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A B S T R A C T   

Sea level fall is considered one of the significant factors leading to the end-Permian mass 
extinction (EPME). We studied the relative sea level changes in the Beifengjing and Shangsi 
sections, and the results indicate that a sea level fall occurred in the Upper Yangtze region during 
the Permian–Triassic transition. Considering that there is no significant change in fossil abun
dance in the strata following the two sea level falls observed in the Beifengjing section, we 
conclude that the reduction in shallow marine habitat for sea level fall solely was insufficient to 
cause the mass extinction. However, sea level fall did exacerbate the input of terrestrial debris 
into the ocean, leading to the deterioration of the marine environment. We propose that the 
combined adverse effects of volcanic eruptions, sea level falls, and other events exceeded the 
threshold for biological survival, ultimately resulting in the catastrophic EPME.   

1. Introduction 

During the Permian–Triassic transition, the Earth experienced the most severe mass extinction event since the Cambrian explosion 
[1,2], resulting in approximately 49 % and 81 % losses of marine taxa at the family and species levels, respectively [2,3], as well as 
varying degrees of impact on terrestrial organisms [2,4–6]. Recent breakthroughs in research on the end-Permian mass extinction 
(EPME) event in many fields such as geochronology, geochemistry, geophysics, mineralogy, paleontology, sedimentology, stratig
raphy, and paleomagnetism have led to a complex and multifactorial extinction theory [7–9]. Previous studies on the global climate 
background and marine environment during the Permian–Triassic transition have shown that the direct causes of the mass extinction 
were manifold, including oceanic anoxia [1,10–17], climate warming [18–22], atmospheric ozone depletion [23–26], ocean acidi
fication [27–30], marine poisoning [31–35], and extraterrestrial impact [36–38]. However, the hypothesis of extraterrestrial impact 
remains heavily disputed owing to the lack of conclusive evidence during the Permian–Triassic boundary (PTB) crisis [39,40]. 
Increasingly, scholars believe that the volcanic activity of the Siberian Large Igneous Province may be the main driving force for direct 

* Corresponding author.School of Geographical Sciences, Sichuan Provincial Engineering Laboratory of Monitoring and Control for Soil Erosion in 
Dry Valley, China West Normal University, Nanchong, 637009, China. 
** Corresponding author. 

E-mail addresses: duanxiong00@163.com (X. Duan), szqcdut@163.com (Z. Shi).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2024.e31226 
Received 5 February 2024; Received in revised form 10 May 2024; Accepted 13 May 2024   

mailto:duanxiong00@163.com
mailto:szqcdut@163.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e31226
https://doi.org/10.1016/j.heliyon.2024.e31226
https://doi.org/10.1016/j.heliyon.2024.e31226
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 10 (2024) e31226

2

harm to biota [9,41–46]. Dating back to the times before the 1990s, sea level change, was proposed as the primary cause for the EPME 
for decades [47–50]. In 1989, Hallam reviewed previous work on sea level fall and suggested that the mass extinction was caused not 
by regression, but by the spread of anoxic bottom seawater and subsequent transgression [51]. Clarifying the sea level changes at the 
Permian–Triassic transition is of great significance for studying the most severe mass extinction event since the emergence of complex 
life owing to its wide-ranging regional impact, long-lasting effects, and direct consequences on sedimentary environment changes and 
species replacement [52]. 

The most direct manifestation of sea level rise and fall can be observed in the changes in the proportions of ocean and land areas 
relative to the total global area [53]. From the Early Permian to Changhsingian, the global shallow marine area decreased sharply from 
43 % to 13 %, but it increased again to 34 % in the Early Triassic [48]. This indicates that global regression reached its peak in the Late 
Permian, and a new phase of transgression occurred in the Early Triassic. In the 1980s, with the development of sequence stratigraphy 
theory, the regression during the Late Permian and the transgression during the Early Triassic were further explored [54,55]. Sub
sequently, many scholars believed that the regression ended tens of centimeters or several meters below the PTB, and the new 
transgression had begun at the latest Permian, rather than at the earliest Triassic [56–59]. However, in basin or slope environments, it 
is possible that the relatively deeper water and limited magnitude of sea level fall result in a lack of direct evidence of exposure. As a 
result, the existence of sea level fall events may have been overlooked, which is a thought-provoking issue [60–62]. When studying the 
PTB strata in the southern China, especially in shallow-water carbonate platform depositional areas, it is common to find lithological 
boundary transitions several decimeters to meters below the PTB. In the Laolongdong section, the uppermost part of the Upper 
Permian is characterized by reef limestone, whereas the lowermost part of the Lower Triassic is successively deposited with micrites 
and microbialites [62,63], as well as two sea level falls approximately 0.4 m above and below the PTB [62]. In the Xiushui section, 2 m 
thick microbialite overlies uppermost Permian bioclastic limestone [64]. Yin et al. reviewed more than 20 PTB sections in southern 
China and pointed out that in shallow-water carbonate platforms, Changxing limestone is often covered by several meters thick Upper 
Triassic carbonate microbial rocks [65]. 

In this study, we selected the Beifengjing section in Shapingba, Chongqing in shallow water deposition and the Shangsi section in 
Guangyuan, Sichuan, in deep-water deposition as the research objects. We conducted comprehensive studies of sedimentology, as well 

Fig. 1. Late Permian–Early Triassic paleogeographic map and stratigraphic system of the study area. A, Paleogeography of the world during the 
Early Triassic (modified from Ref. [71]), 70◦ counterclockwise of South China craton relative to its modern orientation; B, Paleogeographic map 
(solid yellow box in panel A) showing the study sites (modified from Refs. [65,72]); C, Simplified chart illustrating the Upper Permian and Lower 
Triassic stratigraphic systems of the Upper Yangtze region (modified from Ref. [73]). Fm. = Formation. 
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as wavelet analysis based on gamma data and Fischer plot, to clarify the changes in sea level in the Upper Yangtze region during this 
period. 

2. Geologic setting and studied sections 

During the Late Permian, strong rifting movements led to the peak eruption of Emeishan basalt, which was called the “Emei 
Taphrogenesis” and had a profound impact on the paleogeographic pattern of the Upper Yangzi region during the Late Permian and 
Early Triassic [66]. There is a significant differentiation of sedimentary facies zones in the Late Permian–Early Triassic of the Upper 
Yangtze region (Fig. 1A and B). The deep-water trough facies zone is primarily composed of dark-colored, thin-bedded siliceous rocks, 
siliceous mudstones, and siliceous limestones, whereas the shallow-water platform facies zone is characterized by bioclastic limestone 
and biogenic reef limestone deposition [67]. The Changxing Formation, as the uppermost lithostratigraphic unit of the Permian, 
generally refers to the carbonate platform sediments below the Lower Triassic in the South China region, which are approximately 
contemporaneous with the Dalong Formation (Fig. 1C). The sedimentary region of the Dalong Formation is also referred to as the 
“siliceous detrital basin” [68]. The Lower Triassic Feixianguan Formation is widely developed in the study area and is in conformable 
contact with the underlying Changxing Formation/Dalong Formation. Based on the analysis of paleobiological fossils and carbon 
isotopes, the age of the Feixianguan Formation corresponds approximately to the Induan stage [69,70]. 

The Beifengjing section is located in Shapingba District, approximately 15 km southwest of Chongqing City center. Its geographical 
coordinates are 29◦29′30″N latitude and 106◦24′06″E east longitude (Fig. 1B). It is tectonically located on the eastern side of the 
southern Zhongliangshan anticline in the Huayingshan fault zone. The upper part of the Changxing Formation is mainly deposited with 
clastic limestone, whereas the lower part of the Feixianguan Formation is mainly deposited with micrite and mudstone. 

The Shangsi section is located approximately 2 km north of Shangsi Township, Jiange County, Guangyuan City, and tectonically 
belongs to the southeast wing of the Kuangshanliang anticline in the Indochinese fold belt of the northern segment of Longmen 
Mountain, with geographical coordinates of 105◦30′25″E and 32◦17′36″N (Fig. 1B). The upper part of the Upper Permian Wujiaping 
Formation is thick-bedded micrite, which is conformably in contact with the overlying Dalong Formation. The Dalong Formation 
mainly deposited micrite, siliceous rock, siliceous limestone, radiolarian chert, siliceous shale and tuff. The lower part of the Feix
ianguan Formation is mainly deposited mudstone, limestone, muddy-limestone, micrite and conglomeratic limestone. The Shangsi 
section was once considered one of the candidate sections for the Global Stratotype Section and Point (GSSP) of the PTB, with good 
exposure and continuous deposition. Furthermore, considerable work has been conducted by predecessors in sedimentology, 
geochemistry, paleomagnetism and paleontology [57,74–80]. 

3. Materials and methods 

3.1. Conodont data collection 

In this study, 56 rock samples were collected from the Shangsi and Beifengjing sections for sedimentological and paleontological 
research. The rock samples were made into thin sectionsand photographed using an optical microscope (Nikon Lv100 pol). 

In addition, 18 rock samples, each weighing approximately 3 kg, were collected from the Beifengjing section for conodont 
biostratigraphy research. The process of obtaining conodont samples is as follows: 1) The collected rock samples were crushed into 
particles with a diameter of 1–2 cm indoors, placed in plastic containers, labeled according to field records, and then soaked in 10–20 
% industrial acetic acid. The samples were rinsed and the acid was replaced approximately every week for approximately five to six 
cycles. Subsequently, the acid-insoluble residues were sieved using a 160-mesh sieve and then dried in an experimental oven at 
80 ◦C–90 ◦C. 2) The dried residues were examined under a binocular microscope to select conodonts. These conodonts were then fixed 
on carrier plates previously coated with a thin layer of latex using a brush. Finally, the carrier plates were placed under a scanning 
electron microscope (SEM) for imaging of each sample. All the above work was conducted at the State Key Laboratory of Oil and Gas 
Reservoir Geology and Exploitation at Chengdu University of Technology. 

3.2. Raw gamma data acquisition 

Rocks generally contain varying amounts of radioactive elements such as uranium (U) and thorium (Th) and continuously emit 
radiation. Natural gamma data can be obtained from instrumental measurements of the natural gamma-ray intensity of rocks. Owing 
to the strong adsorption capacity of clay minerals for radioactive elements, the natural gamma-ray intensity of rocks is directly 
proportional to the clay content. The clay content in sedimentary rocks is influenced by the depositional environment. For instance, in 
environments with rising sea levels and weak hydrodynamic conditions, the clay content is higher, and vice versa. 

The steps to obtain natural gamma data are as follows: 1) A fresh surface of the rock samples on the field outcrop was taken at equal 
intervals of 0.2 m using a geological hammer. Then, 2) a portable gamma energy spectrum detector (model GR135) was used to align 
the fresh surface of the rock for data acquisition, with a sampling time of not less than 60 s. Finally, the gamma value (measured in API 
units) was recorded after the data were stable. A total of 688 data points were collected from the top of the Upper Permian Wujiaping 
Formation to the bottom of the Upper Triassic Feixianguan Formation, spanning a stratigraphic thickness of 137.4 m. 
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3.3. Wavelet analysis and Fischer plot 

The natural gamma curve is formed using multiple signals of different frequencies superimposed together. However, if the original 
gamma curve is used to directly analyze the sedimentary environment and divide the sedimentary sequence, there may be a large error. 
The common means is to transform the original gamma signal using wavelet analysis. After the gamma signal is processed by wavelet 
transform, several signal features of different frequencies can be obtained. The signal mutation point of each frequency represents the 
upper sequence mutation interface on different time scales. Therefore, the sea level change on different time scales can be obtained. 
The common wavelet types are Haar, Daubechies (abbreviated as dbN, where N refers to the wavelet order), Hymlets, Morlet and 
Coiflets. The results produced by choosing different wavelet functions to transform are also different. Zhao Wei et al. concluded that 
db5 wavelet has good applicability in dividing sedimentary cycles by comparing the morphology of wavelets with the morphology of 
logging curves and analyzing the results of different wavelet transforms [81]. In this study, the raw gamma signal is denoised using 
Matlab R2018b software, and then the natural gamma curve of the Shangsi section is transformed using the db5 wavelet, and the 
deposition cycles are divided according to the transformation results. 

The Fischer plot is a graphical method used to represent sedimentary facies changes over time. Instead of the traditional one- 
dimensional lithological columnar diagram, the Fischer plot is a two-dimensional graph with time as the horizontal axis and space
–vertical as the vertical axis (Fig. 2A). Later, Sadler et al. improved this method by using the cycle number as the horizontal axis and 
cumulative departure from the mean cycle thickness (the cumulative sum of the differences between the thickness of each cycle and the 
average thickness of all cycles) as the vertical axis to create a curve plot [82]. This curve represents the trend of accommodation space 
changes. After correcting for sedimentation rates, the resulting Fischer plot can be considered as a sea level change curve (Fig. 2B). The 
reliability of the Fischer plots depends largely on the accuracy of identifying stratigraphic cycles. Sadler et al. recommended using data 
from the thickness of at least 50 sedimentary cycles to obtain a reasonable Fischer plot [82]. 

4. Results 

4.1. Sedimentary characteristics of the Beifengjing section 

The Beifengjing section exposes the upper part of the Changxing Formation and the lower part of the Feixianguan Formation. The 
total thickness of the Beifengjing section is approximately 9 m, with the Changxing Formation having a thickness of approximately 2.3 
m and the Feixianguan Formation having a thickness of approximately 6.7 m. The Beifengjing section is divided into 15 beds from top 
to bottom (Fig. 3). 

Beds 1 to 3 of the Changxing Formation are primarily composed of medium-thick-bedded bioclastic limestone, with subordinate 
mudstone and tuff (Fig. 3B). Bed 1 is a gray bioclastic limestone with undulating topography and is covered by a paleosol bed. Under 
the microscope, it reveals fossils such as gastropods, brachiopods, echinoderms, sponge spicules, fusulinids, bivalves, crinoids, and 
foraminifers (Fig. 4A–D). Bed 2 consists of bioclastic limestone, with severe dissolution occurring in the upper part and filled with 
paleosols (Fig. 3B). Fossil assemblages in this bed include gastropods, bivalves, fusulinids, and crinoids (Fig. 4E–G).In addition, 
conodonts (Clarkina changxingensis and Clarkina sp. Indeterminate) have been found within bed 2 (Fig. 5). Bed 3 is a thick tuff, 
approximately 7 cm in thickness, without observable biogenic fossils, and serves as the boundary between the Changxing Formation 
and the Feixianguan Formation. 

The Feixianguan Formation (beds 4 to 15) is primarily characterized by fine-grained rock sediments, such as limestone, muddy- 

Fig. 2. Cumulative departure from mean cycle thickness as a function of cycle number (Fischer plot) (modified from Ref. [82]).  
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limestone, calcareous mudstone, mudstone, and shale (Fig. 3A and B). The overall fossil content in this formation significantly de
creases. However, beds 4 and 6 still contain a small amount of bioclastic debris (Fig. 4H and I). 

4.2. Sedimentary characteristics, wavelet analysis and Fischer diagram of Shangsi section 

4.2.1. Sedimentary characteristics 
The Upper Permian to Lower Triassic succession at the Shangsi section includes the upper part of the Wujiaping Formation, the 

Dalong Formation, and the lower part of the Feixianguan Formation, with a total thickness of approximately 137 m (Fig. 6). The 
Shangsi section in Guangyuan is enriched with diverse fossil groups, including diverse biota such as foraminifers, fusulinids, ostracods, 

Fig. 3. General lithological column and field outcrop photograph of the Upper Permian–Lower Triassic succession at the Beifengjing section in 
Chongqing. A, Field macroscopic photographs of beds 1 to 11; B, Field macroscopic photographs of beds 11 to 15. In both panels A and B, the solid 
red line is the boundary between the Changxing Formation and the Feixianguan Formation, the dotted red line is the boundary between beds, and 
the dotted yellow line in bed 2 is the residual bioclastic limestone after dissolution. Fm. = Formation. 
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bivalves, ammonoids, crinoids, radiolarians, and conodonts. The distribution of these fossils on the section is closely related to water 
depth variations. Planktonic organisms are predominantly found in the Dalong Formation, whereas benthic organisms are more 
abundant in the Feixianguan Formation. In terms of biostratigraphy, Zhang et al. initially established four conodont zones from bottom 

Fig. 4. Microphotographs from the Beifengjing section. A (bed 1), 1 = fusulinid (Palaeofusulina); B (bed 1), 1 = fusulinid (Codonofusiella), 2 =
bivalve biological fragments that have been replaced by calcite, 3 = gastropoda; C (bed 1), 1 = fusulinid (Palaeofusulina), 2 = foraminifera; D (bed 
1), 1 = foraminifera (Colaniella); E (bed 2), 1 = single crystal structure of a crinoid stem plate, with clear axial canal; F (bed 2), 1 = fusulinid 
(Reichelina); G (bed 2), 1 = fusulinid (Reichelina); H (bed 4), Micrite, containing a small amount of bioclasts; I (bed 6), Micrite, containing 
few bioclasts. 

Fig. 5. Conodonts from bed 2 at Beifengjing. 1, Clarkina changxingensis; 2–4, Clarkina sp. Indeterminate. All samples are Pa elements and each scale 
bar equals 100 μm. 
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to top: Neogondolella changxingensis–N. subcarinata Zone, Anchignathodus (corresponding to Hindeodus) decrescens Zone, A. parvus Zone, 
and Isarcicella isarcica Zone [75]. Based on this, Jiang et al. revised the four conodont zones as the Hindeodus changxingensis Zone, the 
H. parvus Zone, the I. lobata Zone, and the I. isarcica Zone [80]. The first occurrence of H. parvus is situated approximately 20 cm above 
the base of the Feixianguan Formation (Fig. 6), marking the biostratigraphy boundary between the Permian and the Triassic. 

Near the PTB (beds 22–28), we conducted detailed sedimentological research (Fig. 6), and the bed numbers follow the scheme of 
Jin and Huang [73]. The upper part of the Upper Permian Dalong Formation (beds 22–27) mainly consists of radiolarian chert, tuff, 
siliceous limestone, and mudstone. Beds 22, 24, and 26 are radiolarian chert, with abundant siliceous radiolarian fossils observed 
under a microscope (Fig. 7A–C). Bed 23 is tuff, whereas bed 25 is an interbedding of siliceous limestone and tuff. Bed 27 is composed of 
gray-black mudstone (bed 27a) at the bottom, followed by gray-white tuff (bed 27b) and gray-black mudstone (bed 27c) toward the 
top. This bed contains only Permian conodont fossils (Fig. 7D) and microspheres (Fig. 7E). The boundary between beds 27 and 28 
corresponds to the Permian–Triassic extinction event (Fig. 6). At the base of the Feixianguan Formation (bed 28), the dominant 

Fig. 6. General lithological column and field outcrop photograph of the Upper Permian–Lower Triassic succession at the Shangsi section in 
Guangyuan, Sichuan. Fm. = Formation; Thk = Thickness. 
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lithologies are gray mudstones, muddy-limestones, and tuffs, with small gastropods and bivalve fossils present. Bed 28 marks the 
transition to the overlying Feixianguan Formation, characterized by light gray micrites, muddy-limestones, and mudstones, with a few 
bivalve and gastropod fossils (Fig. 7F). 

4.2.2. Wavelet analysis and Fischer plot 
After applying the Daubechies wavelet transform to the original gamma-ray data, 50 high-frequency sedimentary cycles have been 

identified from the top of the Wujiaping Formation to the base of the Feixianguan Formation (Fig. 6). By calculating the difference 
between the thickness of each cycle and the average thickness of all cycles, as well as the cumulative deviation thickness values, a curve 
can be plotted using 50 cycle numbers as the x-axis and cumulative deviation thickness values as the y-axis. This curve represents the 
changing trend of accommodation in the Shangsi section during the Late Permian to Early Triassic, which is roughly equivalent to the 
relative sea level changes during that period (Fig. 8). Owing to the predominance of carbonate rocks in the lithology, no compaction 
correction has been applied to the thickness measurements during plotting. 

Fig. 7. Microphotographs (A–C, F) and SEM images (D, E) from the Upper Permian–Lower Triassic succession at the Shangsi section. A (bed 22), 
Radiolarian chert; B (bed 24), Radiolarian chert, 1 = foraminifera; C (bed 26), Radiolarian chert; D (bed 27a), Fragments of the Permian conodont 
fossils (yellow arrow); E (bed 27c), Microspheres; F (bed 28), Micrite, 1 = gastropods, 2 = bioclasts. 

Fig. 8. Fischer plots illustrating the relative sea level curve of the Shangsi section. From the Late Permian to the latest Permian, an increase in 
accommodation indicates a sea level rise; from the latest Permian to the earliest Triassic, an increase in accommodation indicates a sea level fall. 
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5. Discussion 

5.1. Sedimentary response to sea level fall in the upper Yangtze region during the latest Permian 

5.1.1. Sea level fall at Shangsi and Beifengjing 
Paleosols, nodules, paleokarsts, and breccias are the products of long-term weathering and dissolution of carbonate rocks after 

exposure. In addition, they are also important indicators of sea level fall [83]. At the Shangsi section, we did not find sedimentary 
records indicating a relative sea level fall during the Permian–Triassic transition. However, the approximate left-right symmetry of the 
Shangsi section can be seen from its Fischer plots (Fig. 8), which indicates that from the latest Permian to the earliest Triassic, the 
accommodating increased and then decreased, and the corresponding relative sea level increased and then decreased, with the 
maximum sea flooding surface occurring at cycle number 30.That is, the relative sea level in the Shangsi area began to fall from the 
latest Permian and continued until the earliest Triassic. 

In the Beifengjing section, two paleo-exposure events were identified just below the Permian –Triassic lithostratigraphic boundary 
(Fig. 9). The first paleo-exposure event occurs at the top of bed 1, exhibiting wave-like undulating structures formed by erosion. It is 
covered by thick-bedded paleosols of approximately 0.3 m in thickness (Fig. 9A). Under microscopic examination, the original 
components are observed to have undergone dissolution and were subsequently filled with dark organic matter (Fig. 9C) and coarse- 
crystalline calcite (Fig. 9D). The second paleo-exposure event is observed in bed 2, characterized by evident paleokarst features 
(Fig. 9B). The eroded portions were filled with paleosols of approximately 0.5 m in thickness (Fig. 9B), and microscopic analysis 
reveals original components dissolved and were later filled with dark organic matter, along with residual structures that were not 
dissolved (Fig. 9E). 

Based on the Chongqing Beifengjing section, at the top of the thick bedded bioclastic limestone (bed 1), the presence of Clarkina 
changxingensis and Clarkina sp. indeterminate allows the determination of the first sea level fall occurring during the latest Permian. For 
the second paleo-exposure event, although conodont data are lacking, representative latest Permian biota such as Palaeofusulina and 
Colaniella are observed in the residual bioclastic limestone formed because of paleokarst. Moreover, no latest Permian fossils are found 
in the overlying strata, indicating that this sea level fall also occurred during the latest Permian. Therefore, it is concluded that there 
were two relative sea level falls in the Chongqing Beifengjing area during the latest Permian. 

5.1.2. Sea level fall in the Yangtze region 
In recent years, multiple sections in the Upper Yangtze region and other areas of South China have reported evidence of sea level 

fall during the latest Permian. These sections (Fig. 1B) include Longdong, Beibei [62], Jianshuigou, Huayingshan [61], Xiushui [84], 
Jiangya, Cili [85], Ziyun [60], Moyang [86], and Dawen, Luodian [87]. These sections provide clear sedimentological and paleon
tological evidence of sea level fall, such as erosion surfaces, paleo-exposure surfaces, and sedimentary hiatuses. Based on the conodont 
data provided by some of these sections, the timing of sea level fall during the latest Permian varies across different regions, likely 

Fig. 9. Macroscopic and microscopic characteristics of the paleo-exposure events in the Beifengjing section. A (bed 1), First paleo-exposure event, 
erosion surface exhibits a wavy and undulating pattern (red dotted line), overlain by paleosols; B (bed 2), Second paleo-exposure event, visible 
undissolved residual bioclastic limestone (red arrow) in paleosols; C (bed 1), Original components have undergone dissolution and subsequently 
filled with dark organic matter. D (bed 1), Original components have undergone dissolution and subsequently filled with coarse-crystalline calcite. E 
(bed 2), Original components dissolved and were later filled with dark organic matter, along with residual structures that were not dissolved. 
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because of regional paleogeographic differences [84]. 
According to the study conducted by Luo et al. on drilling cores in the southern part of the Sichuan Basin, paleokarst development 

occurred in the Changxing Formation, resulting in a paleokarst unconformity at the top of the Changxing Formation [88]. The key 
factor leading to the formation of the paleokarst in the Changxing Formation in this area was long-term exposure and dissolution 
caused by a significant sea level regression during the latest Permian. According to Wu et al., the research on the Changxing Formation 
reefs in the Beibei area (approximately 10 km from Beifengjing) revealed the presence of at least two paleo-exposure surfaces with 
karstification at a level equivalent to the Beifengjing section [89]. The first paleo-exposure surface is located at the boundary between 
the reef cap and the overlying strata, whereas the other one is situated at the top of the reef, just above the boundary with the Lower 
Triassic Feixianguan Formation. On the top surface of the reef cap, there are karst caves with a depth of approximately 1 m, which are 
filled with light yellowish-green paleosols [89]. Similarly, Zhou et al. discovered three ancient exposure surfaces near the boundary in 
the Jiandishuigou section of Huayingshan. The identifying features of these surfaces are ancient karstification, weathered residual 
paleosol beds, and ferruginous residual limestone beds [61]. Based on the first appearance of the conodont species Hindeodus parvus, 
the first paleo-exposure surface is believed to have occurred during the Late Changxingian, whereas the next two occurred during the 
Early Griesbachian [61]. When studying the Dawen section in Luodian, Guizhou, Liu et al. found a relative sea level fall event in the 
Isarcicella staeschei Zone to the I. isarcica Zone [87]. After that, the sea level began to rise rapidly. The section exhibits sedimentary 
hiatus, with at least equivalent beds missing from the 24e to 27b beds of the Meishan section (GSSP of PTB at Meishan, Zhejiang) [87]. 

The research conducted by Wu et al. on the Early Triassic microbialites in Laolongdong section of Beibei, Chongqing, revealed the 
presence of two sea level fall events near the boundary [62]. The first regression occurred approximately 0.4 m below the PTB and was 
associated with wave-like erosional surfaces. The second regression appeared approximately 0.4 m above the PTB and exhibited a 
greater degree of erosion, forming irregular erosional surfaces with height differences of up to 0.3 m. Furthermore, Wu et al. also 
studied the Jiangxi Xiushui and Guizhou Ziyun sections, and their results indicated the presence of two sea level fall events near the 
PTB [84]. However, the corresponding sea level fall events occurred at different positions compared with the Laolongdong section. In 
the Ziyun section, the two regression events occurred at depths of approximately 1.7–2.4 m below the PTB and at the bottom of the 
Hindeodus parvus Zone. In the Xiushui section, both sea level fall occurred below the PTB, with the first one at a depth of 3.1 m below 
the PTB and the second one at approximately 1.1 m below the PTB. According to Zheng et al., their study on the sedimentary envi
ronment near the PTB at the Cili Jiangya section in Hunan province indicated a rapid and substantial relative sea level fall at the 
uppermost part of the Dalong Formation [85]. Subsequently, from the base of the Daye Formation upward, the relative sea level 
gradually rose, signifying a transition in the sedimentary environment from a deep-water basin to a shallow-water carbonate platform 
[85]. In summary, although evidence of sea level fall has been found near the PTB in multiple sections in South China, the number and 
levels of sea level fall events vary among different sections. Wu et al. explained this phenomenon as a result of sea level fall occurring at 
different times in different sedimentary environments [84]. The timing differences are likely influenced by variations in ancient 
topography, where higher elevations experience sea level fall events earlier than lower areas. Modern monitoring data on sea level 
changes also show significant regional differences, such as faster sea level rise in the mid-Atlantic region compared with the North 
Atlantic and Maine Bay [90]. 

Yin et al. conducted a comprehensive study of biostratigraphy and sea level changes in over 20 sections across South China. They 
concluded that a widespread regression occurred at the end of the Permian in the entire South China region, leading to sedimentary 
hiatuses on shallow-water carbonate platforms in the Hunan–Guizhou–Guangxi basin. The lowest sea level was determined to be 
around the time of the Clarkina meishanensis and Hindeodus changxingensis Zones, which is well correlated with the main episode of the 
EPME [65]. 

Based on the research conducted on the Shangsi and Beifengjing sections in this study, along with previous research findings, it can 
be concluded that there was a relative sea level fall during the latest Permian in the Upper Yangtze region and even in the South China 
region. Furthermore, this sea level fall persisted until the earliest Triassic. 

5.2. Implications of the latest Permian regression for mass extinctions 

Reviewing the five major and several smaller biological extinction events during geologic history, it is easy to see that most of the 
biological event extinctions coincide highly in time with sea level rise and fall turning points. That is, almost all mass species ex
tinctions are associated with rapid fluctuations in sea level on a global scale [52]. Slow changes in sea level may have a negligible effect 
on organisms, but rapid and large sea level falls or rises may result in the turnover or even extinction of some species of organisms [52, 
53]. 

Although extensive regression events occurred in the Upper Yangzi region, as well as in other parts of South China at the latest 
Permian, the relationship between sea level fall and biological extinction requires further discussion. The argument that sea level fall 
leads to extinctions is based on the massive loss of shallow marine habitats [91], which is disputed by Erwin [53], who argues that the 
species-area effect cannot be directly applied to past geohistoric periods and marine environments. He also points out that the 
species-area effect focuses more on the regional diversity of habitats within a region rather than on the absolute size of the habitat. In a 
similar vein, explanations of the first phase of the late Ordovician extinction have tended to focus on the rapid global cooling as the 
primary cause of the extinction rather than emphasizing the reduction in the area of shallow marine shelters [92]. The biotic extinction 
event at the end-Guadalupian may, to some extent, be related to a significant sea level regression [93,94]. However, the environmental 
impact of contemporaneous volcanic activity in the Emeishan Large Igneous Province cannot be underestimated [95,96]. 

Based on the evidence from the Chongqing Beifengjing section regarding the two sea level regressions and biotic abundance, it can 
be observed that after the first sea level regression, there was not a significant change in biotic abundance. After the second sea level 
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regression, representative Permian organisms such as fusulinids completely disappeared, and only a very small amount of biotic fossils 
were found in the lowermost part of the Feixianguan Formation. Therefore, solely relying on the reduction in shallow marine habitat 
caused by sea level fall appears insufficient to explain the EPME. This is because the inferred difference in sea level regression 
magnitudes based on the thickness of paleosol beds filled in the strata is very small. However, the first sea level regression did not cause 
mass extinction, but likely impacted some species (e.g., Colaniella, Codonofusiella). Furthermore, during the Late Guadalupian, there 
was a globally significant and substantial sea level fall, lowering sea levels to their lowest position during the Phanerozoic era [97,98]. 
However, the largest mass extinction event in geological history occurred at the latest Permian, not during the Late Guadalupian. 

Examining the Shangsi section, the relative sea level regression event spans across the PTB and continues until the earliest Triassic. 
There are multiple tuff beds (beds 22 to 28) in the P-T strata (Fig. 6), which have been proven to have a volcanic origin [57,99–101]. 
This indicates that there were at least several episodes of volcanic activity during the regression period. In the Beifengjing section, a 
tuffaceous bed with a thickness of approximately 7 cm was deposited at the top of the Changxing Formation (bed 3), indicating that the 
Beifengjing area was also influenced by volcanic activity. Similarly, in the Upper Yangtze region and other parts of South China, 
volcanic tuff beds are also present near the PTB in multiple sections, suggesting that South China was widely affected by volcanic 
activity during the latest Permian. Volcanic activity and frequent wildfires [102] accelerate the input of terrigenous debris into the 
ocean, leading to the deterioration of the marine environment (e.g., soil-induced turbidity, eutrophication and anoxia) [103,104]. 
After studying six PTB sections in southern China, Tian et al. concluded that enhanced terrestrial input, anomalous ocean circulation, 
and various geochemical processes led to fluctuations in carbonate saturation, which were sedimentary responses to volcanic eruptions 
[105]. In three sections of the Nanpanjiang Basin, a “foram gap” and concurrent “detrital events” are observed, occurring before the 
EPME. This reflects the instability of marine environments on the eve of the EPME [106]. 

Based on the analysis above, a model is hypothesized to explain the EPME, suggesting that there was a sea regression and frequent 
volcanic activity during the latest Permian, resulting in extensive exposure of shallow ocean areas. This led to the deterioration of 
marine environments due to the influx of terrigenous debris, increasing the survival pressure on marine organisms. Because the 
occurrence of the EPME is complex, other factors driving the EPME cannot be ruled out. 

6. Conclusions 

We used sedimentology, wavelet analysis, and Fischer plots to analyze the relative sea level changes in the Shangsi and Beifengjing 
sections. We discussed their implications on the EPME and derived the following key conclusions.  

(1) During the latest Permian, there was a sea level fall in the Yangtze region. In the Beifengjing section, located in a carbonate 
platform sedimentary environment, two paleo-exposure surfaces were observed at the top of the Changxing Formation. These 
surfaces exhibit karstification and are filled with paleosols, representing two episodes of relative sea level fall. In the Shangsi 
section, situated in a relatively deep-water sedimentary environment, the Fischer plot analysis also indicates that the relative 
sea level began to fall at the latest Permian and continued until the earliest Triassic.  

(2) The reduction of shallow marine habitat caused by sea level fall cannot cause mass extinctions. However, sea level fall can 
increase the input of terrestrial debris into the ocean, leading to the deterioration of the marine environment. During the sea 
level fall period, the South China region experienced frequent volcanic eruptions. The combined adverse effects of volcanic 
eruptions, sea level fall, and other events exceeded the threshold for biological survival, resulting in the catastrophic EPME. 
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