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The characteristics of elements, isotopes, and small shelly fossils were
investigated for Late Ediacaran to Early Cambrian stratigraphy division and to
discuss their geological implications in the northwestern Sichuan Basin. The
results reveal that small shelly fossils can be detected in the high-phosphorous
section, with the concentration of phosphorus mainly ranging from 2% to
8%, suggesting that this interval belongs to the Early Cambrian, which is also
consistent with the carbon isotopic composition results. In addition, the Early
Cambrian is denudated in the Sichuan Basin due to tectonic movement, and
the characteristics of some isotopes and small shell fossils are different from
those in other basins. It can be proposed that P content can support the
recognition of lithological boundaries, and the high phosphorus content can
be used as a reference to identify the top and bottom boundaries of the
Maidiping Formation in the study area. According to the elemental compositions
in the Ediacaran Dengying Formation, the variations in Si, Al, Fe, and K
contents are similar in the platform area and rift area, suggesting that the
third and fourth member of the Dengying Formation are also developed in the
Deyang–Anyue Rift. The results suggest that both the Deng-4 member and
Maidiping Formation feature contemporaneous deposition of different facies in
the northwestern Sichuan Basin. The strata consist of shale intercalated with
thin carbonate rock deposits in the Deyang–Anyue Rift, while carbonate rock
deposits in the platform. The Deyang–Anyue Rift expanded gradually in the
Late Ediacaran and eventually filled in the Early Cambrian. The data in this
study illustrate that elemental compositions, isotopes, and small shelly fossils
can be combined to correlate the Late Ediacaran to Early Cambrian strata and
provide new evidence for Deyang–Anyue Rift evolution. The results offer some
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new insights for deep oil and gas exploration in the Sichuan Basin and for the
tectonic–depositional–environmental–biological synergistic evolution in the
Late Ediacaran to Early Cambrian transition.

KEYWORDS

phosphorus, small shelly fossil, stratigraphic division, intracratonic rift evolution,
Ediacaran–Cambrian, Sichuan Basin

1 Introduction

The Late Ediacaran to Early Cambrian interval is one of
the most significant transitions in Earth history, involving life
explosion (Darroch et al., 2018; Zhu et al., 2019; Darroch et al.,
2021), supercontinent breakup (Feng et al., 2022a; Zhang et al.,
2022a; Zhang et al., 2022b; Cutts et al., 2022), and marine redox
changes (Chen et al., 2022; Liu et al., 2022). In addition, it is a
crucial period for understanding life, tectonic, and environmental
evolution on Earth. However, the stratigraphic correlation from
Late Ediacaran to Early Cambrian is difficult and controversial
(Yang et al., 2016; Landing and Kruse, 2017; Yang et al., 2017;
Ding et al., 2021; Topper et al., 2022), and the lack of a high-
resolution stratigraphic framework limits the investigation of the
evolution of Earth and life (Shen and Schidlowski, 2000; Zhu et al.,
2001; ZHU et al., 2009).

Previous studies suggested that the Early Cambrian is an
important period for phosphorus formation in Earth’s history. The
high enrichment of phosphorus indicates the special environment
in the Early Cambrian and provides new insights for stratigraphic
division (Cook and Shergold, 1984; Saltzman, 2005; Tsandev and
Slomp, 2009; Shimura et al., 2014). Moreover, carbon isotopic
composition has also been applied as a powerful tool for
stratigraphic correlation, and δ13C values have significant negative
shifts in the Ediacaran–Cambrian boundary across the globe
(Lambert et al., 1987; Shen and Schidlowski, 2000; Jenkins et al.,
2002; Maloof et al., 2010; Martin et al., 2011; Wang et al., 2012;
Topper et al., 2022). Small shelly fossils (SSFs) occurred worldwide
in the Early Cambrian, and they have significant potential for
stratigraphic subdivision on old platforms, particularly for the
pre-trilobitic Early Cambrian strata (Matthews and Missarzhevsky,
1975; Steiner et al., 2007; Coueffe and Vecoli, 2011; Creveling et al.,
2013; Sato et al., 2014; Yang et al., 2016; Pan et al., 2022). In fact,
the characteristics of phosphorus, carbon isotope, and small shelly
fossils provide evidence for the special geological background
during the Ediacaran–Cambrian transition. These anomalous
phenomena are isochronous and can be combined to divide the
Late Ediacaran to Early Cambrian strata.

The Sichuan Basin located in the Yangtze Platform is
a favorable area to investigate geological events during the
Ediacaran–Cambrian. However, the stratigraphic correlation of the
Late Ediacaran to Early Cambrian is unclear, leading to the fact that
theDeyang–AnyueRift evolution in the northwestern SichuanBasin
is controversial, mainly due to the intracratonic rift (Li et al., 2018;
Shen et al., 2020; Gao et al., 2021), extensional–erosional groove
(Wang et al., 2014; Ding et al., 2021; Gu et al., 2021; Liu et al., 2021),
eroded valley (Wen et al., 2014; Yang et al., 2014), and extensional
sag (Li et al., 2015). The important question is whether the third
and fourth members of the Dengying Formation are missing in the

Deyang–Anyue Rift. On the other hand, the stratigraphic division
of the Early Cambrian Maidiping Formation is also controversial.
Some studies have shown that phosphorus-bearing dolomite should
be developed in the Maidiping Formation based on the outcrop
section in the Sichuan Basin (Feng et al., 2022b), but clastics were
also developed in the Maidiping Formation according to the drill
cores (Wang et al., 2021),. These results limit the study of lithofacies
paleogeography (Shen et al., 2020; Lan et al., 2022; Pan et al., 2022).
Thus, Late Ediacaran to Early Cambrian stratigraphic correlation in
the Sichuan Basin requires further study.

In order to accurately determine the Ediacaran to Cambrian
stratigraphic correlation, new methods were used to determine
whether Deng-3 and Deng-4 are developed in the rifts, providing
new evidence for the evolution of rifts. Here, we report the
characteristics of phosphorus, isotopes, small shelly fossils,
and other major elements from the Late Ediacaran to Early
Cambrian in the northwestern Sichuan Basin. New geochemical
and paleontological evidence was used for stratigraphic division of
the Late Ediacaran to Early Cambrian stratigraphy. Furthermore, we
discussed the formation and evolution of the Deyang–Anyue Rift,
significance of hydrocarbon exploration inDengying andMaidiping
formations, and tectono–environmental–biological co-evolution
from the late Ediacaran to Early Cambrian.

2 Geological setting

The Sichuan Basin is a superimposed basin developed on
the Upper Yangtze Craton, with an area of approximately 1.8
× 105 km2. The crystalline basement of the Yangtze platform,
after taking its shape, experienced a series of major geological
events. Under the influence of the Rodinia supercontinent breakup
in the Neoproterozoic era, the Xingkai taphrogenesis occurred
in the Yangtze Paleocontinent in southern China (Liu et al.,
2021; Zhao et al., 2021).

At the end of the regional continental rifting in the Ediacaran
period, a craton basin had begun to evolve. Under the influence
of regional tension, the Deyang–Anyue Rift extending from the
ocean to the craton basin developed in the northwest Sichuan Basin.
(Figure 1). The rift is 176 km long, 93 km wide at the widest point,
and approximately 60 km wide at the narrowest point, with a near
NW–SE strike (Wang et al., 2014; Yang et al., 2014). The faults are
more developed near the rift and form scarps, which are steeper in the
east andslower in thewest. Inaddition, there are significantdifferences
in strata and sediments between the rift and platform areas.

From the depositional stage of the Ediacaran Dengying to the
Early Cambrian Meishucun stage, the Tongwan tectonic movement
occurred in the Sichuan Basin, which was manifested as multi-
stage uplifting and denudation, resulting in the weathered crust on
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FIGURE 1
Sketch map showing geographical positions of the rift, drilling wells, and seismic section in theSichuan Basin (modified from Wei et al., 2015).

the surface of unconformity. The previous studies have identified
the three major episodes of the Tongwan tectonic movement: the
end of the deposition of the Deng-2 member, that of the Deng-
4 member, and that of the Maidiping Formation (Wang et al.,
2014; Li et al., 2018; Gu et al., 2021; Wang et al., 2022). As the sea
level increased rapidly during the depositional stage in the Early
Cambrian, the Upper Yangtze Craton underwent a major change
in the tectonic framework in the middle Early Cambrian, with the
vertical differential movement significantly reduced in amplitude
and the uplift–depression pattern beginning to vanish.

The Late Ediacaran to Early Cambrian strata in the Sichuan
Basin mainly include the Ediacaran Dengying Formation, Early
Cambrian Maidiping Formation, Qiongzhusi Formation, and
Canglangpu Formation (Figure 2). The Ediacaran Dengying
Formation is dominated by thick-bedded carbonate rock deposits
and largely varies in thickness.

It has a large thickness at the platform area, mainly ranging from
500 m to 1,000 m, while a small thickness within the rift, mainly
ranging from 200 m to 500 m. The Dengying Formation is divided
into four members, and Deng-1–2, Deng-3, and Deng-4 correspond
to Hamajing Member, Baimatuo Member, and Shibantan Member,
respectively (Zhu et al., 2003). Petrologically, the Deng-1 and Deng-
2 members are dominated by thick argillaceous dolostone and
microbial dolostone, with similar features in the platform and

rift areas. The Deng-3 member is mainly composed of mudstone
and siltstone, with a relatively small thickness of 50 m, generally.
The Deng-4 member is dominated by argillaceous dolostone in
the platform area, which is similar to the Deng-2 member, but
the lithology in the rift area is controversial. The Early Cambrian
Maidiping Formation features contemporaneous deposition of
different facies, specifically mudstone in the rift area and carbonate
rock in the platform area. The Qiongzhusi Formation is mainly
organic-rich mudstone.

3 Analytical methods

The current study was conducted based on the drilling logs
of the Deyang–Anyue rift and platform areas in northwestern
Sichuan Basin. The Ediacaran–Cambrian core and cutting samples
were collected from the wells GS16, GS131X , and RC1 in the
platform area and ZJ2, PS4, ZY1, and Z201 in the rift area.
Elemental compositions, carbon isotope values, and small shelly
fossils were investigated in this study to discuss the special geological
background during the Ediacaran–Cambrian transition.

In order to analyze the elemental compositions such as Si, Al,
Fe, K, and P, samples were analyzed following the Chinese standard
Q/SY 1862-2016. Ten-gram rock samples were first crushed to a
particle size below 0.1 mm. Then, the treated samples were excited
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FIGURE 2
Late Ediacaran to Early Cambrian stratigraphic diagram for the Sichuan Basin (modified from Lan et al., 2022).

by X-ray fluorescence, and the fluorescence signal was detected by
using an EDX 5500H X-ray fluorescence spectrometer. The relative
error was less than 5%.

For measuring the carbon isotopic compositions in this study,
the crushed samples were treatedwith phosphoric acid, and the δ13C
and δ18O values of the treated samples were determined by using a
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Finnigan MAT-253 mass spectrometer with the Kiel IV Carbonate
Device. The test results of the δ13C and δ18O values were calculated
following the international standards Pee Dee belemnite (PDB) and
Standard Mean Ocean Water (SMOW), respectively. The error was
kept below 0.1‰ against the Chinese national carbonate standard
GBW04405.

Small shelly fossils were generally observed using thin sections
and scanning electron microscopy.The treated samples were soaked
in a 10% acetic acid solution, and small shelly fossils were picked
out from 49 such samples using a LEICA microscope and stuck
onto a microcolumn. After vacuum metalizing, the small shelly
fossils were observed and imaged by using a Zeiss EVO 18 scanning
electron microscope (SEM) to generate the SEM photographs at an
acceleration voltage of 5–15 kV and a vacuum chamber pressure of
80–90 Pa and make the fossil plates. The entire analysis of small
shelly fossils was conducted at Nanjing Institute of Geology and
Paleontology, Chinese Academy of Sciences (NIGPAS, CAS).

4 Results

4.1 Petrological features

Based on outcrops, drilling cores, and thin sections, petrological
features from the Late Ediacaran to Early Cambrian in the
study area were investigated (Figure 3). In the second member
of the Dengying Formation (Deng-2), argillaceous dolostone and
microbial dolostone are dominant, and fibrous dolomite cement is
shaped like a grape lace. The Deng-3 member is mainly composed
of dark mudstone and siltstone, with some horizontal bedding
sedimentary structures. The lithology from the Deng-4 member is
similar to that of theDeng-2member: mainly argillaceous dolostone
and microbial dolostone, but without grape lace features. The
Early Cambrian Maidiping Formation features contemporaneous
deposition of different facies; in the rift area, phosphorus mudstone
is mainly developed, whereas phosphorus dolomite and phosphorus
limestone are mainly developed in the platform area.

4.2 Elemental composition

According to the analysis results of the elemental composition
characteristics in different wells, a stratigraphic interval can always
be found with a high phosphorus content, mainly ranging from 2%
to 8% at the Ediacaran–Cambrian intersection in the wells at both
the platform area (Figures 4, 5) and rift area (Figures 6–8).The other
strata were found at a phosphorus content basically below 0.5%. In
addition, the phosphorus content values are highest for the Z201
and ZJ2 (mainly ranging from 5% to 8%), followed by the GS131X
and PS4 (mainly ranging from 3% to 5%), and lowest for the RC1
(average value closed to 2%), suggesting that the closer to the rift,
the greater the phosphorus content values. The high phosphorus-
bearing interval in the rift is thick, ranging from 50 m to 100 m, and
is mainly composed of mudstone and marlstone, while that in the
platform area is relatively thin, with a thickness of approximately
20 m, and dominated by dolomite or limestone.

It can be seen from Figures 4–8 that the contents of Si, Al,
Fe, and K are generally in consistent changes across different

wells and different intervals in the rift and platform areas.
Generally, the contents of Si, Al, Fe, and K increase with increasing
provenance input and mainly reflect their inputs of provenance.
By comparing the change characteristics of these four elements
with the phosphorus content, it can be found that the contents of
Si, Al, Fe, and K corresponding to a high phosphorus-containing
interval are low. The Si content values mainly range from 10% to
30%, and the values of the other three element content are generally
below 5%. When the phosphorus content decreases significantly
at deeper positions, the corresponding contents of Si, Al, Fe, and
K have no significant changes; the contents of elements Si, Al, Fe,
and K obviously increase at a certain interval and then decrease
with the further increase in depth. Such a change rule can be
found in both the rift and platform areas. The previous studies were
concluded on a basically consistent understanding of the Deng-
3 member in the platform area on its stratigraphic division and
as a deeper water environment mainly composed of mudstone
(Wang et al., 2014; Yang et al., 2014; Shen et al., 2020). Based on the
results of the current study, for example, in the well GS131X, the
contents of Si, Al, Fe, and K elements in the Deng-3 member of
the platform area are significantly high, reflecting its deeper water
environment with abundant terrigenous clastics, while the contents
of Si, Al, Fe, and K elements in Deng-2 and Deng-4 members
are low. For the Deng-3 member of Gaoshi 131X, the Si, Al, Fe,
and K content average values are close to 60%, 10%, 5%, and
4%, respectively.

It is worth noting that in the intervals with changes in
the contents of Si, Al, Fe, and K elements in the rift, the
corresponding phosphorus content was found to slightly increase,
reaching approximately 2%, which is consistent with the previous
conclusion on the phosphorus content increase in the period of
the Dengying Formation (Cook and Shergold, 1984; Wang et al.,
2022), reflecting the environmental changes during this period
and providing evidence for the stratigraphic division based on the
contents of Si, Al, Fe, and K elements.

4.3 Isotopic composition

According to the carbon isotope shifts in the study area, for
the lower part of the high-phosphorus content interval, the carbon
isotope values of the analyzed samples range from 1‰ to 3‰.
However, the δ13C values vary significantly for the interval with
high phosphorus content, mainly ranging from −5‰ to 5‰, and
there is a negative carbon isotope shift across the boundary of
high/low phosphorus content. In the top of the high phosphorus
content interval, the δ13C values are complex, and the values
in GS131X, RC1, and PS4 are approximately −4‰, −4‰ and
3‰, respectively.

4.4 Small shelly fossils

In this study, small shelly fossils were found in wells Z201, RC1,
and GS16. In the well Z201, the depth of the high phosphorus-
bearing interval is from 4,868.8 to 4,915.9 m, and the lithology
is mainly mudstone and marlstone. Small shelly fossils were
found in coring intervals at 4,868.9 m, 4883 m, 4870 m, 4,872.3 m,
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FIGURE 3
Photographs showing petrological features from Late Ediacaran to Early Cambrian in the Sichuan Basin: (A) Microbial dolostone in the second member
of Dengying Formation from PS4, 6231.7 m, length-slow fibrous dolomite cement is shaped like grape lace, plane-polarized light (PPL). (B) Black-gray
mudstone and micritic dolomite with horizontal bedding or wavy bedding, and the thickness of a single layer is less than 1 m in the Deng-3 member
from Xiushan Outcrop. (C) Micritic dolostone in the Deng-4 member from Well MX51, 5375.62 m, core sample. (D) Phosphorus dolostone in Maidiping
Formation from Fandian Outcrop. (E) Phosphorus dolostone in Maidiping Formation from Well RC1, 5406.52 m, core sample. (F) Organic-rich
mudstone in Maidiping Formation from Well Z201, 4,888.21 m, core sample. (G) Micritic dolostone in Maidiping Formation from Well GS16, 5475.3 m,
plane-polarized light (PPL). (H) Micritic dolostone in Maidiping Formation from Well GS16, 5462.7 m, PPL. (I) Micritic dolostone in Maidiping Formation
from Well RC1, 5404.94 m, PPL.

4,872.48 m, 4,872.72 m, and 4,887.5 m. By comparison with the
previously published literature (Steiner et al., 2007; Sato et al.,
2014; Yang et al., 2016), it is indicated that the small shelly
fossils of the well Z201 are dominated by molluscs, hyolithes,
and siphogonuchites, among which hyolithes include Aegitellus
emeishanensis and Cupitheca mira; molluscs include Eohalobia
diandongensis and Ocruranus finial; and siphogonuchites include
Siphogonuchites triangularis (Figure 9). This set of fossil assemblages
is classified into the Early Cambrian fossil-lean zone between
the second (the possible Paragloborilussubglobosus–Purella
squamulosa assemblage zone) and the third (the Watsonella crosbyi
assemblage zone) zones (Steiner et al., 2007; Yang et al., 2016;
Steiner et al., 2020; Feng et al., 2022a).

The analysis in the well Gaoshi 16 was carried out in the
limestone and dolomite from 5445 to 5478 m. Restricted due
to the preservation conditions of fossils, a small number of
small shelly fossils were observed in the rock slices, including
hyolithes (Pseudovalitheca), siphogonuchites (Siphogonuchites),

and mollusc (Eohalobia). This interval was accordingly
classified into the Cambrian system. The phosphorous dolomite
in the well RC 1 from 5404 to 5412 m was analyzed.
The fossils were found to be mainly Siphogonuchites and
Anabarites, which are all typical fossils in the Cambrian rather
than Ediacaran.

The Late Ediacaran and Early Cambrian strata in the
Fandian Outcrop section in the southern Sichuan Basin were
continuously exposed and have been reported in previous studies
(Li et al., 2013; Och et al., 2013). These results suggested that
the Watsonella crosbyi assemblage zone is corresponding to the
Zhujiaqing positive δ13Ccarb excursion (ZHUCE) in the Xiaotan
Outcrop, and the bottom boundary is near the starting point of
ZHUCE. In addition, the Sinosachites flagelliformis–Tannuolina
zhangwentangi assemblage zone was also discovered in the
Xiaotan Outcrop. The fossil and isotopic characteristics of
Xiaotan Outcrop are consistent with those of the drilling well in
this paper.
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FIGURE 4
Elemental and carbon isotopic compositions from Late Ediacaran to Early Cambrian of the well RC1 in the platform area. (MDP, Maidiping Formation;
QZS, Qiongzhusi Formation).

5 Discussion

5.1 Stratigraphic division

The lithologic and electrical properties of Late Ediacaran to
Early Cambrian strata in the Sichuan Basin vary significantly.
In the platform area, Deng-4 and Deng-2 members are mainly
carbonates with lower gamma value, while the Deng-3 member
is mudstone with a higher gamma value. Thus, stratigraphic
division was mainly based on lithology in the previous studies,
the boundary between dolomite and mudstone was used as the
basis for division between the Ediacaran Dengying Formation
and Cambrian Maidiping Formation, and correspondingly, the
mudstone-developed overlaying thick-bedded dolomite in the rift
was classified into Maidiping Formation (Shi et al., 2020; Lan et al.,

2022). In the current study, the Qiongzhusi Formation was found
to be obviously low phosphorus content, basically below 0.5%,
while the top of the Maidiping Formation had high phosphorus
content, ranging from 2% to 8%, so the change rules of the
phosphorus content can be used to distinguish the Qiongzhusi
and Maidiping formations. These two formations are also obviously
different in terms of small shelly fossils, and no small shelly fossils
were observed in the Qiongzhusi Formation. The Maidiping and
Qiongzhusi formations are clearly bounded.The boundary between
the Maidiping and Dengying formations, however, needs to be
further identified, focusing on whether the underlying stratum of
the phosphorus-bearing interval of the Maidiping Formation is
classified into the Dengying Formation.

In the platform area, the carbonate rock is classified into
the Dengying Formation and the overlying mudstone into the
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FIGURE 5
Elemental and carbon isotopic compositions from Late Ediacaran to Early Cambrian of the well GS137X in the platform area. (MDP, Maidiping
Formation; QZS, Qiongzhusi Formation).

Qiongzhusi Formation. However, there are high phosphorus-
bearing intervals at the top of the carbonate rock, with the
content between 2% and 8% in the wells. Although the Ediacaran
phosphorus-bearing intervals were previously found (Cook and
Shergold, 1984; Sato et al., 2014), abundant small shelly fossils were
also found from observations of the carbonate rock in these high
phosphorus-bearing intervals, and previous studies demonstrated
the occurrence of small shelly fossils as an important indication
of the Cambrian system, and no such fossils have been found
in the Ediacaran (Steiner et al., 2007; Yang et al., 2016). Therefore,
the limestone or dolomite intervals with high phosphorus-bearing
intervals from the platform area should be classified into the
Cambrian instead of Dengying Formation. The carbon isotopic
composition of the carbonate rock in the high phosphorus-bearing
interval was found to be obviously more negative than that of

the carbonate rock in the lower phosphorus-free interval, which
is consistent with the negative shift characteristics of the carbon
isotope in the Early Cambrian period and reflects the environmental
changes. Thus, this stratum should be classified into the Maidiping
Formation. There are obvious differences between the Maidiping
and Dengying formations in terms of the phosphorus content,
carbon isotopic composition, and characteristics of small shell
fossils, reflecting the special geological setting of phosphating events,
marine environmental changes, and surges of small shelly fossils in
the Early Cambrian period. Under the influence of the Tongwan
tectonic movement, the strata were denuded during the early and
late deposition of the Maidiping Formation, resulting in the change
rules of carbon isotopes and small shelly fossils different from those
shown in the typical sections of the Early Cambrian. It is revealed
that for the identification of lithological characteristics in drill cores,
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FIGURE 6
Elemental and carbon isotopic compositions from Late Ediacaran to Early Cambrian of the well PS4 in the rift area. (MDP , Maidiping Formation; QZS,
Qiongzhusi Formation).

the P content can support the recognition of lithological boundaries,
and the high phosphorus content can be used as a reference to
identify the top and bottom boundaries of theMaidiping Formation
in the study area.

Previous understandings of the stratigraphic division of
Dengying Formation on the platform area are similar, and theDeng-
4, Deng-2, and Deng-1 members are dominated by dolomite, while
the Deng-3 member is dominated by mudstone and marlstone
(Liu et al., 2021; Lan et al., 2022). In the platform area, such as

GS131X and RC 1, as shown in Figure 4 and Figure 5, the Si, Al,
K, and Fe elements contents of the Deng-3 member were found
to be obviously higher than those of the Deng-4 and Deng-2
members, which is consistent with the change characteristics of
the logging GR curves and reflects the changes of sedimentary
environment and sources. With the abundant input of terrigenous
clastics and deeper water, the Deng-3 member is high in Si, Al, K,
and Fe contents. Thus, stratigraphic classification using elemental
composition characteristics is feasible for the Dengying Formation.

Frontiers in Earth Science 09 frontiersin.org

https://doi.org/10.3389/feart.2024.1440117
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Li et al. 10.3389/feart.2024.1440117

FIGURE 7
Elemental and carbon isotopic compositions from Late Ediacaran to Early Cambrian of the well Z201 in the rift area. (MDP, Maidiping Formation; QZS,
Qiongzhusi Formation).

In the rift area, the thick dolomite is thought to be a Deng-2
member, but whether the third and fourthmembers of theDengying
Formation are missing in the Deyang–Anyue Rift is controversial
(Liu et al., 2021; Lan et al., 2022). The upper part of this thick
dolomite is mainly clastic rock; small shell fossils and carbon isotope
data are scarce. According to the phosphorus content variation, these
clastic rocks can be divided into two sections. The upper part has
high phosphorus content, and the lower part has low phosphorus

content. Asmentioned above, the significant increase in phosphorus
content was an important feature of the Early Cambrian period.
Thus, the upper part with clastic rocks and high phosphorus content
correspond to theMaidiping Formation, while the lower part should
be the Dengying Formation. In addition, the contents of Si, Al, K,
and Fe elements are low in the thick dolomite interval in the rift area,
which is consistent with the characteristics of the Deng-2 member.
However, for the clastic rock interval with low phosphorus content,
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FIGURE 8
Elemental and carbon isotopic compositions from Late Ediacaran to Early Cambrian of the well ZJ2 in the rift area. (MDP, Maidiping Formation; QZS,
Qiongzhusi Formation).

it can be divided into two parts according to the contents of Si, Al, K,
and Fe. The contents of Si, Al, K, and Fe are high in the lower part,
which is consistent with the characteristics of theDeng-3member in
the platform area, while the contents of Si, Al, K, and Fe are low in the
upper part, which is consistent with the characteristics of theDeng-4
member. As a whole, the variations of sedimentary environment and
provenance of the Dengying Formation in the rift area are consistent
with those in the platform area; there are more terrigenous clastics
for the Deng-3 member but less in Deng-2 and Deng-4 members.
It is concluded that Deng-3 and Deng-4 members developed in
the rift area.

According to the typical seismic section including rift
and platform areas in the northwestern Sichuan Basin, the
bottoms of Dengying, Qiongzhusi, and Maidiping formations

can be identified (Figure 10). The seismic wave is continuous,
showing the development of the Dengying Formation in
the rift area.

5.2 Deyang–Anyue Rift evolution

According to the analysis of the development characteristics
of the Ediacaran–Cambrian strata in northwestern Sichuan, the
Deng-3 and Deng-4 strata exist in the rift, and the phosphorus
carbonate deposits developed in the platform area are classified into
the Maidiping Formation. Both the Deng-4 member and Maidiping
Formation feature contemporaneous deposition of different facies
in northwestern Sichuan. The strata consist of deeper water shale
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FIGURE 9
SEM micrographs of SSFs from Maidiping Formation in well Z201. (A) Aegitellus emeishanensis. (B) Cupitheca mira. (C) Eohalobia diandongensis. (D)
Ocruranus finial. (E) Siphogonuchites triangularis.

FIGURE 10
Typical seismic profile in the northwestern Sichuan Basin showing the stratigraphic division; the location of seismic line is shown in Figure 1.
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FIGURE 11
The evolution profiles of the Deyang-Anyue Rift, Sichuan Basin.

intercalated with thin carbonate rock deposits in the rift and with
carbonate rock deposits in the platform.

Under the tectonic background of the Rodinia continent
breakup, a series of rift basins were formed due to the action of

regional extension. At the end of the Ediacaran continental rift, the
cratonic basin began to evolve, and Deyang–Anyue Rift developed
within the carbonate platform and into a zonal rift of hundreds of
meters in depth and tens of kilometers in width. As an intracratonic

Frontiers in Earth Science 13 frontiersin.org

https://doi.org/10.3389/feart.2024.1440117
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Li et al. 10.3389/feart.2024.1440117

FIGURE 12
Platform edge distribution characteristics of Dengying Formation in northwestern Sichuan Basin.

rift, the Deyang–Anyue rift can be divided into the following six
evolution stages (Figure 11).

1. The depositional stage of the Deng-1 member features the
development of a craton shallow-water platform.The platform
area and rift area are similar in thickness and lithology.

2. In the depositional stage of the Deng-2 member, the
intracraton rift began to develop with a smaller scale. The
platform area is characterized by thick dolomite and the rift
area by mixed deposits of terrigenous clastics and carbonate.
At the end of this stage, strata uplift suffered denudation due
to the Tongwan movement.

3. The depositional stage of the Deng-3 member features the
initial transgression. The lithology is mainly dominated by
mudstone and marlstone in both rift and platform areas.

4. The depositional stage of the Deng-4 member features the
extension setting and rift development in the craton platform,
shallow-water carbonate platform deposition with an average

thickness of up to 500 m, and multistage mound–shoal
complexes. Under the action of the regional extension, the
ocean in western Sichuan extended toward the hinterland
of the craton basin, resulting in the formation of the
Deyang–Anyue Rift. The Deng-4 member in the rift was
subject to deeper water deposition, and the settlement rate
was greater than the deposition rate due to strong extension
action. The stratum in the rift is thin and mainly composed
of mixed siliciclastic–carbonate deposits, while the platform
is composed of carbonate rock deposits. At the end of the
deposition of the Deng-4 member, the strata were uplifted
and denuded under the influence in the second episode of the
Tongwan tectonic movement.

5. In the depositional stage of the Early Cambrian Maidiping
Formation, the faults at the rift boundary in the craton were
reactivated due to regional extension, and the sea water depth
was slightly larger than that of the Deng-4 member period. At
the end of the depositional stage of the Maidiping Formation,
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FIGURE 13
Lithofacies paleogeography of Maidiping Formation in the northwestern Sichuan Basin.

the strata were uplifted and denuded again under the influence
in the third episode of the Tongwan tectonic movement. The
platform area of the Maidiping Formation was developed with
shallow-water phosphorus-bearing carbonate deposits, with a
relatively small thickness of approximately 20 m on average,
and the rift was dominated by phosphorus-bearing mudstone,
with an average thickness of approximately 80 m.

6. In the depositional stage of the Qiongzhusi Formation,
extension occurred again, and large-scale transgression
happened, flooding the carbonate platform. Continental shelf
facies clastic rocks were generally developed in northwestern
Sichuan, and much of the source rock was developed in this

stage in the Sichuan Basin. At the end of this depositional stage,
the northwestern Sichuan area gradually transitioned into the
shallow-water continental shelf facies, and the Deyang–Anyue
Rift generally disappeared.

5.3 Hydrocarbon exploration potential

The evolution of Deyang–Anyue Rift is proposed on the
basis of the analysis of the phosphorus contents, carbon isotopic
compositions, and small shelly fossils in northwestern Sichuan
from the Late Ediacaran to Early Cambrian. The Dengying
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Formation is characterized by contemporaneous difference facies
in northwestern Sichuan and developed multi-stage sedimentary
platform edge (Figure 12). Previous oil and gas exploration ismainly
focused on the platform edge of the Deng-4 member (Lan et al.,
2022; Zhu et al., 2022). However, the platform edge of the Deng-2
member is also developed, which is conducive to the development
of high-quality reservoirs. Thus, the exploration field of Dengying
Formation could be expanded.

Based on the stratigraphic correlation and well drilling data,
lithofacies paleogeography of the Maidiping Formation was
described (Figure 13). The rift area is dominated by phosphorous
mudstone, which is characterized by deeper water. For the platform
area, the northern part of Chongqing City is dominated by thin
layers of phosphorous limestone. On the other hand, phosphorous
dolomite can be found in the southern part of Chongqing City
and most of the western Sichuan Basin area. The thickness of the
dolomitemainly ranged from30 to 80 m, andhigh-quality reservoirs
can be developed.

The results demonstrate the favorable conditions created in
the formation process of Deyang–Anyue Rift for hydrocarbon
accumulation, two sets of high-quality source rock of the Maidiping
and Qiongzhusi formations developed in the rift area, and large-
scale high-quality reservoirs developed in the platform area. Thus,
Late Ediacaran to Early Cambrian features in the northwestern
Sichuan Basin have great hydrocarbon accumulation conditions and
exploration potential.

5.4 Tectono–environment–biological
co-evolution

Furthermore, the Ediacara–Cambrian transition is a large-scale
deposition of global marine phosphorus. Previous studies suggested
that an upwelling current contributed to the phosphate deposit
(Shen et al., 2000; Creveling et al., 2013; Komar and Zeebe, 2017).
According to the variation in phosphorus content, the value in the
rift area is relatively higher than that in the platform area, and the
phosphorus might migrate from the ocean. The result is consistent
with that from upwelling currents, supporting the upwelling current
model of phosphate deposit. Driven by upwelling currents, the
phosphorus sea water flows over the carbonate platform from
the rift. Phosphorus is an important factor in the prosperity of
organisms. Phosphorus provides conditions for the prosperity of
small shelly faunas and algae, and biochemistry plays an important
role in phosphorus deposition at the same time (Komar and
Zeebe, 2017; Schoellhorn et al., 2019). This also reflects the co-
evolution relationship between the environment and organisms in
the Ediacara–Cambrian transition.

The Ediacaran–Cambrian boundary has many carbon isotope
excursion events, such as basal Cambrian negative δ13Ccarb
excursion (BACE) and Zhujiaqing positive δ13Ccarb excursion
(ZHUCE); Yangtze Platform, South China, has shown these
phenomena (Lambert et al., 1987; Martin et al., 2011; Wang et al.,
2012; Omidpour et al., 2021; Wang et al., 2021). However, in the
study area, due to the Tongwan tectonic movement, the δ13Ccarb
value characteristics in some areas are different from those in typical
sections. In the platform area, δ13Ccarb values for the top of the
Maidiping Formation in the well GS131X and RC1 are negative,

suggesting that ZHUCE is missing. There are some differences
from the typical stratum characteristics, which may be due to
the tectonic evolution, and the strata are uplifted. According to
the results presented in this study, it can also be proposed that
carbon isotopic compositions of marine carbonates could provide
a new reference for tectonic evolution, though δ13Ccarb values are
commonly considered to apply for chemostratigraphic correlation.
For instance, due to the denudation of strata caused by tectonic
movement, the characteristics of carbon isotope composition are
different from the typical profile.

6 Conclusion

Late Ediacaran to Early Cambrian stratigraphic correlation
was discussed by investigating elements, isotopes, and small shelly
fossil characteristics. The Maidiping Formation is characterized
by high phosphorus content ranging from 2% to 8%, and it can
be used to distinguish the Qiongzhusi/Maidiping boundary and
Maidiping/Dengying boundary. According to the variation of Si, Al,
Fe, and K elemental contents in the Dengying Formation, the third
and fourth member of the Dengying Formation are also developed
in the Deyang–Anyue Rift. The strata consist of deeper water shale
intercalated with thin carbonate rock deposits in theDeyang–Anyue
Rift, with carbonate rock deposits in the platform.

Deyang–Anyue Rift expanded gradually in the Late Ediacaran
Dengying stage, eventually filled in the Early Cambrian Canglangpu
stage, and the Maidiping–Qiongzhusi stage was the peak of the
Deyang–Anyue Rift.The results demonstrate the favorable conditions
created in the formation process of the Deyang–Anyue Rift for
hydrocarbon accumulation: two sets of high-quality source rock of
the Maidiping and Qiongzhusi formations developed in the rift area
and large-scalehigh-quality reservoirs developed in theplatformarea.

The Late Ediacaran to Early Cambrian interval is a crucial
transition inEarth’shistory; thus, elemental compositions, particularly
phosphorus, carbon isotopic composition, and small shelly fossils are
special, and they can be combined to investigate the geological events
of the Late Ediacaran to Early Cambrian. This study presents the
synergistic evolution of tectonic–deposition–environment–biology
from the Late Ediacaran to Early Cambrian and provides a new idea
for the understanding of such a transition period.
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