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The divergent patterns of Permian–Triassic mass extinction (PTME) have been extensively documented in varying water depth settings. We here investigated fossil assemblages and sedimentary microfacies on high-resolution samples from two adjacent sections of the South China Block: Chongyang from shallow-water platform and Chibi from deeper-water slop. At Chongyang, abundant benthos (over 80%), including rugose corals, fusulinids, calcareous algae, and large foraminifers, disappeared precipitously at the topmost of Changxing Formation grainstone, which suggested complete damage of the benthic ecosystem, confirming a sudden single-pulse extinction pattern. The end-Permian regression, marked by a karst surface, provided a plausible explanation for this extinction pattern. Whereas for the fauna in Chibi, the benthos was relatively abundant (20%–55%) with more trace fossils and lacking calcareous algae. Benthic abundance in Chibi reduced by two steps at the two claystone beds (Beds 10 and 18): bioclastic content dropped from an average of 50% in Beds 1–9 to 10% in Beds 11–17 and then to less than 5% in Beds 19–23, suggesting a two-pulse extinction. At the first pulse, large foraminifers were prominent victims in both shallow- and deeper-water settings. A plausible survival strategy for small-sized foraminifers was to migrate to deeper water to avoid extreme heat in shallow water. The early Triassic transgression prompted some small foraminifers to migrate back to original platforms and flourish briefly as disaster forms. At the Early Triassic mudstone with bottom-water settings in Chibi, the appearance of abundant small pyrite framboids (diameters of 4.74–5.96 μm), an indicator of intensified oxygen deficiency, was simultaneous with the two-step reduction of benthic diversity and abundance. Thus, anoxic conditions might be the main cause of the PTME at deeper-water settings. Our study is an example of the wider debate about biotic response to rapid environmental change for both the Permian–Triassic transition and modern days.
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1 Introduction

Mass extinctions were defined as the substantial increase in loss of taxon during a relatively short interval of geologic time, in other words, extinction rates significantly above background levels (Raup and Sepkoski, 1982; Sepkoski, 1986; Hallam and Wignall, 1997). They occurred five times in the past 600 million years (Myr) of Earth’s history, known as the “Big Five,” each resulting in the loss of 75%–96% of marine species biodiversity (Raup and Sepkoski, 1982; Erwin et al., 2002; Rong and Fang, 2004; Fan et al., 2020) and alteration of ecosystem structures (Aberhan and Kiessling, 2015). Current declines of biodiversity were about 1,000 times the background rate of extinction throughout geological time (Pimm et al., 2014), which may approach or exceed the magnitude of previous extinction events (Ceballos and Ehrlich, 2018). Thus, it has been suggested that Earth might be entering the sixth mass extinction (Ceballos et al., 2017; Cowie et al., 2022). While marine biodiversity decreases, the ocean system is experiencing great changes, including sea surface temperature rising (Seager et al., 2019), dissolved oxygen concentration declining (Breitburg et al., 2018), and seawater acidification (Ishida et al., 2021). The well-known Permian–Triassic mass extinction (PTME) might have been documented all these changes in modern oceans (Rong and Fang, 2004). The PTME was the severe biotic crisis of the “Big Five” (Erwin et al., 2002), resulting in the disappearance of over 80% skeletonized marine species in less than 0.03 Myr (Fan et al., 2020). Approximately >5 Myr after the crisis, the collapsed marine ecosystems did not fully recover until the beginning of the Middle Triassic (Algeo et al., 2011), indicating a significant transition in marine ecosystems from Paleozoic- to Mesozoic-type communities (Algeo et al., 2011; Song et al., 2018). Meanwhile, the terrestrial ecosystem changeover also took place nearby the Permian–Triassic boundary (PTB) (Benton and Newell, 2014; Yu et al., 2015; Zhu et al., 2020). The terrestrial ecological disturbance probably started 60,000–370,000 years before that in the ocean (Dal et al., 2022), however, the enhanced terrestrial input likely corresponding to the marine mass extinction (He et al., 2010; Benton and Newell, 2014). Nevertheless, discriminating the pattern and causes of the marine ecosystem collapse during the PTME can help us better understand the impact of rapid global warming on the ecosystems in both today and future crises.

Multiple studies on PTME have been conducted in various paleogeographical settings (e.g., Jin et al., 2000; Shen et al., 2011; Song et al., 2012; Liu et al., 2020; Li et al., 2021), but many aspects of the extinction, including its pattern and triggers, have long been disputed. Jin et al. (2000) proposed that the PTME occurred at the end-Permian as a single abrupt event based on 329 marine invertebrate species from the Meishan section in the South China Block (SCB). Yin et al. (2007) suggested a three-pulse pattern of PTME: a prelude extinction, main extinction, and the post-extinction event based on fossil records in various Permian–Triassic (P–Tr) boundary sections in the SCB. Conversely, Song et al. (2012) and Xie et al. (2005) suggested that the extinction crisis was divided into two episodic pulses from fossil records of various taxa in the Meishan section. A closer study of foraminiferal assemblage at the Liangfengya section revealed that foraminifers had two extinction pulses spanning the P–Tr boundary (Liu et al., 2020). Li et al. (2021) also found two extinction levels among benthic organisms at the Liangfengya section.

Numerous potential triggers for this crisis have been identified: rapid global warming (Sun et al., 2012), seawater anoxia/euxinia (Grice et al., 2005; Meyer et al., 2008; Hülse et al., 2021), sea-level changes (Hallam and Wignall, 1999; Ruban, 2020), and marine acidification (Payne et al., 2010; Clarkson et al., 2015). The most widely devastating mechanism was multiple environmental triggers that began with large igneous province eruptions, such as Siberian Traps (Black et al., 2012; Burgess et al., 2017; Joachimski et al., 2019; Kaiho et al., 2020), or Paleotethys ocean volcanism (Yin and Song, 2013).

However, the research on potential triggers of PTME could be affected indirectly by the uncertainty of the PTME process. Li et al. (2021) recently proposed that the two phases of PTME had different environmental triggers in the Liangfengya section. Their data confirmed that oxygen deficiency was key in the second pulse of PTME; however, the first pulse might have been triggered by other environmental factors such as high and oscillating temperatures (Sun et al., 2012) rather than an anoxia event (Isozaki, 1997; Grice et al., 2005).

Extinction patterns among benthos varied between shallow- and deep-water facies according to previous PTME investigations (e.g., Groves et al., 2005; Shen et al., 2006; Chen and Benton, 2012). To examine the intrinsic connection about various extinction patterns among environments of different water depths, we here investigated the lithologic succession and benthonic assemblages from Late Permian to Early Triassic in two adjoining sections. We further discussed the extinction patterns, possible environmental triggers, and survival mechanisms during the PTME. This investigation of biotic response to rapid environmental changes can help us better understand the extinction and survival process, including modern-day global environmental disasters.


2 Paleogeography and Sedimentary Background

During the Late Permian to the Early Triassic, the SCB was located near the paleoequator, in the eastern Paleotethys Ocean, where the shallow-water Yangtze Platform was separated by several deep-water siliciclastic basins (Figure 1). In the past two decades, attention was focused on the sedimentary successions in SCB. The huge exposures, length of the sections, and improved chronology provided a good opportunity to track environmental changes and restoration of benthic ecosystems during the P–Tr transition.




Figure 1 | Changhsingian paleogeographic map showing the location of the sections investigated. (A) Global map revised from Scotese (2001). (B) Base map of the South China Block revised from Wang and Jin (2000). (C) Field outcrop of the Chongyang section showing the lower part of the microbialite unit and Late Permian grainstone near the P–Tr boundary. (D) Field outcrop of the Chibi section in Xianning city showing the P–Tr transition sequence. MEH, mass extinction horizon; SCB, South China Block; CB, Chibi section; CY, Chongyang section; LLD, Laolongdong section; MS, Meishan section.





2.1 The Chongyang Section

The Chongyang section (114°20′16″E, 29°39′08″N), located at Dashi village of Chongyang County southeast of Hubei Province (Figure 1B), has been described by Wang et al. (2005). The P–Tr boundary successions are well exposed, making it easy to identify the mass extinction horizon (MEH) (Figure 1C). On the outcrop, the coral reef framestone and skeletal grainstone are visible in the lower part of the section (Yang et al., 2011), yielding foraminifera Palaeofusulina sinensis. The skeletal grainstone under the MEH is Late Permian in age on the basis of Palaeofusulina. The Late Permian grainstone contains more than 80% (relative to the sediments) fossils, including rugose corals, fusulinids, calcareous algae, foraminifers, crinoids, bryozoans, brachiopods, and several other metazoan fossils. On the top of the skeletal grainstone is now an undulating paleokarst surface, capped with weathering and erosion residual products (Wang et al., 2019). The paleokarst surface formed widely at the shallow platform of the SCB (Ezaki et al., 2003; Wu et al., 2010; Kershaw et al., 2012) due to its exposure by the end-Permian regression (Yin et al., 2014). The overlying microbialite unit (MU) is characterized by thrombolite and dendrolite, which differ distinctly from Late Permian skeletal grainstones. Yang et al. (2006) elucidated the composition and structure of microbialite ecosystems in the Chongyang section following the PTME. The MU lies on Permian skeletal grainstones and is overlain by thin-bedded micrites up to 8.5 m thick (Figure 2). The upper part of MU has several layers of molluskan grainstone. There is a regression hiatus between the Upper Permian Changxing Formation and the MU (Yin et al., 2014).




Figure 2 | Columnar sections of P–Tr successions of the Chongyang and Chibi sections. Conodont zonation of the Chongyang section from Yang et al. (2006) and Wang et al. (2019). The δ13Ccarb of the Chongyang section from Wang et al. (2019). CZ, conodont zones; C., Clarkina; I., Isarcicella; MEH, mass extinction horizon; PTB, P–Tr boundary.



Despite the fact that conodont fossils such as Hindeodus parvus, Hindeodus typicalis, and Hindeodus latidentatus had been found in the middle MU (Yang et al., 2006), more comprehensive work from various sections indicated that conodont fossil H. parvus was actually preserved at the bottom of the MU (Jiang et al., 2014; Wang et al., 2016). Therefore, the P–Tr boundary in the Chogyang section was allocated to the bottom of the MU in this study, and the MU was assigned to the H. parvus Zone (Jiang et al., 2014; Wang et al., 2016).



2.2 The Chibi Section

The Chibi section (113°49′13″E, 29°42′01″N) is located at Fenghuang Mountain in southeast Hubei Province. This section is positioned in the transitional zone between the Yangtze Platform and the northern marginal deep siliceous basin during the P–Tr transition (Figure 1; Feng et al., 1996). A deep siliciclastic deposition exists in the northern area to Chibi, such as Daye or Huangshi (Wang and Xia, 2003). The southern area consists of a shallow-water carbonate platform (Liu et al., 2010).

The particular paleogeographic setting resulted in the formation of a distinct sedimentary sequence within the P–Tr interval (Figure 2). The Upper Permian Dalong Formation (Beds 1–9) is characterized primarily by a sequence of thin- to medium-bedded bioclastic packstones interlayered with a small amount of siliceous thin beds. Packstones contain benthic fossils, such as foraminifers, calcareous algae, and echinoderms. The PTME occurred at the base of the first claystone (Bed 10), where a diversified benthic assemblage disappeared, which was dominated by small foraminifers and calcareous algae (Deng et al., 2015). Numerous siliceous beds had accumulated during the first MEH (MEH 1) in the Dalong Formation, indicating increased volcanism (Wang et al., 2019). The fine-grained lithologies of the overlying Daye Formation include micrites, marls, mudstones, and claystones, with sparse bivalves and ammonoids. Abundant small pyrite framboids in Beds 11–21 suggested a low oxygen level in bottom waters (Wignall and Hallam, 1996).

Although no identifiable conodont had been found to confirm the P–Tr boundary of the Chibi section, the Bed 25 “boundary clay” of the Meishan section, known as the Global Stratotype Section and Point (GSSP) for the P–Tr boundary (Yin et al., 2001), had been considered to be a reliable marker of P–Tr boundary (Peng and Tong, 1999). Bed 10 of the Chibi section can be compared to it based on the first appearance of the basal Triassic marker, the bivalve Claraia wangi (in Bed 17), C. stachei (in Bed 21), and the ammonoid Hypophiceras (in Bed 18) (Figure 3). Based on biostratigraphy, a large excursion of carbon isotope is a useful indicator of stratigraphic correlation (Song et al., 2012). The first negative shift was recorded at Bed 13 and a weaker positive shift is recorded at the lower part of Bed 14 of the Chibi section (Figure 2). Thus, the P–Tr boundary is located in the middle of Bed 13 (i.e., 94 cm above the first claystone of the Daye Formation base).




Figure 3 | The Early Triassic marker, bivalves and ammonoids of the Chibi section. (A) Claraia wangi from Bed 17. (B) Claraia stachei from Bed 21. (C) Hypophiceras sp. from Bed 18.






3 Methods


3.1 Fossil Assemblage

Bioclastic was investigated under the microscope to examine the taxonomic composition of fossils. In each sample, calcareous algae, fusulinids, non-fusulinid foraminifers, bivalves, gastropods, ostracods, echinoderms, and microbes were classified according to guidelines of Flügel (2004). The changes of these fossil groups were recorded across the P–Tr boundary in the carbonate platform. A quantitative statistical method that was introduced by Payne et al. (2006) for bioclastic grains, i.e., a Figure of 500 points (or 300 points in some cases) was chosen to determine the contents of bioclastic grains, with an error of ±2.5% (Wen and Liu, 2009).



3.2 Microfacies Analysis

The analysis of carbonate microfacies was carried out according to standardized microfacies (SMF) and the depositional pattern (Flügel, 2004), focusing on fossil fragments and lithologic characters from both outcrops and thin sections. During the fieldwork, macrofossils, lithologic characters, and sedimentary structures were observed on outcrops. Small fossil fragments and other microlithologic characters in thin sections were examined under a polarizing microscope. The content of fossil fragments was calculated using the methodology by Payne et al. (2006).



3.3 Pyrite Framboid Analysis

Thirty vertically oriented samples with ca. 2 × 2 cm2 in size across the P–Tr boundary in the Chibi section were selected to analyze size distributions of pyrite framboid for the study of redox conditions. Three samples from packstone of the Upper Permian Dalong Formation, 18 from the thin-bedded mudstone/marlstone of the P–Tr “transitional beds,” and five from the Lower Triassic Daye Formation were investigated. Initially, each sample was polished for petrographic observation under a microscope. Pyrite framboids of each polished sample were measured in situ using an FEI Quanta 200 scanning electron microscope (SEM). A minimum of 120 pyrite framboids were measured for each sample wherever appropriate: this quantity was considered sufficient for the statistical analysis with an error less than 10% (Wilkin et al., 1996).




4 Results


4.1 Fossil Assemblage and Microfacies of the End-Permian

The sedimentary sequence at the Chongyang section starts with gray thick-bedded bioclastic grainstones belonging to the Upper Permian Changxing Formation, yielding foraminifer Palaeofusulina sinensis. Thin-section data revealed that the Changxing Formation was mostly made up of skeletal grainstones cemented by sparite calcite, and that calcareous algae, fusulinids, non-fusulinida foraminifera, ostracods, gastropods, coral, bryozoan, and echinoderms were well-preserved fossil grains (Figure 4A). The biotic abundance was extremely high with an average of 66% (Figure 4B) and could come out >80% in some samples, implying a turbulent shallow-water platform environment. Furthermore, a number of fusulinids were identified in thin sections (Figure 5), indicating that the water depth was about 20–30 m (Yu, 1989). The foraminiferal assemblage was similar to those examined on shallow-water platforms elsewhere in the SCB, where Reichelina, Cribrogenerina, and Palaeofusulina were commonly abundant (Yang et al., 2011). The cement was largely composed of sparite and contained no micrite, indicating a high water-energy content. The presence of abundant algae and coral indicated that the seafloor was within the euphotic zone (Figure 4A). The diverse benthic community preserved in the Permian bioclastic grainstone of the Chongyang section indicates a well-oxygenated water column (Groves et al., 2005).




Figure 4 | Micropetrologic characters (A) and percentages of fossil assemblages (B) of bioclastic grainstones from Bed 1 in the Chongyang section before the PTME. Br, Bryozoa; Ca, Calcareous algae; Co, Coral; Ec, Echinodermata; Fo, Non-fusulinida foraminifera; Fu, Fusulinida.






Figure 5 | Foraminifers from Bed 1 of the Chongyang section before the PTME. (A) Nankinella orientalis; (B) Sphaerulina crassispira; (C) Reichelina purlchra; (D) Reichelina media; (E) Climacannina spathulata; (F) Paraglobivalvulina piyasini; (G) Palaeotextularia longiseptata; (H) Cribrogenerina prosphaerica; (I) Ichthyofrondina palmata; (J) Poatendthyrasp.; (K) Pachyphloia ovata; (L) Globivalvulina sp.; (M) Earlandia sp.; (N) Frondina permica; (O–S) Diplosphaerna inaequalis. Scale bars in panels (A–I) are 200 μm in length and in panels (J–S) are 100 μm.



Microfacies type of Bed 1 was diagnosed in comparison with SMF, which was similar to SMF 18 (Flügel, 2004). According to the sedimentary model (Flügel, 2004), the Chongyang section was located in a typical shallow-marine carbonate platform environment with relatively high water-energy during the Late Permian Changhsingian.

The sedimentary sequence of the P–Tr interval at the Chibi section started with a dark gray thin-bedded bioclastic packstone with siliceous interbeds belonging to the Upper Permian Dalong Formation. The Dalong Formation was mainly composed of bioclastic packstone cemented by sparite calcite according to thin section (Figure 6A). Well-preserved fossils, such as calcareous algae, fusulinida, non-fusulinida foraminifera, and gastropods, had easily identified taxonomic traits and a weak orientation. The diversity was moderate, and the biotic abundance was relatively high, ranging from 20% to 55% (Figure 6B). These foraminifera fragments, such as Reichelina, Earlandia, and Diplosphaerina, have small particle sizes, ranging from 100 to 200 μm (Figure 7).




Figure 6 | Micropetrologic characters (A) and percentages of fossil assemblages (B) of bioclastic packstone from Bed 5 in the Chibi section before the PTME. Ca, Calcareous algae; Fo, Non-fusulinida foraminifera.






Figure 7 | Foraminifers from the Chibi section before the PTME. (A) Poatendothyra tenuis; (B) Dagmarita sp.; (C) Nodoinelloides neischajewi; (D) Rectocornuspira kalhori; (E) Globivalvulina sp.; (F) Ammovertella sp.; (G) Hemigordius sp.; (H) Dagmarita chanakchiensis; (I) Reichelina changhsingensis; (J) Reichelina matsushitai; (K) Earlandia sp.; (L–O) Diplosphaerina inarqualis. Scale bars in panels (A–K) are 100 μm in length and in panels (L–O) are 50 μm.



The Chibi section was dominated by benthos, in contrast to the typical deep-water silicalite basin characterized by planktonic radiolarian fossils (Meng et al., 2014). Those benthos were different from that of the Chongyang section, which is a typical shallow platform section in the Late Permian with a lower diversity. A few broken fragments of calcareous algae were found in thin sections (Figure 6A), which might have originated from the southern carbonate platform in shallower water (Deng et al., 2015). The cement was mainly composed of micrites and few sparites, indicating that water-energy was relatively low. Therefore, this microfacies resembles SMF 5 (Flügel, 2004). We inferred that the Chibi section was located at the bathyal outer slope between the shallow-water platform and the deep-water basin, slightly deeper than Meishan, during the end-Permian.

Multiple trace fossils were found in the bioclastic wackestone of Bed 6, about 2 m below the MEH 1 (Figure 8). The majority of these trace fossils were burrows several centimeters long. The abundance of burrows indicated that the seafloor was suitable for the life of benthic surface organisms and benthic endophytic burrowing organisms (Chen et al., 2015). The microfacies belong to SMF 9-BIOTRUB “burrowed bioclastic wackestone,” which was found on the deep-water shelf (Flügel, 2004). Considering a few broken algae fragments and fecal pellets, we proposed that the seafloor should be below the photic zone with a water depth of 100–200 m.




Figure 8 | Trace fossil (burrow) and fecal pellets from Bed 6 of the Chibi section before the PTME. (A) The cross-section of a burrow and the well-demarcated boundary (dotted line). Panels (B, C) are the magnified images from the two white boxes in panel (A).





4.2 Fossil Assemblage and Microfacies During the Permian–Triassic Interval

Microbialites dominated the shallow platform of the SCB during the Early Triassic transgression directly after the end-Permian regression, representing a disaster biota due to the lack of skeletal organisms (Wang et al., 2005). The MU comprised a series of microbialite forms in the Chongyang section (Wang et al., 2019). Numerous metazoan fossils were found within the MU, including small foraminifera, microgastropods, and ostracods (Yang et al., 2011), all of which exhibited varying and had low diversity. One remarkable feature of microbialite is well-preserved calcified cyanobacteria (Figure 9A), reflecting an absence of metazoan predation. The microfacies was similar to that of SMF 21 (Flügel, 2004). The microfacies of Bed 2 belong to SMF 21-PORO, which was formed in very shallow supratidal environments, such as restricted or evaporitic lagoons. The microfacies of Beds 3 and 4 belong to SMF 21-PORO, which was formed mostly in shallow subtidal or intertidal environments.




Figure 9 | (A) Spherical calcified cyanobacteria and small foraminifera Earlandia sp. of the microbialite from Bed 3 in the Chongyang section. (B) Micropetrologic characters of Bed 5 in the Chongyang section, including poorly sorted ooids within the micrite matrix. The legend is consistent with that of Figure 4. C, cyanobacteria; E, Earlandia sp.; O, ooids.



Following the thrombolite disappearance, an oolitic packstone was deposited. These packstones consisted of poorly sorted ooids within the micrite matrix (Figure 9B). The rapid transition from thrombolite facies to an oolitic facies indicated a significant change in the marine environment. Majority of modern marine ooids are found in warm waters and wave/current churned settings (Diaz et al., 2015), such as the Great Bahama Bank (Harris et al., 2019), while poorly sorted ooids are in more tranquil environments (O'Reilly et al., 2017). The microfacies were similar to that of SMF 15 (Flügel, 2004). Modern stromatolites were reported mainly in Shark Bay and Bahamas in middle America, where the most prevalent water depths range from intertidal to 10 m (Chivas et al., 1990; Reid et al., 1995). We infer that this type of microfacies was formed in a relatively low water-energy environment along the platform margin and was the result of further deepening in the water depth during the Early Triassic transgression (Kershaw et al., 2012).

The lower part of Daye Formation (Beds 11–14) comprised dark thin-bedded fine-grained lithologies, including micrites, marls, mudstones, and claystones on outcrops. Bioclastic content was found to be very low, ca. 5%~10%, with a few small foraminifers, echinoderms, gastropods, and ostracods in thin sections (Figure 10A). Small pyrite framboids were relatively common. The microfacies was similar to SMF 8 (Flügel, 2004). This microfacies is common both in the deep open shelf and in shallow lagoons. The micritic matrix indicated a restricted low-energy environment. Thus, we inferred that the microfacies formed in tranquil subtidal facies. However, some echinoderm and small gastropod fragments occasionally have been found in Beds 15–17 (Figure 10B). Bioclastic content was higher than 25% and mainly composed of small gastropods and ostracods. This microfacies belonged to SMF 8 (Flügel, 2004). Accordingly, we inferred that this microfacies was formed in the deep shelf with a low water-energy, standing for the subtidal facies.




Figure 10 | Micropetrologic characters and fossil assemblages of micrites in the Chibi section during the PTME interval. (A) From Bed 11. (B) From Bed 15. The legend is consistent with that of Figure 4. Ec, Echinoderm; Ga, gastropod; Os, ostracod; G., Geinitzinasp.; H., Hemigordius spp. The legend is consistent with that of Figure 4.





4.3 Fossil Assemblage and Microfacies of the Early Triassic

The topmost of the Chongyang section (Bed 6) comprised of gray medium- to thick-bedded micrites on outcrop. Rare fossil fragments were observed in thin sections under the microscope, but pyrite framboids were relatively common (Figure 11A). The microfacies was similar to that of SMF 9 (Flügel, 2004). For the micritic matrix and the lack of fossils, we inferred that this type of microfacies was formed in restricted lagoons with a low water-energy.




Figure 11 | Micropetrologic characters after the PTME. (A) Micrite from Bed 6 of the Chongyang section bearing abundant pyrite framboids (white arrows). (B) Mudstone from Bed 19 of the Chibi section, including organic laminas (black arrows).



Above the MEH 2, the Early Triassic stratigraphic succession of the Chibi section was mainly characterized by black mudstones with a gray-black marlstone interlayer that expanded with transgression and increased water depth. The abundance of bivalves found in field outcrop varied but showed low diversity. No benthic community was found in field outcrops or thin sections (Figure 11B). The microfacies was similar to SMF 9-L, which was located near the bottom of the slope or deep-water shelf (Flügel, 2004).



4.4 Pyrite Framboid Size Distributions in the Chibi Section

Out of the 26 samples, two samples from Dalong Formation had no pyrite framboids, while one (sample LFY -16) had a trace amount of pyrite framboids or authigenic crystals. However, backscattered electron (BSE) images revealed that 23 samples from the Daye Formation were generally rich in pyrite framboids (except sample LFY +379) (Figure 12A). A plot of mean diameter and standard deviation of pyrite framboid is shown in Figure 12B for the purpose of paleoredox interpretation. The parameters of size distribution are summarized in Table 1.




Figure 12 | (A) Overview of BSE images of framboidal pyrites and authigenic pyrites from Bed 19 of the Chibi section. (B) Cross-plot of mean diameter vs. standard deviation of pyrite framboids from the Chibi section. The boundary (dotted line) separating dysoxic and anoxic/euxinic fields is from Bond and Wignall (2010). FP, framboidal pyrites; AP, authigenic pyrites.




Table 1 | Pyrite sample parameters observed from the Chibi section.



We collected 18 samples from the P–Tr transition beds (Beds 10–17) and measured 3,730 pyrite framboids (more than 200 framboids per sample) (Table 1). The majority of pyrite framboids were less than 10 μm. The mean diameters of the 18 samples varied from 4.08 ± 1.07 μm to 11.77 ± 4.90 μm, suggesting that the oxygen levels of bottom water fluctuated between upper dysoxia and anoxia during the P–Tr transition interval. We collected five samples from Beds 19–21 and measured 974 pyrite framboids (ca. 195 framboids per sample) (Table 1). These five samples had a mean diameter range of 4.74 ± 1.46 μm to 5.96 ± 1.67 μm, indicating that the bottom water at the Chibi site had a stable reduced oxygen environment (Bond and Wignall, 2010).




5 Discussion


5.1 Single Abrupt Extinction Pulse in the Platform Setting

The PTME pattern has been debated for several decades (e.g., Stanley and Yang, 1994; Jin et al., 2000; Shen et al., 2011; Song et al., 2012; Dal et al., 2020). Investigations have revealed a complex process of the PTME. Among different benthos, on the one hand, the extinction patterns and magnitudes were varied: extinctions among foraminifers occurred as a one-pulse extinction pattern (Groves et al., 2005), whereas ostracods exhibited two extinction pulses (Forel, 2013; Wan et al., 2019). On the other hand, among different paleogeographic settings, sharply different patterns of the same faunas had also been observed, typified by foraminiferal extinction (Song et al., 2009; Zhang and Gu, 2015; Li et al., 2021).

The stratigraphic succession from the end-Permian to Early Triassic interval in the Chongyang section was very clear at the outcrop. The top of the Changxing Formation grainstones was coated by residual deposits enriched in ferric oxide, quartz, and feldspar, which probably represented the weathering and erosion products following its exposure by the end-Permian regression (Wu et al., 2006). The overlying lower part of the Daye Formation was dominated by MU, indicating a dramatic change in the marine ecosystem from end-Permian to Early Triassic. The MEH was located topmost of the Changxing Formation grainstones.

The Upper Permian Changxing Formation in the Chongyang section was characterized by the deposition of reef framestone and grainstone enriched in diverse benthos, such as corals, calcareous algae, echinoderms, and foraminifers under the microscope (Figure 13I). However, most benthos such as rugose corals, fusulinida, calcareous algae, and large foraminifers disappeared in the topmost of the Changxing Formation grainstone. Small foraminifers, such as Diplosphaerina inaequalis and Earlandia sp., survived during this extinction pulse (Figure 13H) but eventually disappeared quickly (Figure 13G). The bioclastic abundance dropped to less than 15% (Figure 9), down from 66% or higher than this value in the Changxing Formation grainstones (Figure 4).




Figure 13 | Comparison of foraminifera features between Meishan (A–C), Chibi (D–F), and Chongyang (G–I) sections. (A) Micrite of Bed 29 with abundant pyrites but no fossil fragments. (B) Micrite of Bed 27a with few foraminifera. (C) Packstone of Bed 24, including abundant foraminifera and some algae fragments. (D) Marlstone of Bed 20 contains abundant pyrite. (E) Marlstone of Bed 13 contains few foraminifera. (F) Packstone of Bed 5 contains ca. 30% of algae and foraminifers. (G) Oolites of Bed 5. (H) Microbialite of Bed 3 containing few foraminifers and calcified cyanobacteria. (I) Grainstone of Bed 1, including over 80% bioclastic. D, Diplosphaerina; E, Earlandia; G, Geinitzina; Gl, Globivalvulina; N, Nodosaria; P, Palaeofusulina; Pa, Paraglobivalvulina; Po, Poatendothyra; R, Reichelina; S, Sphaerulina.



The pattern indicated a sudden extinction at the base of the MU in the Chongyang section. The abrupt extinction process had been documented in various shallow water settings of the Pangea (Groves et al., 2007; Angiolini et al., 2010). Foster et al. (2019) proposed that a shallow microbialite could provide a “refuge” for some marine invertebrates during mass extinction, where disaster forms could create a unique and ephemeral ecosystem. Significant disaster forms, such as ostracods, small gastropods, tubeworms, and brachiopods, bloomed ephemerally and formed a stratiform bioclastic grainstone in the MU of the Chongyang section (Figure 14). In summary, the Chongyang section from the shallow platform suffered an abrupt extinction pulse, resulting in a crashed ecosystem structure.




Figure 14 | Disaster forms in the MU of the Chongyang section during the PTME, including (A) ostracods, (B) small gastropods, (C) calcareous tubeworms, and (D) brachiopods.





5.2 Two-Pulse Extinction in Slope Setting

However, compared to the Chongyang section, the benthos of the Chibi section, which was located on the outer slope, did not completely disappear after the first PTME pulse. The foraminiferal diversity was substantially lower than that in Beds 1–9 before the first PTME pulse. Small foraminifers, such as Earlandia, Geinitzina, Hemigoradius, and Nodosaria, survived in the Chibi section (Figures 10, 13E). The small foraminiferal assemblages from Beds 11–17 of the Chibi section were similar to those from P–Tr transition beds (Beds 25–27) of the Meishan section (Figure 13B; Song et al., 2009). It was worth noting that among the end-Permian foraminiferal assemblages, large-sized foraminifers disappeared in both Chongyang and Chibi sections after the first PTME pulse (Figure 13). Similarly, the large-sized foraminifers were also the most vulnerable victims of the first PTME pulse in the Liangfengya and Meishan sections (Song et al., 2007).

The bioclastic abundance dropped to less than 5% (Figure 10A), down from 20% or higher than this value in the Dalong Formation packstones (Figure 6). But the abundance of bioclastic from some samples of Beds 15–17 could reach or even exceeded the pre-extinction average, ca. 28% (Figure 10B). The second MEH (MEH 2) was located at the base of Bed 18, with disappearance of small-sized foraminifers Diplosphaerina, Earlandia, and Nodosaria (Figure 13E). The two-pulse extinction pattern of the Chibi section was similar to that in the Meishan section, i.e., the first pulse eliminated large-sized taxa with complex morphologies, and the second pulse chiefly affected the small ones (Figure 13). The two extinction pulses might be synchronous at the Chibi and Meishan sections, although this was less certain, for that we could not find well-preserved conodonts in the P–Tr boundary interval. Stratigraphic evidence (e.g., two claystone beds) and benthic assemblages suggested that the two extinction pulses in these two sections were synchronous.



5.3 Triggers of Migration and Extinction


5.3.1 Sea-Level and Sea Surface Temperature Changes

A correlation between global marine regressions and mass extinctions has been recognized since the last century, and sea-level fall was considered one of the prime causes of the events (Erwin, 1993; Gall et al., 1998). However, studies on numerous sections have called the generality of the regression–extinction relation into question (e.g., Hallam and Wignall, 1999; Baresel et al., 2017).

Seawater retreated from the Yangtze Platform at the end-Permian, reaching its lowest point in the Clarkina meishanensis and Hindeodus changxingensis zones (Yin et al., 2014), resulting in the absence of these two conodont zones and an ancient karst surface in most of the shallow-water platform. In shallow-water platforms of the SCB, Wu et al. (2010) pointed out that this hiatus was usually represented by concealed unconformity between the end-Permian limestone and the overlying MU, which coincided with C. meishanensis and H. changxingensis zones.

A sudden mass extinction pulse of benthos was recorded at the hiatus in the Chongyang section (Figure 2), and perhaps it was the hiatus of two conodont zones that had made the extinction seem more dramatic than it actually was. During the periods of drops in the sea level at the end-Permian (Yin et al., 2014), most of the shallow platform was exposed, and habitats of benthos were squeezed and fragmented. At the PTME interval, ca. 10°C rise of sea surface temperature (SST) was recorded in the tropics (Sun et al., 2012). Ocean warming has the potential to cause major shifts of planktonic distribution (Tarling et al., 2018). Overheating of surface waters during the PTB interval might result in extremely unsuitable habitats for shallow benthos. Climate modeling suggested that, in the tropics, water temperatures at 200-m depth were 10°C~12°C cooler than SST (Winguth et al., 2015).

In the context of global warming, the deep-ward migration of some shallow-water benthos was likely a more effective strategy than migration across the latitudes (Burrows et al., 2019). Thus, deeper waters might become a refuge for marine animals (Godbold et al., 2017). At the P–Tr transition, such extreme warming of SST could be a potentially potent driver for foraminifers to migrate to deeper and cooler waters. If an organism or population could not migrate, or when the rate of change exceeded its ability to do so, extinction was inevitable eventually. Mass extinctions might be related to shrunk habitats on shelves during severe regression (Newell, 1967; Fahrig, 2017). However, microfacies study revealed that the sea level of deeper-water sections was influenced slightly by the end-Permian major regression, so that foraminiferal diversity hotspot moved to the deeper-water slope (Liu et al., 2020).

The original exposed shallow platform was once again submerged by sea water and formed the MU succession during the Early Triassic transgression. The microfacies alterations of the MU reflected the early stages of the sea-level rise (Flügel, 2004). Some stratiform bioclastic grainstone layers were formed by small marine invertebrates in the MU of the Chongyang section. These invertebrates might have migrated from the original deeper-water slope during the sea-level rise and then bloomed in the shallow MU ephemerally as disaster forms (Figure 14).

Rapid high-amplitude regressive–transgressive couplets were frequent in the Earth’s history (Miller et al., 2005), and most of them were not considered to be a probable cause of mass extinction (Hallam and Wignall, 1999). In short, sea-level change was a key driver of the migration between the platform and the slope but not the main trigger of mass extinction of marine benthos during the PTME interval.



5.3.2 Marine Euxinia/Anoxia

Widespread oceanic anoxia/euxinia (anoxic and sulfur-rich stratified ocean) shown by biomarkers (Grice et al., 2005), S-isotopic compositions (Riccardi et al., 2006), and pyrite framboid sizes (Wignall et al., 2005) has long been documented as a key trigger of the PTME (Isozaki, 1997; Grice et al., 2005; Meyer et al., 2008).

According to size distribution of pyrite framboids, Liao et al. (2010) indicated that the MU from the Laolongdong section grew in a lower dysoxic water column. The shallow-water anoxic event during the P–Tr transition has been considered to be the result of the expanding oxygen minimum zone (OMZ) (Algeo et al., 2010; Algeo and Twitchett, 2010). A recent study showed that the Northeast Pacific OMZ had expanded at a rate of 3.0 ± 0.7 m/year in the last 60 years and had lost 15% of its oxygen (Ross et al., 2020). Low oxygen levels could increase the dominance of benthos tolerant to anoxic conditions (Levin, 2003). For example, one foraminifer genus Earlandia flourished as the major “disaster form” in the MU after the first PTME pulse (Figure 9A) and probably migrated from the Chibi site during the Early Triassic transgression.

When compared to the Chongyang section, the decrease of algae abundance represented a decline in primary productivity, which might lead to the “dwarfism” of some consumers, e.g., foraminifera (Luo et al., 2006) and brachiopods (He et al., 2007). SEM was used to examine the samples from this stage, and no pyrite framboid was found in the two samples (Table 1), indicating that the water column contained a normal level of dissolved oxygen at that time (Bond and Wignall, 2010). This result was consistent with the paleomarine environment reflected by fossil assemblage and biogenic disturbance structure, in agreement with the “superanoxia” in the deep sea (Isozaki, 1997). In deep-water conditions, the dissolved oxygen level fluctuated, which could have induced reductions in the size of benthic foraminifers (Kaiho, 1998).

Another interesting feature was that those surviving foraminifers had a small size with simple morphology (Figure 13). For instance, Nodosinelloides had a mean volume value of ca. 6.2 log μm3 in the end-Permian, which fell to 5.5 log μm3 after the mass extinction (Song et al., 2011). The reduction in size and diversity of fauna with calcified skeletons have been linked to oxygen shortage in modern oceans (Byers, 1978; Levin, 2003). Laboratory experiments showed that the oxygen consumption rate increased significantly in foraminiferal specimens larger than 250 μm (Bradshaw, 1961). However, Luo et al. (2006) suggested that the size reduction of conodonts from the Meishan section was hardly related to anoxia. He et al. (2007) confirmed that there seemed to be no link between brachiopods shrinking and anoxic condition. Kaiho (1994) detected that benthic foraminifers were small-sized, thin-walled, and without sculpture if they inhabited in the lowered oxygen environment. Song et al. (2011) found that the anoxic event recorded in Bed 25 of the Meishan section coincided with the sharp reduction in foraminifer size. Therefore, Song et al. (2011) documented that small body sizes might have helped foraminifera to survive the mass extinction. The size distribution of pyrite framboids implied an anoxic bottom water in this study, while the foraminifera were smaller than pre-extinction foraminifer groups, particularly those extinction Permian groups (Figure 13). As a result, a relationship could be expected between anoxic conditions and the size reduction of the benthic foraminifers.

Wang et al. (2019) suggested that the increasing complexity in the benthic ecosystem might be related to hydrodynamic conditions of the Early Triassic transgression as revealed by texture and form of the MU. Our data showed another intriguing phenomenon that the metazoan assemblage in the MU of the Chongyang section had good consistency with that in the Chibi section (Figure 13). This might shed light on transgression preceding the beginning of the Early Triassic, causing the metazoan to migrate from deep water to shallow platforms. A major increase in the δ13C-depth gradient after the PTME suggested that deeper waters experienced more intense and prolonged oxygen restriction (Meyer et al., 2011).

Many layers of the MU contained calcified cyanobacteria (Figure 9A). Hypersalinity was one favorable chemical condition for the calcification of cyanobacteria (Pratt, 1984), which could inhibit ecological diversity of other organisms (Zhu et al., 1993). Most benthonic organisms tended to further reduce body size or diversity under high temperatures (Sun et al., 2012), anoxic water columns (Liao et al., 2010), and hypersalinity and intense evaporation (Zhu et al., 1993), whereas microbialite flourished in the shallow environment. This has led to a unique ecosystem dominated by “disaster forms” on shallow-water platforms of the SCB (Figure 14).





6 Conclusions

The PTME showed varied patterns among different paleogeographic sections. The shallow platform recorded one sudden extinction pulse at the topmost of the Changxing limestone, but the deeper-water slope suffered two pulses of marine extinction.

The end-Permian extensive regression caused the exposure of most shallow-marine platforms and then a sudden mass extinction. Sea level falls, extreme heat, and fragmented habitats led to the migration of some shallow-water benthos to deeper water at the same time.

During the Early Triassic transgression, some small foraminifers migrated from the slopes to the shallow platforms. A unique ecosystem has been rebuilt on shallow water platforms of the SCB due to high temperatures, strong evaporation, and hypersalinity after the first PTME pulse.

Pyrite framboid size distributions showed that oceanic anoxia was likely an important trigger contributing to the deeper-water benthic extinction. The abundant small pyrite framboids in the P–Tr transition beds suggested that the redox conditions of the bottom water changed immediately from oxic to anoxic after the MEH 1. Size distributions of these samples indicated that the bottom waters had a fluctuation between anoxic and upper dysoxic during the mass extinction. Pyrite framboid parameters indicated that oxygen deficiency in the bottom water was intensified and stable at anoxia after the second PTME pulse.
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OEBPS/Images/table1.jpg
Bed Sample Lithology  Number of Minimum Maximum Mean Standard deviation Median Inferred

No. level framboids mea- framboid diame- framboid diame- framboid of framboid diame- framboid diam- redox con-
(cm) sured ter (um) ter (um) diameter (um) ter eter (um) ditions

21 +678  Mudstone 196 1.98 10.25 4.74 1.46 4.42 Anoxic

19 +606  Mudstone 178 223 1214 5.84 2.03 5.39 Anoxic
+574  Mudstone 201 207 1218 5.96 1.67 5.86 Anoxic
+548  Mudstone 208 229 9.38 4.94 1.36 4.71 Anoxic
+625  Mudstone 191 266 11.02 591 1.70 5.60 Anoxic

17 +499  Mudstone 199 235 10.77 4.98 137 4.95 Anoxic
+488  Mudstone 229 1.98 9.23 4.81 1.37 4.71 Anoxic

16 +468  Mudstone 185 211 10.34 5.20 1.64 4.87 Anoxic
+453  Mudstone 183 2.03 13.56 6.03 2.30 5.56 Anoxic
+394 Mudstone 177 244 16.73 7.66 2.94 7.21 Dysoxic

15 +379 Marlstone 63 224 11.06 6.17 1.97 6.10 Dysoxic
+363  Mudstone 157 266 12.76 5.87 2.09 5.26 Anoxic
+347  Mudstone 248 2.04 8.82 4.08 1.07 3.87 Anoxic
+317 Marlstone 119 3.88 25.97 11.77 4.90 10.47 Dysoxic

14 +265  Mudstone 312 1.73 16.20 5.83 219 5.35 Anoxic
+233  Mudstone 260 2.34 11.23 5.10 1.65 5.10 Anoxic
+225  Marlstone 149 3.85 25.19 11.56 4.85 10.53 Dysoxic
+185  Mudstone 262 229 11.29 5.43 1.85 5.09 Anoxic
+140  Mudstone 281 1.82 16.35 7.16 2.96 6.47 Dysoxic

18 +1038 Marlstone 266 2.41 22.32 7.30 4.01 6.15 Dysoxic
+74 Marlstone 147 221 10.53 4.86 1.93 4.32 Anoxic

1 +35 Marlstone 254 1.76 11.87 4.86 1.83 4.53 Anoxic
+12 Maristone 239 1.76 10.87 4.62 1.68 4.19 Anoxic

9 -16 Limestone 8 5.10 10.25 # # # Oxic

8 -34 Limestone # # # # # # Oxic
-53 Limestone # # # # # # Oxic

Sample level “-53” means 53 cm below the first mass extinction horizon (MEH 1), and “+678” means 678 cm above the MEH 1. “#” means no data.
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