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This study presents a comprehensive analysis of the late Permian platform marginal
reefs in the Sichuan Basin, focusing on reefal lithofacies and sequence stratigraphic
patterns. Field outcrop observations and rock sample analyses from the Jiantianba
reef were conducted to establish an evolution model of sponge reef development
and spatial distribution. Four stages of marginal carbonate platform were
documented: open platform, gently sloping reef, steeply sloping reef, and reef
bank system. Distinct lithofacies were identified in these stages, reflecting different
depositional environments and growth rates. The gently sloping reef was
composed of filled skeleton framestone, filled skeleton bafflestone, and micrite
organism limestone, indicating limited reef-building capacity. In contrast, the
lithofacies of steeply sloping reefs were composed of open skeleton framestone,
open skeleton bafflestone, binding skeleton bafflestone, and benthic organism
bindstone, indicating stronger reef-building ability. Based on depositional features
and carbon isotopic trends, the reef strata were divided into two sequences.
Sequence 1 corresponds to the formation of unit 1, and sequence 2 can be further
divided into units 2 and 3. In unit 1, reefs developed in a relatively deeper-water
setting. It was characterized by rich micrite limestone, forming a gentle margin.
Unit 2 witnessed reef development in shallower waters. Early marine cementation
and microbial clots were prevalent, contributing to form a steep margin. In the
early stage of unit 3, reefs primarily developed in a tidal-controlled environment.
Subsequently, reef strata experienced a transition to a wave-influenced
environment, leading to the formation of a reef bank system. In general,
sequence 1 mainly formed in a heterozoan-dominated factory, and reefs
contributed to a relatively gently sloping platform margin. In contrast, sequence
2 formed in a photozoan-dominated factory, and reefs contributed to a relatively
steeply sloping platform margin.
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1 Introduction

The Permian sponge reef has attracted significant attention due
to its great prevalence worldwide (Senowbari-Daryan et al., 2005,
2007; Nakazawa et al., 2015). There have been many reports about the
platform marginal reefs in the eastern part of the Sichuan Basin,
which is situated in the northern part of the Yangtze Plate (Fan and
Zhang, 1985; Rigby et al.,, 1989; Guo and Riding, 1992; Chen et al,,
2012). Many of these reefs and their associated carbonate successions
are now deeply buried in the Sichuan Basin, serving as high-quality
reservoirs for petroleum resources (Li H., et al., 2015). Over 50 oil and
gas fields with commercial value have been discovered in this area,
such as the Puguang, Jiannan, Longgang, and Yuanba fields (Ma et al.,
2006, 2014; Guo et al,, 2016). After petroleum exploration for two
decades, there is an increasing need for a deeper understanding of the
Late Permian sponge reef lithofacies and reef internal structures as
well as sequence stratigraphic evolution.

The Late Permian reefs in the Sichuan Basin are predominantly
composed of various sponge genera, including Sphinctozoa and Inozoa.
Periphyton, such as Archaeolithoporella and Tubiphytes, commonly
develop on the exterior of sponge skeletons (Fan and Zhang, 1985).
These reefs primarily manifest as platform marginal reefs, exhibiting
complex internal structures (Hu et al., 2012b; Wu et al, 2012; Chen
et al,, 2018). Microbial binding plays a crucial role in reef formation
(Guo and Riding, 1992), helping steepen the platform margin (Kenter
et al., 2005). Based on seismic reflection characteristics, reefs can be
categorized into steeply sloping reefs and gently sloping reefs (He et al,
2022), each with distinct development characteristics and evolution
patterns (Mo et al, 2019). Traditionally, the Changhsingian Formation
was divided into two complete third-order sequences (Wang et al,
2023). Recent studies have further divided the evolutionary stages of the
Changhsingian Formation into three stages, based on reef-building
organisms and microbial rock development (Wei et al,, 2015; Yan et al,,
2018). Some researchers have also integrated seismic and drilling core
data to analyze reef migration patterns, leading to the division of three
depositional units (Zuo et al., 2024).

Based on outcrop observation and carbon isotopic data from the
Jiantianba sponge reef, this study conducted a comprehensive analysis
of reefal lithofacies, internal structure, and sequence stratigraphic units.
The results help us to better decipher the Late Permian platform
marginal reef evolution in the Jiantianba area, which has important
implications for understanding the characteristics of the development
and evolution stages of platform marginal reefs elsewhere. In addition,
the architectural depositional pattern of the Jiantianba reefs will
provide valuable insights for oil and gas exploration by aiding in the
identification of structural units of platform marginal reefs in seismic
profiles. Furthermore, the development of a lithofacies classification
diagram for sponge-dominated reefs will enhance the accuracy of
depositional facies identification in drilling cores.

2 Geological background
2.1 Geological setting

The Kaijiang-Liangping Trough, situated in the northeastern part
of the Sichuan Basin, is structurally linked to the northern part of the
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Yangtze Plate (Li Q., et al, 2015). During the Early Permian, the
Sichuan Basin underwent pronounced differential subsidence due to
regional tensile stress, leading to the formation of numerous troughs
and a distinctive pattern of ridges and depressions (Jiang et al., 2019;
Mo etal., 2019). Subsequently, during the Late Permian, the Kaijiang-
Liangping Trough was flooded, causing a gradual decrease in water
depth from northwest to southeast (Gong et al., 2020; Deng et al.,
2023). The above events facilitated the development of diverse
sedimentary facies in this area (Deng et al.,, 2023), including open
platform, reef, slope, shelve, and basin facies (Figure 1). The reefal
facies predominantly developed around the trough, exhibiting a
distribution pattern characterized by multiple parallel lines in the
northwest direction. The notable “uplift and depression”
paleogeographic pattern in the eastern Sichuan Basin significantly
influenced the development and distribution of reefs during the
period of the Changhsingian Formation (Ma et al., 2020).

Currently, the Changhsingian Formation in the Kaijiang-
Liangping Trough is deeply buried, serving as a vital reservoir for
petroleum resources. Notably, the platform marginal reefs along the
Chengkou-EXi Trough have emerged at the surface, offering
valuable opportunities to conduct analysis on the inner structure
of platform marginal reefs. Several studies have focused on the
sedimentary profiles of reefs such as the Honghua-Manyue reef
(Wuetal, 2012), the Pan Long Dong reef (Hu et al., 2012a), and the
Jiantianba reef (Chen et al., 2018). These studies have revealed the
evolution regularities of the late Permian sponge reefs. However,
further research is urgently necessary on the lithofacies of sponge-
type reefs and the factors that lead to differences in sequence
patterns at the margins of carbonate platforms.

2.2 Field outcrop profiles

The field outcrop (30.4573° N, 109.0772° E) in this study is
situated in Jiantian Village, Hubei Province (Figure 2A). On the
northeast side of Jiantian Village, a north-south cliff section occurs,
exposing a classic reef outcrop known as the quarry profile
(Figure 2B). Figure 2A presents an oblique UAV photograph
covering approximately 1.2 square kilometers. This image set was
taken using a drone-mounted oblique camera to capture field
outcrops, with a positioning and orientating system (POS) used
for data interpretation and processing. Section AB in Figure 2A
represents open platform sedimentation, section BC depicts the
front slope of the carbonate platform, section CD illustrates the
platform margin reef complex, and section DF shows the open
platform to basin slope sedimentation.

In the regional outcrop profile, the Changhsingian Formation
strata with a thickness of ca. 250 meters are fully exposed. Figure 2B
is an enlarged picture of the quarry section (Yin et al, 2022),
offering the best observation of the reef complex at the platform
margin, which is the primary focus of this study. This reefal stratum
spans approximately 150 meters, exhibiting a comprehensive
sequence of platform marginal reef evolution. The white dotted
lines delineate the sedimentary units within the reef strata,
representing their original depositional units, while the thick solid
white lines highlight front-reef collapse/faulting patterns. The
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FIGURE 1

Regional geological map. (A) Lithofacies paleogeography map of the Late Permian Changhsingian Formation in the Sichuan Basin;
(B) Comprehensive schematic histogram (modified from Wang et al,, 2023) of platform margin reefal strata.

three-dimensional coordinates indicate the seaward direction,
facing toward the current villages’ canyon (Figure 2A).
Additionally, Figure 2C exhibits carbonate platform deposition
at the Changhsingian Formation’s base, comprising a lower slope,
upper slope, and platform top. Figure 2E shows the lower slope
deposits, characterized by dark-colored limestone with high organic
matter content. In contrast, Figure 2D displays the upper slope
deposits, characterized by lighter-colored limestone with prominent
large ripple bedding. The platform-top deposits in Figure 2C display
gray-white limestone with thick to medium-layered bedding.

3 Materials and methods

3.1 Lithofacies classification

The classification of lithological facies within reefal limestones
is intricate. Traditionally, allochthonous reefal limestone types are
further delineated into categories such as floatstone, rudstone,
grainstone, and packstone, while autochthonous limestone
comprises framestone, bafflestone, and bindstone (Dunham, 1962;
Embry and Klovan, 1971; James, 1984). Two primary growth
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FIGURE 2

Jiantianba reef outcrop profile. (A) UAV oblique photography of Jiantianba Village (modified from Yin et al,, 2022); (B) Reef complex outcrop profile
in the quarry; (C) Carbonate platform slope stratigraphic profile; (D) Upper slope sedimentary facies; (E) Lower slope sedimentary facies.
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patterns exist: constratal growth and superstratal growth (Insalaco,
1998). Structural components within reefal lithofacies delineate
three key end-members: matrix, skeleton, and pores/cement
(Riding, 2002). Skeleton reefs are further classified into open
skeleton reefs, characterized by early-stage open interspace
conducive to biological crusts, early cements, intra-rock sediments,
and filled skeleton reefs, where holes are filled with surface sediment
during reef growth. Cemented reefs are where cement casts the reef
skeleton and provides consolidation strength, imitating the function of
reef-building organisms.

This study undertook a comprehensive classification of lithofacies
(Scholle and Ulmer-Scholle, 2003) and depositional facies within
Permian platform marginal reefs in the Sichuan Basin, aiming to
refine the depositional environments and evolutionary process of
sponge reefs. This helps distinguish framestone, bafflestone, and
bindstone, based on the relative abundance ratios of reefal
components’ end-members. Additionally, the development patterns
of constratal and superstratal growth fabric between reefal skeletons are
represented by open and filled skeleton reefs, respectively. In terms of
reefal facies, autochthonous limestone forms the core reef facies (Chen
et al, 2018), with cluster-shaped sponge skeletons occupying a
significant portion of the lithological body termed the subfacies of
the reef core. Furthermore, bafflestone and bindstone constitute the
subfacies of the reef flat. Adjacent to the reef buildup periphery,
allochthonous limestone with abundant bioclast particles and good
sorting properties was identified as reef bank system sediment. Debris
at the reef front slope, composed of coarse clastic particles, reefal
breccia, high micrite content, and poor sorting, were designated as
bioclastic flow deposits.

3.2 Stable-isotopes

Stable-isotope analysis (8'*0 and 8" C) was conducted on 40
samples collected from the reefal sequence outcrop from the Jiantianba
village, encompassing the entire carbonate-platform marginal
sequence. Each sample was collected using a dental drill, and the
samples were crushed into 200 mesh powder. Approximately 80-120
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g of powder was reacted with 105% phosphoric acid for 200-300 s at
70°C to generate CO, before analyzing for carbon and oxygen isotopes.
The generation of CO, was performed by KIEL IV and its stable
isotopes were analyzed using a MAT-253 mass spectrometer at the
State Key Laboratory of Geological Processes and Mineral Resources,
China University of Geosciences, Wuhan. The results are displayed in
Table 1, and they are reported as permille (%o) relative to the Vienna
Pee Dee belemnite (V- PDB) standard. The analytical precision for
both the §"°C and §'®0 values is better than + 0.1%o.

4 Results and interpretation
4.1 Depositional architecture

By integrating rock sample analysis and biological fossil
identification, a depositional model for the Jiantianba reef was
established (Figure 3G) (Chen et al., 2018). This section
represents a platform-marginal reef complex, and the
depositional evolution processes are divided into four stages:
open platform, gently sloping reef, steeply sloping reef, and reef
bank system. This classification scheme considers the external
morphology of platform-marginal reefs as well as the
depositional environment (Read, 1985; Reijmer, 2021). The
gently sloping reef is characterized by a broad margin width
and a relatively flat slope, without a significant topographic high.
In contrast, the steeply sloping reef is characterized by narrower
platform widths and steeper slopes, accompanied by a noticeable
topographic high.

The open platform is relatively flat and is composed of massive
limestone. The abundance of reef-building organisms is low, which
suggests a deep-water environment. The gently sloping reef exhibits
geomorphological characteristics akin to carbonate ramps,
characterized by a reef core flanked by reef flats. In the reef core
(Figure 3F), large clusters of sponge skeleton are prevalent, while
small lodging sponge bafflestone occurs in the reefflat, displaying an
interbedded pattern alongside bioclastic limestone (Figure 3F). In
contrast, steeply sloping reefs display a notable topographic high at

TABLE 1 Samples location and isotope compositions (oxygen and carbon) of Limestone.

Sample 33C%. (-VPDB) 5'80%. (-VPDB) Sedimentary facies Lithofacies
1 35 -7.3 Reef front slope Micrite limestone
2 3.6 -8.3 Reef front slope Micrite limestone
3 35 -6.3 Restricted lagoon Bioclastic limestone
4 35 -6.9 Restricted lagoon Bioclastic limestone
5 39 -8.0 Reef bank system Ellz;l:::;i shell limestone
6 39 -8.7 Reef bank system Bioclastic shell limestone
7 37 -8.5 Reef bank system Bioclastic shell limestone
8 3.8 8.5 Reef bank system Bioclastic shell limestone
9 37 8.3 Steeply sloping reef Benthic organisms bindstone
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TABLE 1 Continued

10.3389/fmars.2024.1470867

Sample 8"C%. (-VPDB) 3'®0%. (-VPDB) Sedimentary facies Lithofacies
10 35 -8.8 Steeply sloping reef Benthic organisms bindstone
11 34 -8.6 Steeply sloping reef Benthic organisms bindstone
12 34 -8.9 Steeply sloping reef Binding skeleton bafflestone
13 37 -8.3 Steeply sloping reef Binding skeleton bafflestone
14 3.7 -8.1 Steeply sloping reef Binding skeleton bafflestone
15 39 -8.5 Steeply sloping reef Clotted skeleton framestone
16 39 -8.6 Steeply sloping reef Clotted skeleton framestone
17 4.0 -8.2 Steeply sloping reef Clotted skeleton framestone
18 42 -7.9 Steeply sloping reef Clotted skeleton framestone
19 42 -8.0 Steeply sloping reef Open skeleton framestone
20 42 -85 Steeply sloping reef Open skeleton framestone
21 4.4 -8.3 Steeply sloping reef Open skeleton framestone
22 4.8 -7.4 Gently sloping reef Dolomitic limestone
23 43 -7.1 Gently sloping reef Dolomitic limestone
24 35 -8.0 Gently sloping reef Filled skeleton bafflestone
25 3.6 -8.1 Gently sloping reef Filled skeleton bafflestone
26 4.0 -85 Gently sloping reef Filled skeleton bafflestone
27 4.1 -8.4 Gently sloping reef Filled skeleton framestone
28 4.0 -7.8 Gently sloping reef Filled skeleton framestone
29 4.1 -7.6 Gently sloping reef Filled skeleton framestone
30 39 -8.3 Gently sloping reef Filled skeleton framestone
31 4.1 -8.0 Gently sloping reef Filled skeleton framestone
32 4.1 -8.2 Gently sloping reef Filled skeleton framestone
33 39 -8.1 Open platform Micrite organism limestone.
34 37 -8.1 Open platform Micrite organism limestone.
35 33 -8.2 Open platform Micrite organism limestone.
36 32 -8.8 Open platform Micrite organism limestone
37 34 -4.1 Platform slope Lime-mudstone.
38 37 -3.7 Platform slope Lime-mudstone.
39 2.6 -3.6 Platform slope Lime-mudstone
40 2.3 -4.8 Platform slope Lime-mudstone

the platform margin. Figure 3E illustrates the reef core of a steeply
sloping reef, indicating microbial bonding processes. Specifically,
(a) represents bafflestone areas where sponges and bryozoans
flourish, while (b) denotes sponge skeleton framestone condensed
into blocks by microbials. Figure 3D shows reef flat deposits atop
the steeply slope reef core. A micro-sequence of reef evolution
includes (a) framestone comprised of large sponges, (b) bafflestone
composed of small sponges and bryozoans, (c) cement rock formed

Frontiers in Marine Science

through the binding action of red algae and microbials, and (d)
lime-mudstone enriched with small organisms.

Above the steeply sloping reef formation, a set of reef-flat
deposits mainly consists of the sponge baftlestone and bindstone.
Bioclastic shoals are distributed on the flank of the reef, and small
lagoon facies occur. Reef front collapse deposits and reefal
breccias in the slope were covered by a set of shallow-water
limestone. Restricted lagoon facies (Figure 3C) is composed of the
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FIGURE 3

Lithofacies photos of field sections and sedimentary facies model. (A) Reef front slope: (a) eroded reef skeletal debris; (b) rudstone with coarse-grained
bioclasts, (c) floatstone with a mixture of coarse clastic particles; (B) Reefal debris flow deposits: (a) bafflestone with sponge wrapped by red algae laminae;
(b) rudstone dominated by coarse clastic particles, (c) floatstone with micritic limestone; (C) Restricted lagoon: (a) micrite limestone rich in small sponge
organisms and (b) restricted lagoon sediments with small shells; (D) Reef crest and reef core: (a) framestone comprised of large sponges, (b) bafflestone
composed of small sponges and bryozoans, (c) cement rock formed through the binding action of red algae and microbials, and (d) lime-mudstone
enriched with small organisms; (E) Steeply sloping reef core: (a) bafflestone with large sponges, (b) sponge skeleton framestone condensed into blocks by
microbials; (F) Gently sloping reef core: (a) large clusters of sponge skeleton, (b) interbedded pattern of bioclastic limestone and bafflestone; (G)
Depositional architecture model of platform margin reef. Numbers in the circles indicate the location where the pictures above were taken.

following deposits: (a) micrite limestone rich in small sponge
organisms and (b) restricted lagoon sediments with a single type
of small shells. Reefal debris flow deposits (Figure 3B) are
composed of the following sediments: (a) bafflestone with

Frontiers in Marine Science 06

sponge wrapped by red algae laminae; (b) rudstone dominated
by coarse clastic particles; and (c) floatstone with micritic
limestone and coarse bioclastic particles. Bioclastic deposits
(Figure 3A) in the reef front slope are composed of (a) eroded
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reef skeletal debris; (b) rudstone with a large amount of coarse-
grained bioclasts; and (c) floatstone with a mixture of coarse
clastic particles and fine-grained bioclastic limestone.

4.2 Reefal lithological facies

There have been reports highlighting the distinction between
steeply sloping and gently sloping carbonate platform margins,
based on the differences in seismic characteristics observed on
either side of the Kaijiang-Liangping Trough (Wu S, et al.,, 2019;
Mo et al, 2019). The gently sloping platform exhibits a larger
marginal width and a relatively flat slope, without a significant
topographic high. In contrast, steeply sloping platform margins are
characterized by smaller platform widths and steeper slopes,
accompanied by a noticeable topographic high. While some
researchers have classified the carbonate platform margins, it is
still not clear which specific reef types contribute to forming the
steep or gentle platform slope. This study provides a detailed
description of the lithofacies corresponding to a gently sloping
platform and a steeply sloping platform (Figures 4A-J), and
attempts to differentiate them in detail from the genetic mechanism.

The open platform facies is mainly composed of mudstone
(Figure 4A). Overall, the color of this facies is darker and the mud
content is higher. Crinoid stems develop at the bottom and contain
more muddy strips. The top section is dominated by micrite
limestone, with small plankton fossils such as charophytes and
foraminifera. A gently sloping reef can be divided into reef core
and reef flat facies. Reef core facies is mainly composed of filled
skeleton sponge framestone (Figure 4B). Long strips of sponge
(sphinctozoan) fossils occur, and their body cavities remain intact
under the filling of micrite limestone. Reef flat facies is composed of
filled sponge bafflestone (Figure 4C). The sponges are shown lying
on the ground and are filled with lime mudstone. Similarly, a steeply
sloping reef can also be divided into reef core and reef flat facies.
Moreover, the reef core facies can be subdivided into two different
lithofacies. The lower part of reef core facies is mainly composed of
open skeleton framestone (Figure 4D). The sponge skeleton is
wrapped by red algae laminae (Archaeolithoporella) and solidified
by early marine cement. The sponge skeletons are in contact with
each other, and the interspaces are later filled by sparry calcite
cement. The upper part of reef core facies is composed of clotted
skeleton framestone (Figure 4E). Smaller individual sponges are
condensed into clumps by microbial influence. Early marine cement
develops outside the clumps, and the interspaces are filled by sparry
calcite cement, forming white diamond-shaped patches. Clotted
skeleton framestone, eroded by strong hydrodynamic forces, also
occurs (Figure 4F). Yellowish-gray argillaceous sediments filled the
skeleton interspace. The growth sequence in reef limestone is
characterized by sponge growth, red algae encrustation, microbial
condensation, and early marine cementation.

The reef flat facies is mainly composed of skeletal bafflestone
and bindstone. The skeletal baftlestone is composed of lodging
sponges, encrusted red algae, and biological limestone (Figure 4G).
A stromatactis structure occurs in this lithofacies. Skeletal
bindstone is composed of micrite limestone rich in benthic
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organisms (Figure 4H). Individual organisms are well preserved
and are generally wrapped by lamellar red algae or condensed by
microbial action. The reef bank system consists of reefal debris
limestone and bioclastic shoal. The bioclastic shoal facies is
dominated by shell sections of 1-2 cm in size and bright crystal
cement (Figure 41). Bioclastic breccia occurs below the reef complex
(Figure 4]), which is mainly micritic limestone and contains a large
amount of breccia and sponge fragments.

4.3 Lithofacies classification

Based on variations in lithofacies within the reef complex,
distinct structural units in the platform marginal reef outcrops
were identified. Notably, the geomorphological features of the
platform edge are intricately linked to the gently sloping reef and
steeply sloping reef types. Both types of reefs can be further
subdivided into reef core and reef flat subfacies. However, notable
differences exist in their lithofacies, representing distinct
depositional environments, hydrodynamic strengths, and reefal
construction rates. Hence, a detailed differentiation of reefal
lithofacies (Figure 5) is crucial for advancing the study of
regional reefs.

The lithofacies of the gently sloping reef typically exhibits
characteristics of constratal growth fabric and can be primarily
categorized into three types: filled skeleton framestone, filled
skeleton bafflestone, and micritic limestone. The filled skeleton
framestone is characterized by a primary skeleton of sponge
growth anchored within soft gray muddy sediments. The micrite
limestone with planktonic organisms and charophytes filled the gap
between the sponge frameworks. The filled skeleton bafflestone
contains interbedded small sponges and bioclasts. Small and lying
sponges acted like fences that blocked the bioclastic sediments. This
lithological combination formed in multi-stage rapid deposition
processes. The mudstone is composed of abundant planktonic
foraminifera, charophytes, and other small organisms. This type
exhibits locally high carbonate mud content and is widely
distributed across the carbonate platform. In general, the
sedimentation rate of the gently sloping reef is relatively high.
Reef-building organisms are swiftly buried during the depositional
process. The sponge skeleton could quickly fix large amounts of
loose sediment, forming a slightly raised mound. As a result, the
gently sloping reef did not produce significant elevation at the
platform margin.

The lithofacies of a steeply sloping reef typically exhibit
characteristics of superstratal growth fabric and can be primarily
categorized into four types: open skeleton framestone, clotted
skeleton framestone, open skeleton bafflestone, and benthic
organism bindstone. The sponge skeletons in the open skeleton
framestone are encrusted by lamellar red algae and tubiphytes and
subsequently by marine cement. The interspace of the skeleton is
also filled by sparry calcite. The characteristic of clotted skeleton
framestone is that microbials were involved in the reef construction.
Microbial deposits contain non-laminated clotted fabric. Microbial
deposits helped bind the sponge skeleton, which was subsequently
encrusted by marine cement. Open skeleton bafflestone is
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FIGURE 4

Photographs of typical lithofacies in reef outcrop. (1) Mudstone: muddy strips develop in the limestone, and more fossilized crinoid stems can be
observed; (2) filled skeleton sponge framestone: large sponges develop into elongated shapes, the individual length can reach more than 1 m, and
the body cavity remains intact. (3) Filled sponge bafflestone: the image shows a cross-section of a sponge. The spaces between the sponges are
made of dark bioclastic limestone; (4) open skeleton framestone: the structure inside the body cavity of sponges (sphinctozoan) can be clearly seen.
The skeletons are in contact with each other and wrapped by early marine cement. The interspace is filled with sprite calcite. (5) Clotted skeleton
framestone: the picture shows a cross-section of sponges, which are wrapped by microbial and condensed into a clump. The gray-black lamina on
the outside of the clump is early marine cement and is finally filled with diamond-shaped sparkling calcite. (6) Eroded skeleton framestone: reef
skeleton was eroded by strong hydrodynamic events, and the interspaces were filled with gray-yellow argillaceous limestone; (7) skeletal
bafflestone: a typical stromatactis structure developed. Lodging sponges are clotted together by microbial action, and bioclastic limestone contains
nautilus; (8) skeletal bindstone: rich in a large number of benthic organisms, various types of small-size sponges developed, and lamellar red algae
and microbial play a binding role; (9) bioclastic limestone; light gray bioclastic limestone interbedded with dark gray shell-rich sprite-cemented

limestone; (10) rudstone: contains sponge fragments and biogenic breccias.

composed of interbedded small fallen sponge limestone and
bioclasts. Sponges are encrusted by lamellar red algae and early
marine cement. It also contains large swimming organisms such as
nautilus. A stromatactis structure formed by sponges and microbial
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action also occurs. Benthic organism bindstone encompasses
diverse benthic organisms, displaying well-preserved individual
fossils and widespread development of lamellar red algae and
microbial adhesion. In general, the steeply sloping reef exhibits a
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FIGURE 5

Lithofacies classification diagram of sponge reefs on the margin of the Permian platform. Based on the morphology outline, the reef types can be
mainly divided into two types, i.e., gently sloping type reef and steeply sloping type reef, which can be further subdivided into 7 lithofacies: benthic
organism bindstone, binding skeleton bafflestone, clotted skeleton framestone, open skeleton framestone, filled skeleton framestone, filled skeleton

bafflestone, and micrite organism limestone.

more convex morphology. The attachment of organisms,
development of microbial action, and growth of marine cement
collectively provide a hard encrustation for the reef skeleton.

4.4 Stable-isotope analyses

The Jiantianba reef shows various types of diagenetic alterations,
primarily including early marine cementation, deep-burial
cementation, and dolomitization (Liu and Rigby, 1992). The carbon
isotope composition of bulk samples with high carbonate content
usually does not change significantly due to diagenesis because the
carbon reservoir of the rock far exceeds the amount of carbon
dissolved in diagenetic fluids (Marshall, 1992; Luo et al,, 2011).
Carbon and oxygen isotope analyses of Permian brachiopod fossils
suggest that the 8'°C values of Permian seawater during
sedimentation ranged between 2.5%o and 5.5%o (Veizer et al,
1986). A comprehensive analysis of multiple profiles from South
China indicates that the §'"°C values of the Changhsingian strata
averaged 2%o in the earliest stages, while the subsequent strata were
characterized by a plateau with an average of 4%o, followed by a sharp
negative excursion near the Triassic boundary (Tian and Zeng, 1995;
Shen et al., 2019).

Stable isotope analysis was conducted on 40 samples (Table 1)
spanning the Jiantianba reef sequence, ranging from deep-water
lower slope to wave-dominant reef-bank deposits. The selected
samples exhibit relatively concentrated values, with 8'°C ranging
between 2.3%o and 4.8%o and §'°0 ranging from -8.9%o to -3.6%o.
Specifically, the average §'°C value in the platform slope deposits is
approximately 3.0%o, while the average in the open platform
deposits is approximately 3.5%o. The §'°C values in the gently
sloping reef deposits, steeply sloping reef deposits, and reef-front
slope deposits display an average of approximately 4.1%o, 3.9%o,
and 3.7%o, respectively. Among all 40 samples, the values of §'*0 do
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not show a specific regular change trend. However, there is a
significant difference between the two sets of data. The §'*0 value
of the samples located in the deepwater platform slope is -4.0%o,
and the other §'°0 value of the samples is -8.1%o on average.

The 8"°C in the platform slope deposits exhibits lower values,
ranging from 2.3%o to 3.7%o. The average 8'°C value of the lower
slope deposits is 2.5%o. The average 8'°C value of the upper slope
deposits is 3.6%o. The average 8'°0 value of the platform slope
deposits is -4.0%o.

The open carbonate platform deposits are characterized by
moderate §'>C values ranging from 3.2%o to 3.9%o. The §"C
values show a slightly increasing trend from bottom to top, with
an average of 3.5%o, similar to the values in the upper-slope
deposits. Conversely, the 8'®0 values of the open carbonate
platform deposits average -8.3%o, significantly different from
those of the slope deposits.

The gently sloping reef samples are characterized by relatively
higher 3"°C values ranging from 3.5%o to 4.8%. In this section, the
8"°C values show a gradual decrease from bottom to top. At the top
of this section, it reaches approximately 4.6%o. The average §'°0
value of the gently sloping reef deposits is -7.9%o.

The steeply sloping reef deposits are characterized by slightly
higher §'°C values ranging from 3.4%o to 4.4%o. In this unit, there is
a gradual decreasing trend in 8'>C values from bottom to top. The
average 8"°C value is approximately 4.1%o in the framestone, and
approximately 3.6%o in the bafflestone and bindstone. The average
8'%0 value of the steeply sloping reef deposits is -8.4%o, which is
higher than that of the gently sloping reef deposits.

The reef bank sediments and reef front slope deposits are
characterized by lower 8'°C values ranging from 3.5%o to 3.9%.
The average 8'°C value of the reef bank, restricted lagoon, and front
reef slope sediments is approximately 3.8%o, 3.5%o, and 3.5%o,
respectively. The average 8'°0 value of the lagoon sediments is
-6.6%o, different from the other samples from reef bank sediments.
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5 Discussion

5.1 Division and comparison of
stratigraphic sequence

Based on the above analysis, the platform margin reef strata can
be divided into sequence 1 and sequence 2. Sequence 1 corresponds
to the formation of Unit 1, and Sequence 2 can be further divided
into Units 2 and 3. A transgressive systems tract (TST) and
highstand systems tract (HST) were identified within each
unit (Figure 6).

Unit 1 has an overall thickness of approximately 50 m. The TST
is primarily composed of open-platform sediments with few reef-
building organisms and is characterized by a low sedimentation
rate. The §'°C values are notably low, with an average value of
3.5%o0. Generally, the §'°C values of carbonate sediments tend to
increase in response to the shallowing process, when the sea level
declines (Swart, 2008). However, a notable negative shift in carbon
isotopes occurs at the top of Sequence Unit 1, corresponding to the
unconformity interface. This shift is presumably attributed to
diagenesis influenced by meteoric water. The HST comprises
gently sloping reef sediments, showing a higher accumulation rate
and larger thickness. The §'°C values with an upward decrease
indicate that the environment gradually shallowed. Sponge
abundance increases from bottom to top, with large sponge
clusters in the reef core and laying sponge bafflestone on the

10.3389/fmars.2024.1470867

flank. A thin sedimentary exposure surface occurs with local
dolomitization and carbon excursions. This surface can be a
sequence boundary (Mitchell et al., 1996), marking the end of
Sequence Unit 1.

Sequence 2 is approximately 80 m thick. The lower part of the
stratum is divided into Unit 2, and the upper part is divided into Unit
3. The thickness of unit 2 is approximately 40 m. The TST is thin, and
it mainly consists of mudstone, indicative of rapid inundation after a
brief exposure event. Above the mudstone, sponges developed, and
reef-building organisms became more abundant. The HST comprises
steeply sloping reef sediments, and it is characterized by a high
sedimentation rate and significant microbial condensation in the reef
core. Open skeleton limestone and clotted skeleton limestone
dominate the lithofacies, showing a rigid skeleton structure. §"°C in
this sequence exhibits a slight negative shift from bottom to top. Such
a decline in §">C hints at increased meteoric influence (Groiicke et al.,
1999). A significant erosive depositional event that occurred at the
top of the reef core sequence supports the meteoric influence
hypothesis. There are significant differences above and below the
exposure surface, including the type of sedimentary facies, the
abundance of sponge organisms, and the degree of microbial
participation in reef building.

Unit 3 in Sequence 2 is approximately 40 m thick. The typical
cluster-sponge reef core facies in the outcrop is absent. The TST is
relatively thin and it is composed of reef flat facies with rich nautilus
and other swimming organisms, suggesting a relatively deep-water
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FIGURE 6

Comprehensive histogram of the Jiantianba reef. The spatial distribution characteristics of lithofacies can be found in Figure 3. The numbers in the
lithologic column correspond to the photo serial numbers in Figure 4. Specific lithofacies types have a good correlation with the sequence units of

reef development.
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environment. In the early HST, bindstone dominates the reef flat
sediments, with abundant lamellar red algae, benthic species, and
well-preserved small-size sponges in lime mudstone. This reflects a
shallow-water supratidal environment with low hydrodynamic
conditions. In the HST, a wave-dominant reef-bank system
develops. Bioclastic limestone in the top portion of the reef
complex suggests a shallow shoal and lagoon environment. In
general, unit 3 mainly reflects a relatively shallow water
environment influenced by tides or waves.

The evolutionary pattern of the sequence stratigraphy in
Jiantianba shows significant similarities to other platform marginal
reefs in the region (Figure 1). The Honghua-Manyue reefs, located
northwest of the Jiantianba reefs, exhibit a developmental and
evolutionary process that can be divided into four depositional
cycles (Wu et al., 2012). In the first and second cycles, the lithology
is primarily composed of micrite sediments, with a large number of
vertically oriented sphinctozoan sponges. In the third and fourth
cycles, the abundance and diversity of organisms increase
significantly, with lamellar red algae and microbial communities
(blue-green algae) binding sponges to form framestone. Outcrop
profiles reveal laminations formed by red algae encrusts and early
marine cement. The Manyue reef developed on the lower part of the
platform-margin slope and lacks the bioclastic banks. The
Panlongdong reefs, also located northwest of Jiantianba, show a
complete evolutionary process of sponge reefs in Sequence Unit 1
(Hu et al., 2012a), with framestone characteristics consistent with the
reef core facies of Unit 2 in the Jiantianba reefs. The bioclastic bank
and breccia developed at the top of Sequence 1 in Panlongdong reefs.
They are also present in Unit 3 of the Jiantianba reefs. It is worth
noting that asphalt was observed within the open skeleton lithofacies
in the field outcrop sections of the Jiantianba and Panlongdong reefs,
which suggests that they could serve as high-quality oil and gas
reservoirs in the geological history.

5.2 Influence of relative sea-level changes

Relative sea level changes can significantly influence reef
development (Eberli et al., 2001; Schlager, 2003; Betzler et al,
2013; Wu, F., 2019). Reef-building organisms generally thrive in
shallower waters so fluctuations in sea level directly affect the
vertical and horizontal distribution patterns of reef growth. The
Permian marine environment differed significantly from modern
oceans. The primary builders of platform marginal reefs during this
period were sponges and red algae. By using a comprehensive
method, we analyzed the influence of relative sea-level changes on
the evolution of platform marginal sponge reefs.

During the TST in Unit 1, the carbonate platform is
predominantly composed of micritic limestone with minimal
skeletal debris, marked by the occasional presence of crinoid stems.
This stage is characterized by high lime mud content and horizontal
bedding, indicative of high relative sea levels and weak hydrodynamic
conditions. During the HST, sea-level declines caused water depths
suitable for sponge development. However, the sponge skeleton
interspaces are filled with micritic limestone, displaying a constratal
growth pattern. Weak hydrodynamic conditions persisted, and the
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micrite matrix contained more plankton. Generally, Unit 1 formed in
a relatively deeper environment.

The period of TST in Unit 2 is short, forming thinner strata
characterized by mudstone with small sponges, reflecting the
regrowth of a biological reef after a short exposure period. In the
early HST, the relative sea level fell slowly. The reef developed near
the oceanic euphotic zone, leading to the large-scale proliferation of
sponges, bryozoans, red algae, and other organisms. In the late HST,
microbial activity began to influence the sponge reef, resulting in
rapid reef construction. Storm erosion of the sponge skeletons at the
upper strata suggests that the reef formed a wave-resist structure.
Unit 2 occurred in a shallower environment than Unit 1.

The period of TST in Unit 3 contains lodging sponges, red algae,
benthic organisms, and nautilus. Microbial clotting is present in the
sponge bafflestone, but the amount is significantly reduced
compared to the HST of Unit 1. In the early HST of Unit 3, the
relative sea level continued to diminish, supporting the growth of a
diverse benthic community, including foraminifera, small
gastropods, calcareous sponges, echinoderms, and bryozoans. In
the late HST, bioclastic shoals and restricted lagoon deposits
indicate that the reef was close to an exposed environment. Unit
3 occurred in the shallowest environment.

Overall, in the eastern Sichuan Basin, the Late Permian
Changhsingian Formation recorded a long-term relative sea level
decline, subdivided into three shorter-term fluctuations. An
investigation of reef-dwelling brachiopods also recorded the same
paleoenvironmental changes within the Changhsingian platform-
margin sponge reef in Panlongdong (Tian et al., 2022). This trend
favored the development of sponge-dominated platform marginal
reefs. However, in the late Changhsingian Formation, a rapid sea-
level rise submerged the reefs, halting their development. The ocean
environment has also undergone significant changes. This might be
related to the mass extinction event between the Permian and
Triassic periods.

5.3 Types of carbonate factory

The reef-building organisms in the Jiantianba reef complex are
mainly sponges. However, there are significant differences in the
characteristics of carbonates within Sequences 1 and 2 as they had
developed in different marine carbonate factories (Michel et al.,
2019). In order to further analyze their development and
evolutionary process, it is particularly important to understand
the types of carbonate factories (Westphal et al, 2010). Two
carbonate factories have been proposed, namely, photozoan and
heterozoan factories (James, 1997), which are applicable to the
entire Phanerozoic era. Based on the petrological characteristics of
the Jiantianba reef, these two carbonate factories can be identified. A
photozoan carbonate factory refers to the construction of carbonate
formations in shallow and warm environments, emphasizing that
the energy required for carbonate precipitation comes from
photosynthesis. The calcium carbonate in the seawater was in a
saturated-supersaturated state. A heterozoan carbonate factory
refers to a relatively deeper water environment in which the
micrite content is high and the matrix contains planktonic
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foraminifera. There are fewer species, mainly non-phototrophic
heterotrophs, and the calcium carbonate in the seawater was in an
undersaturated state.

The lower part of Unit 1 was mainly formed in a heterozoan-
dominated carbonate factory. It occurred in the stage with the
deepest relative sea level. In the TST stage, characterized by high sea
levels and weak hydrodynamic conditions, the carbonate platform
was mainly composed of mudstone with fewer reef builders. The
subsequent HST stage of SQ1 experienced a rapid sea level decline,
which was suitable for sponge reef development. This development
pattern resembles James’ thermocline slope model, with the SQ1
“reef core” corresponding to the “bryozoan-skeletal limestone” part
of that model. Additionally, the mudstone filled between the sponge
skeletons in SQI, indicating the lack of typical phototrophic
organism species. Here, wackestone contains abundant planktonic
foraminifera and charophytes, suggesting a heterozoan carbonate
factory. In the first stage, the shape of the reef is relatively gentle,
and its geomorphological outline can be well compared with the
seismic profile pattern, which is considered to be gently sloping reef
strata around the Kaijiang-Liangping trough (Zuo et al., 2024).

Unit 2 was mainly formed in a photozoan carbonate factory. It
occurred in a relatively shallower environment. The reef developed
near the euphotic zone, leading to the extensive growth of sponges,
bryozoans, red algae, and other organisms. Towards the late period
of Unit 2, the reef skeletons were generally clotted into clumps, and
most of the thrombolites were caused by microbial processes (Guo
and Riding, 1992). These microbial rocks are commonly found in
nutrient-rich ocean habitats (Shen et al., 2005; Che et al., 2014).
Observations of the sponge skeleton at the top of Unit 2, affected by
significant erosion, suggest that the reef complex could withstand
the influence of strong water movement. The binding effect of
lamellar red algae, marine cement, and microbial processes helped
the sponge reef form a wave-resistant structure similar to modern
coral colonies (Kiessling et al., 2002). During this stage, the reef
developed in a photozoan carbonate factory, characterized by the
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round arch shape in the reef core area, contributing to the
formation of a steeply sloping reef. The geomorphological feature
is comparable with that of the steeply sloping reef strata around the
Kaijiang-Liangping trough (Zuo et al,, 2024).

Unit 3 was mainly formed in a photozoan-dominated carbonate
factory (Kiessling et al., 2002). During the TST, reef flat facies widely
developed. A significant number of lodged sponges continued to grow
in situ, with the most diverse benthic communities. The content of the
micrite matrix was very high. Microbial action was also evident in reef
construction during this phase. The strata witnessed the development
of typical stromatactis structures and porous formations, characteristic
of microbial rocks (Bathurst, 1982; Bourque, 1994). These structures
are characterized by irregularly shaped holes filled with late calcite
cement. In the late stage of Unit 3, typical reef bank sediments
occurred (Tan et al,, 2020). It is speculated that this was related to
the fact that the sponge-type reef had formed a hard skeleton capable
of resisting strong hydrodynamic conditions.

5.4 Characteristics of reefal
sequence pattern

In the study area, the predominant reef-building organisms are
Permian sponges. Different carbonate factories result in distinct
processes of reef growth. The interaction of sponges with red algae,
microbials, and early marine cements varies across different marine
environments, leading to significant differences in reef stratigraphic
patterns. Consequently, the Jiantianba reef appears to have
distinguished sequence patterns of gently sloping reef strata
(Figures 7A, B) and steeply sloping reef strata (Figures 7C, D),
each exhibiting unique sequence characteristics of HST and TST
phases at the edge of carbonate platforms.

Heterozoan-dominated reefs formed a relatively gently sloping
margin. In situ growth of sponges and loose micritic sediments resulted
in a relatively parallel and equal-thickness growth pattern at the edge of
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Sequence stratigraphic patterns of the heterozoan-dominated reefs and photozoan-dominated reefs. These patterns are the characteristic of
(A) heterozoan-dominated reefs in the transgressive system tract; (B) heterozoan-dominated reefs in the highstand system tract; (C) photozoan-
dominated reefs in the transgressive system tract; (D) photozoan-dominated reefs in the highstand system tract.
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the carbonate platform. During the TST of the heterozoan-dominated
reefs, the rapid rise in relative sea level triggered compensatory
sedimentation and inundation of the platform, significantly impeding
the growth rate of the reef formations (Figure 7A). During the HST of
the heterozoan-dominated reefs, an aggradation pattern appears on the
platform edge. In the beginning, the growth rate of the reef was
relatively equivalent to the change rate of the accommodation space at
the platform edge, leading to a parallel aggradation pattern.
Subsequently, as the growth rate of the reef was slightly greater than
the change rate of the accommodating space, the stratigraphic style also
transitioned from the aggradation style to the progradation style,
causing the carbonate platform as a whole to be in a relative
expansion stage (Figure 7B).

Photozoan-dominated reefs formed a relatively steeply sloping
margin. During the development of sponge reef, large calcareous
algae developed in a phototrophic environment, early marine
cements formed under the action of carbonate supersaturation, and
clots formed under the action of microbial coagulation. These facts
together led to rapid reef growth, forming a raised shape at the
platform margin and making the slope steeper. During the TST, the
rate of reef development aligned with the rising relative sea level. In
the early stage of the TST, sponges began to aggrade at the platform’s
margin. However, in the later stage of TST, the growth rate of reef
strata lagged behind the increase in accommodation space, causing
reefs to migrate to higher positions. When the water depth increased
sufficiently, reef development ceased (Figure 7C). During the HST of
the photozoan-dominated reefs, the growth potential of the reef was
significantly greater than the increase in accommodation space, and
the reef grew rapidly. When there was insufficient accommodation,
the reef complex was forced to grow toward the slope area, and the
stratigraphic style exhibited a progradation pattern, causing a rapid
expansion of the carbonate platform (Figure 7D).

6 Conclusion

1. During the Late Permian, the evolution pattern of the carbonate
platform in the Sichuan Basin was significantly influenced by
reef growth at the platform margin. Two types of sponge reefs,
namely heterozoan-dominated reefs and photozoan-dominated
reefs, were identified, each characterized by unique external
forms and different lithofacies associations. The heterozoan-
dominated reef is characterized by filled skeleton framestone,
filled skeleton bafflestone, and micrite organism limestone
lithofacies. Conversely, the photozoan-dominated reef is
composed of the lithofacies of open skeleton framestone,
open skeleton bafflestone, binding skeleton bafflestone, and
benthic organism bindstone.

. In Unit 1 of Sequence 1, the reef complex exhibits a gently
sloping platform margin, similar to heterozoan-dominated
deposits. In Unit 2 of Sequence 2, the reef complex exhibits a
steeply sloping platform margin, similar to a photozoan-type
carbonate factory. The involvement of red algae, marine
cement, and microbials in the construction of sponge reefs
contributed to the development of a robust framework critical
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for reef sustainability. In the early stage of Unit 3, the reef
strata displayed the features of carbonate mounds, showing a
diverse array of benthic organisms and observable microbial
clots. In the late stage of Unit 3, there was an emergence of a
typical reef-bank system, accompanied by the development of
debris flow deposits on the reef front slope.

. Heterozoan-dominated reefs contributed to a gently sloping
margin, while photozoan dominated-reefs contributed to
form a relatively steeply sloping margin. Relative sea level
changes were not the only factor that affected reef
development. Sponges developed in different water depths,
and the binding effect of microbial action and marine
cements greatly changed the strength of the reef complex
and therefore the morphology of the platform margin.
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