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Abstract 18 

The Permian-Triassic Mass Extinction (ca. 252 Ma; PTME) is the most severe biocrisis of the 19 

Phanerozoic in both the oceans and on land. The crisis saw the collapse of terrestrial ecosystems in 20 

low, mid and high latitudes. Although terrestrial plant losses have been implicated as a driver of 21 

concurrent changes in terrestrial sedimentary environments and facies (e.g., fluvial style and/or 22 

grain size), the relationship between extinction and environmental change in the North China Plate 23 

(NCP) remains uncertain due to a paucity of plant macrofossils. We explore the relationship 24 

between terrestrial environments and changes in plant communities using a combination of 25 

sedimentology, palynology, geochemistry, mineralogy and charcoal data from a terrestrial 26 

succession in the Yiyang Coalfield located in the southern NCP. Our multiproxy approach places the 27 

end-Permian Terrestrial Collapse (EPTC) at the base of bed 20, below the level of the main (marine) 28 

PTME at the top of bed 21. The EPTC manifested as a rapid loss of vegetation accompanied by 29 

climatic warming and frequent wildfires. The main PTME was accompanied by warming, spikes in 30 

the Chemical Index of Alteration (corrected CIA, CIA*) and sedimentary Ni (Ni/Al) concentrations, 31 

and a transition from arid floodplain to fluvial facies in the sedimentary record. Our results suggest 32 

that wildfires induced by global warming during the early eruption phase of the Siberian Traps 33 

Large Igneous Province triggered terrestrial ecosystem collapse in the NCP prior to the PTME. 34 

Plant extinctions during the EPTC were accompanied by changes in sedimentology and 35 

environment, but there was no abrupt change in fluvial styles. Temporal coincidence suggests that 36 

shifts in end-Permian terrestrial ecosystems towards those tolerant of warmer and more 37 

environmentally stressed environments were driven by concurrent Siberian Traps volcanism. 38 

 39 

Keywords: Permian-Triassic mass extinction; End-Permian terrestrial ecosystem collapse; 40 

Palynology; Charcoal; Extinction 41 

 42 



1. Introduction 43 

The Permian-Triassic Mass Extinction (PTME) is the greatest extinction event of the 44 

Phanerozoic (Erwin, 1994) and resulted in the loss of >81% of marine (Fan et al., 2020) and >89% 45 

of terrestrial (Viglietti et al., 2021) species. High-resolution isotope dilution thermal ionization mass 46 

spectrometry (ID-TIMS) zircon U-Pb dates show that the PTME was concurrent with the Siberian 47 

Traps Large Igneous Province (Burgess et al., 2014; Burgess and Bowring, 2015) and 48 

contemporaneous volcanism in South China (Zhang et al., 2021). Volcanism released large 49 

quantities of greenhouse gases and caused global environmental and climatic changes, including 50 

rapid global warming (Sun et al., 2012; Cui et al., 2021; Wu et al., 2021), large-scale perturbations 51 

to the carbon cycle (Shen et al., 2011; Bond and Grasby, 2017; Dal Corso et al., 2022), widespread 52 

wildfires (Shen et al., 2011; Chu et al., 2020; Lu et al., 2020, 2022) and soil erosion (Biswas et al., 53 

2020; Lu et al., 2020, 2022; Aftabuzzaman et al., 2021; Kaiho et al., 2021). A combination of these 54 

factors likely led to the end-Permian terrestrial ecosystem collapse (EPTC), which resulted in 55 

significant changes in terrestrial biotas and sedimentary environments (Dal Corso et al., 2022). 56 

Global climate changes led to significant shifts in terrestrial floras during the Late Permian. 57 

Studies of plant macro- and microfossils suggest that plant diversity experienced a rapid decline in 58 

Australia (Fielding et al., 2019; Mays et al., 2020), northwest China (Cao et al., 2008 and references 59 

therein), South China (Chu et al., 2020; Feng et al., 2020; Xu et al., 2022), and North China (Chu et 60 

al., 2015, 2019; Xiong et al., 2021). These losses included the disappearance of the Glossopteris 61 

flora and coals from Australia (Fielding et al., 2019; Mays et al., 2020), and the disappearance of 62 

the Gigantopteris flora and coals from South China (Chu et al., 2020; Feng et al., 2020; Xu et al., 63 

2022). In the North China Plate (NCP), extinctions among terrestrial floras resulted in the loss of 64 

~54% (14/26) of genera and ~88% (28/32) of plant species in the gymnosperm-dominated 65 

assemblages of the Sunjiagou Formation (Chu et al., 2015, 2019), which follows the 66 

stratigraphically lower losses of Gigantoperis floras in this region (e.g., Yang and Wang, 2012). 67 

However, due to the low resolution of existing plant macrofossil studies, the precise timing of the 68 



these extinctions in the NCP has not been determined. Further, detailed studies are needed to fully 69 

evaluate Late Permian floral changes in the NCP. 70 

Changes in global climate and terrestrial floras during the Late Permian had significant effects 71 

on terrestrial sedimentary environments. Late Permian fluvial styles shifted from meandering to 72 

braided rivers in Australia (Sydney Basin) (Michaelsen, 2002), South Africa (Karoo basin) (Ward et 73 

al., 2000, 2005), India (Satpura and Pranhita-Godavari basins) (Tewari, 1999), and in the Ordos 74 

Basin in North China (Zhu et al., 2019, 2020) and this has been attributed to climate change and 75 

vegetation losses. However, recent studies have shown no sudden sedimentological change at the 76 

level of the plant extinction in Australia, where terrestrial environmental changes mostly occurred 77 

after the PTME (Fielding et al., 2019). It has since been reported that there were no significant 78 

sedimentological changes at the level of terrestrial plant extinctions in South Africa (Gastaldo et al., 79 

2020) or South China (Wignall et al., 2020), where sedimentary facies changes also occur above the 80 

level of the PTME. A recent study from the NCP revealed significant sedimentological changes in 81 

Permian-Triassic terrestrial environments, though these were not accompanied by changes in fluvial 82 

style (Ji et al., 2022). However, due to the lack of detailed records of terrestrial plant communities, 83 

the relationship between these and their sedimentary environment in the NCP is unclear. 84 

To evaluate the timing and nature of terrestrial ecosystem changes and their relationship with 85 

environmental change, we examined spore-pollen fossils, charcoal abundance, chemical index of 86 

alteration (CIA) values, kaolinite content, and Ni concentrations from the Dayulin section in the 87 

southern NCP. 88 

 89 

2. Geological setting 90 

During the Late Permian, the NCP was located at approximately 20° N on the northeastern 91 

margin of the Paleo-Tethys Ocean (Fig. 1a), with the Inner Mongolia uplift (IMU) to the north and 92 

the North Qinling Belt (NQB) or Funiu paleo-land to the south (Shang, 1997; Lu et al., 2020; Guo 93 



et al., 2022; Fig. 1b). Sediments in the study area were mainly derived from the NQB or the upper 94 

crust of the southern NCP (Shang, 1997; Wang et al., 2020; Fig. 1b). 95 

In the Yiyang Coalfield (Henan Province), Permian-Triassic strata comprise the Shangshihezi,  96 

Sunjiagou and Liujiagou Formations (Fig. 1c). The Sunjiagou Formation comprises three members: 97 

the Pingdingshan Sandstone Member, the Tumen Member, and the Quanmen Member (Fig. 1c). The 98 

Pingdingshan Sandstone Member is primarily composed of conglomeratic sandstone, medium-99 

coarse and feldspathic quartz sandstone, and thin layers of siltstone and mudstone (Fig. 1c) with a 100 

palynological assemblage dominated by rib-bisaccate gymnosperms (Ouyang and Wang, 1985). The 101 

Tumen Member is primarily composed of fine sandstone, siltstone, silty mudstone, and mudstone 102 

(Fig. 1c). This member is considered to be Late Permian in age based on the presence of the 103 

Ullmannia-Yuania fossil plant assemblage (Chu et al., 2015). The Quanmen Member comprises 104 

silty mudstone, thin layers of mudstone and siltstone, and interbedded limestone, lacking in age-105 

diagnostic plants (Fig. 1c).  106 

 107 

3. Materials and methods 108 

We sampled 26 fresh mudstone samples from the Sunjiagou Formation at the Dayulin section 109 

(34.5017N, 112.1556E) in the Yiyang Coalfield of the southern NCP (Figs. 1a, 1b; sampling 110 

locations are shown in Figure 2a). Each sample was divided into two parts, one of which was 111 

crushed into particles approximately 1 mm in diameter for palynological analysis. The remaining 112 

part of the sample was crushed to pass through a 200 µm mesh and then divided into three subparts 113 

for analysis of (1) major elements, (2) trace elements, and (3) clay mineral compositions.  114 

Major and trace elements were measured at the Beijing Research Institute of Uranium 115 

Geology. Major and trace elements analysis was undertaken with an X-ray fluorescence 116 

spectrometer (PW2404) and an inductively coupled plasma mass spectrometer (Finnigan MAT), 117 

respectively. The spectrometer was calibrated before use with standards of CRMs (GBW07427) and 118 

analytic precision was within 5%. Clay mineral composition was analysed using an X-ray 119 



diffractometer (D/max 2500 PC) at the State Key Laboratory of Coal Resources and Safe Mining 120 

(Beijing), and the data were interpreted using Clayquan 2016 software with a relative analysis error 121 

of ±5%. The analytic precision or error of all samples is based on reproducibility and repeats of the 122 

standard sample and standard samples were run after every five sample analyses.  123 

Palynological isolation and identification was undertaken according to the China national 124 

standard (SY/T5915–2018) at the Chinese Academy of Geological Sciences (Beijing). A detailed 125 

description of the analytical methods used is available in the Supplementary Material. For each 126 

spore-pollen sample, more than 100 sporomorphs were identified by the point-counting method 127 

under transmitted light microscopy (Olympus BX 41). The organic residue was mounted in epoxy 128 

resin on microscopy slides, and organic matter analysis involved scanning two microscope slides 129 

(18 ×18 mm) of each sample according to the scheme developed by Batten (1996). All 130 

palynological slides are housed at the State Key Laboratory of Coal Resources and Safe Mining 131 

(Beijing). Percentages of spore and pollen taxa were calculated based on the sum of total 132 

sporomorphs. Palynological assemblages were identified by stratigraphically constrained cluster 133 

analysis (CONISS) using Tilia software (e.g., Zhang et al., 2022a). 134 

We use Ni concentrations as a proxy for volcanism due to the relationship between 135 

sedimentary Ni content and volcanic eruptions and magmatic intrusions during the PTME interval 136 

(Rampino et al., 2017; Lu et al., 2020; Kaiho et al., 2021). Variations in spore-pollen composition 137 

through the studied strata were used to reflect the changes in paleo-vegetation and to reconstruct 138 

paleoclimatic conditions (e.g., Lu et al., 2021; Zhang et al., 2022a). The Chemical Index of 139 

Alteration (CIA; see Supplementary Material) values were used to restore the weathering trends and 140 

paleoclimate, with spore-pollen fossils and kaolinite content used for reference (e.g., Xu and Shao, 141 

2018; Zhang et al., 2019, 2022b; Lu et al., 2020, 2021; Shen J. et al., 2022). Charcoal abundance 142 

was used as a proxy for paleo-wildfire (e.g., Glasspool et al., 2015; Chu et al., 2020; Lu et al., 2020; 143 

Zhang et al., 2022a). 144 

 145 



4. Results and analysis 146 

4.1 Lithologic shift and environmental records 147 

In the study area, the Sunjiagou Formation records significant changes in lithology and 148 

depositional environment. At the base of our studied succession, above bed 1 (gray mudstone 149 

belonging to the Shangshihezi Formation), beds 2–14 comprise yellowish-brown conglomeratic 150 

sandstones and medium-coarse grained sandstones of the Pingdingshan Sandstone Member of the 151 

Sunjiagou Formation. Also present are purplish-red fine grained sandstone, siltstone, and mudstone 152 

(Fig. 1c). The thickness of sandstone beds decreases upwards in the succession, while the 153 

proportion of fine-grained sediments such as siltstone and mudstone increase (Fig. 1c), consistent 154 

with deposition in a delta plain/front setting (Wang, 2019). Beds 15–19 (belonging to the Tumen 155 

Member) are mostly greyish-green fine sandstones and mudstones that are rich in plant macro- (Chu 156 

et al., 2019) and micro-fossils (see section 4.2). Beginning in bed 20, and more prominently in bed 157 

21 the sediments abruptly shift to purplish-red mudstones and sandstones of the Quanmen Member, 158 

which also includes paleosols contaning calcareous nodules (Figs. 1c, 2). The plant-rich greyish 159 

green sediments may record a mixture of humid waterlogged conditions (Figs. 2b, 2c) and have 160 

been interpreted as medial terminal fan deposits (Ji et al., 2022), while the purplish-red sediments 161 

represent floodplain deposits adjacent to meandering channel belts (Figs. 2b, 2e). Occasional 162 

scattered or layered calcareous nodules (Fig. 2d) within the mudstones probably represent calcretes 163 

formed within floodplain soil horizons subject to extended periods of subaerial exposure, and have 164 

been interpreted as being deposited on an arid floodplain (Ji et al., 2022). Beds 23–24 are mainly 165 

composed of purplish-red, fine-grained calcareous sandstone, siltstone, mudstone and grey thin-166 

bedded limestone (Fig. 2b). Sandstone units contains parallel bedding, wave ripples (Fig. 2h) and 167 

load structures, which have been interpreted as indicative of deposition in a coastal mudplain (Ji et 168 

al., 2022). The Liujiagou Formation (bed 25 and upwards beyond the top of our studied succession) 169 

(Fig. 2b) is mainly composed of red sandstones that range from several decimeters up to 2 m thick, 170 

and have been interpreted to record low-sinuosity, braided fluvial channel systems (Ji et al., 2022). 171 



 172 

4.2 Palynology fossils and paleofloral and paleoclimatological records 173 

Eighteen spore and 25 pollen genera have been identified (Figs. 3, 4; Table S1) and these can 174 

be divided into three palynological assemblage zones (AZ) based on vertical variations in 175 

palynological content determined by CONISS (Figs. 3, S1). The compositions of AZ-I (samples 176 

YY-1 to YY-5; Florinites–Lunatisporites–Alisporites/Chordasporites) and AZ-II (samples YY-6 to 177 

YY-10; Chordasporites–Florinites/Alisporites–Vesiccaspora) are generally similar and include 178 

many co-occurring taxa, with the assemblages distinguished on abundance differences. AZ-I and 179 

AZ-II are dominated by gymnosperm pollen (72.2–80.7% and 71.2–83.6%, mean (x̄) = 77.5 and 180 

78.3%, respectively), followed by fern spores (19.3–27.8% and 16.4–28.8%, x̄= 22.5 and 21.7%, 181 

respectively) (Figs. 3, S1; Table S1). In AZ-I, syncytia-bisaccate pollen dominate (20.0–27.5%, x̄= 182 

23.4%) and include Vesiccaspora, Klausipollenites, Florinites, and Cordaitina; followed by ribbed-183 

bisaccate pollen (12.3–24.1%, x̄= 15.1%), including Chordasporites, Lueckisporites, 184 

Gardenasporites, Vestigisporites, Limitisporites, Taeniaesporites, and Protohaploxypinus; bisaccate 185 

pollen are common (8.3–13.8%, x̄= 10.8%), including Alisporites, Platysaccus and Pityosporites 186 

(Figs. 3, S1; Table S1). In AZ-II, ribbed-bisaccate pollen dominate (14.4–24.1%, x̄= 19.9%), 187 

followed by syncytia-bisaccate pollen (13.6–21.1%, x̄= 18.0%), whilst bisaccate pollen are also 188 

common (10.1–11.7%, x̄= 11.2%) (Figs. 3, S1; Table S1). AZ-III (samples YY-11 to YY-26) records 189 

a rapid decline in spore-pollen abundance and diversity, and spores and pollen are largely absent 190 

(Fig. 3), except for a sporadic and low abundance ocurrences in sample YY-11 (Fig. 3; Table S1; see 191 

Supplementary Material). 192 

The stratigraphic age for the lower and middle parts of the Sunjiagou Formation (AZ-I and 193 

AZ-II) has been determined biostratigraphically based on the characteristic elements and abundance 194 

of spore and pollen taxa. Paleovegetation and paleoclimate has been inferred based on the 195 

relationship between palynological fossils and their parent plants (Tables S1, S2). Palynological 196 

compositions from the lower and middle parts of the Sunjiagou Formation comprise characteristic 197 



elements from the Late Permian Changxingian Stage including Lueckisporites, Alisporites, and 198 

Protohaploxypinus (e.g., Hou, 1990; Ouyang et al., 1993, 2004; Balme, 1995; Liu, 2000; Gao et al., 199 

2018). The spore-pollen composition, which is dominated by an abundance of gymnosperms with 200 

less common fern spores supports this age assessment (Fig. 3; see Supplementary Material). During 201 

this interval, paleovegetation in the study area was mainly dominated by xerophytic conifers and 202 

meso-xerophytic seed ferns, with abundant ferns, while lycophytes, cycads, and horsetails were rare 203 

and sporadically distributed, indicating that a semi-arid climate prevailed (samples YY-1 to YY-10; 204 

AZ-I and AZ-II) (see Supplementary materials).  205 

 206 

4.3 Ni concentrations and volcanism 207 

Results for Ni concentrations are shown in Figure 3 and Table S3. Ni concentrations vary from 208 

20.6 to 49.6 ppb (x̄ = 33.21 ppb) with a clear peak at the top of bed 21 (Fig. 3; Table S3). Ni 209 

concentrations in terrestrial strata are usually influenced by total organic matter content (TOC) and 210 

lithological change (i.e. Al content) (e.g., Grasby and Beauchamp, 2009; Grasby et al., 2015, 2019; 211 

Fielding et al., 2019) and so Ni concentrations are normalized to TOC and Al. TOC contents in 212 

samples that are enriched in Ni are low (≤ 0.02 wt. %) (Wu et al., 2020; Fig. 3), and therefore TOC 213 

is not suitable for standardization in this case (e.g., Grasby et al., 2019). The Ni/Al ratios vary from 214 

1.37 to 3.60 ×10-4 (x = 2.27 × 10-4), with a peak 1.58 times background (mean) values (Fig. 3; Table 215 

S3). The Ni (Ni/Al) peak is located within a negative δ13Corg excursion (Wu et al., 2020; Fig. 3). 216 

The Ni (Ni/Al) peak is within the range of the Ni anomaly known from the PTME interval globally 217 

(Rampino et al., 2017 and references therein). Collectively these features suggest that the Ni and 218 

Ni/Al enrichment anomalies are related to volcanism in the Siberian Traps LIP (e.g., Rothman et al., 219 

2014; Rampino et al., 2017; Fielding et al., 2019; Lu et al., 2020; Kaiho et al., 2021). 220 

 221 



4.4 Chemical weathering indices and terrestrial weathering records 222 

Clay mineral components are mainly illite-smectite mixed layers, followed by illite and 223 

kaolinite, with less frequent chlorite (Fig. 3; Table S4). The content of the illite-smectite mixed 224 

layers varies from 35 to 66% (x̄ = 50.2%), illite content varies from 28 to 63% (x̄ = 40.1%), and 225 

chlorite content varies from 0 to 17% (x̄ = 5.9%). Kaolinite content varies from 28 to 63% (x̄ = 226 

40.1%) with peaks in beds 18 (10%) and 21 (15%) (Fig. 3).  227 

Values of all samples deviate from the ideal weathering trend line on the A-CN-K (Al2O3-228 

Cao*+NA2O-K2O) diagram (Fig. 5a), indicating that potassium metasomatism has affected the 229 

sediments (Fedo et al., 1995). This results in lower CIA values and higher Weathering Index of 230 

Parker (WIP) values, but does not affect the variation trend of the Chemical Index of Weathering 231 

(CIW) and sodium depletion index (τNa) values (Yang et al., 2018; Cao et al., 2019) (these 232 

weathering indices were calculated according to the formulae outlined in the Supplementary 233 

Material). Thus, potassium metasomatism was corrected according to previously published methods 234 

(Fedo et al., 1995; Huang et al., 2017).  235 

In our study, the corrected CIA values (CIA*) vary from 73.6 to 83.8 (x̄= 78.2), the corrected 236 

WIP values (WIP*) vary from 25.5 to 54.4 (x̄ = 44.0), CIW values vary from 86.6 to 94.8 (x̄= 91.1), 237 

and τNa values vary from -0.86 to -0.54 (x̄= -0.72) (Table S3). Furthermore, CIA* values shows a 238 

significant positive correlation with CIA (r2= 0.90) (Fig. 6a), suggesting that this correction 239 

eliminated the effects of K-metasomatism on CIA values without changing their temporal trends 240 

(Yang et al., 2018).  241 

Chemical weathering is susceptible to the influence of changing provenance, sedimentary 242 

recycling, hydraulic or sedimentary sorting processes and diagenesis, thus potentially masking 243 

paleoclimatic information (e.g., Chen et al., 2003; Xu and Shao, 2018; Yang et al., 2018, 2020). In 244 

this study, all samples were distributed along the ideal weathering trend line of the upper crust in the 245 

southern NCP on the CIA (CIA*)-WIP(WIP*) plot (Fig. 5b), suggesting that the provenance of the 246 

southern NCP experienced a continuous and consistent supply and that samples are not affected by 247 



changes in provenance or sedimentary recycling (e.g., Garzanti et al., 2013; Yang et al., 2020). This 248 

conclusion is in accordance with previous results that the sediments of the Yiyang Coalfield were 249 

sourced mainly from the southern NCP during the Permian-Triassic transition (Shang, 1997; Wang 250 

et al., 2020). This is also consistent with studies on Th/U ratios that vary from 1.78 to 5.19 (x̄ = 251 

3.65), indicating that the samples are not affected by depositional recycling (e.g., Lu et al., 2020; 252 

Table S3). In addition, the poor correlation of Al2O3/SiO2 ratios with CIA*(r2 = 0.05), WIP*(r2 = 253 

0.20), and τNa (r2 = 0.04) (Figs. 6b–d) further indicates that samples have not been affected by 254 

hydraulic or sedimentary sorting processes or temporal variations in sedimentary provenance (Yang 255 

et al., 2018, 2020). These observations, together with high KI values (x̄ = 0.36; Table S4) and its 256 

random distribution in ascending order, indicate that the samples in our study have not been affected 257 

by diagenesis (Cheng et al., 2019; Zhang et al., 2022b). We consider that variations in kaolinite 258 

content and CIA* values in our study are reliable indicators of terrestrial weathering and 259 

paleoclimate conditions. The kaolinite and CIA* values in this study (Fig. 3) suggest that the arid 260 

climates of the Late Permian were interrupted by two periods of relatively humid conditions. This is 261 

consistent with similar changes reported from the nearby Yuzhou Coalfield (Lu et al., 2020; Fig. 262 

1b). 263 

 264 

4.5 Charcoal abundance and wildfire records 265 

The organic matter in our samples includes charcoal (Figs. 7a, 7b), fungi (Fig. 7c), plant spores 266 

and pollen (Fig. 7d), plant cuticles (Figs. 7e-g), bisaccate taeniate pollen, and bisaccate non-taeniate 267 

pollen according to the scheme developed by Batten (1996). Results of charcoal contents are shown 268 

in Figure 3 and Table S4, with charcoal content varying from 11 to 1023 grains (x̄ = 203.2 grains) 269 

(Fig. 3; Table S4). Charcoal abundance was highest in samples YY-1 to YY-11, varying from 201 to 270 

1023 grains (x̄ = 395.3 grains), while charcoal abundance in samples YY-12 to YY-26 decreased 271 

significantly, ranging from 11 to 75 grains (x̄ = 38.6 grains). Under transmitted light microscopy, the 272 

charcoal is opaque, pure black, and strongly fragmented with sharp edges, and does not fluoresce 273 



under fluorescence illumination (Figs. 7a, 7b). These features indicate that the charcoal has not 274 

undergone transport over long distances (e.g., Lu et al., 2020, 2022; Zhang et al., 2022a) and is a 275 

reliable indicator of wildfire in the study area. The arid and semi-arid climatic conditions prevailing 276 

in the study area (see Section 4.2) were favourable for wildfires during the Late Permian (e.g., Lu et 277 

al., 2020, 2022). 278 

 279 

5. Discussion 280 

5.1 Temporal patterns of terrestrial ecosystem change in North China 281 

In the NCP, the lithostratigraphic units of the Sunjiagou Formation are diachronous (Shen B. et 282 

al., 2022). The position of the PTME is placed variably in the middle and upper parts of the 283 

Sunjiagou Formation in different sections (Chu et al., 2015, 2017, 2018; Tu et al., 2016; Cao et al., 284 

2019; Guo et al., 2019; Lu et al., 2020, 2022; Wu et al., 2020; Zhu et al., 2019, 2020; Guo et al., 285 

2022). In the Dayunlin section of the Yiyang Coalfield (Fig. 1b), the lower and middle parts of the 286 

Sunjiagou Formation are constrained to the Late Permian and the upper part of the Sunjiagou 287 

Formation is constrained to the Permian-Triassic transitional period based on the biostratigraphic 288 

(including conchostracans and plant mega-fossils) and chemostratigraphic data (Chu et al., 2015, 289 

2017; Tu et al., 2016; Wu et al., 2020), but the precise placement of both the EPTC and the PTME 290 

are less well constrained. 291 

Recent studies on the ID-TIMS zircon U-Pb age, magneto- and chemo- stratigraphy of the 292 

Sunjiagou Formation in the Shichuanhe section from the southern NCP suggest that the EPTC 293 

occurred ~270 kyr before the level of the marine PTME (Wu et al., 2020; Guo et al., 2022). The 294 

Shichuanhe section appears to contain a complete terrestrial sedimentary record of the Late 295 

Permian-Early Triassic transition, and related bio- (including ostracod and plant mega-fossils) and 296 

chemo- (including δ13Corg and CIA patterns) stratigraphy have been extensively studied (Cao et al., 297 

2019; Chu et al., 2019; Wu et al., 2020; Guo et al., 2022). In this context, the Shichuanhe section 298 

provides a key age and stratigraphic framework for Late Permian terrestrial ecosystem changes in 299 



the NCP, which can be used for global terrestrial and marine stratigraphic correlation (Guo et al., 300 

2022; Fig. 1b). We use Shichuanhe as a reference section here to discuss the positions of the EPTC 301 

and the PTME in the Yiyang Coalfield. 302 

Palynological and geochemical data provide effective methods to constrain the position of the 303 

PTME. In this study, palynological data constrain beds 2 to 20 of the Sunjiagou Formation to the 304 

Late Permian Changxingian Stage (Fig. 3; see section 4.2). The CIA* spike and accompanying Ni 305 

peak in the upper part of the Sunjiagou Formation (at the top of bed 21, Fig. 3) co-occur with a 306 

negative δ13Corg excursion (Wu et al., 2020; Fig. 3). A similar pattern is known from the Yuzhou 307 

Coalfield in the southern NCP, where these features are diagnostic for the PTME (Lu et al., 2020). 308 

In addition, previous studies on the Shichuanhe and Yima sections (Fig. 1b) in the southern NCP 309 

showed that the CIA spikes in the upper part of the Sunjiagou Formation coincide with the marine 310 

PTME (Cao et al., 2019). Similar CIA peaks occur at the onset of the marine PTME in South China, 311 

including at the Xinmin, Chaohu, and Meishan sections (Shen et al., 2013; Chen et al., 2015; Zhao 312 

and Zheng, 2015; Cao et al., 2019; Fig. 8). Ni and Ni/Al enrichments are also known at the onset of 313 

the terrestrial and marine PTME levels around the world (e.g., Kaiho et al., 2001, 2006, 2021; 314 

Grasby et al., 2009, 2015; Rampino et al., 2017, 2020; Fielding et al., 2019; Lu et al., 2020). Such 315 

anomalies in the study area all predate the Permian-Triassic boundary (PTB) defined by previous 316 

studies (Tu et al., 2016; Fig. 1c). Therefore, we consider that the spikes of CIA* and Ni (Ni/Al) 317 

values in our studied section represent the level of the marine PTME. 318 

Across the NCP, the EPTC occurred prior to the marine PTME (Guo et al., 2022; Lu et al., 319 

2022). In this study, spore-pollen fossil abundance and richness decreased rapidly at the base of bed 320 

20 in the middle part of the Sunjiagou Formation (Fig. 3). This dramatic palynological change was 321 

accompanied by disappearance of the Ullmannia-Yuania floral assemblage (Chu et al., 2015; Fig. 322 

3), a rapid fall in TOC contents (from 0.3–0.01 wt. %) (Wu et al., 2020; Fig. 3), the onset of a 323 

negative δ13Corg excursion (Wu et al., 2020; Fig. 3), a change in lithology (from greyish-green 324 

sandstone and mudstone to purplish-red mudstone at the base of bed 20) (Figs. 2, 3), the appearance 325 



of calcareous nodules (Figs. 2d, 3), frequent wildfires (Fig. 3), and a subsequent decrease in CIA* 326 

values (Fig. 3). These phenomena predate the peaks in CIA* and Ni values associated with the 327 

marine PTME and likely represent the onset of the EPTC in the study area (Figs. 2c, 3, 8). In the 328 

Shichuanhe section, the EPTC accompanied the onset of the negative δ13Corg excursion, the 329 

disappearance of plant mega-fossils, the appearance of calcareous nodules, and a decrease in CIA 330 

values (Cao et al., 2019; Wu et al., 2020; Guo et al., 2022; Fig. 8). Similar patterns are seen from 331 

the Zishiya section (Wu et al., 2020), Yima (Cao et al., 2019; Fig. 8), and the ZK21-1 borehole 332 

(Yuzhou Coalfield) (Lu et al., 2020; Figs. 8, 9) of the southern NCP and the ZK-3809 borehole 333 

(Liujiang Basin) (Lu et al., 2022). Furthermore, similar phenomena have been recorded from 334 

equatorial Northern Hemisphere settings in southern China and Italy where they are interpreted as 335 

the onset of the EPTC approximately ~60 kyr before the marine PTME (constrained by detailed 336 

marine biostratigraphic constraints) (Biswas et al., 2020; Aftabuzzaman et al., 2021; Kaiho et al., 337 

2021; Dal Corso et al., 2022; Fig. 9). We consider that the base of bed 20 represents the onset of the 338 

EPTC in the study area. Taking the onset of EPTC (252.21 ± 0.15 Ma) in the Shichuanhe (Guo et 339 

al., 2022) as a reference (Fig. 1b), we consider that the onset of EPTC in the NCP is roughly 340 

consistent with its onset in higher latitude South Africa (252.24 ± 0.11 Ma) (Gastaldo et al., 2020). 341 

 342 

5.2 Potential links with volcanism and global warming 343 

High-resolution ID-TIMs zircon U-Pb ages and detailed marine biostratigraphic evidence 344 

suggest that the EPTC and the PTME are closely related to the eruption of the Siberian Traps LIP 345 

(Burgess et al., 2014; Burgess and Bowring, 2015; Fielding et al., 2019; Gastaldo et al., 2020; 346 

Kaiho et al., 2021; Guo et al., 2022). Recent studies have shown that the EPTC was not 347 

synchronous across different latitudes/regions and climatic zones (Fielding et al., 2019; Gastaldo et 348 

al., 2020; Kaiho et al., 2021; Guo et al., 2022; Lu et al., 2022), and it may have been driven by 349 

different phases of the Siberian Traps LIP in different places (Burgess and Bowring, 2015). 350 



During the first phase of Siberian Traps volcanism, flood-lava eruptions potentially drove the 351 

EPTC in high latitude areas such as Australia and South Africa as well as low- and mid- latitudes 352 

regions such as the NCP and northwest China (Burgess and Bowring, 2015; Burgess et al., 2017; 353 

Fielding et al., 2019; Gastaldo et al., 2020; Dal Corso et al., 2022; Guo et al., 2022; Fig. 9). In high 354 

latitude southern hemisphere settings, terrestrial environments in Australia (Bowen and Sydney 355 

Basins) and South Africa (Karoo Basin) record fluctuating carbon isotope records, increases in 356 

chemical weathering (CIA) rates, and floral and tetrapod changes (Fielding et al., 2019; Gastaldo et 357 

al., 2020; Frank et al., 2021; Viglietti et al., 2021; Fig. 9). Recent high-resolution ID-TIMS zircon 358 

U-Pb ages suggest that these high latitude changes (252.24 ± 0.11 Ma) (Gastaldo et al., 2020) 359 

roughly coincide with flood basalt volcanism in Siberia (252.27 ± 0.11 Ma) (Burgess and Bowring, 360 

2015). Similarly, a series of phenomena associated with the EPTC in the study area (as described in 361 

Section 5.1 and below) are associated with the initial phase of Siberia Traps volcanism (Figs. 9, 362 

10a, 10b) based on the new chrono- (252.21 ± 0.15 Ma) and chemo- (including δ13Corg and CIA 363 

patterns) stratigraphic data from the reference Shichuanhe section (Cao et al., 2019; Chu et al., 364 

2019; Wu et al., 2020; Guo et al., 2022). During this period, the lithologic shift from greyish-green 365 

to purplish red sediments (Figs. 2c, 3) and the appearance of calcareous nodules (Figs. 2d, 3) in the 366 

study area are consistent with an increase in surface temperatures (Tu et al., 2016; Wu et al., 2020; 367 

Zheng et al., 2020). Warmer climatic conditions can promote frequent wildfires through frequent 368 

lightning activity and may contribute to vegetation loss on land (e.g., Lu et al., 2020, 2022; Zhang 369 

et al., 2022a). In the context of this climatic warming, an increase in the terrestrial hydrological 370 

cycle will contribute to an increase in terrestrial weathering (e.g., Cao et al., 2019; Frank et al., 371 

2021; Lu et al., 2021). However, the CIA* values in the study area shows a brief downward trend 372 

(Figs. 3, 8, 9). Similar CIA values have been recorded in terrestrial sections from the NCP and 373 

northwest China (mid-latitude) (as described in Section 5.1; Figs. 8, 9). We consider that the fall in 374 

CIA* values immediately above the EPTC may have been driven by an increase in soil erosion 375 

caused by terrestrial vegetation loss, which exposes fresher source materials characterised by lower 376 



CIA values (e.g., Frank et al., 2021). Intriguingly, these early eruptions did not produce global 377 

changes in the δ13C and Hg records (Dal Corso et al., 2022). Only northern latitude marine records 378 

downwind of the Siberian Traps have these shifts in δ13C and Hg records, indicating limited 379 

atmospheric mixing of volatiles released during this early eruption phase (Grasby and Beauchamp, 380 

2009; Grasby et al., 2011; Sanei et al., 2012). 381 

In the second phase of LIP emplacement, the largest volcanic eruptions of the Siberian Traps 382 

(plus felsic volcanism in South China) released large amounts of greenhouse gases into the global 383 

atmospheric system and caused the eventual destruction of terrestrial ecosystems (e.g., Burgess et 384 

al., 2014; Burgess and Bowring, 2015; Kaiho et al., 2021; Zhang et al., 2021; Fig. 9). In this study, 385 

CIA* values increased rapidly, accompanied by the increase in kaolinite content, Ni concentration, 386 

and Ni/Al ratios (Figs. 3, 8, 9, 10c). Ni and Ni/Al enrichment anomalies provide potential evidence 387 

for a connection with the Siberian Traps (e.g., Kaiho et al., 2001, 2021; Grasby and Beauchamp, 388 

2009; Grasby et al., 2015; Fielding et al., 2019; Rampino et al., 2017, 2020; Lu et al., 2020), and the 389 

occurrence of the CIA* spike indicates a significant increase in surface temperature during this time 390 

(Cao et al., 2019; Lu et al., 2020). Similar CIA spikes were observed in contemporaneous terrestrial 391 

and marine strata (Figs. 8, 9; as described in Section 5.1). Although warmer conditions may have 392 

been the main driver of the CIA* spike, the potentially corrosive effects of more intense 393 

precipitation and/or acid rain cannot be ruled out (Cao et al., 2019; Lu et al., 2020; Frank et al., 394 

2021). During the PTME interval, the area around the Paleo-Tethys Ocean experienced a brief 395 

wetting phase (Winguth and Winguth, 2013), and sedimentological studies in the southern and 396 

northern NCP provide further evidence for this (Zhu et al., 2019; Ji et al., 2022). Similarly, acid rain 397 

caused by SO2 release from the Siberian Traps has also been implicated in the PTME (Jurikova et 398 

al., 2020; Kaiho et al., 2021). The downward trend of CIA* values above the PTME may reflect a 399 

temperature rebound and/or the termination of acid rain effects, but persistently higher CIA* than 400 

the pre-PTME average (Figs. 8, 9, 10d) suggests a permanent transition to warmer climatic 401 

conditions in the extinction aftermath (e.g., Sun et al., 2012; Joachimski et al., 2022). 402 



The emplacement of the Siberian Traps caused significant changes in the terrestrial 403 

environments via global warming. Our data supports a scenario in which global warming caused by 404 

the first eruptive phase of the Siberian Traps led to a rapid loss of terrestrial plants accompanied by 405 

(and partly resulting in) lithologic changes (a shift from greyish-green to purplish-red and the 406 

appearance of numerous calcareous nodules) (Figs. 2c, 2d, 3, 9, 10a, 10b). Often such phenomena 407 

are associated with more arid climatic conditions (Tu et al., 2016; Zheng et al., 2020). However, a 408 

recent sedimentological study suggests that this lithological change reflects an increase in oxidation 409 

and evaporation rather than rapid aridification (Ji et al., 2022). Instead we suggest that the colour 410 

change is due to the loss of the reducing power of organic matter following the loss of terrestrial 411 

biomass caused by plant extinctions (Figs 10a, 10b). Later, global warming caused by the most 412 

significant volcanic eruptions (in Siberia and South China) led to river rejuvenation in the study 413 

area (Fig. 10c). The concave-up erosional surfaces (Fig. 2e), conglomerates (Fig. 2f), and the trough 414 

cross-bedded sandstones (Fig. 2g) at the base of bed 22 indicate that sediments were deposited in 415 

fluvial channels during this interval. These individual channels have width-to-depth ratios 416 

characteristic of low-sinuosity channels, indicating an anastomosing rather than a meandering 417 

channel system (e.g., Ji et al., 2022). The conglomerates (Fig. 2f) and the dominance of massive 418 

bedding (Fig. 2e) within the channel fill also indicate rapid deposition and increased fluvial erosion 419 

during peak flow conditions, but the channel bases are not strongly erosional (Fig. 2e), which 420 

indicates only moderate variance of peak discharge (e.g., Ji et al., 2022). In sum, we consider that 421 

sedimentological changes occurred in the terrestrial Permo-Triassic environments in the study area, 422 

but there was no abrupt transition in fluvial styles around the PTME.  423 

Terrestrial ecosystems are more likely to be adversely affected by global warming than their 424 

marine counterparts. As shown in this study, terrestrial environments underwent stepwise changes in 425 

response to intermittent shifts toward warmer and more stressful conditions, eventually culminating 426 

in the final collapse of terrestrial ecosystems (e.g., Dal Corso et al., 2022; Fielding et al., 2022; 427 

Figs. 9, 10). Volcanogenic global warming might have the greatest impact on terrestrial 428 



environments because these responded more quickly than marine settings to atmospheric changes 429 

(Figs. 2, 3, 8, 9, 10).  430 

 431 

6. Conclusions 432 

(1) 18 spore and 25 pollen genera have been identified in the study area through the Permian-433 

Triassic transition interval. The age of the lower and middle parts of the Sunjiagou Formation are 434 

constrained to the Late Permian Changxingian Stage based on their spore-pollen fossil assemblages. 435 

Using biostratigraphic (spore-pollen fossils), chemostratigraphic (CIA* and Ni values), and 436 

sedimentological evidence (lithological change from greyish-green to purplish-red and 437 

accompanied by the appearance of calcareous nodules), we place the EPTC at the base of bed 20 438 

and the PTME at the top of bed 21. 439 

(2) The dominance of conifers, low kaolinite content and CIA* values, and large amounts of 440 

calcareous nodules in the studied strata indicate that arid and semi-arid climatic conditions 441 

prevailed through the Late Permian on the NCP. However, two increases in CIA* value (77.93 and 442 

83.77) and kaolinite content (10% and 15%) point to two brief phases of more humid climate that 443 

interrupted the otherwise arid and semi-arid conditions. 444 

(3) The EPTC predates the correlated level of the marine PTME in the southern NCP. The 445 

former was accompanied by rapid de-vegetation on land, frequent wildfires, and warming climatic 446 

conditions (inferred from a lithologic shift from greyish-green to purplish-red and the appearance of 447 

calcareous nodules). In contrast, the latter was accompanied by the spikes of CIA* and Ni (Ni/Al 448 

ratios) values and warming climatic conditions (inferred from the increased CIA* values). 449 
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Figure captions 805 

 806 

Figure 1. Location and geological context for the study area. a, Paleogeographic reconstruction for 807 

the Changhsingian (Late Permian) showing the location of the NCP (modified from the ~252 Ma 808 

map of the webpage https://deeptimemaps.com/global-paleogeography-and-tectonics-in-deep-time) 809 

and approximate extent of the Siberian large igneous province (revised after Cao et al., 2008; Lu et 810 

al., 2020); b, Paleofacies map of the NCP during the Changhsingian (Sunjiagou Formation) 811 

showing the location of the study area (modified from Shang, 1997). c, Stratigraphic distributions 812 

from the uppermost Shangshihezi (SSHZ) to the lowermost Liujiagou formations of the Dayulin 813 

section in the Yiyang Coalfield. Position of the Permian-Triassic boundary (PTB) comes from Tu et 814 

al. (2016). Abbreviations: J = Junggar Basin; K = Karoo Basin; S = Sydney Basin; B = Bowen 815 

Basin; ZSY = Zishiya; SCH = Shichuanhe; DYL = Dayulin; F. = Formation; M. = Member; B. = 816 

Bed; Litho. = Lithology. 817 

 818 

Figure 2. Field photos from the Dayulin section in the Yiyang Coalfield during the late Permian-819 

early Triassic transition. a, Stratigraphic distributions from the uppermost Shangshihezi (SSHZ) to 820 

the lowermost Liujiagou formations of the Dayulin section in the Yiyang Coalfield showing the 821 

location of samples in this study; b, The Sunjiagou (beds 15 to 24) and Liujiagou (bed 25) 822 

formations with the upper dashed line marking the formational contact (the area highlighted in a 823 

box is enlarged in 2h); c, Lithological contact between beds 19 and 20 (marked by a dashed line) 824 

that records the onset of the end-Permian terrestrial ecosystem collapse (EPTC; the highlighted box 825 

is enlarged in 2d; d, Enlargement of area in box in 2c showing calcareous nodules from the 826 

Sunjiagou Formation; e, Lithological contact between beds 21 and 22 (marked by a dashed line) 827 

showing concave-up erosional surfaces with highlighted boxes enlarged in 2f and 2g; f, 828 

Enlargement from 2e showing details of the conglomeratic sandstone at the base of bed 22; g, 829 

Enlargement from 2e showing details of trough cross-bedded sandstone at the base of bed 22; h, 830 



Enlargement from 2b showing details of wave ripples in bed 23. Note that the length of the pen in 831 

Figures 2d, 2f, and 2h is 15 cm. Abbreviations: F. = Formation; M. = Member; P. = Pingdingshan 832 

sandstone; Sa. = Sample. 833 

 834 

Figure 3. Results of spore-pollen contents (including species and genera), generic richness, 835 

charcoal abundance, Ni concentrations, Ni/Al ratios, CIA* values, clay minerals, TOC, and δ13Corg 836 

from the Dayulin section in the Yiyang Coalfield. Note the TOC and δ13Corg data are from Wu et al. 837 

(2020). Abbreviations: F. = Formation; M. = Member; P. = Pingdingshan sandstone; Sa. = Sample; 838 

1 = Limatulasporites; 2 = Leiotriletes; 3 = Osmundacidites; 4 = Reticulatasporites clathratus; 5 = 839 

Laevigatosporites; 6 = Striotatospora multifasciatus; 7 = Crassispora; 8 = Densosporites; 9 = 840 

Spinozontriletes; 10 = Planisporites; 11 = Raistrickia; 12 = Cyclogranisporites; 13 = Lophotrilotes; 841 

14 = Verrucosisporites; 15 = Anapiculatisporites; 16 = A. incundus; 17 = Calamospora; 18 = 842 

Punctatisporites; 19 = Inaperturopollenites; 20 = Cycadopites; 21 = Ephedripites; 22 = 843 

Perinopollenites; 23 = Potonieisporites; 24 = Crucisaccites; 25 = Pityosporites; 26 = Alisporites; 27 844 

= Platysaccus; 28 = Klausipollenites; 29 = Vesiccaspora; 30 = Vesiccaspora giganteus; 31 = 845 

Vesiccaspora minor; 32 = Florinites; 33 = Cordaitina; 34 = Chordasporites; 35 = Lueckisporites; 36 846 

= Gardenasporites; 37 = Vestigisporites 38 = Limitisporites; 39 = Taeniaesporites; 40 = 847 

Lunatisporites; 41 = Protohaploxypinus; 42 = Costapollenites globosus; 43 = Conifers Spp; CIE = 848 

Organic carbon isotope excursion. 849 

 850 

Figure 4. Selected photos of representative palynological genera from the Dayulin section in the 851 

Yiyang Coalfield (all scale bars = 20 μm). a = Lophotrilotes spp.; b = Planisporites sp.; c = 852 

Spinozontriletes sp.; d = Cyclogranisporites spp.; e = Craassisporites sp.; f = Reticulatasporites 853 

clathratus; g = Calamospora sp.; h = Punctatisporites spp.; i = Vesiccaspora sp.; j = 854 

Klausipollenites sp.; k = Ephedripites sp.; l = Cycadopites sp.; m = Gardenasporites spp.; n = 855 

Chordasporites spp.; o = Crucisaccites sp.; p = Platysaccus sp.; q = Protohaploxpinus spp.; r = 856 



Lunatisporites spp.; s = Verrucosisporites sp.; t = Costapollenites globosus; u = Folorintes spp.; v = 857 

Vestigisporites spp.; w = Klausipollenites spp.. 858 

 859 

Figure 5. A-CN-K (Al2O3-Na2O+CaO*-K2O) diagram with CIA scale on the left and CIA (CIA*)-860 

WIP (WIP*) diagram for the Dayulin section. a, A-CN-K diagram of mudstone samples from 861 

Changhsingian to early Induan with the chemical index of alteration (CIA) scale to the left, showing 862 

the possible influence of potassium metasomatism (e.g., Fedo et al., 1995); b, CIA (CIA*) -WIP 863 

(WIP*) diagram for discriminating sedimentary recycling and chemical weathering influences on 864 

the mudstone samples from Changhsingian to early Induan of the Dayulin section. Potassium 865 

metasomatic effects are corrected to obtain CIA* and WIP* values. After correcting the diagenetic 866 

K enrichment, the analysed mudstones and the average source rock display a linear relationship 867 

between CIA* and WIP*, which indicates a first-cycle and chemical weathering trend (Garzanti et 868 

al., 2013). 869 

 870 

Figure 6. Plots of a, CIA vs CIA*; b, Al2O3/SiO2 ratio vs CIA*; c, Al2O3/SiO2 ratio vs WIP; and d, 871 

Al2O3/SiO2 ratio vs K/Si from the Dayulin section in the Yiyang Coalfield. 872 

 873 

Figure 7. Photomicrographs showing microstructure characteristics of palynofacies in the Dayulin 874 

section of the Yiyang Coalfield. a, overview showing characteristics of charcoal (transmitted light, 875 

sample YY-10); b, charcoal (transmitted light, sample #YY-9); c, fungi (transmitted light, sample YY-876 

15); d, spore (transmitted light, sample #YY-10); e, f, and g, plant cuticles (transmitted light, samples 877 

YY-5, YY-8, and YY-11). 878 

 879 

Figure 8. Records of the CIA contents across the PTME in terrestrial and marine sections including 880 

this study; the ZK21-1 terrestrial sequence from a borehole in the Yuzhou Coalfield of North China 881 

(NC, Lu et al., 2020); the Yima and Shichuanhe terrestrial successions from NC (CIA date from Cao 882 



et al., 2019; CIE date from Wu et al., 2020; Zircon U-Pb age from Guo et al., 2022); the Dalongkou 883 

terrestrial succession from Xinjiang Province, northwest China (Cui and Cao, 2021); the Xinmin 884 

marine succession from Guizhou Province, South China (conodont zones from Zhang et al., 2014; 885 

CIA data from Shen et al., 2013 and Zhao and Zheng, 2015); and the Chaohu marine succession 886 

from the Lower Yangtze basin of South China (conodont zones from Zhao et al., 2007; CIA data 887 

from Chen et al., 2011 and Cao et al., 2019). Abbreviations: CIE = Organic carbon isotope 888 

excursion; NW China = northwestern China, PTME = Permian-Triassic mass extinction. 889 

 890 

Figure 9. Correlation of volcanic and biotic events in marine and non-marine successions and 891 

magmatic phases of the Siberian Traps large igneous province (LIP) based on conodont zones 892 

(black lowercase letters), carbon isotope stratigraphy, Ni spikes, and U-Pb zircon dates (red “U-893 

Pb”). Meishan data are from Jin et al. (2000), Shen et al. (2011), Burgess et al. (2014), Burgess and 894 

Bowring (2015); Grasby et al. (2017), Song et al. (2018), Wang et al. (2018), and Shen et al. 895 

(2019a). Global palaeogeographic map of the Late Permian (~252 Ma) modified from the webpage 896 

https://deeptimemaps.com/global-paleogeography-and-tectonics-in-deep-time. Note: a = Clarkina 897 

changxingensis; b = C. yini; c = C. meishanensis; d = Hindeodus changxingensis; e = C. taylorae; f 898 

= H. parvus; g = Isarcicella staeschei; h = I. isarcica. Chinahe data are from Chu et al. (2020). 899 

High-southern-latitude data are from Fielding et al. (2019), Gastaldo et al. (2020), and Frank et al. 900 

(2021). ID-TIMS zircon U-Pb age in North China is from Guo et al. (2022). Siberian Trap volcanic 901 

events are from Burgess and Bowring (2015) and Burgess et al (2017). Pale colors in the Siberian 902 

Traps LIP record show ranges including measurement errors. Abbreviations: LNL = Lower northern 903 

latitudes; Ni = Ni spike; EPTC = end-Permian Terrestrial Collapse; PTME = Permian-Triassic Mass 904 

Extinction. 905 

 906 

Figure 10. Schematic reconstructions examining how the Siberian Traps large igneous province 907 

(SLIP) might have driven climatic and environmental changes in the Late Permian (a–c) and Early 908 

https://deeptimemaps.com/global-paleogeography-and-tectonics-in-deep-time


Triassic (d) in North China. Abbreviations: WSW = west-southwest; SNCP = southern North China 909 

Plate; EPTC = end-Permian Terrestrial Collapse; CIE = Organic carbon isotope excursion; PTME = 910 

Permian-Triassic Mass Extinction. 911 
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