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Abstract  

Previous studies suggested that anoxia was a causal factor in the end-Permian mass extinction 

(EPME), marked by abrupt enrichment of pyrite framboids in the post-EPME microbialites of 

the earliest Triassic on shallow platforms, and that this dysoxic–anoxic phase followed a time 

of well-oxygenated seafloors. Here, we report persistent dysoxia throughout the latest 

Permian and euxinia just before the EPME, based on a new redox history reconstruction study 

using framboidal pyrite size distribution as well as sulfur isotopic compositions of pyrites, 

from the Taiping section on the Pingguo Platform in the Nanpanjiang Basin in China. Further, 

we show that the EPME was followed here by rapid oxygenation, not an anoxic incursion. 

This revised redox history might be an unusual localized phenomenon when compared to 

other platforms, or it could be solid sedimentary evidence for redox oscillations outside the 

bioclast-enriched photic zone, which broadens our understanding of terrestrial–marine 

ecosystem interactions before and during the EPME. 

 

Keywords: sulfur isotope; redox condition; Pingguo Platform; microbialite; mass extinction; 

palaeo-ocean 
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1. Introduction 

Low oxygen has been seen as one of the most important factors in geohistorical mass 

extinctions of marine invertebrates for decades (e.g. Hallam and Wignall, 1992; Schubert and 

Bottjer, 1995; Song et al., 2014). Euxinia is known to have occurred within the photic zone 

during mass extinctions (including the end-Guadalupian, end-Permian, end-Triassic, and 

Toarcian events), devastating major habitats of benthic metazoans in shallow seas (e.g. Grice 

et al., 2005; Meyer and Kump, 2008). Widespread and critical low-oxygen conditions in 

superanoxic and/or stratified oceans have been identified as a major environmental 

contributor to the end-Permian mass extinction (EPME), which was the biggest mass 

extinction of the Phanerozoic (e.g. Wignall and Twitchett, 1996; Knoll et al., 1996; Isozaki, 

1997). 

Physiological stresses imposed on marine life by the mix of warming, anoxia, and ocean 

acidification associated with hyperthermal events have been identified as a major cause of 

extinction selectivity during the EPME: broadly speaking, poorly buffered organisms such as 

corals, sponges, brachiopods, bryozoans, and crinoids died out, whereas well-buffered taxa 

such as bivalves, gastropods, cephalopods, and ostracods survived (Knoll et al., 1996, 2007). 

This is not the whole story, however, as there are exceptions, and a broader model for 

selectivity has been identified as the ‘double whammy’ of lethally hot surface waters and 

euxinic bottom waters that defined a restricted habitable refuge zone at mid-water depths 

(Song et al. 2014). These models can be employed for other hyperthermal events, such as 

those at the end of the Capitanian, mid-Carnian, end-Triassic, and Toarcian Oceanic Anoxia 

Events (e.g. Bond and Grasby, 2017). If, as we find here, conditions were dysoxic or euxinic 

before the crisis and oxygenated after, even in a limited number of basins, then this adds 

complexity to the classic ocean-atmosphere models. 

 Numerous redox reconstruction studies of different settings globally suggest that euxinia 

and dysoxia occurred at the Permian-Triassic (P-Tr) transition, although with regional 

variations (e.g. Wignall and Twitchett, 2002; Bond et al., 2010; Kaiho et al., 2016). Unlike 

other areas (such as Australia, Europe and boreal areas), South China was thought to record 
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an oxygenation event immediately after the EPME, rather than an oxygen decline, especially 

in deeper settings, indicated by multiple proxies, including pyrite morphology, trace elements 

and biomarkers (Grice et al., 2005; Bond and Wignall, 2010; He et al., 2013; Wei et al., 

2015a; Li et al., 2016; Kaiho et al., 2016). Further, Twitchett et al. (2004) reported earliest 

Triassic invertebrate faunas from Oman that suggested good oxygenation of bottom waters in 

that region as well, against a backdrop of nearly universal anoxia in the earliest Triassic 

elsewhere. However, this scenario is debated for shallow marine platforms within the South 

China Block: U isotope, framboidal pyrite size distributions and sulfur isotopes all suggest a 

decline of oxygen across the EPME horizon (Algeo et al., 2007, 2008; Brennecka et al., 2011; 

Liao et al., 2010, 2017; Wang et al., 2015), whereas redox-sensitive elements suggested that 

oxygenation occurred during the deposition of the post-EPME microbialites (Loope et al., 

2013; Collin et al., 2015). 

To settle the controversial redox history of shallow platforms and to develop a more 

comprehensive understanding of the palaeogeographic impact on redox conditions, we 

present here a case study of the Taiping section, which was located on the Pingguo Platform 

in the Nanpanjiang Basin during the P-Tr transition. Framboidal pyrites and sulfur isotopes 

have been widely used as indicators of euxinia and/or dysoxia in P-Tr redox studies (e.g. 

Wignall et al., 2005; Nielson and Shen, 2004; Gorjan et al., 2007; Algeo et al., 2008, 2010, 

2011; Bond and Wignall, 2010; Liao et al., 2010, 2017; He et al., 2013; Dustira et al., 2013; 

Tian et al., 2014; Wang et al., 2015; Wei et al., 2015b; Li et al., 2016; Huang et al., 2017). We 

present the pyrite morphology and size distribution of pyrite framboids as well as sulfur 

isotope compositions of pyrites here to enable us to reconstruct the redox history of the 

Pingguo Platform and make wider palaeogeographic correlations. 

 

2. Geological setting and methods 

The South China Block was located in the eastern realm of Palaeotethys, around < 30°N 

latitude, in the Permian (Fig. 1). Since then, it has rotated nearly 90° counterclockwise, and 

the modern southern part, together with the Nanpanjiang Basin, originally faced the western 
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margin of Panthalassa (Fig. 1). During the Permian and Triassic, the Nanpanjiang Basin was 

an embayment on the eastern part of the Yangtze Block (Fig. 1). The basin subsided beside 

these platforms and was filled with argillaceous deposits and/or siliciclastic turbidites during 

the Middle to Late Triassic (Enos et al., 2006). Several isolated carbonate platforms, called 

the Great Bank of Guizhou, Debao, Jinxi, Pingguo, Heshan and Chongzuo, developed rapidly 

from the late Palaeozoic to the Middle Triassic (Fig. 1). 

The Taiping section is located 500 m northeast of Taiping Town, Pingguo County, 

Guangxi Province (23°30’00”N; 107°31’20”E). It was deposited in the northwestern interior 

of the Pingguo Platform (Fig. 1B). The P-Tr succession consists of the Upper Permian Heshan 

Formation and Lower Triassic Majiaoling Formation (Fig. 2A). The Heshan Formation is 

dominated by medium-bedded bioclastic limestones, while some interbedded siliceous 

limestone/cherts occur in the lower part. The Lower Triassic Majiaoling Formation is 

characterized by the occurrence of the Permian-Triassic boundary microbialite (PTBM) in the 

basal part, and oolitic limestone/dolomite in the upper part. The contact surface of these two 

formations is a distinct lithological turnover surface: the dark grey PTBM was deposited 

directly on a light-coloured underlying grey bioclastic limestone with a flat surface (red arrow 

in Fig. 2B). Note that this is not a stylolitised horizon, based on its flat shape and lack of 

carbonate dissolution, which differs from a true stylolitised surface, which is an irregular, 

dark, carbonate dissolved surface (blue arrow in Fig. 2B), located 2 cm above the formation 

contact surface. 

Microfacies analyses generally suggest an open-platform interior facies for the P-Tr 

transition at Taiping (Lehrmann et al., 2003), except that the lowest 1.5 m of the measured 

section might have been deposited in a deeper water environment (Tian et al., 2018). The 

occurrences of small foraminifers and sponge spicules (Fig. 3C) in the lowest 1.5 m of the 

measured section indicate a relatively deeper basin environment, while the abundant algae and 

foraminifers in the bioclastic limestone of the uppermost Heshan Formation, indicate an 

extremely shallow open platform environment within the photic zone at inferred water depths 

of ~10–30 m (Fig. 3A, 3B; Tian et al., 2018). Samples from the microbialites are described 
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microscopically as dolomitized wackestone, implying a relatively restricted platform 

environment (Fig. 4; Tian et al., 2018). 

Twenty-eight samples, each weighing > 5 kg, were collected and dissolved with 10 % 

dilute acetic acid for conodont study. These samples also were drilled to measure carbonate 

carbon isotopes and pyrite sulfur isotopes. About 150–400 μg of bulk sample powder was 

placed in a butyl rubber septum sealed vial and reacted with 100% phosphoric acid at 72 °C 

after flushing with helium. By using a MAT 253 mass-spectrometer coupled directly to a 

Finnigan Gasbench II interface (Thermo Scientific), δ
13

C and δ
18

O were measured from the 

evolved CO2 gas. Isotopic values are reported as per mille relative to the Vienna Pee 

Dee belemnite (V-PDB) standard, with analytical precision better than ± 0.1 ‰ for δ
13

C and 

± 0.1 ‰ for δ
18

O, based on replicate analyses of two laboratory standards, GBW 04416 and 

GBW 04417 (same method as in Song et al., 2013). By using the CrCl2 reduction method and 

precipitatation as Ag2S in silver nitrate traps (Canfield et al., 1986), Spyrite contents were 

stoichiometrically calculated from the concentration of pyrite sulfur (FeS2) that was extracted. 

Then the Ag2S precipitates from the CrCl2 reduction were put into a Thermo Fisher Scientific 

Delta V Plus isotope ratio mass spectrometer coupled with a Flash elemental analyser to 

measure the δ
34

Spy. The δ
34

S values are reported relative to the VCDT standard, with better 

than ± 0.2 ‰ (1σ) of analytical precision, based on replicate analyses of three standards: 

IAEA S1 (− 0.3 ‰), IAEA S2 (+ 22.65 ‰), and IAEA S3 (− 32.5‰). As a useful redox 

indicator in modern sediments, framboidal pyrites have also been used in sedimentary rocks 

as a robust palaeo-redox indicator: a small mean size (< 6 μm) with narrow distribution range 

indicates euxinia–anoxia, while larger mean sizes with wide variance indicate 

dysoxia–oxidation (Wignall and Newton, 1998). Vertically oriented polished thin sections (2 

x 2 cm) were made for a subset of 14 samples to scan the pyrite morphology by SEM (Hitachi 

SU 8010).  

All these laboratory measurements and observations were done in the State Key 

Laboratory of Biogeology and Environmental Geology of the China University of 

Geosciences (Wuhan). 
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3. Results 

3.1. Biostratigraphic and chemostratigraphic correlations 

Five species of Hindeodus were recovered from the microbialites of the basal Majiaoling 

Formation, including H. parvus, praeparvus, eurypyge, changxingensis and inflatus (Fig. 5). 

The first appearance of H. parvus coincides with the lithological contact surface, indicating 

that the PTB is located at the base of the microbialites (Fig. 6). 

Although no conodonts have been discovered, fusulinids and diverse skeletons are 

abundant in the bioclastic limestone of the Heshan Formation (Fig. 3). Occurrences of 

Permian fusulinid taxa, including Nankinella spp. and Reichelina spp., constrain the age of 

the top of the Heshan Formation to the latest Permian. Along with the last occurrences of 

these two fusulinid taxa, most foraminifers disappeared at the top of the Heshan Formation, 

marking the EPME horizon (Tian et al., 2018). 

Values of δ
13

Ccarb range from 1.23 to 3.5 ‰, 2.5 ‰ on average, in the uppermost Heshan 

Formation, while the lowermost Majiaoling Formation is characterized by lower δ
13

Ccarb 

values (from -0.6 ‰ to 0.6 ‰, -0.6‰ on average). The carbon isotope curve shows a rapid 

decrease, from 2.4 ‰ to 0.3 ‰, across the lithological contact surface (Fig. 6; Table S1). 

Thus, the microbialites of the basal Majiaoling Formation are earliest Triassic in age, 

while the bioclastic limestone of the uppermost Heshan Formation is latest Permian. Note that 

the LPME horizon, PTB location and largest δ
13

Ccarb decrease level, all coincide with the 

lithological contact surface between the bioclastic limestone of the uppermost Heshan 

Formation and the microbialites of the Majiaoling Formation. 

 

3.2. Size distribution of pyrite framboids and inferred redox history of the Pingguo Platform 

during the P-Tr transition 

Abundant framboidal pyrites have been found in all these 14 SEM-scanned samples, 

co-occurring with a few or abundant euhedral pyrite grains (Figs. 6, 7; Table S2). We counted 

1285 framboidal pyrites, as individuals or in clusters (Fig. 7), with sizes varying from 1.05 
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μm to 62.50 μm (Fig. 6; Table S2). The mean sizes are relatively small (4.67–8.47 μm) with 

smaller standard deviations (1.61–4.23) in the uppermost Heshan Formation than in the 

Majiaoling Formation (7.43–14.95 μm mean sizes, and standard deviations of 2.54–3.70) 

(Table S2). 

Based on these numerical criteria, ratios of mean size and standard deviation of each 

sample (Wilkin et al., 1996; Bond and Wignall, 2010) indicate that two of the Taiping 

samples suggest euxinic conditions, while the other 12 samples show dysoxic conditions (Fig. 

8). The samples with relatively large mean sizes or standard deviations (TP-7, TP-10 and 

TP-11) contain abundant authigenic pyrites, indicating potential dysoxic–oxic redox 

conditions (Table S2). Further, the framboidal pyrites in sample TP-7 are distinctively 

influenced by diagenesis, showing overgrown edges (Fig. 7). Since sample TP-7 is a sandy 

limestone enriched in detrital minerals such as quartz and feldspar, the restored watermass 

redox condition of this “detrital event” interval might be questionable because of mixing with 

allochthonous minerals. 

In addition, the redox history of the Pingguo platform during the Permian-Triassic 

transition has been reconstructed by using temporal size variations of these samples (Table 

S2; Figs. 6, 8, 9): (1) the lower section (0–600 cm in cumulative thickness) contains moderate 

mean-sized framboidal pyrites with moderate to large standard deviations, indicating dysoxic 

redox conditions; (2) the uppermost 100 cm of the Heshan Formation contains small 

mean-sized framboidal pyrites with small standard deviations, suggesting a euxinic 

watermass; (3) the lowest 90 cm of the Majiaoling Formation contains large mean-sized 

framboidal pyrites with moderate standard deviations, implying dysoxic–oxic conditions; and 

(4) the upper measured parts of the Majiaoling Formation contain moderate mean-sized 

framboidal pyrites with moderate standard deviations, indicating dysoxic redox conditions. 

Generally speaking, the results suggest that persistent dysoxia occurred in the Taiping section 

through the P-Tr. Transition, with occasional euxinic incursions in the latest Permian, and 

potential oxygenation in the immediate aftermath of the EPME in the earliest Triassic. 
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3.3. Sulfur isotopic compositions of pyrite and the indicated pre-LPME pyrite input 

The δ
34

Spyrite data of the Heshan Formation show large variations and some positive values 

from -23.4 ‰ to 4.2 ‰ (Fig. 6 and Table S1). The temporal variation shows relatively stable 

values from -23.4 ‰ to -11.2 ‰, excluding high values from -3.6 ‰ to 4.2 ‰ in the 450–600 

cm interval of the measured section. Otherwise, δ
34

Spyrite of the basal Majiaoling microbialite 

varied from -25.5 ‰ to -10.1 ‰ without any evident trend of temporal variation. Additionally, 

δ
34

Spyrite increased slightly across the EPME, although the framboidal pyrites indicated redox 

conditions alternated from euxinic to dysoxic–oxic abruptly (see section 3.2). In fact, except 

for the 450–600 cm interval of the measured section, no significant variation or evident 

temporal trend occurred in δ
34

Spyrite values (Fig. 6). 

 

 

4. Discussion 

4.1 Pre-EPME euxinia-dysoxia of shallow marine watermass  

Before this study, framboidal pyrites had been reported from several microbialite-bearing 

P-Tr successions in South China. Liao et al. (2010) first discovered abundant relatively large 

framboidal pyrites in the microbialites of the Chongyang section on the Yangtze Platform, 

while framboidal pyrites were rarely found in the underlying pre-EPME bioclastic limestone. 

The same pattern has also been repeatedly found in the Cili and Dajiang sections (located on 

the Yangtze Platform and Great Bank of Guizhou, respectively; Wang et al., 2015; Liao et al., 

2017). All these studies demonstrate that oxygen in the shallow watermass reduced after the 

EPME. However, we have not only found abundant framboidal pyrites in the microbialites of 

the Taiping section, but also in the underlying pre-EPME bioclastic limestone, presenting an 

exceptional case that differs from previous findings: persistent dysoxia occurred before and 

after the EPME on the Pingguo Platform rather than a process of gradually declining oxygen. 

The δ
34

Spyrite values also show no significant variations between the uppermost Permian 

bioclastic limestones (except the samples from the detrital interval) and the lowermost 
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Triassic microbialites, supporting the suggestion of persistent dysoxia across the EPME at 

Taiping. 

Previously, framboidal pyrites had been found in the latest Permian bioclastic limestone 

of several shallow carbonate platform settings without the overlying PTBMs, such as in the 

Bulla section in Italy and the Bálvány North section in Hungary. Bond and Wignall (2010) 

reported occurrences of framboidal pyrites in the Upper Permian Nagyvisnyó Limestone 

Formation of the Bálvány North section. However, the small number of framboidal pyrites in 

the sample (n < 30) and relatively large mean size (7.4–11 μm) with large standard deviations 

(3.5–6) implied dysoxic–oxic redox conditions (Bond and Wignall, 2010). Not only Gorjan et 

al. (2007), but also Bond and Wignall (2010) reported abundant framboids in the bioclastic 

limestones and oolites below and above the extinction horizon in the Bulla section, implying 

that shallow marine dysoxia lasted from pre-EPME to post-EPME. However, in these 

conditions of strong water energy implied by the oolites, minerals and grains like pyrite, 

framboids might be transported from the dysoxic–anoxic deep water by upwelling (Kershaw, 

2015), so invalidating these framboidal pyrites as reliable evidence for pre-EPME shallow 

marine euxinia–dysoxia.  

Meanwhile, low δ
34

Spyrite values (< -20‰) had barely been reported in the pre-EPME 

bioclastic limestone of other well-studied shallowing marine settings, including the Nhi Tao 

section (Vietnam) and Bulla section (Italy). As we discussed above, associated with the 

pre-EPME small abundant framboidal pyrites, the first δ
34

Spyrite negative shift in the Bulla 

section was recorded in oolites, very likely to have been mixed by the strong water energy. 

Otherwise, δ
34

Spyrite values at Taiping coincide with those in the Nhi Tao section (from 

~-20 ‰ to ~10 ‰) below the EPME horizons (Fig. 6; Algeo et al., 2008). Based on the model 

proposed by Algeo et al. (2008), these values could have been caused by mixing of syngenetic 

with authigenic pyrites, at varying ratios from ~1:1 (resulting in ~-20 ‰ of δ
34

Spyrite) to fully 

authigenic (~10 ‰ of δ
34

Spyrite).  

The interval with high δ
34

Spyrite (-3.6 ‰ – 4.2 %) corresponds to the “foram gap & detrital 

event” uncovered by Tian et al. (2018), in which abundant detrital minerals were found at the 
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490–500 cm level of the measured section, indicating rapid terrestrial input. Abundant 

euhedral pyrites have also been found co-occurring with framboidal pyrites in this interval 

(Fig. 7E). The observed detrital minerals and euhedral pyrites suggest that strong terrestrial 

inputs contributed to the high δ
34

Spyrite values. The mixing of syngenetic pyrite with authigenic 

pyrites in shallow marine settings has been modelled by Algeo et al. (2008), and our data 

generally show higher values than this upwelling-mixed model by δ
34

Spyrite/Pyrite S (Fig. 9). 

Nielson and Shen (2004) noted 11.5 ‰ of δ
34

Spyrite from the Permian evaporates, providing us 

with a comparable case to hypothesise a model in which terrestrial/neritic evaporates caused 

high δ
34

Spyrite in shallow seawater. Thus, it should be reasonable to infer that the heavy 

δ
34

Spyrite was transported into the shallow sea by the terrestrial inputs, suggesting a new 

dynamic for the heavy δ
34

Spyrite in marine sediments (Fig. 9). 

Thus, our new discovery in the Taiping section is the first reliable report of abundant 

relatively small framboidal pyrites with low δ
34

Spyrite values (-23.4 ‰ to -11.6 ‰) in 

pre-EPME shallow marine rocks, providing solid evidence of pre-extinction euxinia–dysoxia. 

The uppermost Permian bioclastic limestones are composed of algal-foraminiferal packstones, 

except for the sandy limestone bed, indicating a shallow platform without significant 

reworking activity (Figs. 4, 6). The two samples with small mean-sized pyrite framboids 

(TP-8 and TP-9), indicating a euxinic water mass, provide solid evidence for shallow marine 

euxinia before the EPME (Figs. 6, 10). Coeval euxinia with abundant skeletons occurring 

before the EPME in the Taiping section, as presented in this study, indicates that substantial 

redox oscillations occurred before the EPME in this shallow marine setting (Fig. 10).  

Pre-EPME redox oscillations have been identified in slope and deep-water facies of 

South China. Ding et al. (2015) recorded numerous anoxic intervals through the Heshan and 

Dalong formations in South China, based on sedimentary and trace fossil evidence. They 

noted a peak of anoxia at the Wuchiapingian–Changhsingian boundary in seabed sediments, 

but assumed the surface waters were oxic. However, abundant evidence from the Dalong 

Formation, including iron speciation, biomarkers, and framboidal pyrites, suggests episodic 

Changhsingian euxinia–anoxia, prior to the EPME, in many basinal settings in South China. 
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The peak of the euxinia–anoxia was found in the early to middle rather than late 

Changhsingian (e.g. Wei et al., 2015b; Shen et al., 2016; Lei et al., 2017). 

Late Permian deep water euxinia–anoxia in the open Panthalassic Ocean has not yet been 

confirmed. Long-term Late Permian to Middle Triassic anoxia was identified in deep basin 

successions in Japan and British Columbia by Isozaki (1997). He proposed that there had 

been a superanoxic ocean episode lasting from the base of the Changhsingian to the Anisian, 

during which the Panthalassic Ocean was stratified, rather like the Black Sea today, with 

euxinic deep waters and oxic surface waters containing radiolarians and other plankton. 

However, the Isozaki model was questioned by Zhang et al. (2001) and others (e.g. Wignall et 

al., 2010). Data from other sections in Japan confirmed widespread evidence for intense 

euxinia just above the EPME horizon rather than longer term prior to the EPME (e.g. Wignall 

et al., 2010; Algeo et al., 2011; Takahashi et al., 2014).  

Like the situation of these inner shelf basins on the Yangtze Platform, Late Permian 

euxinia–anoxia had been reported in other inner shelf/restricted basins. In the Zechstein Sea in 

Europe, an evaporitic basin with very different water chemistry to South China, geochemical 

studies have also shown that euxinia developed and periodically impinged on shallow marine 

carbonate parts of the basin in the Late Permian (Słowakiewicz et al., 2015). However, these 

authors argue that euxinia did not occur across the whole basin, but was restricted to marginal 

settings based on the absence or low biomarker indices for euxinia in other facies. Low sulfur 

isotopes and abundant small-sized framboidal pyrites in the Ravnefjeld Formation indicate 

episodic euxinia in the East Greenland Basin during the Late Permian (Nielson and Shen, 

2004), while enrichment in small framboidal pyrites in the Hovea core from the Perth Basin 

(western Australia) showed long-term Late Permian euxinia–anoxia in basinal sediments on 

the margin of Perigondwana (Bond and Wignall, 2010). These results suggest that the basinal 

water was generally dysoxic in the East Greenland Basin during the Late Permian, with 

episodic euxinia incursions long before or after the EPME (Bond et al., 2015; Wignall et al., 

2016). 
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Thus, pre-EPME dysoxia might have been extensive in both the open Panthalassa Ocean 

and inner shelf basins, while euxinia–anoxia has just been recorded in inner shelf basins 

before the EPME, implying a potential locally-driven euxinia–anoxia mechanism in the Late 

Permian, rather than intensive worldwide oceanic stagnation, which might not have happened 

until the aftermath of the EPME. 

 

4.2 Earliest Triassic oxygenation event 

As an exceptional case compared to previous framboidal studies on PTBMs, our results 

from Taiping suggest that the PTBM started to be deposited in well-oxygenated conditions in 

the immediate aftermath of the EPME. The framboidal pyrites we measured in the basal 

PTBM of the Taiping section (Table S2; Fig. 10) are significantly larger than previous 

findings in the Laolongdong, Cili and Dajiang sections (Liao et al., 2010; 2017; Wang et al., 

2015). Two of the samples (TP-10 and the TP-11) imply a more oxygenated water mass than 

in the other sections, while the other three samples of the PTBM at Taiping are similar to 

previous findings, indicating dysoxia (Table S2; Fig. 8). Although Liao et al. (2010, 2017) 

reported abundant small-sized framboidal pyrites in PTBMs (indicating anoxia; one sample in 

Laolongdong and six samples in Dajiang), the PTBMs were generally dysoxic, based on the 

enrichment of large-sized framboidal pyrites in the other PTBM samples (Liao et al., 2017).   

The sulfur and carbon isotopic compositions in the Nhi Tao section in Vietnam (located in the 

Nanpanjiang Basin within the South China Block during the P-Tr transition) show that 

evidence for shallow marine anoxia–euxinia, covariations of low δ
34

Spyrite values and negative 

δ
13

Ccarb, were recorded only episodically with a normal oxygen level background in the 

post-EPME carbonates. No such obvious covariations of sulfur and carbon isotopes have been 

observed in the post-EPME rocks at Taiping (Fig. 6), providing no evidence for potential 

anoxic incursions into the shallow marine setting. In the GSSP Meishan section, intensive 

oxygenation in Bed 27, which might be the lithological and biostratigraphic equivalent to the 

PTBM (Xie et al., 2010; Zheng et al., 2013; Yin et al., 2014; Tian et al., 2015), was inferred, 

based on biomarkers, sulfur isotopes, trace fossils, framboidal pyrites and biofabric 
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compositions (e.g. Grice et al., 2005; Cao et al., 2009; Zhao and Tong, 2010; Chen et al., 

2015; Li et al., 2016). Similar results, based on framboidal pyrites, were also noted from 

deeper facies sections, including Shangsi, Tianqiao, Changtanhe, Xiakou, Chaohu and 

Xiaojiaba (Fig. 11; Bond and Wignall, 2010; He et al., 2013; Wei et al., 2015b; Shen et al., 

2016; Huang et al., 2017). 

Bond and Wignall (2010) demonstrated that this oxygenation event in the immediate 

aftermath of the extinction was extensive in South China, differing from the expanding 

euxinia–anoxia pattern in other areas (Fig. 11). A hiatus in the latest Permian and earliest 

Triassic of these PTBM-bearing sections, makes it inappropriate to compare our data with 

sections in the Boreal Shelf Sea, in which abundant small framboidal pyrites were noted in the 

Late Permian Kapp Starostin Formation and rare framboids in the basal Vardebukta 

Formation (Fig. 11; Bond and Wignall, 2010; Dustira et al., 2013). Equally, the previous 

report of oxygenated conditions in the earliest Triassic from Oman (Twitchett et al., 2004) 

cannot be compared directly with our data from China because the Oman section begins in the 

earliest Triassic (Griesbachian), which sits directly on a Guadalupian-aged limestone, and 

Upper Permian rocks are absent. Twitchett et al. (2004) interpreted the Oman Griesbachian 

fauna in oxygenated reef limestones as evidence for extremely rapid recovery of life, but these 

authors were unable to identify whether it had been preceded by an anoxic phase, either Late 

Permian or earliest Triassic in age, because of the absence of strata of that age. 

 

4.3 Implications for palaeoceanic circulation 

Documented redox histories of different successions in varied facies, reconstructed by 

pyrite morphology and size distribution, show regional variations in the latest Permian and 

earliest Triassic (Fig. 11). The results from the Pingguo Platform might indeed be a local 

exception to the widespread shift from oxygenated conditions before the EPME crisis to 

anoxia afterwards, as seen on other platforms (Fig. 11). Taking the isolated platforms in the 

Nanpangjiang Basin as examples, our results suggest that the Pingguo Platform recorded 

dysoxia with euxinia before the EPME, followed by an immediate oxygenation and 
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subsequent dysoxia in the aftermath of the event, while an oxygen reduction process across 

the EPME was recorded on the Great Bank of Guizhou (GBG) based on the abundances of 

framboidal pyrites in the PTBM (Algeo et al., 2008; Liao et al., 2017). Meanwhile, Algeo et 

al. (2007) demonstrated that the first enrichment of pyrite (especially framboidal) coincided 

with the EPME in the Nhi Tao section, located on the Jinxi Platform, and this conclusion was 

supported by high sulfur and organic carbon ratios and a negative pyrite sulfur isotope shift, 

indicating an oxygen reduction redox history on the Jinxi Platform. On a wider scale, the 

Laolongdong section and Cili section on the northern margin of the Yangtze Platform, 

recorded a common oxygen reduction process across the EPME, based on the lack of 

framboidal pyrites in the pre-EPME strata (Liao et al., 2010; Wang et al., 2016). 

The measured δ
34

Spyrite values in the Taiping section also show different patterns of 

change from other shallow marine carbonate successions, implying spatial variation in 

redox-changing patterns in shallow marine settings during the P-Tr transition. Algeo et al. 

(2008) studied the sulfur isotopes of the Nhi Tao section (Vietnam), discovering over nine 

pyritic beds with low δ
34

Spyrite (mainly < -20 ‰, lowest approximate to -30 ‰) above the 

EPME horizon. Gorjan et al. (2007) reported two distinct negative shifts of δ
34

Spyrite 

(documented as δ
34

Ssulfide by Gorjan et al., 2007) in the Bulla section, < -30 ‰, associated 

with abundant small pyrite framboids, below and above the EPME horizon, respectively. At 

Taiping, the δ
34

Spyrite values show slight perturbations throughout the EPME, exclusive of the 

potential terrestrial transported heavy δ
34

Spyrite in the 450–600 cm interval of the measured 

section (see section 4.1), suggesting persistent low oxygen levels. In addition, a relatively 

constant δ
34

Spyrite pattern has also been found in several basinal sections, e.g. West Blind 

Fjord and Ubara (Algeo et al., 2011, 2012), implying complicated oceanic redox 

correspondences during the P-Tr transition. 

The Taiping section was located much closer to the basin centre than the sections on the 

GBG and Jinxi Platforms (Fig. 1), suggesting that the dysoxia–euxinia incursion before the 

EPME might have occurred from the centre of the Nanpangjiang Basin. The widely 

distributed latest Permian basinal successions of South China (including the Nanpanjiang 
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Basin) are composed of bedded chert, black shale and siliceous mudstone/limestone, 

collectively named the Dalong Formation. Multiple lines of evidence (high TOC, abundant 

small framboidal pyrites, and high FeHR) suggest significant euxinia–dysoxia in the Dalong 

Formation, not just in the Nanpanjiang Basin, but also in the sub-basins on the northern 

margin of the Yangtze Platform (He et al., 2013; Wei et al., 2015; Lei et al., 2017). Liao et al. 

(2017) attempted to explain the relatively smaller framboidal pyrites in the Dajiang section 

than in the Laolongdong and Cili sections on the Yangtze Platform by the fact that the 

Nanpangjiang Basin faced Panthalassa at the time, and perhaps deep-oceanic waters might 

have intruded, bringing anoxia. However, the Jinxi Platform was located more towards the 

east than the Pingguo Platform, but recorded the same pattern as the GBG (see discussion in 

last paragraph). Further, as we discussed in section 4.1, euxinia was recorded in the Dalong 

Formation; otherwise, dysoxia (not euxinia–anoxia) was extensively recorded in the 

Panthalassa pre-EPME successions, so implying that the pre-EPME anoxia–euxinia 

incursions might have come from inner shelf basins, rather than Panthalassa as the proposed 

origin for the post-EPME shallow marine euxinia–anoxia (Liao et al., 2017). In addition, the 

heavy δ
34

Spyrite by terrestrial input, which was just prior to the latest Permian euxinia at 

Taiping (see section 3.3), also implies a strong intra-shelf influence on the Pingguo Platform, 

rather than upwelling from the deep abyssopelagic ocean (which should be marked by 

extremely low δ
34

Spyrite values; see Algeo et al., 2008 and Zhang et al., 2017). 

The earliest Triassic seafloor oxygenation in South China, of the shallow platform 

uncovered herein and in deeper facies (Bond and Wignall, 2010; He et al., 2013; Li et al., 

2016), could be taken to mean that the ocean anoxia–euxinia models linked to the P-Tr 

hyperthermal crisis are wrong, or they could simply provide evidence for variability between 

basins on a regional scale on the edges of worldwide anoxic oceans (Knoll et al. 2007). 

However, the classic numerical model for oceanic euxinia following huge volcanic activity 

posits extensive anoxia–euxinia, including shallow-water euxinia, but stable oceanic gyre 

regions can retain an oxygenated wind-mixed layer (Meyer and Kump, 2008). A more likely 

explanation is that reduced marine productivity in the South China Block area occurred 
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following the EPME, providing insufficient Corg sinking flux for oceanic anoxia (Algeo et al., 

2013). 

There are two proposed models for redox oscillations before and during the EPME: (1) the 

chemocline might have moved upwards episodically by shoalings/upwellings of deep anoxic 

water associated with thermal crises, introducing dysoxia–euxinia into shallower sediments, 

based on evidence of framboidal pyrites and sulfur isotopes (e.g. Bond and Wignall, 2010; 

Kershaw, 2014; Tian et al., 2014; Huang et al., 2017; Zhang et al., 2017); or (2) enhanced 

terrestrial inputs into the ocean, caused by de-vegetation and the associated climate changes, 

led to rapid blooms of bacteria moving from onshore to offshore, and increasing productivity 

associated with strong sulfate reduction, which can contribute to the formation of framboidal 

pyrites and sulfur isotope anomalies (e.g. Zhou et al., 2016; Kaiho et al., 2016). No matter 

what caused the shallow-marine euxinia dynamically, the episodically abundant small-sized 

pyrite framboids in limited shallow carbonate layers, e.g. Nhi Tao section (Algeo et al., 2007, 

2008) and Taiping section (this study), suggest that short-term euxinic events are likely to be 

the mechanism that can reconcile the evidence of euxinia with generally dysoxic–oxic 

shallow-marine facies, before, during and after the EPME. 

New evidence has suggested that the terrestrial crisis might have occurred earlier than the 

marine crisis and the inputs from de-vegetated lands into the oceans might have significantly 

impacted the environmental conditions in the ocean before the marine EPME (e.g. Shen et al., 

2011; Zhou et al., 2016; Kaiho et al., 2016; Liu et al., 2017; Dudás et al., 2017). Tian et al. 

(2018) discovered a “Foram gap & detrital event” in the sandy limestone of the Heshan 

Formation, 230 cm below the EPME horizon, in the latest Permian of the Taiping section, 

implying strong terrestrial input and supporting the idea of an ecosystem collapse on land. 

Along with the results proposed in this study, the potential terrestrial impacted environmental 

devastations occurred prior to the EPME in the shallow marine. 

 

5. Conclusions 
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Framboidal pyrites from the Taiping section reveal that persistent euxinia–dysoxia 

occurred on the shallow marine Pingguo Platform during the Permian-Triassic transition. 

Abundant small-sized framboidal pyrites below the EPME horizon indicate that euxinia 

occurred before the EPME, whereas an oxygenation event in the immediate aftermath of the 

EPME is indicated by the enrichment of large-sized framboidal pyrites in the basal beds of the 

PTBM. Since the inferred redox history of the Pingguo Platform might be an exceptional 

case, differing from other shallow carbonate platforms, it provides new evidence for exploring 

the marine redox history during the P-Tr transition. 
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Figure Captions 

 

Fig. 1. Palaeogeography of (A) the world and (B) the Nanpanjiang Basin of the South 

China Craton during the Permian-Triassic transition. Map B shows the study section 

location (red) on the isolated carbonate platform (blue): TP = Taiping. The South 

China Block has rotated nearly 90° clockwise since the Permian-Triassic. Map A is 

adapted from Ron Blakey (http://jan.ucc.nau.edu/rcb7/), while map B is modified 

after Lehrmann et al. (2003) and Algeo et al. (2007). 

 

Fig. 2. Outcrop photos of the Taiping section. (A) Uppermost Heshan and lowermost 

Majiaoling formations (the Permian-Triassic boundary is associated with the 

formation contact; red line). (B) Truncation surface (red arrow) between uppermost 

Permian bioclastic limestones and lowermost Triassic microbialites, and a stylolite 

located 2 cm above (blue arrow). (C) Thrombolitic microbialites of the basal 

Majiaoling Formation (ruler = 10 cm).  

 

Fig. 3. Thin section microscopic photos of the bioclastic limestone and sandy 

limestone from uppermost Heshan Formation. (A) and (B) bioclastic packstone with 

diverse skeletons, indicating open marine platform environment; (C) packstone with 

foraminifers and sponge spicules, implying relative deeper environment; (D) sandy 

mudstone with numerous detrital minerals (e.g. quartzes). 

 

Fig. 4. Thin section microscopic photos of the lowermost Majiaoling microbialites. 

(A) tiny radial carbonate fan precipitates and foraminifer Globivalvulina bulloides; 

(B) ostracods are enriched in the micritic clots; two different calcified possible 

cyanobacteria: (C) cluster of coccoidal micritic clots, and (D) lunate chambered 

micritic belts, interpreted as Renalcis-like microbe. 
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Fig. 5. SEM photos of conodonts from the Taiping section. Note that all specimens 

are from the lowermost Majiaoling microbialites. A–D: Hindeodus parvus, A, 

specimen TP112, B, TP111, C, specimen TP116, D, specimen TP110; E and I–L: 

Hindeodus praeparvus, E, specimen TP121, I, specimen TP115, J, specimen TP117, 

K, specimen TP109, L, specimen TP119; F: Hindeodus eurypyge, specimen TP120; 

G: Hindeodus changxingensis, specimen TP114; H: Hindeodus inflatus, specimen 

TP113. 

 

Fig. 6. Integrated diagram of microfacies changes, conodont distribution, and carbon 

isotope and framboid size distributions. Details of statistical indexes for framboid size 

distribution of each sample are presented in Table 1. MFT = Microfacies types: MF1, 

foraminiferal packstone; MF2, algal-foraminiferal packstone; MF3, sandy mudstone; 

MF4, dolomitized wackestone. Raw data of carbon, Spyrite isotopes and content of 

Spyrite are in online supporting material Table S1. 

 

Fig. 7. SEM photos of pyrite specimens from the Taiping section. A, small framboidal 

pyrite (diam. < 6 μm), sample TP-12, photo (042); B, pyrite cluster, mixture of 

euhedral and framboidal pyrites, sample TP-13, photo (082); C–D, small and large 

(diam. > 10 μm) framboids, C, sample TP-10, photo (028), D, sample TP-1, photo 

(075); E–F, mixture of euhedral pyrites with framboids, sample TP-7, E, photo (006), 

F, photo (056). 

 

Fig. 8. MSD diagram for redox condition reconstruction. Mean size versus standard 

deviation of framboidal pyrites. Euxinic samples are separated from the dysoxic 

samples by the dotted line, which is from Wilkin et al. (1996). Numbered circles stand 

for the corresponding samples in Table S2.  
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Fig. 9. δ
34

Spyrite versus Pyrite S content. The dashed line A shows the potential 

terrestrial-input controlled fraction while the solid line B shows the syngenetic and 

authigenic pyrite mixed fraction (from Algeo et al. 2008). Raw data of Spyrite isotopes 

and content of Spyrite are in online supporting material Table S1. 

 

Fig. 10. Comprehensive diagram of temporal biotic and redox conditional changes. 

Fossil frequency and distribution of foraminifera are from Tian et al. (2018), while the 

distributions of conodonts and redox conditions are simplified from Fig. 6 of this 

study. The solid line for the redox reconstruction (right-hand side) is based on the 

mean values of the studied samples. 

 

Fig. 11. Global comparison diagram of the framboidal pyrites based redox histories in 

different facies and sections during Permian-Triassic transition. The studied sections 

are organized by lithological compositions (facies): (1) shallow marine carbonate 

successions (shallow platforms and margin sections) are listed in the uppermost row; 

(2) mudstone and claystone interbedded carbonate successions (slope sections) are 

listed in the middle row; (3) mudstone and chert dominated deep water successions 

(basinal sections) are listed in the lowermost row. Note: EPME = end-Permian mass 

extinct. Data sources: Taiping from this study; Dajiang from Liao et al. (2017); 

Laolongdong from Liao et al. (2010); Cili from Wang et al. (2015); Bulla, Balvany 

North, Shangsi, Tianqiao and Hovea from Bond and Wignall (2010); Chaotian from 

Newton et al. (2009); Meishan from Li et al. (2016); Xiaojiaba from Wei et al. 

(2015b); Changtanhe from He et al. (2013); Xiakou from Shen et al. (2016); Guryul 

Ravine from Wignall et al. (2005); Fiskegrav from Nielson et al. (2010); Ubara from 

Algeo et al. (2011); Tschermakfjellet from Dustira et al. (2013). 
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Highlights 

 

 Pyrite framboid size distributions and δ
34

Spyrite suggest low oxygen levels 

throughout the EPME in the Taiping section; 

 Shallow marine euxinia occurred prior to the EPME on the Pingguo Platform; 

 Large-sized framboidal pyrites in the basal Permian-Triassic microbialite 

indicate an earliest Triassic oxygenation event; 

 A potential terrestrial input controlled fraction dynamic of δ
34

Spyrite was 

proposed to interpret the pre-EPME heavy δ
34

Spyrite; 

 Shallow dysoxia of the Nanpangjiang Basin might have invaded from intra 

shelf basins rather than the Panthalassic Ocean. 
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