the Early Paleozoic, the Tarim Basin evolved as a stable cratonic
carbonate platform affected by multiple episodes of intracratonic rifting and extensional
tectonism [34,39,40]. These tectonic events controlled the development of paleouplifts, rift
troughs, platform-margin slope-break belts, and carbonate facies differentiation, thereby
exerting important influences on hydrocarbon generation, reservoir development, and
accumulation (Figure 1a,b).

Figure 1. (a) Schematic tectonic map of the Central Asian Orogenic Belt, where the purple shaded
area delineates the scope of the Central Asian Orogenic Belt. (b) Distribution sketch of major giant oil
and gas fields across China; the blue polygons mark the primary petroliferous basins in the country.
(c) Regional geological map of the Yudu area. The red rectangular box denotes the core sampling
region; light blue areas correspond to depressions, while pale yellow areas represent paleo-uplifts.

During the Early–Middle Cambrian, regional extensional tectonism resulted in the
formation of several intracratonic rift troughs in the Tarim Basin, including the Awati-Manjiaer
rift system and associated local rift troughs distributed along the western and central parts of
the basin [18]. These rift troughs generally exhibit steep fault-controlled margins and inherited
paleogeomorphic relief, providing favorable conditions for the development of platform-
margin reef–shoal complexes and source rock deposition [41,42]. Previous exploration results
indicate that areas adjacent to Cambrian rift troughs commonly exhibit superior source-
reservoir assemblages and favorable hydrocarbon accumulation conditions.

The Yudu area is located in the western slope-break zone of the Tarim Basin and is
adjacent to the Yudu rift trough. Structurally, the study area is situated in the transitional
zone between the Manxi slope-break belt and the intracratonic rift system [43]. The Cam-
brian platform margin in this area was strongly controlled by synsedimentary extensional
faults and paleogeomorphic slope breaks, resulting in the formation of a fault-controlled
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platform-margin depositional system [44,45]. Seismic interpretation reveals that multiple
stages of platform-margin migration and progradation occurred during the Cambrian,
forming large-scale high-energy shoal complexes distributed along the margin of the Yudu
rift trough.

In addition to controlling sedimentary facies differentiation, the Yudu rift trough also
played an important role in hydrocarbon generation and migration [46,47]. The proximity
of the platform-margin shoal complexes to hydrocarbon kitchens provided favorable condi-
tions for “intra-source accumulation” within the Cambrian succession [48–50]. Drilling data
from nearby exploration wells indicate high-pressure coefficients, abundant hydrocarbon
shows, and large gas-column heights in platform-margin reservoirs close to the source rock
depocenters, suggesting efficient hydrocarbon charging and preservation conditions in the
study area (Figure 1c).

2.2. Stratigraphic Framework

The Cambrian succession in the Yudu area mainly consists of a thick carbonate-
dominated sedimentary system deposited on a carbonate platform margin. From bottom
to top, the Cambrian strata include the Yurtus Formation, Xiaoerbulake Formation, Wu-
songgeer Formation, and overlying Middle–Upper Cambrian carbonate units [6,51,52]. The
lower Cambrian succession is characterized by mixed siliciclastic-carbonate deposits and
organic-rich source rocks, whereas the Middle–Upper Cambrian succession is dominated
by platform carbonates, dolomites, microbial buildups, and shoal complexes [53,54].

The Yurtus Formation mainly consists of dark mudstone and argillaceous carbonate
rocks deposited in a deep-water shelf to slope environment and represents one of the
most important hydrocarbon source rock intervals in the Tarim Basin [20,55,56]. Overlying
the Yurtus Formation, the Xiaoerbulake and Wusonggeer Formations are dominated by
shallow-water platform carbonates and dolomites deposited under relatively high-energy
conditions [8,57,58]. During the Middle–Late Cambrian, continuous platform-margin
progradation and shoal development occurred along the slope-break belt adjacent to the
Yudu rift trough, forming thick accumulations of granular dolomites, microbial dolomites,
and reef–shoal complexes [59].

The Cambrian carbonate succession is widely distributed across the Tarim Basin and
constitutes an important deep to ultra-deep marine carbonate system. Its present burial
depth varies substantially across the basin as a result of differential subsidence, uplift,
erosion, and subsequent tectonic reworking. In the Yudu–Gucheng region, the Cambrian
succession occurs at considerable burial depths, with drilling and core data documenting
Cambrian carbonate reservoirs at approximately a 6.7–7.4 km depth in several wells, in-
cluding observations at 6735–7373 m in the Gucheng and Yudu exploration areas. Deeper
drilling data from the Yudu exploration domain further document Cambrian-related in-
tervals at an approximately 8.3–8.7 km depth, highlighting the ultra-deep nature of the
target succession. The carbonate-dominated succession is characterized by substantial
vertical thickness and strong lateral facies variability, with shallow-platform, platform-
margin shoal, slope, and rift-trough deposits developed across the basin. Within the
Yudu–Gucheng platform-margin belt, reservoir-bearing intervals are concentrated in the
Cambrian platform-margin shoal complexes; individual effective reservoir intervals range
from approximately 67.4 to 268 m in representative wells, demonstrating the considerable
vertical development of reservoir-prone carbonate bodies within the deeply buried succes-
sion. These characteristics make the Yudu area a representative setting for investigating the
development and preservation of Cambrian platform-margin reservoirs under ultra-deep
burial conditions.
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Sequence stratigraphic analysis indicates that multiple third-order depositional cycles
developed within the Cambrian succession. The stratigraphic framework is character-
ized by repeated upward-shallowing carbonate cycles controlled by relative sea-level
fluctuations and synsedimentary tectonic activity [60–62]. Several sequence boundaries
and flooding surfaces can be identified in seismic and drilling data, reflecting episodic
platform-margin migration and facies reorganization during the Cambrian evolution.

In this study, carbonate rock samples spanning the upper Cambrian and lower Or-
dovician strata were collected from the Yudu area for petrographic and reservoir analysis
(Figure 2).

Figure 2. Stratigraphic column of the Yudu area. GR (gamma ray) denotes the gamma-ray log
response, and API refers to American Petroleum Institute units, the standard unit used to report
gamma-ray log values. The stratigraphic sequences illustrate vertical grain-size trends from relatively
coarse-grained to finer-grained deposits, with grain size decreasing progressively from coarse- to
fine-grained lithologies.

2.3. Cambrian Platform-Margin Evolution

The Cambrian platform margin in the Yudu area experienced multi-stage evolu-
tion controlled by synsedimentary fault activity and relative sea-level fluctuations [63].
During the early stage of platform development, extensional tectonism generated pro-
nounced paleogeomorphic relief along the margin of the Yudu rift trough, leading to the
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formation of steep slope-break belts and localized paleohighs [21,25]. These geomorphic
conditions promoted the accumulation of high-energy shoal deposits along the platform
margin [14,42,64].

As carbonate production increased during the Middle Cambrian, the platform mar-
gin progressively prograded toward the rift trough, resulting in the vertical superposi-
tion and lateral migration of multiple shoal complexes [65–67]. Seismic profiles reveal
characteristic progradational reflection patterns and mound-shaped external geometries
associated with the platform-margin shoals. Several stages of shoal development can be rec-
ognized within the Cambrian succession, indicating repeated sedimentary aggradation and
margin advancement.

The inherited paleogeomorphic framework also controlled the distribution of subse-
quent diagenetic modifications and reservoir development [68–70]. Platform-margin shoals
composed of granular carbonates and microbial dolomites provided favorable material
foundations for reservoir formation. Later dolomitization, karstification, and tectonic dis-
solution further enhanced the reservoir quality by generating abundant intercrystalline
pores, moldic pores, dissolution vugs, and fracture–cavity systems [71,72]. Consequently,
the Cambrian platform-margin belt in the Yudu area evolved into a favorable exploration
target characterized by the superposition of sedimentary, diagenetic, and hydrocarbon
accumulation advantages.

3. Materials and Methods
3.1. Seismic Data and Interpretation

Drilling and wireline logging data from representative exploration wells in the Yudu–
Gucheng area were integrated with the seismic interpretation. The well dataset included
conventional wireline logs, drilling records, mud-logging information, hydrocarbon shows,
and available reservoir-test data. Gamma-ray, resistivity, density, neutron, and sonic re-
sponses, where available, were examined together with lithological descriptions to identify
stratigraphic contacts and lithofacies variations.

Well–seismic calibration was performed using the stratigraphic markers identified
from the drilling and logging data. These markers were used to constrain the interpretation
of the Cambrian top and base, major internal stratigraphic interfaces, and sequence bound-
aries in the seismic volume. Reservoir intervals were identified by integrating lithological
characteristics, logging responses, drilling behavior, gas shows, and available reservoir-test
results rather than relying on a single logging criterion.

Reservoir characteristics were compiled from available core analyses and well-log
interpretations, including effective reservoir thickness, porosity, reservoir type, and
hydrocarbon-bearing characteristics. Particular attention was paid to intervals charac-
terized by fracture–vuggy and pore–vuggy dolomite reservoirs, as these represent the
principal reservoir types recognized in the study area. Drilling losses, overflow, elevated
gas contents, and abnormal pressure coefficients were recorded as supporting evidence for
hydrocarbon-bearing intervals where these observations were available.

3.2. Drilling, Logging, and Reservoir Test Data

Drilling data from several exploration wells in the Yudu area were systematically
analyzed in this study. The datasets include conventional logging curves, drilling records,
reservoir test results, mud logging information, and hydrocarbon show data. Reservoir in-
tervals within the Cambrian platform-margin succession were identified through integrated
interpretation of lithology, porosity response, gas shows, and drilling fluid anomalies.

Reservoir physical properties, including porosity, reservoir thickness, and reservoir
types, were compiled from core analyses and logging interpretations. The studied reser-
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voirs mainly occur in the Qiulitage and Awatage Formations and are characterized by
fracture–vuggy and pore–vuggy dolomite reservoirs with variable reservoir quality. Several
wells encountered thick reservoir intervals and abundant hydrocarbon shows, indicating
favorable exploration potential in the platform-margin shoal belts.

Drilling and testing data also provide important evidence for hydrocarbon accumula-
tion conditions in the study area. Overflow phenomena, drilling losses, high gas contents,
and abnormal pressure coefficients were observed in multiple wells, suggesting effective
hydrocarbon charging and preservation within the Cambrian reservoirs.

3.3. Core Observation and Petrographic Analysis

Representative Cambrian core intervals from key exploration wells were examined to
characterize lithology, sedimentary structures, pore types, fractures, dissolution features,
and hydrocarbon occurrence. Core descriptions were integrated with corresponding well-
log and stratigraphic information to establish lithofacies and reservoir correlations.

Thin-section petrographic observations were conducted using conventional transmitted-
light microscopy. The analysis focused on carbonate grain types, depositional textures,
microbial and algal fabrics, dolomite crystal textures, pore types, fracture characteristics,
and diagenetic relationships. The principal lithofacies examined include granular dolomite,
microbial dolomite, oolitic dolomite, brecciated dolomite, and fine- to medium-crystalline
dolomite. Pore systems were classified into intercrystalline pores, intergranular dissolution
pores, moldic pores, intragranular dissolution pores, fracture-related dissolution pores, and
vuggy or karst-related cavities [73–75].

Diagenetic relationships were evaluated from cross-cutting relationships, replacement
textures, dissolution boundaries, and pore-filling relationships observed in the cores and
thin sections. These observations were used to distinguish major stages of dolomitization,
dissolution, burial modification, and tectonic fracturing. Interpretations of diagenetic
processes were compared with previously established carbonate diagenetic models [76–79].

3.4. Sedimentary Facies and Reservoir Characterization

Sedimentary facies were interpreted by integrating lithologic assemblages, vertical
facies successions, core sedimentary structures, well-log responses, seismic reflection con-
figurations, and external geometries of carbonate bodies. Platform-margin shoals were
identified based on the combined occurrence of grain-rich and microbial carbonate lithofa-
cies, upward-shallowing successions, mound-shaped or prograding seismic geometries,
and their spatial relationship to the platform-margin slope break.

Reservoirs were characterized by integrating lithofacies, pore systems, fracture charac-
teristics, dissolution features, and available physical-property data. Reservoir types were
classified according to their dominant reservoir-space assemblages, including pore–vuggy,
fracture–vuggy, and related composite types. Reservoir distribution was then compared
with the interpreted platform-margin shoal architecture and major fault systems.

Finally, the integrated seismic, well, core, petrographic, and reservoir datasets
were used to construct a geological model linking fault-controlled paleogeomorphol-
ogy, platform-margin shoal development, dolomitization, dissolution, fracture develop-
ment, and hydrocarbon occurrence. Importantly, the genetic interpretations presented
in the Section 6 were restricted to relationships supported by the integrated observa-
tional datasets.

All geological, well, core, and reservoir datasets analyzed in this study were obtained
from the exploration and research data available for the Yudu–Gucheng area. Because the
seismic and drilling datasets are derived from an industry exploration program, detailed
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acquisition specifications and proprietary processing parameters are not publicly available
and are therefore not reported where they cannot be independently verified.

4. Characteristics of Platform-Margin High-Energy Shoals
4.1. Seismic Reflection Characteristics of Platform-Margin Shoals

The Cambrian platform-margin shoals in the Yudu area exhibit distinctive seismic
reflection characteristics that can be clearly identified on 3D seismic profiles. The shoal
complexes are mainly distributed along the slope-break belt adjacent to the Yudu rift
trough and display mound-shaped to lenticular external geometries with medium- to
strong-amplitude reflections. On seismic sections, the platform margin is characterized by
obvious progradational reflection configurations, reflecting repeated margin advancement
toward the rift trough during the Cambrian.

The seismic reflections within the shoal complexes commonly exhibit chaotic to sub-
parallel internal reflection patterns, whereas the platform-margin boundaries are marked by
discontinuous oblique reflections and localized downlap terminations (Figure 3). Several
seismic sections reveal stacked progradational units with repeated lateral migration of shoal
bodies, indicating multistage development of the platform-margin system. The mound-
shaped external geometries and prograding reflection patterns are interpreted as seismic
responses of high-energy carbonate shoal complexes developed along the platform margin.

Figure 3. Seismic architecture of the Yudu area. The yellow shaded interval denotes the Early–Middle
Cambrian progradational platform-margin mound–shoal complex. Red lines represent major faults.
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NS-oriented seismic profile provides an independent view of the structural and strati-
graphic architecture of the Cambrian carbonate succession and complements the original
WE-oriented profile (Figure 3). In the NS direction, the Cambrian succession can be traced
continuously across the platform-margin zone, while the seismic reflections show sys-
tematic changes in dip, continuity, and configuration toward the rift-trough side. The
platform-margin interval is characterized by a distinct transition from relatively continuous
and subparallel reflections within the platform interior to more inclined and locally discon-
tinuous reflections near the margin. This transition defines the structural and depositional
slope-break zone and provides an additional seismic constraint on the location of the
platform margin. The NS profile also confirms that the carbonate succession is structurally
segmented by major faults, with localized changes in reflector geometry and thickness adja-
cent to fault zones. The agreement between the WE- and NS-oriented profiles indicates that
the platform-margin architecture is not restricted to a single seismic section but represents
a spatially coherent structural–stratigraphic feature within the 3D seismic volume.

The top and bottom boundaries of the Cambrian succession, the top Middle Cambrian
interface, and the limestone top interface can be continuously traced across the study area,
providing important stratigraphic constraints for identifying the distribution of the shoal
complexes. Synsedimentary faults associated with the Yudu rift trough locally disrupted
the continuity of seismic reflections and controlled the morphology of the platform-margin
slope-break zone. The close spatial relationship between fault activity and platform-
margin shoal distribution indicates strong tectono-sedimentary coupling during the
Cambrian evolution.

4.2. Spatial Distribution and Evolution of Shoal Complexes

The Cambrian platform-margin shoals in the Yudu area are mainly distributed along
the margin of the Yudu rift trough and the western slope-break belt. Seismic interpretation
demonstrates that the shoal complexes exhibit obvious lateral continuity and vertical
superposition, forming large-scale platform-margin sedimentary bodies extending along
the strike of the slope-break zone.

The NS-oriented seismic profile further constrains the lateral distribution and strati-
graphic organization of the platform-margin shoal complexes (Figure 3). Along this direc-
tion, the mound-shaped to prograding seismic bodies occur within a relatively restricted
stratigraphic interval and show clear vertical stacking, whereas their lateral continuity de-
creases toward the adjacent deeper-water domain. The transition from relatively flat-lying
platform reflections to inclined and prograding reflections provides evidence for the spatial
migration of the platform margin through time. In combination with the WE-oriented
profile, the two intersecting seismic sections demonstrate that the shoal complexes form
three-dimensional carbonate buildup bodies rather than isolated features confined to indi-
vidual profiles. Their repeated vertical superposition and basinward changes in seismic
geometry indicate successive phases of platform-margin development and migration dur-
ing Cambrian deposition. This cross-directional seismic evidence provides a more robust
basis for delineating the stratigraphic distribution and three-dimensional architecture of
the platform-margin shoal system.

Multiple stages of shoal development can be recognized in the Cambrian succession.
The earlier shoal bodies generally developed near the initial slope-break zone controlled
by synsedimentary faults, whereas later shoals progressively migrated basinward due to
continuous platform progradation. This evolutionary pattern produced vertically stacked
shoal complexes characterized by repeated aggradation and progradation. Several seismic
sections reveal clear evidence of margin advancement toward the rift trough, indicating
sustained carbonate productivity under relatively high-energy depositional conditions.
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In the Gucheng area, at least four stages of platform-margin shoal development can be
identified within the Cambrian succession. The superposition of multistage shoals resulted in
the formation of thick carbonate buildup complexes with favorable reservoir development
potential. Seismic and drilling data further indicate that the distribution of high-quality
reservoirs is closely related to the spatial distribution of these multistage shoal complexes.

The platform-margin shoals also exhibit significant facies differentiation from the
platform interior toward the rift trough. The platform interior is dominated by relatively
low-energy dolomitic deposits, whereas the platform-margin zone is characterized by
granular shoals, microbial buildups, and local collapse-related deposits. The slope area
adjacent to the rift trough locally contains gravity-flow deposits and collapse breccias
associated with margin instability and synsedimentary fault activity.

4.3. Sedimentary Characteristics of High-Energy Shoals

Core observations and thin-section analyses indicate that the Cambrian platform-
margin shoals in the Yudu area were deposited under high-energy hydrodynamic condi-
tions (Figure 4a–c). The dominant lithologies include granular dolomite, microbial dolomite,
oolitic dolomite, algae-bearing dolomite, and bioclastic dolomite. These lithologies com-
monly contain grain-supported fabrics and locally preserve residual granular textures,
indicating deposition in shallow-water, high-energy carbonate shoal environments.

 

Figure 4. (a–c) Core photographs, (d,e) imaging logging images, and (f,g) petrographic images from
the Yudu area.
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Microbial and algal components are widely developed within the shoal complexes.
Algal-skeletal grains, microbial framework structures, and grain-supported fabrics are
commonly observed in thin sections, suggesting that microbial carbonate production
played an important role in the development of the platform-margin shoals. Oolitic and
bioclastic grains are locally abundant, further indicating strong hydrodynamic conditions
along the platform margin.

Collapse breccias and brecciated dolomites are also locally developed within the shoal
complexes and are interpreted to be associated with synsedimentary collapse and later
karst-related dissolution processes. The occurrence of collapse-related deposits near the
platform margin suggests that tectonic activity and paleogeomorphic relief significantly
influenced sedimentary processes and subsequent reservoir modification.

Vertical facies successions observed in drilling cores indicate repeated shallowing–
upward depositional cycles within the shoal complexes. Individual cycles commonly
begin with relatively low-energy fine-crystalline dolomites and upward transition into
granular shoal deposits characterized by algae-bearing and grain-supported fabrics. These
vertical facies patterns reflect repeated fluctuations in relative sea level and the repeated
establishment of high-energy shoal environments along the platform margin.

4.4. Fault-Controlled Development of Platform-Margin Shoals

The development and distribution of the Cambrian platform-margin shoals in the
Yudu area were strongly controlled by synsedimentary fault activity associated with the
Yudu rift trough. Seismic interpretation reveals that the platform-margin slope-break belt
closely follows the distribution of major basement-involved faults, indicating that tectonic
paleogeomorphology exerted a first-order control on carbonate sedimentation.

Synsedimentary faults created steep paleogeomorphic relief and localized high-energy
depositional zones along the platform margin. These slope-break belts promoted wave
and current reworking, thereby facilitating the accumulation of granular shoal deposits
and microbial buildups. Continuous fault activity also controlled accommodation space
variations and margin migration during the Cambrian evolution, resulting in the repeated
development of shoal complexes along structurally inherited paleohighs.

The close coupling between fault systems and shoal distribution further influenced
subsequent reservoir development. Platform-margin shoals located adjacent to major faults
commonly experienced stronger dolomitization, dissolution, and fracture modification due
to enhanced fluid circulation along tectonic conduits. Consequently, the fault-controlled
platform-margin shoals became the most favorable zones for the development of high-
quality dolomite reservoirs in the Yudu area.

Overall, the Cambrian platform-margin system in the Yudu area represents a typical
fault-controlled carbonate platform margin characterized by multistage progradational
shoal development, strong tectono-sedimentary coupling, and favorable conditions for
subsequent reservoir enhancement.

5. Characteristics of Cambrian Dolomite Reservoirs
5.1. Reservoir Lithology and Petrological Characteristics

The Cambrian reservoirs in the Yudu area are dominated by dolomite reservoirs
developed within platform-margin high-energy shoal complexes (Figure 5). Core obser-
vations and thin-section analyses indicate that the reservoir lithologies mainly include
fine- to medium-crystalline dolomite, granular dolomite, algae-bearing dolomite, microbial
dolomite, oolitic dolomite, and locally brecciated dolomite.
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Figure 5. Petrographic micrographs of dolomite and breccia samples collected from the Yudu area.
(a) Bioclastic dolomite; (b) residual oolitic dolomite; (c) tectonic karst breccia; (d) bioclastic dolomite;
(e) tectonic karst breccia; (f) tectonic karst breccia.

Granular dolomites are the most important reservoir lithofacies and are widely dis-
tributed within the platform-margin shoal bodies. Granular textures are commonly pre-
served despite pervasive dolomitization, including algal fragments, bioclastic grains, and
oolitic structures. Grain-supported fabrics and locally preserved framework textures in-
dicate deposition under strong hydrodynamic conditions in shallow-water high-energy
shoal environments.

Microbial dolomites are also extensively developed within the shoal complexes and
commonly contain microbial framework fabrics, stromatolitic textures, and algae-related
structures. The microbial framework provided favorable primary pore frameworks and
enhanced resistance to compaction during burial. In several wells, microbial dolomites
exhibit strong dissolution modification and locally develop abundant vuggy pores and
fracture-related dissolution systems.

Brecciated dolomites and collapse-related lithologies occur locally within the platform-
margin reservoirs. These breccias are characterized by irregular clast-supported fabrics and
dissolution-related matrix filling, indicating strong karstification and collapse modification
during the post-depositional evolution of the carbonate platform margin.

Petrographic observations further reveal widespread recrystallization and dolomi-
tization in the Cambrian carbonate succession. Most reservoirs are dominated by fine-
to medium-crystalline dolomite with locally developed coarse-crystalline dolomite. The
degree of recrystallization varies significantly among different shoal intervals, reflecting
complex diagenetic modification histories associated with burial fluids, tectonic activity,
and dissolution processes.

5.2. Reservoir Space Types and Pore System Characteristics

The Cambrian dolomite reservoirs in the Yudu area are characterized by complex pore–
fracture systems formed through multistage diagenetic modification. The main reservoir
space types include intercrystalline pores, intergranular dissolution pores, moldic pores,
intragranular dissolution pores, dissolution vugs, fractures, and fracture–cavity systems
(Figure 6).
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Figure 6. Core photographs and micrographs showing dissolution pore–fracture development in
dolomite samples from the Yudu area. (a) Medium-crystalline dolomite with well-developed dissolu-
tion pores and fractures; (b) coarse-crystalline dolomite with abundant dissolution pores; (c) fine-
to-medium crystalline dolomite with widespread dissolution pores; (d) micrograph of dolomite
showing well-developed dissolution vugs.

Intercrystalline pores are widely developed in fine- to medium-crystalline dolomites
and constitute one of the most common reservoir space types. These pores are mainly
related to dolomitization-induced crystal reorganization and partial preservation of primary
pore systems. In granular dolomites, intergranular dissolution pores and moldic pores are
particularly well-developed due to the selective dissolution of unstable carbonate grains
and early pore enhancement.

Thin-section observations indicate that many dissolution pores exhibit strong fabric
selectivity. Grain-supported shoal deposits commonly contain preferentially dissolved
algal grains, bioclastic fragments, and oolitic particles, forming irregular moldic and
intragranular pores. In several samples, dissolution pores are interconnected by fractures,
resulting in the formation of effective pore–fracture networks that significantly improve
reservoir connectivity.

Fractures are extensively developed within the Cambrian reservoirs and include
tectonic fractures, dissolution-enlarged fractures, and fracture-associated vugs. Some
fractures are partially filled with bitumen or late-stage calcite, whereas others remain
unfilled and serve as effective hydrocarbon migration pathways and storage spaces. Core
observations reveal that fracture-related dissolution is especially strong near major fault
zones and unconformity surfaces.

Large dissolution cavities and fracture–cavity systems are locally developed within
the platform-margin reservoirs. These cavities commonly occur along fractures, bedding in-
terfaces, and karst-related dissolution zones, suggesting strong structural and fluid-control
effects during reservoir evolution. In some intervals, dissolution cavities exceed several
meters in vertical scale and are associated with severe drilling losses and hydrocarbon
shows during drilling operations.

https://doi.org/10.3390/geosciences16090369

https://doi.org/10.3390/geosciences16090369


Geosciences 2026, 16, 369 14 of 33

5.3. Physical Properties and Reservoir Distribution

The Cambrian reservoirs in the Yudu area generally exhibit low matrix porosity
but locally develop relatively high-quality pore–fracture–vug systems due to multistage
dissolution and tectonic modification. Reservoir porosity is highly heterogeneous and
varies significantly among different lithofacies and structural positions.

According to core and logging interpretation data, the effective reservoir intervals are
mainly concentrated within the platform-margin shoal complexes of the Cambrian. Reser-
voir thicknesses commonly range from tens of meters to more than 200 m in favorable shoal
development zones. For example, a new drilled well encountered approximately 67.4 m of
effective reservoir with porosity values ranging from 1.8% to 11.2%, whereas another well
drilled in 2024 encountered up to 268 m of reservoir intervals in the Awatage Formation.

Reservoir quality is closely related to sedimentary facies and tectonic position
(Figure 7). High-quality reservoirs are preferentially developed in platform-margin shoal
bodies adjacent to the Yudu rift trough and major fault systems. These reservoirs commonly
exhibit enhanced dissolution, better fracture development, and stronger fluid modification
compared with relatively low-energy intraplatform deposits.

 

Figure 7. (a–c) Field outcrop photos and (d) thin-section micrographs of reservoir rocks from the
Yudu area. (a) Fault-controlled mound-shoal complexes with well-developed fractures and pores;
(b) stratiform dissolution pores and fractures developed within fault-triggered collapse breccia
bodies; (c) collapse breccia bodies abundant in dissolution pores; (d) irregular dissolution vugs
and intergranular dissolution vugs are visible, with intergranular vugs distributed along tectonic
dissolution fractures.

Based on reservoir space assemblages and physical property characteristics, the
Cambrian reservoirs in the Yudu area can be classified into three major reservoir types:
(1) fracture–vuggy reservoirs; (2) pore–vuggy reservoirs; (3) fracture–cavity reservoirs.
Among these, fracture–vuggy dolomite reservoirs represent the dominant reservoir type
within the platform-margin shoal complexes. The combination of dissolution pores, tec-
tonic fractures, and karst cavities significantly improves storage capacity and permeability
under ultra-deep burial conditions.
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6. Discussion
6.1. Fault-Controlled Paleogeomorphology and Development of Platform-Margin Shoals

The distribution and architecture of Cambrian platform-margin high-energy shoals in
the Yudu area are closely associated with the inherited structural framework of the Yudu
rift trough [80]. The seismic results show that the platform margin developed preferentially
along a persistent slope-break belt adjacent to the rift trough, rather than being distributed
uniformly across the carbonate platform (Figure 3). Major faults occur along or near this
slope break, and changes in reflector geometry and stratigraphic thickness are commonly
observed across the fault zones. The seismic profiles provide consistent evidence for this
relationship from two directions, showing that the margin-related carbonate bodies are
spatially associated with a three-dimensional structural boundary rather than represent-
ing isolated features on a single seismic section. This geometry indicates that the initial
platform morphology was strongly influenced by inherited fault-controlled relief. Similar
relationships between intracratonic extension, fault-bounded topography, and carbonate
platform-margin development have been documented in other rift-related carbonate sys-
tems, where synsedimentary structures created persistent accommodation contrasts and
influenced the position of carbonate factories [81–83].

The structural framework favored the concentration of high-energy carbonate deposits
along the platform margin. Extensional faulting generated relief between shallow platform
areas and the adjacent rift depression, establishing a narrow slope-break zone where
carbonate production and sediment redistribution were enhanced. The occurrence of
granular and microbial carbonate facies within these bodies is consistent with shallow,
high-energy deposition [15,84,85]. Similar relationships between synsedimentary faulting,
structural relief, and carbonate accumulation have been documented in other Paleozoic
carbonate platforms [86–88].

The platform margin was not stationary through time. Progradational reflection
configurations, lateral shifts of mound-shaped seismic bodies, and vertically superimposed
shoal intervals indicate repeated changes in the position of the depositional margin. These
features are particularly important because they distinguish the Yudu system from a simple,
fixed platform rim. The observed migration can be related to changes in the balance among
tectonic subsidence, accommodation creation, carbonate production, sediment supply, and
relative sea level. During periods when tectonic subsidence increased accommodation
in the riftward direction, carbonate accumulation could progressively extend toward the
basin. Conversely, when carbonate production exceeded accommodation creation, the
margin could aggrade or prograde across the available accommodation. Thus, the observed
seismic stacking patterns are better interpreted as the sedimentary response to changing
accommodation conditions than as evidence for continuous fault activity alone. This
interpretation is consistent with carbonate-platform models in which synsedimentary
tectonism modifies accommodation and thereby affects the position and geometry of facies
belts [89–91].

The four-stage evolutionary framework shown in Figure 8 provides a broader context
for this relationship. During the Middle–Lower Cambrian extensional stage, the develop-
ment of the Yudu rift trough established the initial slope-break framework and separated
shallow platform areas from relatively deep depressions [92–94]. During the subsequent
Upper Cambrian stage, relatively balanced sedimentation allowed carbonate bodies to ag-
grade and expand across the structurally favorable platform margin. Renewed extensional
activity during the Early–Middle Ordovician further modified the inherited relief and
promoted another phase of basinward progradation [95–97]. Although the later Ordovician
evolution extends beyond the main Cambrian depositional interval considered here, it is
relevant because it demonstrates the persistence of the inherited structural framework. In
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this sense, the importance of fault-controlled paleogeomorphology lies not simply in its
role during the initial formation of the platform margin, but also in its capacity to guide
subsequent sediment accumulation along a repeatedly reactivated structural trend. The
geological history supports a model of long-lived structural inheritance rather than the
independent formation of individual shoal bodies (Figure 8).

Figure 8. Schematic diagram of tectonic evolution in the Yudu area.

This structural inheritance has implications for the distribution of reservoir-prone
intervals. Shoal complexes repeatedly developed near the same slope-break and paleohigh
belts, allowing successive depositional bodies to be vertically stacked or laterally superim-
posed [15,98,99]. The resulting stratigraphic architecture is important because the reservoir
intervals are not randomly distributed within the Cambrian succession; instead, thicker
reservoir-bearing intervals tend to occur where multiple phases of shoal development over-
lap. The relationship between shoal stacking and reservoir development is also supported
by drilling data, which show that effective reservoirs are concentrated in platform-margin
shoal intervals rather than being evenly distributed through the carbonate succession.
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However, the structural position and depositional facies alone cannot account for the final
reservoir quality. The favorable primary fabric of the shoals provided the initial pore
framework, whereas subsequent early dolomitization helped stabilize and reorganize this
framework during burial. Later dissolution and fracture development further modified and
connected the preserved pore system, producing the observed pore–fracture–vug assem-
blages. The significance of fault-controlled paleogeomorphology is therefore primarily that
it established and repeatedly preserved the depositional setting in which reservoir-prone
carbonate facies could develop.

Synsedimentary faulting established the paleogeomorphic template, whereas varia-
tions in accommodation and carbonate production controlled subsequent shoal growth,
migration, and stacking [100–102]. The resulting architecture records long-term tectono-
sedimentary inheritance: faults influenced the position of the slope break, the slope break
focused carbonate accumulation, and repeated shoal development produced vertically
and laterally extensive reservoir-prone intervals [103–105]. This interpretation provides a
geological basis for linking the structural evolution of the Yudu rift trough to the later dia-
genetic and reservoir-forming processes discussed below, but does not imply that faulting
alone generated the present reservoir properties.

6.2. Sedimentary–Diagenetic Coupling and Preservation of Primary Reservoirs

The preservation of effective reservoir space at ultra-depth requires an initial carbonate
framework capable of resisting prolonged compaction and cementation [106–108]. In the
Yudu area, the distribution of effective reservoirs is closely associated with platform-
margin high-energy shoals, where granular, microbial, algal-bearing, and oolitic dolomites
constitute the principal reservoir lithofacies. The core and petrographic observations show
that these rocks commonly retain grain-supported fabrics, microbial or algal structures, and
intercrystalline pore systems (Figures 5 and 6). These observations are consistent with the
seismic and sedimentological interpretation that the platform margin provided a persistent
high-energy depositional belt. Rather than considering the present reservoir porosity as
entirely generated during late diagenesis, the preservation of an inherited sedimentary
framework provides a more reasonable starting point for explaining the occurrence of
effective reservoirs at extreme burial depth.

Vigorous hydrodynamic conditions promoted mud winnowing and the accumula-
tion of relatively coarse carbonate grains, producing a grain-supported framework more
resistant to compaction than micrite-rich deposits. Quantitative studies of carbonate com-
paction similarly show that porosity reduction varies with depositional texture and mud
content [109]. The microbial and algal frameworks observed in the reservoir intervals
may have further strengthened the original fabric [110,111]. Thus, the importance of the
shoals lies not only in their initial pore space, but also in their capacity to preserve a pore-
bearing framework during burial, consistent with the concentration of effective reservoirs
documented by drilling and core observations.

Dolomitization represents the next important stage in this preservation history. Pet-
rographic observations show widespread replacement by fine- to medium-crystalline
dolomite and the occurrence of intercrystalline pores within the dolomitized framework
(Figure 6). Early dolomitization could have contributed to the stabilization and preser-
vation of the favorable depositional framework before extensive burial compaction and
pressure solution. The recrystallization associated with dolomitization modified the origi-
nal carbonate fabric and promoted the development of intercrystalline pore space, while
the resulting dolomitized framework was more favorable for retaining reservoir space
during subsequent burial [112–115]. The preservation of residual granular fabrics together
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with intercrystalline pores in the Yudu dolomites is consistent with an early diagenetic
stabilization process superimposed on a favorable depositional framework.

Dolomitization also contributed to the development and preservation of matrix-scale
pore space [116–118]. Reorganization of carbonate minerals during dolomitization gen-
erated intercrystalline pores, which were widely observed in the thin sections. These
pores should be considered as part of a coupled depositional–diagenetic evolution: the
original shoal fabrics provided the initial pore framework, while dolomitization modified
and locally stabilized this framework and generated additional intercrystalline pore space.
Although individual pores are generally small, their cumulative distribution provides
fluid-accessible space within the dolomitized framework and creates pathways that can
later be enlarged by dissolution. The spatial variation in dolomitization further supports a
relationship between depositional architecture and fluid circulation. Shoal complexes close
to faults and the platform-margin slope break show stronger dolomitization than relatively
low-energy intraplatform deposits, suggesting that the paleogeomorphic framework and
fluid pathways were coupled during diagenesis. Faults associated with the Yudu rift trough
may have facilitated the movement of Mg-bearing fluids and thereby promoted preferential
dolomitization within structurally favorable shoal complexes [119,120]. This interpretation
provides a link between the structural framework established during deposition and the
subsequent diagenetic differentiation of the carbonate succession.

The importance of this coupling is also evident in the selective distribution of later dis-
solution. The original sedimentary fabrics and intercrystalline pore systems provided pref-
erential pathways for subsequent fluids, and dissolution commonly affected algal grains,
bioclasts, and oolitic particles rather than producing a completely fabric-independent pore
system [121–123]. These relationships, documented in Figures 5 and 6, indicate that later
modification inherited the architecture established during deposition and early diagenesis.
The implication is significant for reservoir evolution: late fluids did not need to create an
entirely new pore system in dense carbonate rock, but could instead enlarge and connect
pore spaces that had survived earlier burial. This helps explain why reservoir-quality
intervals are concentrated within particular shoal lithofacies rather than being distributed
uniformly throughout the Cambrian carbonate succession.

The pore-evolution model summarizes this relationship. High-energy shoal depo-
sition first established a favorable carbonate fabric and initial pore framework; early
dolomitization subsequently modified and stabilized this framework while promoting the
development of intercrystalline pore space; later fluids then enlarged and connected parts
of the preserved pore system (Figure 9). This sequence explains why the present reservoir
should not be regarded as either a purely primary-porosity reservoir or a reservoir created
solely by late dissolution. The sedimentary fabric determined the initial distribution of
pore space, whereas dolomitization influenced its preservation and subsequent accessibility
to fluids. Later dissolution and fracturing acted on this inherited framework rather than
replacing it completely.

Accordingly, the main significance of sedimentary–diagenetic coupling in the Yudu
area is that it established a mechanism for preserving reservoir potential before the major
phases of deep burial modification. High-energy shoals supplied a favorable primary
depositional framework and initial pore system, while early dolomitization modified and
stabilized this framework and promoted the development of intercrystalline pores. The
preserved pore system subsequently provided pathways for later fluid–rock interaction,
dissolution, and fracture-related modification. The most favorable reservoir prediction
should therefore consider the coincidence of high-energy shoal facies and early dolomiti-
zation, particularly along fault-controlled platform-margin belts. This interpretation also
places an important constraint on the role of later dissolution: dissolution was capable of
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enhancing the reservoir only because a favorable and relatively stable pore framework had
already survived the earlier stages of burial.

Figure 9. Schematic diagram of reservoir pore evolution in the Yudu area. High-energy platform-
margin shoals developed along fault-controlled slope breaks and inherited paleogeomorphic highs,
providing grain-supported and microbial carbonate frameworks with favorable primary pore space.
Early dolomitization stabilized the carbonate framework and promoted the development and preser-
vation of intercrystalline pores during burial. The inherited pore system subsequently provided
preferential pathways for later dissolution and fluid–rock interaction, forming the initial reservoir
framework for subsequent tectono-karstic modification.

6.3. Multi-Stage Tectono-Karstification and Reservoir Enhancement Mechanisms

The pore framework preserved through the combined effects of favorable depositional
fabric and early diagenetic stabilization was subsequently modified by repeated dissolution
and tectonic fracturing, producing the pore–fracture–vug systems characteristic of the
Cambrian reservoirs in the Yudu area [124,125]. The observations show that dissolution
pores, enlarged fractures, vugs, and fracture-associated cavities occur at both core and
microscopic scales (Figures 4 and 7). These features are not evenly distributed through
the carbonate succession. Instead, they are commonly associated with platform-margin
shoals and structurally favorable intervals, indicating that the effectiveness of later reservoir
modification depended strongly on the pre-existing sedimentary and structural framework.
The present reservoir architecture therefore reflects successive modification of an inherited
pore system rather than the product of a single episode of karstification.

Early dissolution probably began before deep burial during episodes of exposure
and relative sea-level fall. In shallow platform-margin settings, meteoric fluids could
penetrate exposed carbonate surfaces and preferentially dissolve unstable grains and
microbial or algal components [126,127]. The fabric-selective dissolution features observed
in thin sections, including the dissolution of algal grains, bioclasts, and oolitic particles,
are consistent with this process. These early dissolution events may not have generated
the largest proportion of the present reservoir volume, but they were important because
they introduced secondary pore space and increased the accessibility of the carbonate
framework to later fluids. In this respect, early dissolution acted mainly as a preparatory
stage for subsequent reservoir enhancement.

Unconformity-related karstification represents a later and potentially more extensive
stage of meteoric modification. Core observations include irregular dissolution cavities,
collapse-related textures, red-stained alteration, and fracture-associated vugs near relevant
stratigraphic boundaries (Figure 4). These features provide direct evidence that exposure-
related fluids modified the Cambrian carbonates beyond the scale of individual grains. The
distribution of these features also suggests a structural control: elevated platform-margin
shoals were more readily exposed, while faults could have provided pathways for downward
fluid penetration. Consequently, karstification was favored where paleogeomorphic relief,
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reservoir-prone facies, and structural conduits coincided. This relationship is important
because it links the observed dissolution features to the fault-controlled paleogeomorphology.

With progressive burial, basinal and organic acid-bearing fluids could further modify
the inherited pore system [127–132]. Crosscutting dissolution pores and fracture-associated
cavities observed in the thin sections and cores (Figure 7) indicate that burial dissolution
mainly enlarged and connected pre-existing pores rather than generating an entirely new
pore system. Repeated reactivation of rift-related faults further enhanced this process by
providing preferential pathways for fluid migration [128–130]. Fracture enlargement by
dissolution produced vugs and fracture–cavity systems (Figures 4 and 7), making fracture–
pore connectivity more important to reservoir effectiveness than the abundance of any
single pore type [131–133].

The spatial association between major faults and dissolution-enhanced reservoirs
further supports this interpretation. Intervals close to major structural zones commonly
display stronger fracture development and more complex pore–fracture–vug assemblages
than structurally distal carbonate rocks [134–136]. Long-lived fault activity could have
repeatedly reopened fluid pathways during different stages of burial and tectonic reactiva-
tion. However, the relationship should not be interpreted as a simple increase in reservoir
quality with proximity to every fault. Intense dissolution and fracturing can also generate
localized cavities, collapse breccias, or strongly heterogeneous pore systems. Thus, faults
are best regarded as fluid and deformation conduits whose reservoir effect depends on the
underlying carbonate facies and diagenetic history.

The superposition of these processes is summarized in Figure 10. The model begins
with high-energy shoal deposition and early preservation of pore space, followed by
dissolution, karstification, fracture development, and fracture-assisted dissolution. The
important feature of this model is the sequential relationship among the processes. Early
pore systems provided the substrate for later dissolution; exposure and unconformity
processes enlarged that pore system; burial fluids modified previously developed pores;
and tectonic fractures connected otherwise isolated pore domains. The final pore–fracture–
vug network consequently represents the cumulative product of several geological stages
rather than a single late-stage event.

The resulting reservoir heterogeneity reflects the uneven superposition of favorable
shoal facies, preserved intercrystalline pores, paleogeomorphic relief, and fault-related
fluid pathways. Reservoir prediction should therefore evaluate these factors together rather
than using fault proximity or karst intensity as independent criteria. In the Yudu area,
tectono-karstification was most effective where structurally focused fluid flow acted on a
pre-existing pore-bearing shoal framework.

Taken together, the evidence supports a model in which reservoir enhancement pro-
ceeded through repeated modification of pre-existing pore systems. Early dissolution
and unconformity karstification introduced secondary pore space, burial fluids enlarged
selected pores, and tectonic fractures provided the principal conduits for fluid migration
and pore connection. The resulting reservoir is therefore best described as a tectono-karstic
pore–fracture–vug system developed on a sedimentary–diagenetic framework, rather than
as either a purely karst-controlled or purely fracture-controlled reservoir. This distinction
is important for predicting effective ultra-deep Cambrian reservoirs because the most
favorable intervals therefore require a favorable primary depositional framework that has
been sufficiently preserved or modified during early diagenesis, together with a subsequent
history of focused tectono-fluid modification.
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Figure 10. Schematic diagram of reservoir formation mechanism in the Yudu area. The preserved
pore framework was progressively modified by early dissolution, unconformity-related karstification,
burial-stage fluid–rock interaction, and tectonic fracturing. Faults acted as preferential conduits
for fluid migration, while fracture-associated dissolution enlarged and interconnected pre-existing
pores. The superposition of dissolution, fractures, and vugs ultimately produced an interconnected
pore–fracture–vug reservoir system, particularly within platform-margin shoal facies adjacent to
long-lived fault zones.

The reservoir-forming model proposed for the Yudu area is broadly consistent with
recent studies of deep carbonate systems in the Tarim Basin, while also highlighting the im-
portance of the inherited depositional framework [137–139]. Wang et al. [140] demonstrated
that the distribution of deep carbonate reservoirs in the southern Tahe Oilfield was con-
trolled by the coupling between multistage fault activity and diagenetic fluids, with faults
providing preferential pathways for dissolution and hydrothermal fluid migration. This
observation provides a useful regional comparison for the Yudu area, where the close associ-
ation between faults, dissolution features, and fracture–vug systems likewise indicates that
structural reactivation played an important role in reservoir modification. However, the
Yudu case differs in that the later tectono-fluid processes appear to have acted preferentially
on platform-margin shoal facies that had already been stabilized by early dolomitization.
This interpretation is also compatible with the quantitative compaction study of carbonate
successions from offshore Western Australia, which demonstrated that porosity reduction
is strongly influenced by depositional texture, mud content, and mineralogy, with grain-
supported fabrics and dolomitization producing deviations from simple depth-dependent
compaction trends [141–144]. Thus, the preservation of reservoir space in Yudu cannot be
attributed to faulting or dissolution alone; it reflects the interaction between an initially
favorable shoal framework, early diagenetic stabilization, and later structural-fluid modifi-
cation. More broadly, recent geochemical work on Lower Cambrian organic-rich strata in
the Tarim Basin emphasized strong spatial and stratigraphic heterogeneity in depositional
conditions and source-rock development, controlled by paleogeography, redox conditions,
hydrothermal input, and terrigenous supply [55,109,145]. Although that study focused on
source-rock evolution rather than carbonate reservoir architecture, its recognition of strong
basin-scale heterogeneity reinforces the need to evaluate reservoir and source conditions
within their specific paleogeographic framework rather than assuming uniformity across
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the Tarim Basin. Taken together, these comparisons support a process-based model in
which paleogeography establishes the depositional template, early diagenesis determines
the preservation potential of the pore framework, and later fault-controlled fluid circulation
governs reservoir enhancement and connectivity.

6.4. Coupling Between Rift-Related Hydrocarbon Kitchens and Platform-Margin Reservoirs

The spatial association between the hydrocarbon kitchens interpreted within the Yudu
rift trough and the adjacent platform-margin shoal reservoirs provides an important basis
for interpreting the hydrocarbon accumulation pattern in the study area. In contrast to
conventional carbonate systems involving long-distance migration, the Cambrian system
in the Yudu area may have favored a near-source accumulation pattern, based on the
close spatial relationship between the rift trough, reservoir-prone shoals, fault systems,
and observed hydrocarbon occurrences [48,146,147]. This interpretation is based primarily
on the observed structural and spatial relationships; direct geochemical evidence linking
the source rocks to the reservoir hydrocarbons and direct constraints on the timing of
hydrocarbon charging are not currently available. Therefore, the near-source model should
be regarded as a geological interpretation rather than a fully demonstrated source–reservoir
correlation (Figure 11).

Figure 11. Schematic diagram of hydrocarbon accumulation regularity in the Yudu area. Cambrian
source rocks developed within the Yudu rift trough provided hydrocarbons to adjacent platform-
margin reservoirs. Fault systems acted as long-lived conduits connecting the source kitchen with
structurally favorable shoal reservoirs and also controlled the development and enhancement of
fracture–vug networks. Hydrocarbons migrated from the rift-related source kitchen into adjacent
dolomitized platform-margin shoals and accumulated preferentially where favorable reservoir facies,
enhanced pore–fracture–vug connectivity, and effective structural migration pathways overlapped.
The model highlights the coupled control of source distribution, platform-margin reservoir develop-
ment, fault-controlled migration, and structural preservation on Cambrian hydrocarbon accumulation.

The Cambrian intracratonic extensional framework established the Yudu rift trough as
a site favorable for organic-rich sedimentation and the adjacent platform margin as a setting
for high-energy carbonate accumulation [148,149]. This paleogeographic configuration
placed potential source-rock intervals and reservoir-prone shoals in close spatial proximity
and therefore provides a geological basis for considering relatively short migration path-
ways. Faults and associated fractures may have provided potential vertical and lateral
pathways between the rift trough and adjacent shoal reservoirs during later burial evolu-
tion [146,150,151]. However, the extent to which these structures directly connected specific
source intervals with individual reservoirs cannot be resolved from the present dataset.

Drilling data indicate widespread hydrocarbon shows, overflow phenomena, abnor-
mal pressure coefficients, and considerable gas-column heights within Cambrian platform-
margin reservoirs. These observations demonstrate the occurrence of hydrocarbon accu-
mulations within the study area and are spatially consistent with the proximity of the
reservoirs to the Yudu rift trough. However, the present dataset does not directly quantify
hydrocarbon charging intensity, identify the specific source intervals responsible for the
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accumulated hydrocarbons, or constrain whether hydrocarbon supply was sustained over
particular geological time intervals. Similarly, the observed abnormal pressure coefficients
cannot, on their own, establish a direct relationship between overpressure development
and hydrocarbon generation or charging.

Under ultra-deep burial conditions, abnormal fluid pressure may influence effective
stress, and in some geological settings, affect porosity evolution and the fracture behav-
ior [152–154]. In the Yudu area, abnormal pressure coefficients occur in association with
some hydrocarbon-bearing and fracture–vuggy reservoir intervals. This spatial association
may be relevant to the evolution of the reservoir–fluid system; however, the present data
do not allow for the specific origin, timing, or reservoir-preservation effect of overpres-
sure to be determined. Accordingly, a direct causal relationship between overpressure,
hydrocarbon charging, and long-term preservation of reservoir space is not inferred here.

Fault systems associated with the Yudu rift trough provide another important struc-
tural element in the proposed accumulation model. These faults influenced platform-
margin sedimentation and subsequently generated fracture systems that may have affected
fluid circulation during burial evolution. Their spatial association with hydrocarbon-
bearing reservoirs suggests that faults and related fractures could have served as potential
migration pathways. However, the present dataset does not directly establish the direction,
volume, timing, or efficiency of hydrocarbon migration along individual fault systems.

Fault reactivation during multiple tectonic stages may have repeatedly modified
fracture networks and influenced fluid circulation. Bitumen-bearing fractures and mineral-
filled or dissolution-enlarged fractures observed in the cores and thin sections indicate a
complex history of fluid movement and fracture evolution. Although these features are
compatible with multiple episodes of fluid activity, they do not independently constrain
the number, timing, or source of hydrocarbon charging events.

Tectonic activity and burial fluid circulation may also have contributed to dissolution
within the platform-margin reservoirs. Organic acid-bearing fluids generated during source-
rock maturation can promote carbonate dissolution in deep petroleum systems [155–157],
and such processes represent one possible mechanism for burial-stage pore enlargement
in the Yudu area. However, the composition and origin of the fluids responsible for the
observed dissolution were directly constrained in the present study. The contribution of
hydrocarbon-related acidic fluids to reservoir enhancement should therefore be regarded
as a possible diagenetic mechanism rather than a demonstrated process.

Another feature of the Yudu area is the spatial association between hydrocarbon-
bearing reservoirs and the platform-margin shoal belt adjacent to the rift trough. Explo-
ration results indicate that productive reservoirs are mainly concentrated along this belt
rather than in more distal intraplatform settings. This distribution is consistent with the
proposed near-source accumulation model, but reservoir occurrence may also reflect dif-
ferences in depositional facies, diagenetic modification, structural connectivity, and trap
preservation. Therefore, the present data do not allow the relative contribution of proximity
to potential source rocks to be separated from these other geological controls, nor can
reduced hydrocarbon charging in more distal areas be directly demonstrated.

The source–reservoir coupling model recognized in the Yudu area differs somewhat
from traditional long-distance migration models commonly proposed for cratonic car-
bonate basins. In many classical petroleum systems, hydrocarbons generated in deep
basinal depressions migrate over long distances into structurally elevated traps. In contrast,
the Yudu system can be interpreted as a more spatially integrated tectono-sedimentary
framework in which potential source intervals, reservoir-prone facies, fault systems, and
structural traps occur within the same rift-controlled platform-margin setting. This config-
uration provides a geological basis for considering relatively short migration pathways,
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although the efficiency and timing of hydrocarbon transfer cannot be quantified from the
present dataset.

The coupling between hydrocarbon kitchens and platform-margin reservoirs also
has important implications for reservoir heterogeneity and hydrocarbon distribution. Ar-
eas characterized by stronger fault development and structural connectivity may have
experienced more extensive fluid circulation and tectono-diagenetic modification. These
areas commonly display better-developed dissolution features, bitumen occurrence, and
complex fracture–vug networks. Although such spatial relationships are compatible with
the proposed accumulation model, they do not by themselves demonstrate stronger hydro-
carbon charging or direct connectivity to specific source intervals. Conversely, structurally
isolated shoal bodies may preserve poorer reservoir connectivity and weaker hydrocarbon
saturation despite possessing similar depositional facies characteristics.

From a broader basin evolution perspective, the Yudu petroleum system demonstrates
how intracratonic rifting can simultaneously control source rock development, platform-
margin sedimentation, reservoir enhancement, and hydrocarbon accumulation within deep
carbonate systems. The Yudu rift trough not only created favorable conditions for organic
matter enrichment during the Cambrian, but also established the tectono-paleogeomorphic
framework necessary for subsequent reservoir development and hydrocarbon migration.
Thus, the entire petroleum system evolution can be regarded as a long-term product of
intracratonic extensional tectonism.

This understanding has significant exploration implications for the Cambrian car-
bonate system throughout the Tarim Basin. It suggests that future exploration should
prioritize fault-controlled platform-margin shoal belts located adjacent to major Cambrian
hydrocarbon kitchens. Such areas combine several geological factors that are favorable for
hydrocarbon accumulation including: (1) high-energy shoal facies with greater reservoir
potential; (2) favorable conditions for dolomitization and dissolution; (3) well-developed
tectonic fractures and structural connectivity; and (4) close spatial association with poten-
tial Cambrian source-rock intervals. These factors provide useful criteria for identifying
prospective exploration targets, although the effectiveness and timing of hydrocarbon
migration require further geochemical and chronological constraints. The superposition of
these factors greatly increases the probability of preserving large-scale effective ultra-deep
reservoirs and commercial hydrocarbon accumulations.

Overall, the Cambrian petroleum system in the Yudu area can be interpreted as a
rift-controlled, near-source accumulation system, in which the spatial association of the
rift trough, platform-margin reservoirs, and fault networks provides a coherent geological
framework for hydrocarbon migration and accumulation. Although the present dataset
does not directly establish source–reservoir geochemical correlation or the precise timing
of hydrocarbon charging, the spatial coincidence of favorable reservoir facies, major faults,
and hydrocarbon occurrences supports this interpretation. This model provides a useful
framework for evaluating similar fault-controlled platform-margin carbonate systems in the
Tarim Basin, while future geochemical correlation and fluid-inclusion or geochronological
studies are required to further test the proposed migration and charging history.

6.5. Genetic Model and Exploration Implications

The Yudu-Gucheng area hosts ultra-deep Cambrian dolomite reservoirs buried to
8.3–8.7 km, representing a typical example of fault-controlled platform-margin shoal reser-
voirs within intracratonic rift-trough settings of the Tarim Basin [158]. Our integrated
analysis indicates that reservoir development and preservation resulted from the successive
and superimposed effects of synsedimentary fault-controlled paleogeomorphology, high-
energy shoal deposition, early diagenetic modification and dolomitization, and multistage
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tectono-karstic alteration. In this framework, the structural framework first controlled
the location and development of platform-margin shoals, whereas the resulting deposi-
tional fabrics provided favorable initial pore space. Early diagenetic processes, particularly
dolomitization, subsequently modified and stabilized parts of the carbonate framework
and promoted the development and preservation of intercrystalline pore space. During
later burial and tectonic evolution, dissolution and fault-related fluid flow further en-
larged and interconnected the preserved pore system, ultimately producing the present
pore–fracture–vug reservoir architecture.

Globally, many Cambrian–Ordovician deep carbonate reservoirs are conventionally
interpreted to have been strongly influenced by eustatic sea-level fluctuations and regional
epeirogenic movements [22]. In the Yudu area, however, the structural framework exerted
an important control on the spatial distribution of platform-margin shoals. Synsedimentary
inherited faults generated persistent slope-break zones that focused carbonate accumula-
tion and localized the development and stacking of high-energy shoal complexes, even
under changing relative sea-level conditions [8]. The resulting shoal deposits provided
favorable depositional fabrics and initial pore frameworks for subsequent reservoir de-
velopment. Their preservation during burial was not controlled by depositional texture
alone. Rather, early diagenetic modification, particularly dolomitization, played an impor-
tant role in stabilizing the carbonate framework and reorganizing the pore system before
subsequent burial, dissolution, and tectonic modification. This interpretation is consistent
with observations from the Tahe Oilfield, where fault-related fluid flow and diagenetic
processes substantially modified pre-existing carbonate reservoirs [66]. The Yudu example
therefore suggests that later tectono-karstic processes preferentially modified carbonate
intervals in which favorable depositional fabrics and early diagenetic stabilization had
already provided a suitable framework for reservoir preservation, rather than generating
effective reservoir space independently within the entire carbonate succession.

For regional exploration perspective, fault-related slope-break zones adjacent to in-
tracratonic rift troughs should therefore receive particular attention in the search for ultra-
deep carbonate reservoirs in the Tarim Basin. However, the presence of a slope-break belt
alone does not necessarily indicate the development of a high-quality reservoir. Favorable
targets require the superposition of several geological conditions, including well-developed
platform-margin high-energy shoal deposits, preservation or modification of favorable
depositional fabrics through early diagenesis and dolomitization, and subsequent fault-
related fluid activity capable of enhancing the pore system through dissolution and fracture
development [17,68]. This sequence emphasizes that exploration should not simply target
structural highs or fault zones, but should identify areas where depositional facies, early
diagenetic evolution, and later tectono-fluid activity are spatially superimposed.

Limitations of the present study should also be noted. The current seismic resolution
limits quantitative assessment of the relative contributions of tectonic paleogeomorphology
and eustatic sea-level change to shoal migration and stacking. In addition, the available
dataset does not allow for the relative importance and precise timing of individual diage-
netic and tectono-fluid events to be quantitatively constrained. Further work combining
high-resolution sequence stratigraphy, numerical subsidence modeling, detailed petro-
graphic and geochemical characterization, and more tightly constrained diagenetic and
fluid-evolution datasets would help resolve these issues. Nevertheless, the genetic model
proposed here provides a geological framework for understanding how depositional archi-
tecture, early diagenetic stabilization, and subsequent tectono-karstic modification interact
to produce and preserve effective ultra-deep dolomite reservoirs. It also provides a basis for
identifying analogous reservoir systems developed along structurally controlled platform
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margins in other intracratonic rift settings of the Tarim Basin and comparable ancient
cratonic basins.

7. Conclusions
1. Cambrian platform-margin high-energy shoals in the Yudu area developed prefer-

entially along fault-controlled slope breaks and inherited paleogeomorphic highs
associated with the Yudu rift trough. Progradational seismic architectures and super-
posed shoal complexes indicate that synsedimentary tectonism exerted a persistent
control on the location and development of the platform-margin depositional system.

2. High-energy shoal deposits provided the primary framework for effective Cambrian
dolomite reservoirs. Grain-supported and microbial carbonate fabrics, together with
early dolomitization, favored preservation of the inherited pore framework during
burial and generated intercrystalline pore systems. Reservoir-prone intervals are
concentrated mainly within platform-margin shoal belts adjacent to the rift trough.

3. Reservoir quality was subsequently enhanced by multistage dissolution and tectonic
fracturing. Early and unconformity-related dissolution, burial-stage fluid–rock inter-
action, and fault-related fracture development progressively modified the preserved
pore system, producing interconnected pore–fracture–vug networks. The most fa-
vorable reservoirs occur where high-energy shoal facies, preserved pore space, and
long-lived fault-controlled fluid pathways overlap.

4. The Yudu Cambrian carbonate system represents a fault-controlled tectono-sedimentary–
diagenetic petroleum system in which synsedimentary tectonism established the
depositional framework, early diagenesis preserved reservoir potential, and later
tectono-fluid activity enhanced reservoir connectivity and hydrocarbon migration.
The spatial association of rift-related source kitchens, platform-margin shoal reservoirs,
and long-lived faults provides a favorable configuration for near-source hydrocarbon
accumulation and identifies fault-controlled platform-margin belts as important tar-
gets for the further exploration of ultra-deep Cambrian carbonates in the Tarim Basin.

This study establishes a tectono-sedimentary-diagenetic genetic model for Cambrian
platform-margin dolomite reservoirs and provides important insights into the prediction of
favorable exploration targets in deep and ultra-deep carbonate systems of similar basins,
such as the Sichuan Basin and Ordos Basin.
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