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The Ediacaran Dengying Formation in the Sichuan Basin exhibits well-developed
microbialmound–shoal complex (MMSC) sedimentation. Its abundant outcrops,
core samples, and thin section data provide advantageous conditions for
sedimentary architecture studies. Based on these data, this study elucidates
typical lithofacies, identifies sedimentary architectural elements, summarizes
MMSC stacking styles, describes sedimentary evolution characteristics, and
explores the controlling factors of different stacking styles and the reservoir
development conditions of architectural elements. Research indicates that
MMSC primarily develops five lithofacies, namely, thrombolitic dolomite,
undulate stromatolitic dolomite, laminar stromatolitic dolomite, granular
dolomite, and micritic dolomite. MMSC sedimentary architecture is categorized
into composite MMSCs, single MMSCs, and lithofacies. Three stacking styles
of MMSCs are observed, namely, superimposed MMSCs, which represent
aggradational sedimentation; migratory MMSCs, which depict progradational
sedimentation; and isolated MMSCs, which denote a single parasequence
depositional cycle. The stacking styles of MMSCs are fundamentally controlled
by the relationship between MMSC sedimentation rates and variations in
accommodation space, with the latter predominantly influenced by fluctuations
in sea level. Superimposed MMSC sedimentation rates are comparable to
accommodation space change rates, while migratory MMSC sedimentation
rates exceed accommodation space change rates, and isolated MMSC
sedimentation rates are lower than accommodation space change rates. Various
composite MMSCs are isolated from each other by sediments formed under low
hydrodynamic conditions, constituting distinct connectivity units. Compared to
isolated MMSCs, superimposed and migratory MMSCs exhibit superior reservoir
conditions. Within individual MMSCs, different lithofacies lead to high-quality
reservoirs in mound cores and flanks due to variations in physical properties,
while mound bases, flats, and caps form non-reservoirs.
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1 Introduction

Microbialite is a type of rock formed through the lithification
of sediments created by microbial trapping, encrustation, or
cementation of detrital grains or microbial mineralization (Burne
and Moore, 1987; Riding, 1991; Riding, 2011). From Early Archean
to Early Paleozoic times, microbialites flourished globally, with
significant development in the Mesoproterozoic, Cambrian, and
Ordovician periods (Dalrymple and James, 2010; Li et al., 2013;
Luo P. et al., 2013). Microbialites are crucial hydrocarbon reservoirs,
with discoveries in regions such as the Upper Jurassic Smackover
Formation in theGulf ofMexico (Mancini et al., 2004;Mancini et al.,
2008; Mancini et al., 2000), the Precambrian–Cambrian of East
Siberia inRussia (Tull, 1997), and the LowerCambrianXiaoerbulake
Formation of the Tarim Basin in China (Song et al., 2012). In recent
years, significant exploration breakthroughs have been made in the
Ediacaran Dengying Formation microbial carbonate reservoirs in
the Sichuan Basin, where natural gas reserves exceed 10 trillion
cubic meters (Tian et al., 2020; Yang et al., 2021; Xia et al.,
2021; Xia et al., 2022). Some Dengying Formation gas fields have
been successfully developed with excellent production outcomes,
yielding over 6 billion cubic meters annually (Zhou et al., 2022;
Dong et al., 2023; Xia et al., 2024).

Microbialite deposition predominantly comprises microbial
mounds or microbial mound–shoal complexes (MMSCs), the
latter of which have been extensively studied by scholars in
Cambrian and Precambrian strata across multiple basins in China
(Ren et al., 2023). Currently, scholars have conducted research on
the composition (Riding, 2002; Bridges et al., 1995), formation
mechanisms (Bathurst, 1982; Pratt, 1982; Reitner et al., 1995;
Schlager, 2003), classification (Riding, 2002; Pas et al., 2011;
Tosolini et al., 2012), and evolution (Bosence et al., 1995; Pratt et al.,
1995; Krause et al., 2004) of microbial mounds. Previous research
has delved deep into clastic rock sedimentary architectures and has
also explored sedimentary architectures of reefs, shoals (Cai and Jia,
1995; Wang et al., 2021), and microbial buildups (Khanna et al.,
2020). Nevertheless, research on the sedimentary architectural
stacking styles, controlling factors, and their reservoir-controlling
effects in MMSCs remains insufficient. In addition, MMSCs in
the Dengying Formation have become a focal area of geological
research and oil and gas exploration and development in the
Sichuan Basin in recent years. However, the production dynamics
of underground gas reservoirs indicate significant differences
in controlled reserves and control radii among different gas
wells, severe polarization in well production rates, and noticeable
disparities in the utilization of reserves in different blocks. Although
reservoirs are significantly affected by diagenesis, MMSCs remain
the primary factors controlling the development of high-quality
reservoirs and connectivity units. Therefore, a thorough analysis of
the sedimentary architecture ofMMSCs in the Dengying Formation
is crucial for characterizing high-quality reservoirs and connectivity
units in gas reservoirs, deploying infill wells, and enhancing the
utilization of reserves.

Due to constraints imposed by the number of wells drilled
and the resolution of seismic data, conducting research on MMSC
sedimentary architecture using well logging and seismic data
poses significant challenges. Analogous studies of subsurface
reservoir architecture based on outcrops from the same geological

period and similar sedimentary environments are commonly
employed and constitute a vital method in sedimentary architecture
research. Outcrop analogs facilitate the provision of crucial
information regarding the scale, morphology, and connectivity
of subsurface geological bodies in a more convenient and
intuitive manner (Howell et al., 2014). Consequently, they have
garnered considerable scholarly attention since the 1960s. The
Dengying Formation outcrops of the Sichuan Basin are abundant,
with some outcrops displaying sedimentary backgrounds consistent
with developed gas reservoirs, characterized by carbonate platforms
featuring MMSC deposition rather than slopes or basins. Thus,
these outcrops serve as excellent subjects for analog studies of
sedimentary architecture. Specifically, the Xianfeng, Hujiaba, and
Yangba outcrops exhibit relatively favorable conditions for exposing
the Dengying Formation. Moreover, these three locations represent
different positions of MMSC deposition on the platform during the
Dengying Formation period, each showing diverse characteristics
in sedimentary architecture and stacking styles. Therefore, they are
selected as research targets. Furthermore, since no outcrop perfectly
matches underground reservoirs, conducting comprehensive analog
studies across multiple outcrops and integrating and comparing
geological information from different outcrops is essential.

Therefore, the objective of this study is to utilize outcrops of
MMSCs from the Dengying Formation as analogs for subsurface
gas reservoirs to conduct sedimentary architecture research. This
involves integrating drilling core and thin section data to elucidate
typical lithofacies, identify sedimentary architectural elements,
summarize MMSC stacking styles, describe sedimentary evolution
characteristics, and explore the controlling factors of different
MMSC stacking styles and the reservoir development conditions
of MMSC architectural elements. This study aims to provide
geological evidence for characterizing high-quality reservoirs and
connectivity units in underground gas reservoirs and serve as
a reference for dissecting sedimentary architectures of similar
carbonate sedimentary bodies.

2 Geological background

During the Ediacaran Period (635–539 Ma), global plate
tectonics witnessed the Pan-African orogeny, leading to the
fragmentation of the southern and northernRodinia supercontinent
and the amalgamation of the Congo craton into the megacontinent
of Gondwana (also known as the Pannotia supercontinent). The
Yangtze Block was situated in the northern part of Gondwana
(Song et al., 2024) (Figure 1A).At approximately 560 Ma,Gondwana
began to rift, resulting in the formation of Laurentia, Baltica,
Siberia, and Gondwana continents (Scotese, 2009), with the
Deyang–Anyue rift developing in the western part of the Yangtze
Block (Wang et al., 2020) (Figure 1C).

The Sichuan Basin, located in Southwestern China (Figure 1B),
is a large oil- and gas-bearing superimposed basin developed on
the basement of the Yangtze Block. Based on lithological variations,
the Dengying Formation in the Sichuan Basin is divided into four
members from bottom to top (Xia et al., 2023) (Figure 1D), namely,
Deng-1, Deng-2, Deng-3, and Deng-4. Deng-1 is characterized by
a microbial-poor interval dominated by micritic dolomite, with a
thickness of 200–300 m. Deng-2 consists of amicrobial-rich interval
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FIGURE 1
Tectonic setting and stratigraphic characteristics of the Sichuan Basin in the Ediacaran. (A) Location of the Yangtze Block in the Ediacaran (Song et al.,
2024); (B) location of the Sichuan Basin in China; (C) Ediacaran tectonic setting in the Sichuan Basin (Wang et al., 2020); and (D) stratigraphy of the
Dengying Formation.
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FIGURE 2
Planar distribution of MMSCs in Deng-2 and Deng-4 members of the Sichuan Basin (Wang et al., 2020). (A) MMSC distribution in the Deng-2 member
and (B) MMSC distribution in the Deng-4 member.

primarily composed of thrombolitic dolomite, with a thickness of
300–400 m. Deng-3 represents a microbial-poor interval, mainly
composed of siltstone and argillaceous siltstone, with thinly bedded
chert developing in the upper section. Its thickness ranges from
10 to 120 m. Deng-4 is a microbial-rich interval characterized by
undulate stromatolitic dolomite, laminar stromatolitic dolomite, and
locally developed thrombolitic dolomite, with a thickness ranging
from 30 to 400 m (Zhao et al., 2022).

During the Dengying Formation deposition period, the Upper
Yangtze Craton, situated in the low-latitude zone near the equator,
experienced stable carbonate platform sedimentation. The climate
was warm and conducive to prolific microbial growth, fostering
favorable conditions for MMSC development (Ren et al., 2023).
MMSCs primarily developed in the Deng-2 and Deng-4 members.
Along the margins of the Deyang–Anyue rift, a carbonate platform
margin developed where MMSC sedimentation was thick and
widespread, while MMSCs were sporadically present within the
platform interior (Wang et al., 2020) (Figure 2).

3 Materials and methods

The Ediacaran Dengying Formation outcrops abundantly in the
Sichuan Basin, with favorable exposure conditions. Additionally,
gas reservoirs within the basin’s Dengying Formation have been
actively developed, yielding rich drilling data. The outcrops exhibit
sedimentary conditions comparable to those of the developed gas
reservoirs in the basin. This abundance of data provides a solid
foundation for lithofacies delineation, sedimentary architecture
analysis, analysis of MMSC stacking styles, and the evolutionary
characteristics of MMSC sedimentation (Figure 3). (1) This study
utilized three field outcrops from the Xianfeng, Hujiaba, and
Yangba areas, capturing photographs and describing five typical

sedimentary lithofacies of the Deng-2 and Deng-4 stages in
these regions. Additionally, lithofacies analysis of MMSCs was
conducted using core and thin section data from seven drilled
wells within the basin (Figure 2). Thin sections were prepared
by impregnating rocks with blue liquid epoxy, enhancing pore
space visualization, and observed under a polarizing microscope
(Nikon Eclipse E600 POL). Lithofacies were classified based on
Dunham’s carbonate rock classification system. (2) Macroscopic
photographs of MMSCs from three outcrops were utilized to
anatomize the sedimentary architectures of MMSCs. Detailed
descriptions were provided regarding lithofacies characteristics,
thickness variations, external morphology, and identification
criteria of different sedimentary architectural elements. (3) Based
on macro photographs of MMSCs captured at three outcrops,
the stacking styles of MMSCs were summarized according to
sedimentary architectural hierarchy, accompanied by descriptions
of aspect ratios, external morphologies, sedimentary characteristics,
and lithofacies associations of different MMSC stacking styles. (4)
Detailed descriptions of lithofacies characteristics of the Deng-
2 and Deng-4 members at three outcrops were also provided,
along with an analysis of sedimentary evolution features. The
analysis of sedimentary evolution characteristics was led by
the idealized sequence of standard facies (Wilson, 1975). The
platform margin division scheme was illustrated by the facies
model of carbonate sedimentation on a shelf (Tucker, 1985).
(5) A total of 86 samples from different MMSC sedimentary
architectural elements, collected from three outcrops, were
analyzed for petrophysical properties. Porosity and permeability
measurements were conducted using an automated permeameter-
porosimeter (AP-608, United States). All analyses were performed
at the Analysis Experiment Center of the Exploration and
Development Research Institute of PetroChina Southwest Oil and
Gasfield Company.
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FIGURE 3
Flowchart of the methodology.

4 Results

4.1 Lithofacies

Preliminary studies indicate that in the Sichuan Basin, the
Ediacaran Dengying Formation has accumulated a suite of shallow-
marine sedimentary materials (Wang et al., 2016). The lithofacies
of MMSCs mainly include thrombolitic dolomite, undulate
stromatolitic dolomite, laminar stromatolitic dolomite, granular
dolomite, and micritic dolomite.

4.1.1 Thrombolitic dolomite
Macroscopically, thrombolitic dolomite exhibits a clotted

texture, with dark-colored algal deposits forming sponge-like
structures (Figure 4A). Light gray micritic dolomites occur
between the clots (Figure 4B). Under the microscope, these
clots aggregate into cluster-like assemblages. These microbial
clusters further coalesce and intertwine, interconnecting to form
a reticular framework with grid-like cavities internally filled or
partially filled with calcsparite (Figure 4C). This indicates that
thrombolites form under significant hydraulic conditions, thus
categorizing this lithofacies as mound core sedimentation. Mound
cores predominantly develop under conditions of decreasing
sea levels and shallowing water bodies and are predominantly
composed of rock types formed under high hydrodynamic
conditions.

4.1.2 Undulate stromatolitic dolomite
Undulate stromatolitic dolomite exhibits distinct laminated

texture under both hand specimens and microscopes, featuring
alternating light and dark laminas (Figures 4D, E). The laminas

exhibit pronounced undulations, with a thickness ranging
approximately from 0.3 to 0.8 mm. Microscopically, the
laminas often display conspicuous localized deformation.
Internally, the laminas are characterized by small lattice-like
primary pores (Figure 4F), frequently filled with fine crystalline
dolomite cement. The formation of stromatolites is closely tied
to hydrodynamic conditions. Undulate stromatolites are products
of moderate hydrodynamic conditions. Therefore, we interpret
this lithofacies also as mound core deposition with strong
hydrodynamics.

4.1.3 Laminar stromatolitic dolomite
Laminar stromatolitic dolomite on hand specimens exhibits

overall flat to wavy laminas (Figures 4G, H), with good lateral
continuity. Microscopically, boundaries between light and dark
laminas often display low-amplitude undulations and locally
exhibit gradational features (Figure 4I). Dark laminas are primarily
composed of dark-colored microbial textures and micritic
dolomites. Light laminas constitute the matrix, with slightly
coarser crystalline grains, predominantly consisting of crystalline
powder dolomite. These stromatolites display a flat distribution of
laminas, indicating deposition in low hydrodynamic settings of
relatively quiescent water, interpreted as mound base or mound flat
deposits. Mound base developed during the early stages of MMSC
sedimentation, characterized by weak hydrodynamics. Mound flats
formed during rapid sea level fall, resulting in shallowing water and
reduced accommodation space, with the upper MMSC exposed to
tidal flat conditions. Both environments can give rise to laminar
stromatolites.
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FIGURE 4
Typical lithofacies characteristics of MMSCs in the Dengying Formation, Sichuan Basin. (A) Thrombolitic dolomite, Xianfeng outcrop, Deng-2 member;
(B) thrombolitic dolomite, core of the GS101 well, Deng-4 member; (C) thrombolitic dolomite, thin section of the GS18 well, Deng-4 member; (D)
undulate stromatolitic dolomite, Hujiaba outcrop, Deng-2 member; (E) undulate stromatolitic dolomite, core of the GS111 well, Deng-4 member; (F)
undulate stromatolitic dolomite, thin section of the GS18 well, Deng-4 member; (G) laminar stromatolitic dolomite, Xianfeng outcrop, Deng-2
member; (H) laminar stromatolitic dolomite, core of the MX51 well, Deng-4 member; (I) laminar stromatolitic dolomite, thin section of the MX11 well,
Deng-4 member; (J) granular dolomite, Hujiaba outcrop, Deng-4 member; (K) granular dolomite, core of the GS102 well, Deng-4 member (L) granular
dolomite, thin section of the GS16 well, Deng-4 member; (M) micritic dolomite, Hujiaba outcrop, Deng-2 member; (N) micritic dolomite, core of the
MX51 well, Deng-4 member; and (O) micritic dolomite, thin section of the GS18 well, Deng-4 member.
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4.1.4 Granular dolomite
Most of the grains in the granular dolomite are not directly

in contact, presenting an overall floating appearance with distinct
microbial encrustation features. The grains primarily consist
of intraclasts (Figures 4J, K), predominantly derived from early
formed microbial carbonates that were broken by waves and
redeposited, showingmicrobial fabrics (Figure 4L).Microbial binding
traces are visible between grains (Riding, 1991). Intergranular
pores are predominantly filled with dolosparite, exhibiting well-
developed dissolution porosity. We consider the granular dolomite
to belong to the mound flank deposition. This lithofacies represents
sedimentation near the wave base, where an early formed microbial
mound was broken by waves, transported, and deposited on
either side of the mound.

4.1.5 Micritic dolomite
Micritic dolomite appears gray–black to black, displaying

horizontal bedding (Figure 4M). Macroscopically and under the
microscope, microbial structures are not developed, with micrite
predominating (Figures 4N, O).This lithofacies represents products
of low hydrodynamic environments, classified as mound cap
deposits or inter-mound deposits. During the late growth stage of
MMSCs, rapid marine transgression occurred, leading to increased
water depth. Sedimentation rates of MMSCs were slower than the
rate of sea level rise, resulting in weakened hydrodynamics and
cessation of MMSC growth.

4.2 Sedimentary architectural elements

Based on field outcrops of the EdiacaranDengying Formation in
the Sichuan Basin, a hierarchical analysis of MMSCs was conducted
to delineate sedimentary architectural elements and describe their
characteristics. This study categorizes MMSCs into composite
MMSCs, single MMSCs, and lithofacies.

4.2.1 Composite MMSCs
Composite MMSCs are conglomerates formed by multiple

solitary MMSCs within approximately the same period (Figure 5A).
They consist primarily of thrombolitic, granular, and undulate
stromatolitic dolomites, withminor amounts ofmicritic and laminar
stromatolitic dolomites.These compositeMMSCs exhibit significant
vertical thicknesses, ranging up to 4–20 m, and typically display a flat
bottom and convex top morphology. Different composite MMSCs
are distinguished by the development of extensive sets of thick
inter-mound deposits. Vertically, composite MMSCs can manifest
as either single or combined repetitions of mound base, mound
core, and mound flank or mound base, mound core, and mound flat
associations.

4.2.2 Single MMSC
A single MMSC is comprised of various lithofacies, forming

relatively independent units. They are primarily composed of
thrombolitic and undulate stromatolitic dolomites, with minor
amounts of laminar stromatolitic and granular dolomites. The
vertical thickness of a single MMSC typically ranges from 1 to
10 m, predominantly falling within the 1–5 m range (Figure 5A).
Apart from inter-mound deposits serving as distinguishing

markers between single MMSCs, variations in thickness, elevation
differences, and the occurrence of mound flank sedimentation
are observed. Vertically, single MMSCs can exhibit combinations
of mound base–mound core–mound flat or mound base–mound
core–mound cap configurations.

4.2.3 Lithofacies
The unit thickness at this level is limited, with the mound core

composed predominantly of thrombolitic dolomites (Figure 5B),
reaching thicknesses of over 5 m in some instances, while other
unit configurations are thinner. The primary identification criteria
for this unit configuration are lithological and morphological
differences, with the mound core dominated by thrombolitic or
undulate stromatolitic dolomites, situated in the central part of
a single MMSC, presenting as medium-thick layers. The mound
flanks are primarily composed of granular dolomites (Figure 5C),
located on either side of the single MMSC, appearing as medium-
thin wedge-shaped layers. The mound base or mound cap consists
predominantly of laminar stromatolitic dolomites (Figure 5D),
positioned, respectively, at the bottom and top of the single MMSC,
both presenting as thin sheet-like layers.

4.3 MMSC stacking styles

In the Sichuan Basin, the Dengying Formation exhibits
superimposed MMSCs, migratory MMSCs, and isolated MMSCs.

4.3.1 Superimposed MMSCs
The superimposed MMSCs exhibit a high uplift magnitude

and large scale, with an overall width-to-height ratio ranging
from 1 to 3. They present as thick block-like layers, representing
vertical accretion of singleMMSCs overmultiple periods (Figure 6).
Superimposed MMSCs manifest longitudinally as multiple
phases of upward-shallowing sedimentary cycles, with each
cycle corresponding to a single MMSC. The lower part of each
sedimentary cycle consists of laminar stromatolitic dolomites
transitioning upward into thrombolitic dolomites or undulate
stromatolitic dolomites. The development of mound flats occurs
at the top because of shallowing water bodies. As a result, the
superimposed MMSCs exhibit a combination of mound base,
mound core, and mound flat.

4.3.2 Migratory MMSCs
MigratoryMMSCs exhibit moderate uplift amplitudes and scales,

with an overall width-to-height ratio ranging from 3 to 10. They
manifest as moderately thick tabular layers, characterized by the
lateral accretion of single MMSCs over multiple periods (Figure 6).
Migratory MMSCs display a series of upward-shallowing cycles.
Typically, thelowerportionconsistsof laminarstromatoliticdolomites,
transitioning upward to thrombolitic, undulate stromatolitic, and
granular dolomites. The overlapping position exhibits a combination
of mound base, mound core, and mound flank.

4.3.3 Isolated MMSCs
Isolated MMSCs exhibit low uplift amplitude and

small scale (Figure 6), with a width-to-height ratio greater than
10, presenting a thin sheet-like appearance. The isolated MMSC
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FIGURE 5
Division of sedimentary architectural elements of MMSCs. (A) Macroscopic characteristics of MMSC architectural elements, Xianfeng outcrop, Deng-2
member; (B) thrombolitic dolomite, centimeter-scale caves, mound core; (C) granular dolomite, mound flank; and (D) laminar stromatolitic dolomite,
mound flat.

manifests as upward-shallowing sedimentary cycles or indistinct
cyclical characteristics.The lowerpart comprises laminar stromatolitic
dolomites, transitioning upward to undulate stromatolitic dolomites.
The isolated MMSC exhibits a combination of mound base–mound
core–mound cap or mound base–mound core–mound flat.

4.4 Sedimentary evolution characteristics
in different outcrops

Given that the Deng-2 and Deng-4 members are the primary
intervals for MMSC development, this paper focuses on describing
the vertical depositional sequence of three typical outcrops during
the sedimentation periods of these two members of the Dengying
Formation.

4.4.1 Deng-2 member
4.4.1.1 Xianfeng outcrop

The lower 60 m of the Xianfeng outcrop’s Deng-2 member
is predominantly characterized by thick-bedded thrombolitic
and undulate stromatolitic dolomites, interbedded with granular
dolomites (Figure 7), and exhibits well-developed mound cores and
mound flanks. The middle 80 m of the outcrop is dominated
by thick-bedded thrombolitic dolomites, interlayered with laminar
stromatolitic dolomites, indicating deposition of mound cores and
featuring minor mound base and mound flat. At the top 80 m
of the outcrop, the predominant lithology is micritic dolomites,
with a thick sequence of 20 m consisting of undulate and laminar
stromatolitic dolomites.

The Xianfeng outcrop Deng-2 member exhibits a
three-stage evolution from the carbonate platform margin
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FIGURE 6
MMSC stacking styles. (A) Superimposed MMSCs, Xianfeng outcrop, Deng-2 member; (B) migratory MMSCs, Xianfeng outcrop, Deng-2 member; (C)
isolated MMSCs, Xianfeng outcrop, Deng-2 member; (D) superimposed MMSCs sedimentary pattern; (E)migratory MMSCs sedimentary pattern; and (F)
isolated MMSC sedimentary pattern.

exterior to the platform interior, characterized by decreasing
development and scale of MMSCs and reduced overlap,
displaying characteristics of deepening water. The lower
60 m of the outcrop, located on the platform margin
exterior, features highly energetic and migratory MMSCs.
The middle 80 m of the outcrop, situated on the platform
margin interior, shows relatively low hydrodynamic
conditions and superimposed MMSCs. The upper 80 m of
the outcrop represents the platform interior, where low
hydrodynamic, isolated MMSCs are developed.

4.4.1.2 Hujiaba outcrop
Thick-bedded thrombolitic, undulate stromatolitic, and

laminated dolomites, interbedded with granular, laminar
stromatolitic, andmicritic dolomites, characterize the lower portion
of the Hujiaba outcrop’s Deng-2 member, which is approximately
100-m thick (Figure 7). In the middle of the outcrop, a sequence
spanning 160 m exhibits undulate stromatolitic, thrombolitic,
and granular dolomites, interspersed with micritic dolomites,
collectively indicative of MMSC deposition. The upper 40 m of the
outcrop can be divided into two segments: the lower 20 m, which
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FIGURE 7
Outcrop description and sedimentary evolution characteristics of the Deng-2 member. (A) Xianfeng outcrop; (B) Hujiaba outcrop; (C) Yangba outcrop.
S-shale; M-mudstone; F-silt-sized grain or crystalline; X-fine grain or crystalline; Z-medium grain or crystalline; C-coarse grain or crystalline;
L/R-dolorudite or reef. The range refers to the cumulative thickness of the sediment from the base to the top of the targeted outcrop.

are predominantly micritic dolomites, and the upper 20 m, which
are dominated by thrombolitic dolomites.

The Hujiaba outcrop Deng-2 member is located on
the platform margin exterior, featuring high hydrodynamic
migratory MMSCs with developed mound cores and
mound flanks.

4.4.1.3 Yangba outcrop
The Yangba outcrop exhibits five sets of MMSCs in the Deng-

2 member, characterized by distinct inverse cycles (Figure 7).
The lower parts of each cycle consist of laminar stromatolitic
dolomites, transitioning to undulate stromatolitic dolomites
in the upper parts. The five MMSCs increase in size from
bottom to top. The lowermost MMSC has a thickness of
approximately 15 m, the middle three MMSCs range in thickness
from 25 to 35 m, and the uppermost MMSC has a thickness of
approximately 90 m.

The Yangba outcrop Deng-2 member is situated within
the platform interior, primarily characterized by inter-mound
sedimentation dominated by micritic dolomites, featuring
isolated MMSCs.

4.4.2 Deng-4 member
4.4.2.1 Xianfeng outcrop

The Xianfeng outcrop is dominated by micritic dolomites,
intercalated with minor occurrences of laminar and undulate
stromatolitic dolomites (Figure 8). The lower 100 m of the outcrop
consists primarily of thick-bedded micritic dolomites, interbedded
with a thin sequence of laminar stromatolitic dolomites. Above this,
three sets of MMSCs are developed, with increasing thickness from
bottom to top, measuring 10 m, 10 m, and 25 m, respectively. Each
MMSC comprises laminar stromatolitic dolomites at the base and
undulate stromatolitic dolomites in the upper part, separated by
thick-bedded micritic dolomites between the MMSCs.

The Xianfeng outcrop Deng-4 member is situated within
the platform interior, primarily characterized by inter-mound
sedimentation dominated by micritic dolomites, featuring
isolated MMSCs.

4.4.2.2 Hujiaba outcrop
The lower 100 m of the Hujiaba outcrop, Deng-4 Member,

comprises micritic dolomites. The middle part, approximately
150-m thick, is characterized by laminar stromatolitic, undulate
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FIGURE 8
Outcrop description and sedimentary evolution characteristics of the Deng-4 member. (A) Xianfeng outcrop; (B) Hujiaba outcrop; (C) Yangba outcrop.
S-shale; M-mudstone; F-silt-sized grain or crystalline; X-fine grain or crystalline; Z-medium grain or crystalline; C-coarse grain or crystalline;
L/R-dolorudite or reef. The range refers to the cumulative thickness of sediment from the base to the top of the targeted outcrop.

stromatolitic, and granular dolomites, with minor interbeds of
micritic dolomites (Figure 8). The upper 150 m of the outcrop
predominantly consists of thrombolitic and undulate stromatolitic
dolomites, interspersed with laminar stromatolitic and micritic
dolomites.

The Hujiaba outcrop Deng-4 member exhibits a three-stage
evolution from the platform interior to the platformmargin exterior,
characterized by increasing development and scale of MMSCs and
enhanced stacking, displaying characteristics of shallowing water.
The lower 100 m of the outcrop, located on the platform interior,
features low hydrodynamic, isolated MMSCs. The middle 150 m
of the outcrop, situated on the platform margin interior, shows
relatively low hydrodynamic conditions andmigratoryMMSCs.The
upper 150 m of the outcrop represents the platformmargin exterior,
with highly energetic and superimposed MMSCs developed.

4.4.2.3 Yangba outcrop
The Yangba outcrop of the Deng-4 member is predominantly

characterized by thick-bedded micritic dolomites, intercalated with
minor amounts of laminar and undulate stromatolitic dolomites,
averaging approximately 5 m in thickness (Figure 8). At the top,
there are two sets of thick-bedded MMSCs, each averaging 10 m in
thickness.

The Yangba outcrop Deng-4 member is situated within
the platform interior, primarily characterized by inter-mound
sedimentation dominated by micritic dolomites, featuring
isolated MMSCs.

5 Discussion

5.1 Controlling factors of MMSC stacking
styles

This paper uses the Xianfeng outcrop of the Deng-2 member
as an example to analyze the controlling factors of different MMSC
stacking styles. Previous researchers conducted a study on the sea
level variations of the Xianfeng outcrop of the Deng-2 member
based on field outcrop sampling, utilizing oxygen-18 isotopes
(Luo B. et al., 2013).They identified three stages of sea level changes:
a slight rise, a slight fall, and a significant rise, correlating well
with the aforementioned lithofacies characteristics and the tripartite
sedimentary evolution features. In the early stage of the Deng-2
member, although sea level increased slightly, the sedimentation
rate of MMSCs exceeded the rate of accommodation space increase,
leading to the development of migratory MMSCs (Figure 9). In
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FIGURE 9
Relationship between MMSC stacking styles and sea level changes. (A) Lithofacies, stacking styles of MMSCs, sedimentary environments, and sea level
fluctuation curves of Deng-2 member, Xianfeng outcrop; (B) platform margin exterior, Xianfeng outcrop, Deng-2 member; (C) platform margin interior,
Xianfeng outcrop, Deng-2 member; and (D) platform interior, Xianfeng outcrop, Deng-2 member.

the middle stage of the Deng-2 member, sea level decreased
slightly, with the sedimentation rate of MMSCs approximately equal
to the rate of accommodation space reduction, resulting in the
development of superimposedMMSCs. In the late stage of theDeng-
2 member, sea level increased significantly, with the sedimentation
rate of MMSCs less than the rate of accommodation space increase,
fostering the development of isolated MMSCs. Therefore, the
stacking styles of MMSCs are fundamentally controlled by the
relationship between the sedimentation rate of MMSC deposits
and the rate of accommodation space variation. During the Deng-
2 member, stable carbonate platforms developed, where changes
in accommodation space were primarily associated with sea level
fluctuations, in the absence of significant tectonic subsidence and
relatively stable sedimentary topography. In essence, the stacking
styles of MMSCs are mainly influenced by the sedimentation rate
of MMSCs and fluctuations in sea level.

The superimposed MMSCs are primarily composed of
lithofacies deposited in high hydrodynamic environments,
predominantly developed in the platform margin, where
sedimentary hydrodynamics are robust. As sea levels gradually
rise or fall, the sedimentation rate of MMSCs roughly matches
the change rate of accommodation space. Each individual MMSC
primarily undergoes vertical accretionary deposition processes,
resulting in continuous vertical growth and the formation of
thick MMSCs (Figure 10A).

The migratory MMSCs are primarily composed of lithofacies
deposited in high hydrodynamic environments, predominantly
developed in the platform margin with strong sedimentary
hydrodynamics. In relatively elevated topography, the sedimentation
rate of the MMSC exceeds the change rate of accommodation

space. After initial deposition on the high topography, a single
MMSC migrates to deposit on lower topography with greater
accommodation space. Late-stage mound flank occurs above the
mound core of early-stage MMSCs, dominated by lateral accretion
deposition, resulting in horizontal and vertical growth, forming
moderately thick MMSCs (Figures 10B, C).

The isolated MMSC is primarily composed of lithofacies
deposited in low hydrodynamic environments, predominantly
developed in platform interiors. Platform interior features weak
hydrodynamic conditions and limited nutrient availability, resulting
in MMSC sedimentation rates lower than the change rate of
accommodation space (Figure 10D). In extreme scenarios, sudden
deepening of the water halts MMSC growth, leading to reduced
thickness.

5.2 Reservoir condition of different
architecture elements

Diverse types of MMSCs exhibit differences in dissolution
intensity, thus exerting control over porosity and reservoir
development.

During theMMSC deposition, frequent exposure due to cyclical
sea level fluctuations results in penecontemporaneous dissolution
and pores, with varying degrees of dissolution among different
MMSC stacking styles (Figure 11). Through the analysis of the
dissolution characteristics of different stacking types of MMSCs, it
is found that the superimposed MMSC growth rate is essentially
consistent with the rate of sea level change. In situations where
the sea level frequently fluctuates, they are prone to exposure
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FIGURE 10
Relationship between MMSC stacking styles and sea level changes. (A) Superimposed MMSCs, vertical accretion; (B) migratory MMSCs, lateral
accretion, vertical to the platform margin; (C) migratory MMSCs, lateral accretion, parallel to the platform margin; and (D) isolated MMSCs.

FIGURE 11
Dissolution differences of different stacking styles of MMSCs. (A) Superimposed MMSCs, thrombolitic dolomite, honeycomb-shaped dissolved pores,
Deng-4 member, Hujiaba outcrop; (B) migratory MMSCs, granular dolomite, needle-like dissolved pores, Deng-4 member, Hujiaba outcrop; and (C)
isolated MMSCs, laminar stromatolitic dolomite, isolated dissolved pores, Deng-2 member, Xianfeng outcrop.

and susceptible to atmospheric freshwater dissolution, resulting
in the highest degree of dissolution. Migratory MMSCs undergo
a process of migration and evolution toward low-relief areas
with relatively large accommodation spaces. They exhibit poorer
exposure and weaker atmospheric freshwater dissolution, with a
moderate degree of dissolution intensity. Isolated MMSCs have a
slow growth rate and are deposited in deeper water, making them
less susceptible to atmospheric freshwater dissolution.They are only
briefly exposed during significant sea level drops, resulting in very
weak dissolution.

Previous comparative analysis of porosity in different lithologies
and depositional facies shows that the average porosity of MMSCs
is greater than that of the tidal flat and inter-mound (Zhou et al.,
2014; Qin et al., 2015). This study reveals significant variations
in porosity among different stacking styles of MMSCs (Figure 12).
Based on the results of porosity analysis from field outcrop
samples, the average porosity of superimposed MMSCs is 4.9%,
the average porosity of migratory MMSCs is 3.2%, and the
average porosity of isolated MMSCs is only 2.5%. This is primarily
attributed to the stronger hydrodynamic force during the deposition
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FIGURE 12
Differences in physical properties of MMSCs in different stacking styles. (A) Porosity distribution of superimposed MMSCs; (B) porosity distribution of
migratory MMSCs; (C) porosity distribution of isolated MMSCs; and (D) porosity and permeability distribution.

of superimposed and migratory MMSCs. Furthermore, porosity
variations are also observed within an MMSC (Figure 13). The
mound core and mound flank exhibit stronger hydrodynamic
conditions, which are more conducive to the development of high-
quality reservoirs. Porosity measurements indicate that the mound
core and mound flank possess higher porosity values, averaging
5.46% and 4.81%, respectively. In contrast, the mound base and
mound cap exhibit lower porosity values, with averages of 2.36% and
1.72%, respectively.

Outcrop petrophysical analysis results typically do not align
precisely with subsurface reservoir data. However, in this study
area, the reservoir is predominantly controlled by MMSCs.
Due to the more complex diagenesis, greater burial depth, and
enhanced compaction experienced by subsurface reservoirs, the
petrophysical properties of core samples are generally lower than
those observed at outcrops. Despite the discrepancies in specific
values, the overall trend remains consistent. Whether measured
from core samples or outcrop analyses, porosity consistently
shows that mound cores and mound flanks exhibit superior
properties compared to mound bases and mound flats. This
relative variation in petrophysical properties is instructive for
understanding the impact of MMSC sedimentary architecture on
reservoir characteristics.

Therefore, various composite MMSCs are isolated from
each other by sedimentation formed under low hydrodynamic

conditions, constituting distinct connectivity units. Compared to
isolated MMSCs, superimposed and migratory MMSCs exhibit
superior reservoir condition. Within an individual MMSC, the
influence of physical properties in different lithofacies typically
results in high-quality reservoirs in mound core and mound flank,
whereas mound base, mound flat, and mound cap predominantly
form non-reservoir.

6 Conclusion

MMSC primarily develops five lithofacies, namely, thrombolitic
dolomite, undulate stromatolitic dolomite, laminar stromatolitic
dolomite, granular dolomite, and micritic dolomite. Among these,
thrombolitic, undulate stromatolitic, and granular dolomite are
products of high hydrodynamic depositional environments, whereas
laminar stromatolitic and micritic dolomite are products of low
hydrodynamic depositional environments.

The sedimentary architecture of MMSCs is categorized
into composite MMSCs, single MMSCs, and lithofacies. Three
stacking styles of MMSC are observed: superimposed MMSCs,
representing aggradational sedimentation; migratory MMSCs,
depicting progradational sedimentation; and isolated MMSCs,
denoting a single depositional cycle. The stacking styles of MMSCs
are fundamentally controlled by the relationship between MMSC
sedimentation rates and variations in accommodation space, with
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FIGURE 13
Differences in physical properties of different architecture elements in an MMSC. (A) Porosity distribution and (B) porosity and permeability distribution.

sea level fluctuations primarily influencing accommodation space
changes. Superimposed MMSC sedimentation rates are comparable
to accommodation space change rates, while migratory MMSC
sedimentation rates exceed accommodation space change rates, and
isolated MMSC sedimentation rates are lower than accommodation
space change rates.

Various composite MMSCs are isolated from each other
by sedimentation formed under low hydrodynamic conditions,
constituting distinct connectivity units. Compared to isolated
MMSCs, superimposed and migratory MMSCs exhibit superior
reservoir conditions. Within an individual MMSC, different
lithofacies lead to high-quality reservoirs in mound cores and flanks
due to variations in physical properties, while mound bases, flats,
and caps form non-reservoirs.
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