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Editorial on the Research Topic 
Permian Extinctions

The end-Permian mass extinction (EPME) is one of five deep-time intervals when Earth System perturbations resulted in extreme biodiversity loss, resetting the trajectory of life, and leading to a new biological world order. Erwin (1996) coined this critical interval in Earth history as the “Mother of Mass Extinctions.” The available data at the time led the geoscience community to interpret a simultaneous collapse of terrestrial and marine ecosystems over a very short geologic time span, now believed to represent <100 ka. Ecosystem demise was hypothesized to have been in response to extreme global warming, pushed past a tipping point by increasing concentrations of atmospheric greenhouse gasses. Atmospheric concentrations changed as a consequence of pulses of effusive gasses from the emplacement, over an ∼2 million year timeframe (Burgess et al., 2014), of an extensive (∼7 × 106 km2) and voluminous (∼4 × 106 km3) flood basalt. That succession, the Siberian Traps, is a Large Igneous Province (LIP; Ivanov et al., 2013). Mounting geochemical, high-resolution geochronological, and magnetostratigraphic data, coupled with GCM modeling of the LIP effects on the Permian world (e.g., Frank et al., 2021), continue to reinforce the role(s) that the Siberian Traps played in this event. Multidisciplinary studies, incorporating these data into the rock record of various coeval geographic settings, has allowed further refinement in our understanding of the turnover-and-extinction patterns of the Late Paleozoic biosphere. Evidence continues to be unearthed about the extent and timing of perturbation and extinction in terrestrial and marine communities. There appears to have been a decoupling of biosphere responses, with terrestrial ecosystems affected earlier than the marine realm, but both are temporally linked to LIP activity in Siberia. It is upon this revised paradigm that a collection of 17 contributions, ranging from regional to global signals, has been compiled for the Permian-Extinction Research Topic.
One uncommon aspect about the current collection is the overwhelming number of contributions focused on the terrestrial fossil record of both plants and animals, challenging ideas perpetuated in the literature. A long-held tenet is the loss of major plant groups in the late Permian being replaced by newly evolved plant groups in the early Triassic. In fact, several Triassic macrofloral taxa, previously used as evidence for a post-extinction age assignment, have been recovered from Permian strata. Blomenkemper et al. report on the occurrence of what had been considered a unique and extinct Mesozoic plant group, the bennettitaleans. These authors report on macrofossils in the late Permian rocks of Jordan and unambiguous leaf remains from Shanxi Province, China. Their evidence pushes the group’s earliest appearance in the fossil record even further back in time, to the early Permian. A common gymnosperm group of the Permian and Triassic, the peltasperms, often found as one element in diverse macrofloral assemblages. Feng et al. report on a late Permian, monotypic, stem-and-leaf assemblage from the South China Block. This low latitude, tropical assemblage is preserved as charcoal. Similarly, Cai et al. report on dispersed charcoalified remains from latest Permian coals and siliciclastic rocks of southwest China. They describe seven different charcoal categories of tracheid-bearing and woody remains, along with vitrinite reflectance and stable-isotope δ13C data and suggest a turnover from rainforest to ground cover vegetation in the latest Permian. Reports of charcoal add to the growing evidence for the potential importance of wildfire on a regional scale during the EPME interval. However, the effects of wildfire on landscapes may be only a regional phenomenon.
Basalts comprise a large proportion of the rocks of the Tunguska Basin, Russia, a part of the Siberian LIP. Davydov and Karasev demonstrate the importance of understanding what effects volcanism had on vegetation on a regional scale in geochronometric context. These authors test the prevailing hypothesis that massive injections of greenhouse and poisonous gasses resulted in floral extirpation and extinction over the timeframe of the LIP. In contrast with other studies, they find an increase in floristic biodiversity in the earliest Triassic that peaks in the Middle Triassic when volcanism also peaks. When macrofloral assemblages are assessed on a global scale, though, Nowak et al. find that increasing seasonality on a continent is reflected in a reduction in earliest Triassic generic diversity. They relate these biome changes to shifts of environmental factors as a function of paleogeography, but note that the data are biased by taphonomy (absence of a succession of stage-level assemblages), paleolatitude, and depositional basin. This is particularly true for the earliest Triassic stage, the Induan. Schneebeli-Hermann takes another approach to evaluating diversity and ecological trends, by evaluating the spore-and-pollen assemblages in the paleo-subtropics of Pakistan. Explanations to account for turnover or outright change in the plant-fossil record commonly invoke extinction as the mechanism. Yet, the loss of a regional assemblage can be equally explained as a shift in biomes between alternative stable states, in response the passage over one or more climate thresholds. Schneebeli-Hermann proposes such an explanation for abrupt regime shifts between Early Triassic gymnosperm-dominated and lycophyte-dominated vegetation, the latter characterized by the Isoetalean, Pleuromeia.
Pleuromeia is considered to be the “weed” of the Early to Middle Triassic, and is reported in both the macrofloral and palynological records across the globe. Looy et al. utilize these data and explore the taxon’s physiology, autecology, and synecology, encompassing a wide array of life-history traits. They deduce that isoetaleans were not only stress-tolerant, but also a slow-growing weak competitor. And, the prevalence of isoetalean assemblages across almost all Early Triassic paleocontinents leads them to conclude that such assemblages are indicative of a global pattern of ecological deterioration. Latest Permian ecological deterioration in the Karoo Basin, South Africa, has been invoked by a cohort of authors to explain a purported turnover in vertebrate-fossil assemblages and the rise of its disaster taxon, the genus Lystrosaurus. Two contributions offer data confirming a different perspective on each.
The Karoo Basin hosts an extensive vertebrate-fossil record of Middle Permian to Late Triassic age, preserved in riverine, lake, and paleosol deposits. Although this succession has been reported to be “continuous” across the EPME, high-resolution sedimentologic and magnetostratigraphic data demonstrate ubiquitous missing sediment and time (e.g., Gastaldo et al., 2021). Much of what is missing are the fine-grained carbonate-nodule bearing soils that formed across these landscapes and were subsequently eroded. Gastaldo et al. (2020) reconstruct wet-dry and warm-cool oscillations using stable-isotope geochemistry of the recalcitrant soil nodules, concentrated as erosional remnants in fluvial channel-lag deposits. The fluctuation in latest Permian climate occurs across what has been considered, previously, as the pre-EPME Daptocephalus and the post-EPME Lystrosaurus declivis Assemblage Zone (AZ; Viglietti et al., 2021), where Lystrosaurus is designated a “disaster taxon” (Botha-Brink et al., 2016). The term disaster taxon was originally conceived for marine microorganisms that bloomed in the wake of a biological crisis and has become a term strongly attached to mass extinctions. It has been widely used by invertebrate paleontologists but rarely for terrestrial vertebrates. The iconic genus Lystrosaurus was for many years the only terrestrial vertebrate so designated. Modesto looks at the history of usage of the term “disaster taxon” and its application to that taxon. Recently, the diagnostic taxa identified as disaster taxa and used to define the L. declivis AZ are shown to be preserved in laterally equivalent rocks where the diagnostic taxa for the Daptocephalus AZ are preserved (Gastaldo et al., 2021). This is not to say that vertebrate turnover occurred during the Permian in the southern hemisphere.
Day and Rubidge provide field evidence for a middle Permian turnover of vertebrate assemblages in the Karoo Basin. The Capitanian mass extinction was first recognized in the oceans and correlated with another LIP event (Emeishan volcanism zenith, 263.5–261 Ma; Chen and Xu, 2021), although this continues to be debated. In South Africa, ∼74–80% of vertebrate generic richness is lost during an initial extinction interval which is overlain by a succession of a low diversity fauna and, ultimately, recovery. These authors, in part, link biodiversity loss to aridification, or the regional influence of tectonism on climate, and note that sedimentological evidence supports a stable paleoclimate. In contrast, extensive lacustrine conditions are reported by McLoughlin et al. in the aftermath of the EPME in Australia.
The uppermost coal in the Sydney Basin, Australia, signals the last occurrence of the Glossopteris flora in this part of Gondwana. It is overlain by a thin, distinct mudrock interval that can be traced across the basin for which McLoughlin et al. document its sedimentology, depositional setting, geochemistry, geochronology, and paleontology, placing the unit into a global paleoenvironmental perspective. Using this multidisciplinary data set, they find no evidence for marked aridification the formation of these lake deposits following the demise of the Glossopteris flora, ∼160–360 kyrs before the initial phase of marine extinctions which are linked to a perturbation in the carbon cycle.
Volcanism associated with the Siberian Traps perturbed the carbon cycle by introducing substantial volumes of CO2 and CH4, as evidenced by globally recorded δ13C trends in marine sediments. Saitoh and Isozaki report on the isotopic record of carbonate (δ13Ccarb) across a 40 m thick interval in South China, encompassing the PTB. Here, they confirm the presence of a negative δ13Ccarb shift identified by other workers and suggest that it is a feature indicating the collapse of primary productivity during the extinction interval. What is of interest is the repeated isotopic flux in the overlying lower Triassic rocks which these authors attribute a combination of factors. These include frequent changes in eustasy, the redox-sensitive proliferation of green sulfur bacteria, and continued methane pulses in the global CH4 cycle in the extinction’s aftermath. These conditions appear to have affected sponge and associated microbial sponge communities.
Baud et al. present new insights into sponge and microbial sponge communities in two Iranian PTB localities where sponge fibers and digitate sponge-microbialite buildups, in which similar fibers and spicules, are preserved. The shallow marine buildups range from dm-m scale elongate bowls to open bowl-shapes in which mounds formed with clotted textures. The authors note that sponges commonly colonize modern reefs after the extirpation of metazoans. They argue for the regional EPME sponge takeover, first identified in Armenia and NW Iran, extending into Central Iran and having continued into the earliest Triassic, providing a datum in the Neo-Tethys. Outside of the region, anoxia pervaded the ocean depths.
Oceanic anoxia preceded the EPME but questions remain about the degree and timing within and across ocean basins. Onoue et al. examine the mid-oceanic geochemical signature of pelagic, deep-sea facies from along the lower flank of a mid-Panthalassan seamount now exposed in central Honshu, Japan. Here, they evaluate a suite of major, trace, and redox-sensitive elements recovered from a bedded chert/siliceous claystone succession, beginning in the Middle Permian into the Lower Triassic. During this superanoxic interval (Isozaki, 1997), a three-stage increasing pattern of redox-sensitive enrichment beginning ∼8 my prior to the EPME, around the Guadalupian–Lopingian boundary. It culminated in the third enrichment phase coincident with the PTB. Onoue et al. propose that this final enrichment phase resulted from increased sediment discharge of continental weathered landscapes, in response to a temperature rise ca. 200 kyr before the EPME. A similar trend is identified at Meishan, China.
The shallow marine carbonate deposits at Meishan, China, represent the “golden spike” PTB, a Global Stratotype Section and Point (GSSP), and has been the focus of multidisciplinary studies for several decades. Dudás et al. add to these studies by presenting a high-resolution data set of major and trace elements across 2.5 m where ∼75 kyr of the Permian and ∼335 kyr of the Triassic are conserved. These authors provide a bed-by-bed analysis of the turnover from carbonate-to siliciclastic-dominated sediments, and which factors and processes may have affected the geochemical values. They conclude that mineralogical changes, volcaniclastic input, and diagenesis, all influenced by varying redox conditions over time, are responsible for the trends. The story associated with the EPME, nor previous extinction intervals, is not simple, nor straightforward.
The isotopic ratio of Strontium (87Sr/86Sr) is a geochemical proxy used to determine the secular flux of weathered rock products as they are transported and deposited in marine basins. Shifts in the Sr ratio are equated to changes in weathering rates which, in effect, is a function of climate and tectonics, and serve as proxies of seawater chemistry. In their review article, Kani and Isozaki trace the long-term trends in Sr isotopes recovered from carbonates, beginning in the Cambrian, and discuss the minima recorded in latest Permian–earliest Triassic deposits. The long-term Paleozoic trend of decreasing values is attributed to the assembly of the supercontient, Pangea, reflected as increased weathering products to the ocean basins. The middle-late Permian records the lowest isotopic values (Capitanian minima) which continue for approximately 3 m.y. This interval is associated with the end of the Late Paleozoic Ice Age and the collapse of the carbonate factory as suggested by an emerging δ88Sr isotope ratio. Following global deglaciation, the trend increases. There is a distinct and sharp increase in values approaching the EPME that these authors attribute to increasing global temperature, but they acknowledge that the ultimate driver(s) have not yet been identified.
A new world order followed in the aftermath of the EPME, resetting rules of the biosphere, which led John Phillips to invent the term “Mesozoic” when he created the first geologic time scale (Phillips, 1834). This involved the appearance of modern ray fins (Neopterygians) that dominate our planet’s water bodies. Romano presents a review article on the Triassic fossil record and diversification of marine bony fish. Here, he proposes three, alternative and testable hypotheses about the group’s diversification relative, or not, to extinction events. He concludes that the available data support a Neopterygiian diversification that witnessed a series of gradual replacements over the Early to Middle Triassic, as opposed to explosive radiations following extinction events. Romano acknowledges, though, that none of the three hypotheses can be rejected due to the limits of current data.
The report of the sixth Intergovernmental Panel on Climate Change (IPCC; IPCC, 2021) comes 21 years after the panel presented its initial findings. Since then, international collaboration throughout the global scientific community has determined that climate change is dramatically impacting linked Earth Systems (atmosphere, lithosphere, hydrosphere, cryosphere, biosphere). Repercussions across Earth Systems are occurring under a unidirectional warming trend influenced by human activities. The predicted consequences of various near-term, climate-state scenarios range over time spans of decades to centuries. Regardless of the rate of change in atmospheric conditions or climate, or the timeframe over which such an increase occurs, ecosystems across the planet will continue to be perturbed and experience biodiversity loss (Barnosky et al., 2011). It is impossible to predict the extent to which terrestrial and marine ecosystems may be affected, but we can retrodict deep-time patterns to better understand analog states when our planet recorded catastrophic biodiversity loss in response to severe global perturbations. Continuing and evolving multi-disciplinary efforts in deep time demonstrate the complicated events that affected the latest Permian biosphere, one of several models for what the future may hold for planet Earth.
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A monospecific flora containing a peltasperm species, Germaropteris martinsii, is discovered from the uppermost Permian Kayitou Formation of Southwest China. The epidermal characteristics of G. martinsii from the South China Block are described for the first time on the basis of charcoalified specimens. The plant is characterized by small, leathery foliage with prominent papillate epidermal cells, and slightly sunken stomata. The stomatal apertures are covered by the long papillae of the surrounding subsidiary cells. The specific epidermal traits suggest that G. martinsii is a highly environmentally tolerant taxon that probably formed monospecific communities during the dramatic degradation of the peat-forming rainforest ecosystems. The frequent appearance of charcoalified leaves in the flora demonstrates that intense wildfires were prevalent at the time. The appearance and reflectance value (1.33%) of these charcoalified leaves reveal that they were formed at temperatures of 450–500°C during brief surface fires. Our study indicates that the terrestrial ecosystems may have been frequently subjected to desiccation and was vulnerable to the spread of fires as a result of the end-Permian biotic crisis in the tropics of the eastern Tethys region.
Keywords: Germaropteris martinsii, wildfire, vegetation response, end-Permian mass extinction, Southwest China
INTRODUCTION
Peltasperms are a group of seed plants that have long been considered a typical component of the early Mesozoic vegetation (Taylor et al., 2009). Fossil evidence obtained during recent decades indicates that this group has a very wide spatiotemporal distribution during the late Paleozoic (Kerp, 1996; Kerp,2000; Liu and Yao, 2000; Kerp et al., 2001; Baumgardner et al., 2016; Cai et al., 2019), with high diversity specifically in the Permian lowland (sub)tropics (DiMichele et al., 2005; Bercovici et al., 2015; Yu et al., 2015; Chu et al., 2019). It was found recently that peltasperms are more common and diverse in the Permian than previous thought (Kustatscher et al., 2014; Wang et al., 2014; Wan and Wang, 2015; Cai et al., 2019). Because the peltasperms were an exceptionally successful and diverse group that spanned the Permian and Triassic periods, they are particularly important for understanding how plants responded to the end-Permian terrestrial crisis.
The fossiliferous Permian–Triassic transitional deposits, including the Xuanwei, Kayitou, and Dongchuan/Feixianguan formations, are exposed extensively in eastern Yunnan and western Guizhou provinces, Southwest China. The area is part of the southwestern margin of the South China Block and was located between the Khangdian “Oldland” and the Cathaysian landmass in the tropical eastern Tethys region during the Permian–Triassic interval (Bureau of Geology and Mineral Resources of Yunnan Province, 1996). The Kayitou Formation in this area represents the transitional deposits between the underlying coal-bearing beds of the Xuanwei Formation and the overlying red-beds of the Dongchuan/Feixianguan Formation (Shen et al., 2011, Shen et al.,2019). Multi-disciplinary correlation investigations have constrained the Kayitou Formation to the Permian–Triassic interval, but there is no consensus on the precise age of the formation (Shen and Bowring, 2014; Yu et al., 2015). High-resolution biostratigraphic and geochemical analyses suggest that the Kayitou Formation is a diachronous lithostratigraphic unit ranging from the uppermost Permian to lowermost Triassic (Zhang et al., 2016; Shen et al., 2019). On the basis of detailed field observation across different sedimentological settings, the entire Kayitou Formation has recently been assigned to the uppermost Permian in the terrestrial sections but to the lowermost Triassic in the terrestrial–marine transitional sections (Feng et al., 2020).
The Cathaysia Flora, one of the four major floral realms during the late Paleozoic, is distributed mainly in what are now East and Southeast Asian countries (Feng, 2017). It is characterized by the highly diverse enigmatic gigantopterid plants; it is, thus, also called the Gigantopteris flora (Li, 1997). It was recently demonstrated that the Gigantopteris flora last appeared in the uppermost Xuanwei Formation in the terrestrial–marine transitional sections of Southwest China, where it was then completely replaced by herbland communities of isoetalean lycophytes (Feng et al., 2020). However, it remains unclear how the Gigantopteris flora disappeared across different environments and how the terrestrial ecosystems changed in response to the end-Permian biotic crisis.
Hundreds of impressed and charcoalified peltasperm leaves were collected from the Kayitou Formation of northeastern Yunnan and western Guizhou provinces, Southwest China. The charcoalified specimens from the terrestrial Lubei section of northeastern Yunnan Province preserve the epidermal characteristics in great detail. Our study sheds new light on the biological features of the peltasperm in the latest Permian and provides new insights into the terrestrial environment during the end-Permian terrestrial crisis.
MATERIALS AND METHODS
Peltasperm leaves are common in the Kayitou Formation in the border region of Yunnan and Guizhou provinces, Southwest China. The fossil specimens described in this study were collected from the Lubei section of Leye Town, approximately 45 km north of Huize County in Qujing City, Yunnan Province (Figures 1A–C). In the Lubei section, the Kayitou Formation is approximately 9.4 m thick; it conformably overlies the upper Permian (Lopingian) Xuanwei (Hsuanwei) Formation and is overlain by the Lower Triassic Dongchuan Formation (Figures 2A,B). The Kayitou Formation is characterized by a dramatic shift in the lithofacies of the lacustrine–swamp or fluvial environment from yellowish gray mudstone, siltstone, and fine- to coarse-grained sandstone in the lowermost part, to gradually increasing maroon mudstones, with poorly sorted breccia and calcareous nodules in the uppermost part (Zhang et al., 2016). All specimens illustrated in this study were collected from a thin yellowish gray muddy siltstone bed in the upper part of the Kayitou Formation, associated with abundant conchostracans, ca. 9.1 m above the topmost coal of the Xuanwei Formation (Figures 3A–D) (Scholze et al., 2020).
[image: Figure 1]FIGURE 1 | Geographic maps (A–C) showing the Germaropteris martinsii localities in China. 1) Dalongkou (Xinjiang); 2) Baode (Shanxi); 3) Liulin (Shanxi); 4) Lubei (Yunnan); 5) Guanbachong (Yunnan); 6) Mide (Yunnan); 7) Housuo (Yunnan); 8) Tucheng (Guizhou); 9) Lengqinggou (Guizhou); 10) Chahe (Guizhou); 11) Jiucaichong (Guizhou); 12) Xiaohebian (Guizhou); 13) Jinzhong (Guizhou).
[image: Figure 2]FIGURE 2 | Geological sequences (A) and geological map (B) of the Lubei section (asterisk) in northern Yunnan Province, Southwest China. Z, Neoproterozoic; ϵ, Cambrian; D, Devonian; C, Carboniferous; P1l, Lower Permian Liangshan Formation; P1q, Lower Permian Qixia Formation; P2m, Middle Permian Maokou Formation; P2-3β, Middle–upper Permian Emeishan Basalt; P3x, Upper Permian Xuanwei Formation; P3k, Upper Permian Kayitou Formation; T1d, Lower Triassic Dongchuan Formation; T1j, Lower Triassic Jialingjiang Formation; T2g, Middle Triassic Guanling Formation; T3x, Upper Triassic Xujiahe Formation; J1-2zl, Lower–Middle Jurassic Ziliujing Formation; J2x, Middle Jurassic Xiashaximiao Formation; J2s, Middle Jurassic Shangshaximiao Formation; J2sn, Middle Jurassic Suining Formation; Q, Quaternary.
[image: Figure 3]FIGURE 3 | Litholoigcal column and field photographs of the Kayitou Formation of the Lubei section in Yunnan Province, Southwest China. (A) Stratigraphic column showing the litho-facies of the Kayitou Formation (Fm). (B) Organic carbon curve through the Kayitou Formation (from Zhang et al., 2016). (C) Overview field photograph showing the Xuanwei, Kayitou, and Dongchuan formations. (D) Close-up photograph the fossil-bearing bed. (E) Microphotograph of the charcoalified leaf from the Kayitou Formation, note the silky luster of the epidermal cells.
The charcoalified peltasperm leaves and vascular fragments studied here were obtained by bulk maceration using hydrofluoric acid (HF). Samples were treated with 47% HF for several days, sieved, washed with diluted water, and then prepared for optical and scanning electron microscopy (SEM) investigations. Hand specimens were immersed in 100% ethanol during macrophotography using a Nikon D3X camera with an AF-S Micro NIKKOR 105 mm 1:2.8G ED lens; polarized filters were mounted on both the light source and camera lens. Optical examination and photomicrography were performed using a Leica M 205 C stereomicroscope equipped with a Leica DFC 500 digital camera. SEM was performed using an FEI QUANTA 650 Field Emission Gun; before the SEM examination, the specimens were sputter-coated with gold.
The charcoalified leaf specimens selected for reflectance measurement were treated as follows. Indi charcoal fragments were embedded in resin and polished; they were then studied using standard techniques for coal petrography under a Zeiss AXIO Imager A2m microscope attached to a Zeiss AxioCam MRc5 camera. The reflectance was measured under Zeiss immersion oil (refractive index of 1.518 at 23°C) using the ×100 objective lens illuminated by a 546 nm light source. The instrument was calibrated against two standards, i.e., sapphire (Ro,mean = 0.589) for low reflecting samples and cubic zirconium (Ro,mean = 3.18) for high reflecting samples. The reflectance was measured at ≥10 points per sample to calculate Ro,mean and the standard deviation of Ro,mean using the TIDAS CCD MSP 200 software.
The specimens and digital photographs are housed in the Palaeobotanical Collections of the Institute of Palaeontology, Yunnan University, Kunming, China, under catalog numbers YNUPB10110-120.
RESULTS
Morphology and Anatomy of Germaropteris martinsii From the Kayitou Formation
More than 100 Germaropteris martinsii leaves were investigated in this study. The following description is based on both impressed (Figure 4) and charcoalified (Figure 5) specimens. The penultimate pinnae were rarely obtained (Figures 4A,B). The most complete penultimate pinna is 8 mm long and features a 1.5-mm-wide rachis. The frond rachis is commonly 0.5–1 mm wide and bears at least six ultimate pinnae up to 5 mm long, with numerous sub-oppositely to alternately arranged small pinnules.
[image: Figure 4]FIGURE 4 | Light photographs of Germaropteris martinsii from the upper Permian Kayitou Formation of Southwest China. (A,B) Penultimate fronds showing alternately attached ultimate pinnae. (C–E,G–I) Ultimate pinnae showing the overtopped apices in different modes. (F) Ultimate pinna; note that the pinnules gradually decrease in size distally and basally. (J) Immature ultimate pinna showing tightly arranged and alternately attached pinnules. (K) Relatively mature ultimate pinna showing loosely spaced and sub-oppositely attached pinnules. Scale bar applies to all images. Specimen no. YNUPB10110-120.
Ultimate pinnae were more commonly observed and showed considerable variation in shape and dimensions. The primary rachides are overtopped, pseudo-dichotomized, or double (pseudo-) dichotomized by pinnules in the apices (Figures 4C–E,G–I). The pinnules are of the alethopteroid type and are up to 2 mm long and 1 mm wide; they gradually decrease in size distally and basally (Figure 4F). The pinnules are entire-margined, semi-circular, ovate, broadly triangular to linguiform, and broadly attached or slightly decurrent with a rounded apex. The pinnules in the smaller pinnae are densely arranged and generally attached alternately (Figure 4J), but in the larger pinnae, they are loosely spaced and attached sub-oppositely (Figure 4K). Venation was not observed owing to the thick and leathery nature of the pinnules.
The epidermal features of the charcoalified specimens were observed (Figures 5A–D). The leaves are amphistomatic with irregularly scattered and sunken stomatal complexes (Figure 5E). More stomata appear in the abaxial (lower) surface than in the adaxial (upper) surface. The epidermal cells on both the rachis and pinnules possess papillae, although in some cases the epidermal cells on the pinnule margin are not papillate. The epidermal cells are elongated longitudinally on the rachis (Figure 5F) but have isodiametric polygonal forms on the pinnules (Figure 5G). The stomata on the rachis are slightly elongated longitudinally and are somewhat larger in diameter than those on the pinnules. The diameter of the normal epidermal cells appears to be smaller at the margin of the pinnule (Figure 5H). The stomatal aperture is protected by the overarching papillae of the five or six (rarely four, seven, or eight) subsidiary cells on both the adaxial and abaxial surfaces of the pinnule (Figures 5I–L). The subsidiary cells are slightly smaller than the normal epidermal cells and are trapezoid to polygonal. The stomatal complexes never share subsidiary cells but can be closely spaced. Hairs and hair bases were not observed.
[image: Figure 5]FIGURE 5 | Scanning electron microscopy images of epidermal anatomy of Germaropteris martinsii from the upper Permian Kayitou Formation of Southwest China. (A–D) Charcoalified specimens showing various morphologies from less mature to mature pinnae. (E) Epidermal structure of the rachis and pinnule, from left to right; note the scattered stomatal complexes. (F) Slightly elongate stomatal complex and conspicuously longitudinally elongated epidermal cells on the rachis. (G) Middle part of a pinnule showing stomatal complex with a rounded outline; note the prominent papillated epidermal cells. (H) Margin of a pinnule showing the less prominent papillate epidermal cells. (I–L) Stomatal complexes; note the stomatal aperture overarched by the long papillae of the surrounding subsidiary cells. (M) Overview of charred wood fragment collected from the studied level. (N) Detail of (M) showing homogenized cell walls. (O) Detail of (M) highlighting the cell-wall homogenization and uniseriate pits on the radial tracheid walls. (P) Detail of (M) highlighting the cell-wall homogenization and biseriate pits on the radial tracheid walls. Scale bar in (A) also applies to (B–D).
From the same leaf-bearing bed, black colored and silky lustered wood fragments were recovered. Under SEM, well preserved anatomical details (Figure 5M), including homogenized cell-walls of the tracheid elements (Figure 5N), and uni- to biseriate pits on the radial tracheid walls (Figures 5O,P).
Reflectance Analysis of Germaropteris martinsii From the Kayitou Formation
The fracture of the leaf specimens has a typical silky luster when examined by reflected light (Figure 3E). The random reflectance values of a total of 125 analysis points on eight charcoalified leaf specimens ranged from 0.94% to 1.64%, with a mean value of 1.33% (Table 1).
TABLE 1 | Reflectance data of the charcoalified Germaropteris martinsii leaves from the upper Permian Kayitou Formation of Southwest China.
[image: Table 1]COMPARISON
The fossil leaves described here are characterized mainly by alethopteroid-type pinnules with amphistomatic stomata, which are the most typical feature of peltasperm foliage (Poort and Kerp, 1990; Vörding and Kerp, 2008). Fragmentary leaf impressions were previously reported from the Kayitou Formation in eastern Yunnan and western Guizhou provinces, and were assigned to Peltaspermum cf. martinsii (Harris) Poort et Kerp or Lepidopteris cf. martinsii (Chen et al., 2011; Bercovici et al., 2015; Yu et al., 2015; Chu et al., 2016; Chu et al.,2019). Although no intercalary pinnules were observed, the macromorphology, and in particular the epidermal features of the pinnae under consideration, support an assignment to Germaropteris (=Peltaspermum) martinsii (Kustatscher, Kerp et Van Konijnenburg-van Cittert, 2014 (Please see Appendix)).
Germaropteris martinsii is identified by the distinctive leaf and consistently co-occurring ovuliferous organs, which were previously assigned to the “natural” species Peltaspermum martinsii (Poort and Kerp, 1990). This species is recognized by its small alethopteroid-type pinnules with unique stomatal complexes and radially symmetrical, peltate reproductive organs with numerous seeds attached to the lower side of the ovuliferous discs. Germaropteris martinsii has been widely documented in the upper Permian of Eurasia, for example, in Germany (Kurtze, 1839; Germar, 1840; Geinitz, 1862; Schweitzer, 1962; Poort and Kerp, 1990), England (Stoneley, 1958), China (Wang, 1985; Wang and Wang, 1986; Chen et al., 2011; Zhang et al., 2012; Bercovici et al., 2015; Yu et al., 2015; Chu et al., 2016; Chu et al.,2019; Cai et al., 2019), and Italy (Kustatscher et al., 2014). Leaf impressions assigned to Germaropteris martinsii were recently reported from the lower Permian in west Texas, the United States (Baumgardner et al., 2016).
The macromorphology of the leaves studied here shows considerable variation from the larger to the smaller pinnules, but it falls within the variation range of Germaropteris martinsii (Poort and Kerp, 1990; Vörding and Kerp, 2008; Kustatscher et al., 2014). The epidermal structure of the leaves also has a wide range of variation. The epidermal cells on the rachis have longitudinally elongate rectangular shapes, whereas those on the pinnules are more or less isometrically polygonal. The epidermal cells within a single pinna are either papillate or non-papillate, although the papillae on the subsidiary cells are conspicuously longer than those on the normal epidermal cells. The papillae of the epidermal cells are more prominent in the middle portion of the pinnules than in the basal and distal portions. Note that no epidermal swelling was observed in our specimens.
The epidermal structure of Germaropteris martinsii in China was first described from the lower–middle part of the Sunjiagou Formation (upper Permian) in Liulin in Shanxi Province, North China (Wang and Wang, 1986). According to the presence of papillae and epidermal swellings and the size of the pinnules, the cuticular leaf fragments have been assigned to three species, i.e., Callipteris martinsii, C. papillosa, and C. lobulata (Wang and Wang, 1986). However, a thorough comparative study of “Peltaspermum” martinsii indicated that the size and density of the papillae can vary within a single pinna; in some cases, papillae are generally restricted to the subsidiary cells, whereas the normal epidermal cells are non-papillate, or papillae can be completely absent (Poort and Kerp, 1990). The pinnule morphology and epidermal structure are strongly related to the position of the pinnules in the frond and the growth stage of the frond; therefore, all three species from Liulin were considered synonymous with Germaropteris (Peltaspermum) martinsii (Poort and Kerp, 1990; Kustatscher et al., 2014).
Two small ultimate pinnae assigned to Lepidopteris baodensis have been documented with cuticles from the lower part of the Sunjiagou Formation in Baode, Shanxi Province (Zhang et al., 2012). Except for the frequent appearance of epidermal swellings with various shapes on the rachis and the pinnules, the anatomical structures of the Baode specimens are homologous to those of the material studied here. The palynological assemblage indicates that the Sunjiagou Formation in Baode was formed in a semi-arid to arid environment (Liu et al., 2011; Liu et al.,2015). The epidermal swellings in the Baode specimens were interpreted as the ecophysiological responses of the plant in a dry environment (Zhang et al., 2012); thus, they should not be regarded as a diagnostic feature.
Additionally, Lepidopteris is a generic name for peltasperm foliage that shows strict pecopteroid pinnules with pinnate venation. Although few species exhibit forked fronds (i.e., L. callipteroides, Retallack, 2002) and rounded pinnule apices (i.e., L. africana, Holmes and Anderson, 2005), Lepidopteris species generally possess very regular monopodial fronds with an acute frond apex and acute pinna apices (Harris, 1937; Townrow, 1956; Townrow,1960; Stanislavsky, 1976; Anderson and Anderson, 1989; Goman’kov, 2006). Lepidopteris generally has slightly triangular, entire-margined pinnules with clear pinnate venation. By contrast, Germaropteris has rather irregular, in some cases bifurcated, commonly apically overtopping pinnules. In our opinion, Lepidopteris baodensis should be synonymized with Germaropteris martinsii owing to its typical alethopteroid-type pinnule architecture and the epidermal characteristics.
As is typical of Germaropteris martinsii, the venation of the current specimens is not recognizable. The lack of clear venation is due to the thick, leathery nature of the leaves and the relatively thick cuticles; it is considered to indicate a relatively dry habitat (Poort and Kerp, 1990). The charcoalified peltasperm foliage studied here shows highly inflated structures, which unequivocally reflect the leathery nature of the pinnules. Lithofacies analysis in the study region suggested a gradual change from a swampy peat-forming environment below the peltasperm-bearing bed to a fluvial system with at least seasonally dry conditions that yielded the current peltasperm leaves (Zhang et al., 2016).
PALEOECOLOGICAL IMPLICATIONS
The presence of fossil charcoal is considered direct evidence for wildfires in the distant geological past (Scott and Jones, 1994; Scott, 2010). The late Permian is the most crucial time interval for dramatic biodiversity and ecological changes in both the marine and terrestrial ecosystems during Earth’s history (Erwin, 2006; Wignall, 2015). Our understanding of late Permian wildfire activity has been greatly increased in the last few years by extensive records of fossil charcoals (inertinites) from Australia (Glasspool, 2000; McLoughlin et al., 2019; Vajda et al., 2020), North China (Wang and Chen, 2001), Germany (Uhl and Kerp, 2003), Jordan (Uhl et al., 2007), the Canadian High Arctic (Grasby et al., 2011), South America (Jasper et al., 2011), South China (Shen et al., 2011; Shen et al., 2011; Shao et al., 2012; Zhang et al., 2016; Chu et al., 2020), India (Jasper et al., 2012; Jasper et al.,2016), Italy (Uhl et al., 2012), Russia (Hudspith et al., 2012), and the South Pole (Holdgate et al., 2005; Mays et al., 2020). Our material was obtained from the terrestrial Kayitou Formation, the age of which was recently tied to the Changhsingian by high-precision geochronological data (Shen et al., 2011; Zhang et al., 2016; Shen et al.,2019). Therefore, the charcoalified peltasperm leaves studied here provide new insights into the terrestrial crisis during the end-Permian mass extinction interval.
Charcoalified plant debris (mainly very tiny vascular fragments) has been recognized in a sandstone bed in the topmost part of the Kayitou Formation in Yunnan and at time-equivalent horizons in other locations in South China (Shen et al., 2011; Zhang et al., 2016). Although the taxonomic affinities of these plant remains are obscure, the occurrence of these charcoals indicates widespread wildfire activity during the latest Changhsingian in South China. To our knowledge, no charcoalified leaves have been documented from the Permian of South China to date. The appearance of sequential charcoal horizons in both the lower–middle and topmost portions of the Kayitou Formation may represent evidence for widespread and frequent wildfires during the accumulation of the Kayitou Formation in Southwest China.
Laboratory experiments in which extant plant samples were charred demonstrated that the mean random reflectance of a charcoal is strongly correlated with its formation temperature (Ascough et al., 2010). Although most of the previous proxies have been obtained by charring wood samples, experimental charring of fern leaves reinforced the relationship between the reflectance and the formation temperature (McParland et al., 2007). Because the reflectance values of charcoals and their formation temperatures are positively correlated (Jones et al., 1991; Scott and Glasspool, 2005; Scott and Glasspool, 2007; Glasspool and Scott, 2013), the reflectance values of fossil charcoal specimens have been widely applied to reconstructions of paleofire temperatures and paleofire types (Bodí et al., 2014; Glasspool et al., 2015).
After charring extant fern samples, McParland et al. (2007) concluded that 1) the visible reflectance is generated by charring at 300°C; 2) cell wall layers are homogenized at 350°C; and 3) charcoal formed at 350°C becomes increasingly fragile; fragmentation is notable at a formation temperature of 500°C and becomes increasingly severe with increasing charring temperature. The average random reflectance of the current peltasperm leaf samples is 1.33%. Charcoals with this reflectance would not have been formed at temperatures lower than 450°C, according to the experimental data of McParland et al. (2007). The current charcoal specimens are relatively large (up to several millimeters), which may suggest that the formation temperature could not have been higher than 500°C.
The morphology of the current charcoalified peltasperm leaves indicates that they probably formed during brief surface fires and had a limited transportation history. Field observations show three wildfire types, specifically, surface, crown, and ground fires, which have different temperatures and products in the vegetation under a fire regime (Scott et al., 2000; Scott, 2009). Our charcoalified leaves would probably have been formed during brief surface fires, like those in modern heathlands, where the temperatures are approximately 400–500°C (Scott et al., 2000; Scott, 2010). Very few other plant fragments with calamitalean axes and fern foliage have been found in the charcoal-bearing bed in addition to the frequently appearing peltasperm leaves, suggesting that peltasperm leaves were probably the predominant fuel source for combustion. Therefore, the charcoalified plant remains found in the Kayitou Formation may have been derived from a low-diversity sclerophyllous vegetation forming a savanna- or prairie-like ecosystem; these are among the most fire-prone ecosystems today (Bond and Keeley, 2005; Retallack, 2018). Considering their completeness and exquisite anatomical detail, the charcoalified peltasperm leaves studied here may have been transported locally by wind, or more probably by low-energy water transport through overland flow.
Wildfires typically occur when environmental temperatures are high (Scott, 2009; Scott, 2010). The Permian–Triassic transition was a time of rapid global temperature increase (McElwain and Punyasena, 2007; Joachimski et al., 2012; Su et al., 2012; Romano et al., 2013). The higher temperatures could have been produced a much more arid (seasonal dry) environment with dynamic climate conditions. The resulting progressive degradation of the environment is thought to have lead to the ultimate collapse of terrestrial ecosystems (Benton and Newell, 2014; Cui and Kump, 2015; Grasby et al., 2015; Wignall, 2015). The widespread charcoals throughout the Kayitou Formation may reflect the response of the terrestrial ecosystem to the increasingly arid environment, which triggered frequent wildfires during the latest Permian in Southwest China.
Notable physiological changes in marine species have been widely recognized in the unstable marine ecosystems produced by the end-Permian mass extinction event (Knoll et al., 2007). Many of the abnormalities recognized in the sporomorphs from the transitional Permian–Triassic deposits are interpreted to be the plants’ response to deteriorating environmental conditions (Hochuli et al., 2017; Benca et al., 2018). The leathery nature of Germaropteris martinsii may not necessarily be an ecophysiological adaption to the increased aridity of the terrestrial environment, but this specialized feature likely increased the survival of this specific plant clade during the catastrophic environmental change.
Wildfire plays a pivotal role in shaping terrestrial ecosystems (Bowman et al., 2009) and in the evolutionary history of land plants (Bond and Scott, 2010; Midgley and Bond, 2013; Yan et al., 2016; Pausas and Bond, 2020). Charcoal records show that wildfires have been driving the evolution of global vegetation since the invasion of land by plants some 400 million years ago (Glasspool et al., 2004; Glasspool et al., 2015). The latest Permian is a crucial time interval in which a rapid collapse of the Gigantopteris flora in the eastern Tethys region is documented (Feng et al., 2020). The peltasperm Germaropteris initially appeared during the early late Permian in the Gigantopteris flora (Wang, 1985). However, during the dramatic collapse of the Gigantopteris flora, Germaropteris remained as a prominent relic and became an opportunistic survivor owing to its specialized traits.
Maceral composition analysis of the studied region shows that the inertinite content increased from the bottom to the topmost part of the upper Permian coals, indicating increased wildfire activity during the late Permian (Shao et al., 2012), which would accelerate the degradation of terrestrial ecosystems and would be partially responsible for the disappearance of the peat-forming rainforest ecosystems. Sedimentological features indicate that the peltasperm studied here probably grew on uplands or in the floodplains of rivers, where it formed heathland-like vegetation communities; the habitat was perhaps frequently subjected to desiccation and, therefore, vulnerable to the spread of fire. We tentatively speculate that the intense wildfire events recorded in the Kayitou Formation indicate increasing degradation of the terrestrial ecosystems in Southwest China during the latest Permian.
CONCLUSIONS
This is the first report of the leaf anatomy of a peltasperm plant from the Permian of the South China Block. The common occurrence of charcoalified Germaropteris martinsii in the Kayitou Formation reveals intense wildfire events during the latest Permian in Southwest China, where peltasperms formed patches of monospecific vegetation ecosystems during the dramatic distributional contraction of the Gigantopteris flora. The reflectance values indicate that the charcoalified G. martinsii leaves were formed during brief surface fire event(s) at temperatures of 450–500°C. The leathery leaves of G. martinsii likely enhanced its survival during the collapse of terrestrial ecosystems during the end-Permian biotic crisis.
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APPENDIX
Systematic Paleobotany
Order Peltaspermales Němejc, 1968.
Family Peltaspermaceae Thomas ex Harris, 1937.
GenusGermaropterisKustatscher et al. (2014).
SpeciesGermaropteris martinsii (Germar in Kurtze 1839) Kustatscher et al., 2014.
Selected Synonyms
1985 Callipteris martinsii, Wang, Palaeogeogr. Palaeoclimatol. Palaeoecol., 49, pl. II, 1–6.
1986 Callipteris martinsii, Wang and Wang, Tianjin Inst. Geol. Min. Res. 15, pl. VI, 1, 2; pl. IX, 1–7; pl. X, 1–7; pl. XI, 1.
1986 Callipteris papillosa, Wang and Wang, Tianjin Inst. Geol. Min. Res. 15, pl. V, 13; pl. VI, 3–9; pl. VII, 1–7; pl. VIII, 1–7; pl. XI, 9–11.
1986 Callipteris lobulata, Wang and Wang, Tianjin Inst. Geol. Min. Res. 15, pl. XI, 2–7; pl. XII, 1–6; pl. XIII, 1–10; pl. XIV, 1–9.
2011 Peltaspermum martinsii, Chen et al., Earth Sci. J. China Uni. Geosci. 36 (3), pl. II, 1–3.
2012 Lepidopteris baodensis, Zhang et al., Chinese Sci. Bull. 57 (27), Figures 2, 3.
2015 Lepidopteris cf. martinsii, Bercovici et al., J. Asian Earth Sci. 98, Figure 7G.
2015 Peltaspermum cf. martinsii, Yu et al., Earth-Sci. Rev. 149, Figures 12A–D.
2016 Peltaspermum cf. martinsii, Chu et al., Global Planet. Change 146, Figure 11 (10, 11).
2019 Peltaspermum cf. martinsii, Chu et al., Palaeogeogr. Palaeoclimatol. Palaeoecol. 519, Figures 6A–D.
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The Early Triassic was one of the most remarkable time intervals in Earth History. To begin with, life on Earth had to face one of the largest subaerial volcanic degassing, the Siberian Traps, followed by a plethora of accompanying environmental hazards with pronounced and repeated climatic changes. These changes not only led to repeated and, for several marine nektonic clades, intense extinction events but also to significant changes in terrestrial ecosystems. The Early Triassic terrestrial ecosystems of the southern subtropical region (Pakistan) are not necessarily marked by abrupt extinction events but by extreme shifts in composition. Modern ecological theories describe such shifts as catastrophic regime shifts. Here, the applicability of modern ecological theories to these past events is tested. Abrupt shifts in ecosystems can occur when protracted changing abiotic drivers (e.g. climate) reach critical points (thresholds or tipping points) sometimes accentuated by stochastic events. Early Triassic terrestrial plant ecosystem changes stand out from the longer term paleobotanical records because changes of similar magnitude have not been observed for many millions of years before and after the Early Triassic. To date, these changes have been attributed to repeated severe environmental perturbations, but here an alternative explanation is tested: the initial environmental perturbations around the Permian–Triassic boundary interval are regarded here as a main cause for a massive loss in terrestrial ecosystem resilience with the effect that comparatively small-scale perturbations in the following ∼5 Ma lead to abrupt regime shifts in terrestrial ecosystems.
Keywords: alternative stable states, resilience, orbital forcing, threshold response, time-series
INTRODUCTION
Sediments – the Earth history archive – reveal their mysteries only bit by bit. Thus, the narrative of momentous and complex events in the remote past of system Earth significantly changes as knowledge accumulates. The research history of the biotic and abiotic events around the Permian–Triassic boundary and the subsequent Early Triassic exemplifies how complex the story can get.
About 52% of marine invertebrate and vertebrate families and ∼81% species went extinct across the Permian–Triassic boundary (Raup and Sepskoski, 1982; Stanley, 2016). The search for the culprit for this massive extinction of marine communities has included a long list of suspects, such as sea level regression (Holser et al., 1989), massive volcanic activity (Renne and Basu, 1991; Renne et al., 1995), ocean acidification caused by volcanic degassing (Heydari et al., 2008), global warming caused by CO2 (Wignall, 2001; Kidder and Worsley, 2004; Kiehl and Shields, 2005), oceanic anoxia (Wignall and Hallam, 1992; Wignall and Hallam, 1993; Wignall and Twitchett, 1996; Wignall and Twitchett, 2002; Grice et al., 2005; Kump et al., 2005), hypercapnia (Knoll et al., 1996) and an extra-terrestrial impact (Becker et al., 2004). In recent years, the plethora of possible triggers for the mass extinction has been narrowed down to the eruption of the Siberian Traps, associated with a succession of consequential environmental changes, some of them previously thought to be the sole responsible party (Sobolev et al., 2011; Wignall, 2011).
The precision of radiometric and biochronological dating of biotic and abiotic events across the Permian-Triassic boundary interval in various locations has increased enormously (Shen et al., 2011; Burgess et al., 2014; Brosse et al., 2016). While research on extinction severity and timing of events has increased, the research on biotic recovery has highlighted the complexity of biotic-abiotic interrelations especially in times of fragile ecosystems. For various marine groups, the mode and pattern of Early Triassic recovery has been elucidated. Benthic organisms show a rather prolonged gradual recovery with regional rapid recovery phases (Twitchett et al., 2004; Fraiser and Bottjer, 2005; Hautmann et al., 2011; Hofmann et al., 2014; Hautmann et al., 2015). In contrast, nektonic organisms suffered from repeated extinction and recovery events, which coincided with changes in carbon cycling (Brayard et al., 2006; Orchard, 2007; Brayard et al., 2009; Algeo et al., 2019). Changes in terrestrial tetrapod faunas across the Permian–Triassic transition were also documented from various regions (e.g. Benton et al., 2004; Ward et al., 2005). However, the coincidence of marine and continental faunal collapse is still controversial (Benton et al., 2004; Lucas, 2009; Gastaldo et al., 2015; Gastaldo et al., 2020). Thus, the animal Permian–Triassic story changed from an easy to digest novel that could be entitled “sudden severe biodiversity loss followed by prolonged recovery” to a grave voluminous trilogy if not an entire series full of previously unexpected bends.
Like the animal extinction-tale, the Permian–Triassic boundary tale for plants has become rather complex over the last decades. Previously, it has been supposed that a similar extinction severity and recovery pattern as for benthic organisms applies for land plants (Retallack, 1995; Visscher et al., 1996; Looy et al., 2001; McElwain and Punyasena, 2007; Benton and Newell, 2014; Cascales-Miñana et al., 2016). However, depending on the type of fossil that is studied (macro-vs microfossils), geographic position of study location, time resolution of fossil findings and type of analysis indicate either a severe loss of standing biomass (Fielding et al., 2019) or inexistence of abrupt diversity decline of land plants (Schneebeli-Hermann et al., 2017). Currently, two different connotations of the term mass extinction appear to cause seemingly opposing views on the Permian–Triassic events. On the one hand, mass extinction is associated with the loss of biomass as documented for example in the Sydney Basin (Mays et al., 2020; Vajda et al., 2020) and on the other hand, with the loss in plant diversity, i.e. the taxonomic approach to mass extinction. The latter follows the original approach to mass extinction (Jablonski, 1986; Sepkoski, 1986) whereas the first one underlines the enormous impact of huge ecosystem restructuring on an array of biosphere-lithosphere-atmosphere cycles. A global compilation of macro- and microfossil data demonstrating no biodiversity loss across the Permian–Triassic transition (Nowak et al., 2019) contrasts with significant ecosystem changes reflected in the dominance structure of vegetation close to the Permian–Triassic boundary and thereafter (Hochuli et al., 2010a; Hermann et al., 2011a; Hochuli et al., 2016). The changes observed are repeated shifts from gymnosperm-dominated to pteridophyte (mainly lycophyte)-dominated plant communities. These occur in the first half of the Early Triassic (spanning ∼2.5 Myrs) commencing with the Permian–Triassic extinction event. However, these changes in dominance structure had precursory events, such as the collapse of the Glossopteris biome in the Sydney Basin of Australia (Mays et al., 2020) or the onset of Gigantopteris forest decline of Cathaysia (Chu et al., 2020). Although deep-time paleontological sampling cannot achieve the high data-density of modern ecological databases with automated monthly, daily or even hourly collected data, these shifts occur to be abrupt. Large abrupt shifts in modern ecosystems including terrestrial ecosystems have been ascribed to changes between alternative stable states (Scheffer et al., 2001; Scheffer and Carpenter, 2003; see short summary of this below). The loss of ecosystem resilience facilitates such critical regime shifts, driving mechanisms can be gradual environmental changes reaching a critical threshold, or stochastic events (Scheffer et al., 2001; Scheffer, 2009). For the Early Triassic, environmental changes are reflected in multiple carbon cycle perturbations (e.g. Payne et al., 2004) which are closely linked to the previously mentioned shifts in plant-community dominance structure (Hermann et al., 2011a).
Could the Early Triassic changes in vegetation pattern, as seen in the Lower Triassic palynological records of Pakistan, be described as catastrophic shifts between alternative regimes as documented for several modern ecosystems? Or, in other words, it will be tested, whether the alternative stable state theory is applicable to the Early Triassic palynology and isotope dataset despite of the shortcomings of a deep-time record. The palynological record from Pakistan will be examined for the presence of regime shifts using different data-driven methods (principle component analysis, sequential t-test, cluster analysis, etc.), thus avoiding a priori assumptions about presence and timing of possible regime shifts. The importance of paleoecological datasets for present-day efforts in conservation of biodiversity is frequently stressed (e.g. Willis et al., 2010). It is too far-fetched and not intended to regard the Early Triassic, a time interval ∼252 Myrs back in Earth history, influential for present-day conservation efforts. But, examining the Early Triassic vegetation patterns from a different angle might offer a different view on the events during this critical time in Earth history. Can biotic and abiotic processes be described which reduced or increased Early Triassic ecosystem resilience and the consequences thereof? Could changes in diversity potentially be a measure for assessing changes in resilience of a deep-time ecosystems?
Thus, the purpose of this essay is to offer a hypothetical explanation for Early Triassic terrestrial vegetation dynamics based on modern ecosystem regime shifts. It offers an alternative, non-catastrophic view on (terrestrial) ecosystem dynamics in a unique time interval in Earth history. This discussion begins with a brief overview of alternative stable states theory.
MATERIALS AND METHODS
Regime Shifts in Ecosystems
Based on the understanding that observed ecosystem behavior could be characterized using theoretical models (Lewontin, 1969; Holling, 1973), May (1977) described the range of states an ecosystem could potentially occupy as dynamical landscapes with stable valleys and dividing (unstable) ridges (“hills and watersheds”). The “geographic” coordinates of this landscape are 1) species composition and their interactions and 2) environmental conditions (Figure 1). Thus, depending on the geography of the dynamical landscape there might be more than one possible stable configuration or regime for an ecosystem.
[image: Figure 1]FIGURE 1 | Dynamical landscape modified after Scheffer et al., 2001. Valleys or basins are areas of stable equilibria. Here, basin A represents gymnosperm-dominated vegetation, and basin B lycophyte-dominated vegetation. Changing conditions (steps I–IV) change the altitudinal differentiation or the geography and thus the resilience. Smaller additional perturbations can then drive plant communities over the remaining saddle (geographically) or toward the switch points (SP1 and SP2) from where the system drops to the contrasting state. Plant reconstructions: Tall tree in basin A represents a Triassic conifer Telemachus after Bomfleur et al. (2013), the smaller tree in basin A represents a medullosan seed fern after Stewart and Delevoryas (1956), and Pleuromeia after Fuchs et al. (1991) is illustrated in basin B.
The stability of an ecosystem in this landscape is continuously tested by gradual environmental changes. Responses of ecosystems to these incremental changes can differ from gradual or linear change to abrupt changes when certain thresholds are reached (Figure 1 e.g. geography for condition I) to a response with hysteresis (Figure 1 geography of condition III). In the latter, changing environmental conditions drive the system towards conditions II and thus close to switch point 1 (SP1), which represents a threshold (Figure 1) from where the system drops abruptly from one regime (stable state or valley) into the other. A return to the previous state requires restoration of conditions beyond switch point 1 (Figure 1).
Ecosystems have the capacity to absorb a certain amount of disturbance or repeated small perturbations without dramatic subsequent changes. This resilience in the dynamical landscape is the differential altitude between basins or valleys and the bordering hills. The higher the differential altitude, the more resilient an ecosystem is to perturbations. However, even if small scale perturbations might not trigger big immediate changes in an ecosystem, cumulatively they could change the position of the ecosystem in the dynamical landscape. i.e. the ecosystem might be positioned where reduced differential altitude between different valleys, i.e. reduced resilience of the ecosystem prevails (Scheffer et al., 2001).
Abrupt regime shifts in absence of a single large-scale perturbation have been documented to occur in various modern ecosystems (e.g. lakes, Scheffer, 1993; savannahs, Ludwig et al., 1997; coral reefs, McCook, 1999). The underlying changes in conditions in these modern examples have been identified to be changes in nutrient flux to lakes or orbitally forced solar radiation variations (Scheffer and Carpenter, 2003). Despite the growth of research in this field, it is still a challenge to prove the existence of multiple stable regimes (valleys) in ecosystems. However, the importance of paleoecological datasets is emphasized, in order to better understand combinations of biotic and abiotic processes supporting resilience (Willis et al., 2010). A first step in identifying regime shifts can be the visual inspection of time-series data. Abrupt shifts thus revealed might not necessarily indicate the presence of two or more regimes, as they might be the result of simple threshold response to a main driver of the ecosystem (Scheffer and Carpenter, 2003; Andersen et al., 2009). Therefore, abrupt changes in time-series data need to be tested further by statistical analysis such as principal component analysis and age-constrained cluster analysis (Andersen et al., 2009).
Basic Glossary
Ecological threshold: A point at which small changes in critical environmental drivers induce a regime shift.
Hysteresis: a system that has two stable states and that remains in a stable state configuration under changing conditions until a critical threshold is reached. There, the system switches abruptly to the second state. Conditions need to be restored beyond the first threshold in order to provoke a shift back to the first state.
Regime shift: abrupt change in ecosystem configuration when a certain threshold is passed. (Alternative terms: shifts between alternative stable states, alternative equilibria, or alternative attractors). The regimes or stable states are represented as valleys or basins in the dynamical landscape.
Resilience: The amount of environmental perturbation an ecosystem can absorb without shifting to a different regime.
The Vegetation Record
The deep time data set tested for the presence of regime shifts is a compilation of palynological data from three gorges in the Salt and Surghar Ranges in Pakistan (Amb, Nammal, and Chitta-Landu) (Figure 2). The sedimentary succession ranges from the upper Changhsingian into the Middle Triassic (Hermann et al., 2011a; Hermann et al., 2011b; Schneebeli-Hermann et al., 2015). Compared to localities where the Early Triassic palynofloral record is extremely poor, such as Central Europe, these localities offer unexpected perspectives on the vegetation dynamics during the Early Triassic due to their excellent organic matter preservation. The successions in Pakistan are characterized by a mixture of siliciclastic and carbonate lithologies deposited on the Tethyan margin of the Indian continental shelf. Changes in the palynological associations are unrelated to sea-level changes (Hermann et al., 2012) and stable sediment transport direction indicates no drastic change of the source area for sediment and sporomorph supply (Pakistani–Japanese Research Group 1985; Hermann et al., 2012).
[image: Figure 2]FIGURE 2 | (A) Permian–Triassic Pangea paleogeography, modified after Smith et al. (1994). Precipitation/evaporation ratio (p < E, p > E) after Ziegler et al. (2003). Late Permian biomes and northern and southern intertropical convergence zones (NITC, SITC) modified after Kutzbach and Ziegler (1993). (B) Geographic position of the Salt Range in Pakistan, and (C) location of Nammal, Chitta-Landu, and Amb sections.
The palynological data of 106 samples from all three gorges was first adjusted to generic level and then grouped according to their botanical affinities (Balme, 1995; Lindström et al., 1997; Taylor et al., 2006; Traverse, 2007). The approach in reducing the data set to generic level is justified by the fact that using the species level for plant group assignment does not offer better resolution because the botanical affinity of species is seldom certainly known or known only in few cases. The relative abundances of plant groups are plotted against a composite log of the three succession (Figure 3). Remarkable are the prominent shifts between lycophyte-dominated vegetation in the Dienerian, middle Smithian, and a smaller interval within the Spathian and gymnosperm-dominated vegetation during the Permian, late Smithian, and the Anisian. The Griesbachian, early Smithian and most of the Spathian assemblages are marked by a mixed character yielding both plant types almost equally. A drawback of the Pakistan successions is that the Griesbachian (only three samples) is largely underrepresented.
[image: Figure 3]FIGURE 3 | Plant associations based on relative abundances of fossil spore and pollen data from Nammal and Chitta Landu (Hermann et al., 2011a) and Amb (Schneebeli-Hermann et al., 2015). Biostratigraphy: ammonoids (Brühwiler, 2010; Ware 2015): Prh, Prohungarites beds; Tr, Tirolites beds; Gly, Glyptophiceras sinatum beds; Was, Wasatchites distractum beds; Nya, Nyalamites angustecostatus beds; Psc, Pseudoceltites multiplicatus beds; Nam, Nammalites pilatoides beds; Bry, Brayardites compressus beds; Fl. f., Flemingites flemingianus beds; Fl. n., Flemingites nanus beds; Xed, Xenodiscoides perplicatus beds; F. bh., Flemingites bhargavai beds; Prlb., Prionolobusrotundatus beds; Gyr, Gyronites beds; conodonts: asterisk depicts position of H.t.—Hindeous typicalis; H. pp.—Hindeous praeparvus; H. p.?—ambiguous specimen of Hindeodus parvus. Bulk organic carbon isotope data for Nammal and Chitta-Landu from Hermann et al. (2011b), for Amb: Light gray triangles: δ13C wood particles, gray squares: δ13C cuticles, black filled dots: bulk organic carbon δ13C. Schneebeli-Hermann et al. (2013). PTERIDOPH + BRYO, undifferentiated Pteridophytes and Bryophytes; Cor, Corystospermales; Cay, Caytoniales; Pelta, Peltaspermales; PTERIDOSP, pteridosperms; bisaccates taen, undifferentiated taeniate bisaccate pollen grains; CON + PTERIDOSP, undifferentiated conifers and pteridosperms.
Age Determination
The successions in Pakistan include the uppermost part of the Upper Permian Chiddru Formation, the Lower Triassic Mianwali Formation with Kathwai, Mittiwali, and Narmia Members, and the Middle Triassic Tredian Formation. Besides the Tredian Formation, these are biostratigraphically dated based on conodonts and ammonoids (Brühwiler, 2010; Goudemand, 2011; Ware, 2015). Ash beds for radiometric dating are not available. Thus, four radiometric ages from China (all measured with EARTHTIME tracer solution) were selected and correlated with the Pakistan composite log(Table 1) based on the assumption of constant depositional rates between two dates and that biostratigraphic and chemostratigraphic markers between Pakistan and China are not diachronous. Interpolation between two radiometric ages allowed assignment of a numerical age to each sample. A major drawback of this approach, is, that so far, no radiometric age for the Griesbachian–Dienerian boundary is available. Thus, the position of the Griesbachian–Dienerian boundary as shown in Figure 4 indicates that the first assumption of constant sedimentation rates can lead to false estimates with respect to the duration of stages. In Figure 4, the Griesbachian appears to be geochronologically very short (ca. 200 kyrs) because the boundary is drawn in the correct biostratigraphic position. However, sediment flux analysis from Kap Stosch, Greenland, demonstrates that the duration of Griesbachian (∼400 kyrs) and Dienerian (∼500 kyrs) are close to equal (Sanson-Barrera, 2016).
TABLE 1 | Radiometric dates and their correlation with the Pakistan composite record.
[image: Table 1][image: Figure 4]FIGURE 4 | Time-series of carbon isotopes data, diversity and dominance analyses, principal component analysis, and cluster analysis. Green dashed lines in the PC1 and PC2 time-series represent shifts in the mean of the respective PC, derived by sequential t-test after Rodionov (2004). Conodont apatite oxygen isotope data modified after Romano et al. (2013) (black curve) and Goudemand et al. (2019) (red curve). Geochronology of Siberian Traps volcanic activity, main phase <1Myrs after Burgess and Bowring, 2015, star: youngest dated monzodiorite related to Siberian Traps emplacement (Augland et al., 2019). Gray bars as visual support for the intervals: Griesbachian, early and late Smithian, and an intermittent interval in the Spathian. Light gray bar: interval of uncertainty of the Dienerian-Smithian boundary.
Climatic Boundary Conditions
Pakistan was positioned ∼30° South of the equator on the northern margin of Gondwana facing the tropical Tethys to the North (Ziegler et al., 1983). The Early Triassic geographic configuration induced a peculiar atmospheric circulation pattern. The changes in vegetation composition took place in a climate dominated by a strong monsoon system marked by pronounced seasonality in temperature and rainfall (e.g. Kutzbach and Gallimore, 1989; Parrish, 1993; Gibbs et al., 2002). Pakistan’s position with respect to these climate models shows that it was affected by a shift of the southern intertropical convergence zone (Figure 2). Thus, the region was exposed to seasonal rainfall with a maximum during summer. Despite the strong monsoon system, the climate was far from stable over the long-term. Climatic oscillations have been documented based on various lines of evidence (Brayard et al., 2005; Brayard et al., 2006; Hochuli et al., 2010b; Preto et al., 2010). Early Triassic sea temperatures based on conodont apatite highlight the fluctuations of temperature within the Early Triassic (Figure 4).
Methods
In order to test the Pakistan spore-pollen database for the presence of possible regime shifts, time series of original data and exploratory analysis methods have been acquired and compiled (Figure 4). The underlying palynological datasets are from a number of published sources (Hermann et al., 2011a; Hermann et al., 2012; Schneebeli-Hermann and Bucher, 2015; Schneebeli-Hermann et al., 2015). Bulk δ13Corg data was compiled from Hermann et al. (2011b) and Schneebeli-Hermann et al. (2013). Sampling strategy and sample preparation were the same for all successions, for details see original publications. The compilation of the data is available in the Dryad digital repository (Schneebeli-Hermann, 2020). All abundances discussed in the text are based on relative abundances.
For the detection of regime shifts in ecosystems two general approaches are alternatively suggested (Andersen et al., 2009): the formal hypothesis-testing, and the informal exploratory data analysis. Hypothesis testing centers around identification of change-points using statistical methods such as sequential F- or t-tests. In time-series data, change-points could be step changes in the mean of the recorded values. However, change-points occurring at the extremes of a time-series might remain undetected, because only those in the middle of the time-series impart enough power to be detected. Additionally, ecological data are regarded much noisier compared to climatic or economic data, thus the detection of change-points using statistical testing might be hampered (Andersen et al., 2009). Contrastingly, exploratory data analyses allow for visual inspection of time-series and have proven reliable in detecting threshold response (Andersen et al., 2009). Because only few abrupt changes are expected to occur in the Pakistan dataset and at least one might be close to the time-series boundary, this approach was followed as a priority. The deep-time dataset is probed with the following exploratory analyses:
Principle component analysis (PCA) as well as analysis of diversity indices (generic richness), including dominance (=1−Simpson index), were applied using PAST4.03 (Hammer et al., 2001). PCA allows reducing a large dataset of correlated time-series to a small number of principle components that ideally contain most of the original variance (Rodionov, 2005; Andersen et al., 2009). Assumptions on the regime shift presence are not required. Threshold responses in ecosystems become visible in abrupt shifts of the principle components and relevant intervals can be tested further, for example with age-constrained clustering which can support the results of PCA (Andersen et al., 2009). To aid the visual inspection, the first two principle components have been tested for statistically significant shifts in the mean using the sequential t-test method (STARS) by Rodionov (2004). Originally, this method was developed to detect regime shifts in climate records, but has also been successfully applied to ecological data (Rodionov and Overland, 2005). The sequential t-test was run with a significance level of 0.1, a cut-off length of 5, and a Huber’s weight parameter of 1 in order to search for abrupt shifts in the mean.
An age-constrained cluster analysis based on Bray-Curtis dissimilarity index was plotted using RStudio (packages vegan and rioja) (Juggins, 2017; R CoreTeam, 2018; Oksanen et al., 2019). The hierarchical grouping based on a dissimilarity index may result in distinct clusters with significant dissimilarity, in case of threshold response; the clusters would be separated at positions where the principle components show abrupt shifts (Andersen et al., 2009).
To test for the presence of cyclicity in the bulk organic carbon isotope record, the Lomb periodogram algorithm has been applied. This algorithm is implemented in PAST and suitable for unevenly sampled data (Press et al., 1992; Hammer et al., 2001). Two significance levels (0.01 and 0.05) are implemented.
RESULTS
The first two principal components explain 76% of the variance of the palynological dataset. Scores on PC1 show a marked but not necessarily abrupt shift from high scores on the negative axis in the Permian to high scores on the positive axis in the Dienerian (Figure 4). Within the lower Smithian, scores range around mean values to change abruptly to high positive scores toward the middle Smithian followed by an immediately drop to the negative extreme for the upper Smithian. PC1 scores are close to the mean value in the lower half of the Spathian to increase slightly in the upper Spathian. A marked drop to high scores on the negative axis is documented at the Spathian–Anisian boundary. Statistically significant shifts in the mean of PC1 are documented using the sequential t-test (Rodionov, 2004). They confirm shifts within the Dienerian, from the lower to middle Smithian, from the middle to upper Smithian, and across the Spathian-Anisian boundary (Figure 4). For the interval from the upper Permian up to and including the lower Smithian, PC2 values are around zero or show negative scores. The middle and upper Smithian stick out again with high fluctuations, high positive scores in the middle Smithian and negative scores in the late Smithian. Scores on the positive axis characterize the Spathian–Anisian time interval. The sequential t-test again supports shifts in the mean at the lower–middle Smithian, and at the middle–upper Smithian boundaries (Figure 4).
Permian spore/pollen ratios are around 20%. Relative spore abundance starts rising within the Griesbachian and reach ∼90% in the Dienerian accompanied by a marked low in diversity (Figure 4). The lower Smithian spore/pollen ratios range between 60 and 80% with a slightly recovered diversity. Spore abundance increases again to over 90% toward the middle Smithian and rapidly drop to around 10% in the upper Smithian. The diversity decreases already in the upper lower Smithian and remains low during the middle and upper Smithian. However, increases in the lowermost Spathian where spore abundance is around 60%. In thumper Spathian section, spore abundances decreases further while diversity increase toward the Middle Triassic.
The dominance structure within the palynological dataset shows that associations in the Dienerian, middle Smithian and in an intermittent interval in the upper Spathian are dominated by few taxa (Figure 4).
Cluster analysis based on the Bray-Curtis dissimilarity indices displays two big clusters that correspond roughly with the PC2 distribution of values: a Permian to middle Smithian cluster, and a middle Smithian to Anisian cluster. Within these two “superclusters” smaller clusters with high dissimilarity to the neighboring clusters stand out: the Dienerian, the middle Smithian, and the upper Smithian (Figure 4).
The Permian vegetation was gymnosperm-dominated. Unfortunately, the Griesbachian is underrepresented in these successions and the few available samples indicate a gradual increase in the lycophyte abundances toward the Dienerian (close-ups of this time interval are discussed later) commencing with the bulk organic carbon isotope negative shift characterizing the Permian–Triassic boundary. Oxygen isotopes based on conodont apatite indicate that sea temperatures increased from the Griesbachian toward the Dienerian. The Dienerian vegetation is low diversity and lycophyte dominated. A slight recovery of diversity is documented in the early Smithian, carbon isotopes shift to positive values and sea temperatures are cooler again (Figure 4). From the early Smithian to the middle and late Smithian, generic diversity droped significantly and dominance increased dramatically. Despite both the middle and upper Smithian having low diversity and high dominance in common they differ significantly in plant composition and environmental conditions. The middle Smithian plant assemblages are lycophyte-dominated during a phase of high sea temperatures negative carbon isotope values, whereas during the late Smithian, gymnosperms were thriving under cooler conditions. The Spathian, with a mixed lycophyte-gymnosperm vegetation, shows slightly recovered diversity under fluctuating but generally cooler conditions (Romano et al., 2013). An intermittent interval in the later Spathian is marked again by slightly reduced diversity and gymnosperm abundance coinciding with a minor negative shift in bulk organic carbon isotope values. The Middle Triassic vegetation was again gymnosperm-dominated and values of all time-series are comparable with the Permian. The simple periodogram for the bulk organic carbon isotope record shows one prominent frequency peak at 0.4925 (Fig. 5) which would correspond to a period of ∼2.03 Myr.
[image: Figure 5]FIGURE 5 | Simple periodogram for the bulk organic carbon isotope record from Pakistan. The peak with highest power depicting a ∼2 Myr cyclicity. The two red dashed lines represent the 0.01 and 0.05 significance levels.
DISCUSSION
Regime Shifts
Despite the known shortcomings of paleontological records with respect to time resolution and data accuracy (taphonomic processes and taxonomic resolution) (DiMichele et al., 2009), deep-time records are valuable in order to unravel the interplay of biotic and abiotic factors creating or destroying resilience and thus the potential to absorb perturbations (Willis et al., 2010). One of the most stunning analyses of deep-time records with respect to possible existence of regime shifts concerns vegetation-climate interactions during the Middle-Late Pennsylvanian and the Pennsylvanian–Permian transitions (DiMichele et al., 2009). The possibility of the existence of alternative regimes in tropical wetland vegetation during the middle–late Pennsylvanian has been conclusively demonstrated, whereas the vegetation response to climate change at the Pennsylvanian–Permian boundary shows a non-hysteretic threshold response (DiMichele et al., 2009).
For the Early Triassic palynofloral record from Pakistan, the results of the exploratory analysis reveal some abrupt shifts e.g. in first principle component, whereas isotope trends seem to be more gradual (Figure 4). Changes in carbon isotope records reflect changes in carbon cycling, and are regarded to reflect environmental changes (Payne et al., 2004; Weissert, 2019). Oxygen isotope data from conodont apatite can be used to reconstruct sea temperatures (e.g. Romano et al., 2013; Trotter et al., 2015; Goudemand et al., 2019). Thus, there are two proxy records for Early Triassic environmental changes: bulk organic carbon isotopes and conodont apatite oxygen isotopes. The most remarkable interval spans the late early Smithian to the early Spathian and is discussed first for the possible presence of thresholds with or without hysteresis.
During the late early Smithian, bulk organic carbon isotope values start to decrease, whereas sea temperatures start to rise (Hermann et al., 2011b; Romano et al., 2013), these changes are not accompanied by gradual changes in vegetation composition. In contrast, the vegetation reacted only late to these trends, but then abruptly (PC1, PC2, dominance, spore/pollen ratios). Such ecosystem behavior reflects a threshold response to gradual/incremental environmental changes (e.g. Anderson et al., 2009). The vegetation is tipping from a mixed early Smithian lycophyte-gymnosperm vegetation to a lycophyte dominated vegetation in the middle Smithian. Diversity seems to dwindle synchronously with the changing environmental proxies, whereas dominance and both principle components show threshold responses. The shift in dominance from low values in the early Smithian to high values in the middle Smithian indicates that the middle Smithian vegetation was dominated by only a few plant taxa, whereas during the early Smithian taxa were rather equally present.
Both abiotic proxies (δ18O and δ13C) start to rise again during the middle Smithian. A sharp shift to gymnosperm-dominated vegetation (documented also in both principle components and a drop in dominance) occurs at the middle–late Smithian boundary co-occurring with δ18O and δ13C values both higher than those at the early–middle Smithian transition. The shift to gymnosperm-dominated vegetation seems to occur at a switch point (switch point 2 in Figure 1) with different environmental conditions compared to switchpoint 1. Thus, a threshold response with hysteresis is likely (Scheffer et al., 2001; Anderson et al., 2009).
The Griesbachian to Dienerian transition is difficult to interpret as the Griesbachian is surely underrepresented in the Pakistani records. The Griesbachian appears to be a transition phase between gymnosperm-dominated Permian plant communities and lycophyte-dominated Dienerian communities. Thus, indicating generally no abrupt change at the Permian-Triassic or Griesbachian-Dienerian boundary in the successions of Pakistan. Nevertheless, the contrast in plant composition, diversity, dominance, principle components between the Permian and the Dienerian is striking. Therefore, information from other regions are discussed here, in order to unravel changes in vegetation between the Permian and the Dienerian in greater detail, which are blurred by low resolution in Pakistan. Nearby successions (Australia, Madagascar) would be ideal for a comparison, however, they have partly a similar resolution (Balme, 1963) or have shortcomings with respect to independent age control (Goubin, 1965; Dolby and Balme 1976). Thus, the Kap Stosch successions in Greenland with high sampling resolution offers the opportunity to zoom into the upper part of the blurred interval in Pakistan, the Griesbachian–Dienerian transition interval. There, palynological records reveal that the Permian and the Griesbachian vegetation was dominated by gymnosperms. The main vegetation shift from gymnosperm-dominated to lycophyte-dominated vegetation occurred close to the Griesbachian–Dienerian boundary (Hochuli et al., 2016). However, while this succession was situated on a comparable latitude in the Northern Hemisphere, it might have been exposed to different environmental/climatic conditions (e.g. Kutzbach and Ziegler, 1993). A direct comparison is therefore implausible and not intended. However, looking beyond the southern subtropics illustrates that other ecosystems were affected by environmental changes and show abrupt reactions during the Griesbachian–Dienerian transition, although these might not be comparably obvious in the Pakistan records due to low resolution in the Griesbachian. Oxygen isotopes from Pakistan indicate that sea temperature started to increase at the Griesbachian–Dienerian boundary (Romano et al., 2013), whereas the Kap Stosch bulk organic carbon isotope record is marked by a negative shift across this boundary (Sanson-Barrera et al., 2015). The changes in vegetation composition occurs during the negative shift, thus, the changes in Greenland might well be a threshold response to environmental changes.
After highlighting environmental and vegetation changes in the upper boundary of the Griesbachian, which is not well resolved in the Pakistani records, we turn now to its older part, the Permian–Triassic boundary. As for the Griesbachian–Dienerian boundary, Northern Hemisphere sedimentary archives offer an exquisite view on the microfloral changes around the Permian–Triassic boundary. These reveal another shift from gymnosperm-dominated to lycophyte-dominated vegetation in Jameson Land (Greenland) and Finnmark (Norway) data sets (Looy et al., 2001; Hochuli et al., 2010a). These coincide with the negative carbon isotope shift that marks the Permian–Triassic boundary in this succession and worldwide (Korte and Kozur, 2010). Gymnosperms recovered relatively quickly and dominate Griesbachian assemblages (Hochuli et al., 2010a). The resolution of environmental proxies is limited but the position of the vegetation shift within the negative carbon isotope excursion might indicate threshold response. In the Pakistan records, this specific shift close to the Permian–Triassic boundary is not resolved. At Narmia,∼10 km East of Chitta-Landu, two samples from below the Kathwai Member are marked by high lycophyte spore abundances, however, these occurrences are too few and are stratigraphically isolated and cannot be correlated with the so-called spore peak from the Northern Hemisphere succession. However, palynological and bulk organic carbon isotope data are available from the Denison NS 20 borehole from the Australian Bowen Basin. There, the Protohaploxypinus microcorpus Zone is marked by high lycophyte spore abundances of up to 80% (Foster, 1982), thus, reaching similar spore abundances as during the spore peak in the Finnmark record (Hochuli et al., 2010a). This zone of high lycophyte spore abundance in the Australian Denison NS 20 borehole occurs within the negative carbon isotope shift (Morante, 1996), like the one in the Northern Hemisphere. Thus, the shift from gymnosperm-dominated vegetation to lycophyte-dominated vegetation is therefore not only recorded from the Northern Hemisphere, but also from the Southern Hemisphere. A shift back to gymnosperms as in the Northern Hemisphere is not recorded. However, Southern Hemisphere records show distinct regional patterns, e.g. in Antarctica palynofloras are marked by an increase in diversity throughout the supposed boundary interval (Lindström and McLoughlin, 2007). Whereas in east Australia, even records from the same basin (Sydney Basin) show different palynofloral development prior to the Permian–Triassic transition. The interval containing the youngest Permian coal deposits has attracted high attention. In the northeastern part of the Sydney Basin, a marked shift from gymnosperm dominance to higher spore abundances with many taxa “surviving” the deposition of the youngest coal is documented (Grebe, 1970) whereas continued spore dominance throughout the same stratigraphic interval is known from the central part of the Sydney Basin (Mays et al., 2020), There, specific fern spores (Thymospora) dominate palynological assemblages soon after the deposition of the uppermost Permian coal, indicating significant changes in vegetation composition prior to the above mentioned shift from gymnosperm-dominance to lycophyte-dominance associated with the carbon isotope negative shift. Therefore, local climatic effects and differences in depositional environments can influence palaeobotanical records dramatically and aggravate their comparability. In summary, the time interval from the Permian–Triassic boundary up to the Smithian–Spathian boundary is a time with several major regime shifts, but they are not recorded everywhere.
Focusing on the time interval after the middle–late Smithian events, the Spathian interval is generally marked by a mixed gymnosperm-lycophyte vegetation. An interval approximately in the middle of the Spathian shows increased dominance and reduced diversity together with a higher contribution of lycophytes in the palynological assemblages. These changes are reflected only to a limited extend in PC 1, and are not obvious in PC 2, but coincide with a minor negative carbon isotope excursion. Stabilization of the environmental and ecological situations during the Spathian has been also reported from the boreal realm (Galfetti et al., 2007b; Hochuli and Vigran, 2010; Lindström et al., 2019), South China (Saito et al., 2013). In the marine realm, ecosystems also seem to stabilize (e.g. Brayard et al., 2006) or start to increase continuously in diversity during the Spathian (e.g. Hofmann et al., 2014).
For the Early Triassic subtropical paleoecological archive of Pakistan, two prominent regimes stand out, one gymnosperm-dominated regime seemingly coinciding with cooler conditions and the lycophyte-dominated regime thriving predominantly under warmer conditions. Thus, plant communities seem to bounce between two regimes. However, the picture is complicated by transient vegetation types during the early Smithian and Spathian, which will be discussed later. First, possible positive feedbacks for each regime are addressed. Positive feedbacks are regarded essential for the facilitation and stabilization of alternative regimes. However, their existence alone cannot be regarded as ultimate proof for the presence of alternative regimes but positive feedback can strongly support the argumentation for alternative regimes in combination with other approaches (Scheffer et al., 2001; Scheffer and Carpenter, 2003).
Stabilizing Factors of Each Regime
Prominent representatives of Early Triassic lycophytes include Isoetes and Pleuromeia (Retallack, 1997). Pleuromeia can even be regarded as the iconic plant of the Early Triassic that occurred almost worldwide (Krassilov and Karasev, 2009). Pleuromeiales are represented in the Pakistani records by the dispersed spore genera Aratrisporites., Lundbladispora, and Densoisporites (Balme, 1995). Roots of these lycophytes were composed of rhizospheres or corms with rootlets extending from it. With their rather simple rooting systems, they were adapted to unstabilized soil, and able to grow in waterlogged disturbed ecosystems (Retallack, 1975; Retallack, 1997; Feng et al., 2020) such as in riparian ecosystems (Kustatscher et al., 2014). Plant associations are sensitive to climatic changes not only under the modern global change (e.g. Bjorkman et al., 2018) but also past plant associations were influenced by climatic conditions (e.g. Birks et al., 2016).
Pakistan was situated geographically in the southern subtropics exposed to the climatic conditions of the monsoon system with the intertropical convergence zone responsible for a high seasonality in precipitation and temperature (Kutzbach and Gallimore, 1989; Kutzbach and Ziegler, 1993; Parrish, 1993; Rees et al., 1999; Gibbs et al., 2002; Roscher et al., 2011). Changes in insolation seasonality have been modeled to influence monsoon strength (Kutzbach, 1994). Increased insolation seasonality induces increased strength of the monsoon circulation, i.e. an increase in precipitation seasonality and this increase leads to higher seasonal runoff (Kutzbach, 1994). Changes in the hydrological cycle influence weathering and sedimentation style and may lead to increased areas with unconsolidated soil in lowland areas. For the northern part of the Bowen Basin, a change from meandering rivers to a braided river system with unconstrained channels is documented to occur from the Permian Rangal Coal Measures to the Triassic Sagittarius Sandstone (Michaelsen, 2002). The rooting systems of lycophytes are incapable of stabilizing these soils creating a positive feedback of habitat instability and lycophyte cover.
The alternative regime is dominated by gymnosperms (mainly conifers and seed ferns) represented primarily in the palynological assemblages of Pakistan by bisaccate pollen. Compared to lycophytes, these plants have diverse and partly complex rooting systems providing anchorage for long-term support of the plants, under less disturbed conditions. Moreover, complex rooting systems can contribute to stabilize unconsolidated soil (e.g. Micovski et al., 2009). The canopy of a gymnosperm-dominated vegetation was rather closed, therefore, reducing the splash of rainfall and soil erosion compared to the more open canopy of a vegetation dominated by unbranched lycophytes (DiMichele et al., 2009; Taylor et al., 2009). Additionally, the positive feedback of vegetation on precipitation is enhanced in forests compared to open vegetation. Thus, a higher transpiration in forests compared to lycophyte stands dominated by Pleuromeiales fosters the local recycling of moisture and thus can plausibly provoke rainfall during dry seasons, analogous to the alternative regimes (forest vs savannah) in the modern Amazon region (Scheffer, 2009). However, research on functional trait changes through time is a developing field, the contrast in conductive capacity between Pleuromeiales and gymnosperms might be less significant for the vegetation-climate feedback (Wilson et al., 2017).
Thus, changes in the climate system that cause variations in insolation, temperature contrast and thus monsoon intensity together with feedback mechanisms, could determine which regime is dominant at any particular time between the Permian–Triassic and the middle–late Smithian boundaries.
Why During the Early Triassic? What Caused the Resilience to Diminish?
The Permian–Triassic transition is remarkable, not only because the biggest mass extinction in Earth history is associated with this time interval, it also marks a milestone in global phytogeographic development. The four distinct and isolated Late Permian floral kingdoms (Cathaysia, Angara, Gondwana, Euramerica) declined and a new northern Laurussian and a southern Gondwana kingdom formed. The Early Triassic is regarded a key interval in this transitions, in which Pleuromeiales show temporary cosmopolitan distribution (Dobruskina, 1987; Karasev and Krassilov, 2009). Thereafter, phytogeographic kingdom boundaries were roughly latitudinally aligned. Since then, the main phytogeographical zonation has not changed much (Dobruskina 1987, 1995). The Early Triassic vegetation changes in the southern subtropics of Pakistan occurred within the context of this major global phytogeographic reorganization.
While searching for a possible trigger for the ecological events starting at the Permian–Triassic transition and continuing up to the middle–late Smithian, the focus is drawn to the timing of these events. The first large scale abrupt regime shifts associated with a carbon isotope negative shift are documented from Permian–Triassic boundary successions in Australia, gymnosperm-dominated Permian vegetation is replaced by a lycophyte-dominated one (Foster, 1982) in the Bowen Basin. However, the timing of the vegetation response to environmental changes around the Permian–Triassic transition might be even more complex (Fielding et al., 2019). In Norway and Greenland, gymnosperm dominated vegetation is restored quickly, thus the preceding interval is referred to as a spore peak (Looy et al., 2001; Hochuli et al., 2010b). For the Sydney Basin, a fern spore peak soon after the decline of Glossopterids is present, as well as a late shift to pleuromeians in the Smithian (Mays et al., 2020). Similar events occur ∼2.4 Myrs later, during middle–late Spathian times as documented in the Pakistan successions, again in association with a negative carbon isotope shift. Thus, the two events are separated by a time interval of ∼2.4 Myrs. To talk of periodicities with only two events documented in a row is admittedly boldfaced. Especially, if the older event is most probably associated with the environmental perturbations causing the Permian–Triassic mass extinction. However, in the search for a possible cause of the subsequent Early Triassic vegetation pattern, one option could be orbital climate forcing. Periodicities of this length are known to occur in Earth’s orbit eccentricity as long-term cycles (Laskar et al., 2011).
The influence of long-term eccentricity periods on carbon cycling have been documented for the Thracian Oceanic Anoxic Event and Cenozoic successions (Pälike et al., 2006; Boulila et al., 2012; Boulila et al., 2014). However, these are marked by shorter cyclicity (1.6 Myr) supporting the instability of the length of this period indicated by astronomical modeling (∼2 Myr for the Thracian and ∼2.4 Myr for the Boulila et al., 2014). The simple periodogram for the bulk organic carbon isotope record from Pakistan (Figure 5), reveals a periodicity of ∼2.03 Myr, which lies within the range of astronomically predicted periodicities for this term. However, it is shorter than the stratigraphically deduced period length of ∼2.4 Myr. A close correspondence between carbon isotope excursions and climatic upheavals and the long-term eccentricity periodicity has been also documented for the Paleocene–Eocene boundary event (Lourens et al., 2005). Thus, these periodicities are documented in sedimentary archives and are known to cause climatic shifts (Kump et al., 2005; Scheffer, 2009). The Pakistani records are marked by uneven sampling density and the lack of appropriate samples for radiometric dating, therefore, uncertainties with respect to periodicities are inevitable. Pakistan during the Early Triassic was exposed to the peculiar circulation pattern of a large monsoon system, driven by large landmasses in the mid-to low latitudes and the tropical Tethys ocean. One key factor that could trigger changes in monsoon intensity is orbital forcing. Precession and eccentricity determine the duration and geographic position of insulation maxima and thus the intensity of the monsoon (Mohtadi et al., 2016). For Pangea, an increase in monsoon intensity and thus increase in summer rainfall and runoff have been simulated to occur in the hemisphere with summer solstice occurring at perihelion (Kutzbach, 1994). Thus, changes in insolation by orbital forcing causes higher seasonality in precipitation and could work in concert with positive feedback mechanisms to trigger ecosystem regime shifts. A similar combined mechanism has been proposed for sharp shifts in the Pleistocene climate system (Scheffer, 2009). For the Early an increase in Southern Hemisphere seasonality in precipitation and temperature contrasts in the Northern Hemisphere with decreased seasonality (Kutzbach, 1994). Thus, climatic conditions are changing as well but less pronounced. However, the discussion on orbital climate forcing potential during the Early Triassic would profit from climate reconstructions based on more comprehensive models as recently used for the Permian (Kiehl and Shields, 2005; Montenegro et al., 2011). The Smithian–Spathian boundary interval has been documented from northern Greenland and the Barents Sea areas (Galfetti et al., 2007b; Lindström et al., 2019). Both localities show dominance of spores in the Smithian and pollen dominated assemblages in the Spathian. The shift occurs near the Wasatchites tardus ammonoid zone, which corresponds to the basal ammonoid zone of the late Smithian in Pakistan. Exact correlation of the events in Pakistan with the Northern Hemisphere is hampered because of a supposed sedimentary gap in the northern successions encompassing most of the late Smithian (Hammer et al., 2019). However, both critical time intervals, the Permian–Triassic as well as the Smithian–Spathian boundary intervals are associated with changes in the palynofloral records in both hemispheres.
If the timing of vegetation changes around the middle–late Smithian fit into the orbitally paced scheme, then what about the Dienerian? Relative abundance of lycophyte spores, generic diversity and to certain amount PC1 are comparable to the middle Smithian values. In the high resolution succession from Greenland, the drastic shift is even more discrete from the Griesbachian to the Dienerian. According to the depth-age model, the Griesbachian accounts for 400 ka (note that in Figure 4, the boundary is biostratigraphically adjusted, and radiometric dating is not available) which roughly corresponds to the 405 years term in eccentricity (Laskar et al., 2011). Keep in mind that the Greenland vegetation was exposed to different climatic conditions compared to Pakistan. While Pakistan was facing the Tethyan coast and thus prone to receive summer rainfall, Greenland had an averted position with respect to the tropical Tethys (Kutzbach and Gallimore, 1989). The regional ecosystem might have had its own peculiarities/vulnerabilities concerning orbital climate forcing.
However, orbital forcing was operating before and after the Early Triassic, seemingly with little impact on plant associations then. Contrastingly, Early Triassic terrestrial ecosystems seem to have been particularly susceptible to these orbitally forced climate changes. Turning to the dynamical landscape of alternative regimes, resilience has been described as the altitudinal difference between valleys and separating heights. If a system is manipulated in a way that the resilience is reduced, minor additional perturbations or stochastic events can cause regime shifts (Scheffer et al., 2001).
In present-day ecosystems a loss in resilience is induced by biodiversity loss, introduction of pollutants, climate change, and/or regional destruction of standing biomass (Peterson et al., 1998; Folke et al., 2004; Zemp et al., 2017). Environmental changes such as introduction of pollutants or climate change are regarded as fundamental effects influencing ecosystems by reducing (functional) biodiversity. A loss in functional-group diversity has a great impact on the performance of an ecosystem, e.g. the loss of functional groups might destroy trophic networks or open up niches for invasive species (Folke et al., 2004) The same suite of disturbances have been revealed and documented for the Permian–Triassic boundary.
A large igneous province, the Siberian Traps, not only CO2 into the atmosphere causing climatic upheavals, but also halocarbons (Svensen et al., 2009; Black et al., 2012), mercury (Sanei et al., 2012), and other aerosols (Grasby et al., 2011). The main volcanic phase occurred within less than one million years straddling the Permian–Triassic boundary (Burgess & Bowring, 2015), however, magmatic activity continued into the Early Triassic (Augland et al., 2019) (Figure 4). The environmental changes were profound and caused the loss of oceanic faunal diversity (e.g., Raup and Sepkoski, 1982). How severe the continental fauna was affected is still discussed (Benton et al., 2004; Lucas, 2009). Thus, the Earth system was hit hard and was no longer able to absorb additional small scale perturbations. Or, to stay in the metaphorical picture of a landscape, the altitudinal differences of the dynamical landscape were reduced, mountains were eroded, valleys and basins filled, resilience was a victim of this erosion. Therefore, after the initial strike of the Permian–Triassic events, southern subtropical ecosystems were vulnerable toward small scale perturbations such as orbitally forced climate changes that could push ecosystems in almost any direction.
Because of the low relief of the dynamical landscape, the expressed lycophyte or gymnosperm regime (state, valley or basin) might not always be the most probable state the ecosystem is compelled to. The early Smithian palynomorph assemblages show transient characters; this behavior could be described as transient ecosystem behavior (e.g. Hastings et al., 2018). Moving on the dynamical landscape toward one of the valleys, but being retarded or detoured by a so-called ghost attractor (e.g. a basin has been filled and therefore offers no longer a stable state, the ecosystem lingers around instead of moving immediately to the next stable state) or exhibits a crawl-by behavior (the ecosystem is attracted by a stable basin, however a saddle blocks the direct way causing a detour along the saddle) (Hastings et al., 2018). Transient behaviors in ecosystems can persist for a long time leading to abrupt shifts in ecosystems without significant environmental changes (Hastings et al., 2018).
After the middle–late Smithian regime shifts, a mixed lycophyte-gymnosperm vegetation prevailed. Additionally, some palynofloral components changed in relative abundances compared to the lower part of the Lower Triassic (Aratrisporites vs. Lundbladispora; non-taeniate bisaccate pollen vs. taeniate bisaccate pollen). Environmental perturbations, as indicated by the negative carbon isotope negative shift in the intermittent interval within the Spathian, had only limited influence and did not cause a dramatic shift. The Spathian vegetation was seemingly better buffered, and on track in restoring resilience. The importance of maintaining resilience can be for the persistence of an ecosystem has been documented for littoral forests in Madagascar. In the face of late Holocene environmental changes, the onlypatches of forests that recovered were those able to restore their taxonomic richness due to a higher resilience, other areas transformed into permanent heathland (Virah-Sawmy et al., 2009). Biodiversity is regarded as a fundamental factor for ecosystem resilience (Folke et al., 2004). The generic richness of the studied succession shows reduced diversity during the Dienerian and during the middle and late Smithian in Pakistan, corresponding to those intervals in which the results of the exploratory analysis suggest the occurrence of regime shifts (Figure 4). Recovery trends of diversity are observed in the early Smithian, early Spathian and late Spathian–Anisian. Thus, changes in biodiversity might be a signal for resilience of local ecosystems in deep-time records. However, taphonomic biases must be considered, and the sudden disappearance of fossils and thus diversity might be of local significance only.
Southern subtropical Early Triassic terrestrial ecosystems were fragile due to the Permian–Triassic events; therefore, the drastic regime shifts reflect the sensibility of the system to forcing mechanisms. Before and thereafter, resilience was high and ecosystems buffered the effects of orbital forcing.
CONCLUSION
The Early Triassic vegetation patterns are complex and their underlying determinants far from being understood. Instead of focusing on repeated volcanically induced deteriorations, here the palynological records from Pakistan (together with Northern Hemisphere records) are discussed under the premise of the alternative stable state theory. The Permian–Triassic, the Griesbachian–Dienerian, and the middle–late Smithian boundary stand out with abrupt shifts between lycophyte-dominated vegetation and gymnosperm-dominated vegetation. However, proving the existence of alternative stable regimes in deep-time records is difficult. Exploratory data analysis indicates that threshold response is likely in all cases, and hysteresis is plausible for the abrupt shifts occurring during the middle and late Smithian. Ecosystems with low resilience are prone to regime shifts that can be triggered by small perturbations. The Pakistani palynoforal record indicates that vegetation in the first half of the Early Triassic was sensitive to environmental disturbance. The timing of the major events (middle–late Smithian∼2.4 Myrs, Dienerian ∼400 kyrs after the Permian–Triassic biotic and abiotic events), possibly indicates orbital-forcing responsible for these changes. However, orbitally forced regime shifts in vegetation have not be recorded directly before and after the Early Triassic. Working together, phytochoria reorganization and the profound environmental and biotic changes of the Permian–Triassic events reduced resilience and increased susceptibility to minor environmental/climatic changes.
The alternative considerations presented will hopefully encourage further research into whether the loss of resilience, aside from taphonomic and paleogeographic controls, could be a cause for the differing regional s of vegetation response to the Permian–Triassic boundary events documented in the fossil record. The discussion whether there had been a global plant mass extinction or not is continuing. Plants probably did not become extinct on a large scale, but their distribution in space and time was fluctuating enormously due to environmental changes, but also probably because of lowered resilience, and therefore extreme shifts in composition, creating the impression of virtual absence. There might be more than one possible explanation for temporal variations in complex ecosystems.
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It has long been recognized that terrestrial floras underwent major and long-lasting changes during the Permian and Triassic, some of which have been attributed to the end-Permian mass extinction. However, these changes are still poorly understood with regard to the late Permian and Early Triassic. In particular, the impact that ecological disturbances around the Permian–Triassic boundary had on the composition and palaeogeographical distribution of land plant communities needs to be scrutinized. We analyse this impact based on fossil floras from across the world, covering the Wuchiapingian to Ladinian time interval. The plant assemblages are assigned to biomes representing particular environmentally controlled community types. Variations in the distribution of biomes between stages indicate shifts in the environmental parameters affecting terrestrial floras, and provide insights into population turnover dynamics. A substantial shift towards increasing seasonality and a reduction of biome diversity occurs in the earliest Triassic and stabilised throughout the Middle Triassic. However, results also show that the stratigraphically and (palaeo-) geographically unequal distribution of sampled localities constitutes an important limitation for this kind of analysis.
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INTRODUCTION
The Permian–Triassic transition was marked by drastic disturbances in marine and terrestrial ecosystems. Most importantly, the end-Permian mass extinction constituted the most severe extinction event for marine animals (e.g., Benton and Twitchett, 2003; Stanley, 2016; Delfino et al., 2020). The timing and impact of this event on the biodiversity of terrestrial animals and land plants is not yet settled (e.g., Benton and Newell, 2014; Cascales-Miñana and Cleal, 2014, Cascales-Miñana et al., 2016; Fielding et al., 2019; Nowak et al., 2019; Gastaldo et al., 2020; Mays et al., 2020). However, it is generally accepted that the community structure of terrestrial floras underwent important changes, and there is a growing consensus that these changes should primarily be understood as a matter of successive ecological disturbances, rather than a question of abrupt biodiversity loss (Hochuli et al., 2016; Mishra et al., 2017; Fielding et al., 2019; Nowak et al., 2019; Vajda et al., 2020).
Palaeophytogeographical aspects of these changes on a global scale have mainly been studied through the recognition of different phytochoria (or phytoprovinces) – phytogeographical units that are defined on the presence of common taxa, and are consequently stratigraphically constrained by the ranges of these taxa (e.g., Vakhrameev et al., 1978). While the geographical spread of the defining plants was certainly dependent on environmental conditions, phytochoria from different times do not necessarily reflect equivalent environments. By contrast, biomes are defined as areas with comparable, climatically controlled plant and animal assemblages (Walter, 1985). The biome concept has successfully been applied to plant fossil together with climate-sensitive sediment data from ancient times as well, including the Sakmarian (Cisuralian/early Permian; Rees et al., 2002), Wordian/Kungurian (Guadalupian/middle Permian; Ziegler, 1990; Rees et al., 1999a; Rees et al., 1999b; Rees et al., 2002; Willis and McElwain, 2014) and the Jurassic (Rees and Ziegler, 1996; Rees et al., 2000; Willis and McElwain, 2014). Biomes for the Triassic and Jurassic in Eurasia were presented by Ziegler et al. (1993). Global biome maps for the Early to Middle Triassic are not yet available. Climate models have been used to estimate the distribution of biomes in the Sakmarian (Rees et al., 2002), the Wordian/Kungurian (Kutzbach and Ziegler, 1993; Rees et al., 1999a; Rees et al., 1999b; Rees et al., 2002), the Changhsingian (Lopingian/late Permian; Fluteau et al., 2001; Roscher et al., 2011) and the Late Triassic (Sellwood and Valdes, 2006). Spore-pollen data have been used for palaeophytogeography as well, including considerations of climate conditions as indicated by palynological assemblages in the Early Triassic (Yaroshenko, 1997) and the late Middle–early Late Triassic (Visscher and Van der Zwan, 1981). Chumakov and Zharkov (2002) and Chumakov and Zharkov (2003) used palyno- and macrofloras together with lithological, palaeogeography and palaeoclimate data to reconstruct climatic belts for the early and late Permian and Early Triassic. The palaeophytogeographical distribution and climatic implications of macrofloras from southern Gondwana were also explored by Cúneo (1996) for the Permian and by Artabe et al. (2003) and Spalletti et al. (2003) for the Triassic.
We present here a stage-level analysis of the distribution of biomes based on land plant macrofossil assemblages from the Wuchiapingian to Ladinian, in an attempt to track global-scale climate shifts with an effect on plant communities. This study also shows how the composition of biomes changes through time and how the patchiness of the plant fossil record affects the uncertainty regarding the boundaries between biomes.
MATERIALS AND METHODS
Data Sources and Selection
This study is based on a subset of the data of Nowak et al. (2019), most of which were taken from earlier publications (Supplementary Data; see also supplementary data 5 and supplementary references of Nowak et al., 2019). Our subset represents 8,892 land plant macrofossil occurrences from the Wuchiapingian to Ladinian stages dated with reasonable confidence and with sufficiently precise information on the geographical position of the studied outcrops (Supplementary Table S1). Compared to the initial dataset, we made numerous corrections with regards to taxonomic synonyms and locality data. Occurrences with uncertain identifications at genus-level were not taken into considerations. In addition, latitude/longitude coordinates were assigned to the localities.
The palaeogeographic maps shown herein correspond to the conversion of global plate tectonic reconstructions into 3D topography surfaces (palaeotopography) or paleo-DEMs (digital elevation models). The conversion stems from the work of Vérard et al. (2015a) and Vérard et al. (2015b). The plate tectonic model corresponds to the first version of the Panalesis model (still under development), which is described in Vérard (2019a) and Vérard (2019b). While superseding the UNIL model developed at the University of Lausanne (e.g., Stampfli and Borel, 2002; Hochard, 2008), the Panalesis model is created from scratch but is based on the same techniques and know-how. The definition of synthetic isochrones, in particular, helps reconstructing not only continental areas but also oceanic realms, including those having disappeared with subduction processes, such as the Panthalassic Ocean. The global reconstructions are the results of iterative processes where tectonic plates (with closed plate boundaries and 100% of the earth surface covered) are moved according to geological data of broad type, plate geometry, plate kinematics, and geodynamical scenarios defined in three dimensions and time (see for instance Fig 2.5.11-13 in Hochard, 2008).
Climate-indicative sediment data from the late Permian to Middle Triassic were extracted from Boucot et al. (2013); see Supplementary Figures S1–S3.
Calculations and Interpretations
Present-day coordinates of plant fossil localities and sediment data were translated into late Permian to Middle Triassic palaeocoordinates according to the Panalesis model (Vérard, 2019a; Vérard, 2019b). Regional taxonomic diversity is calculated per stage for biomes (Table 1), 10° palaeolatitudinal slices (Table 2) and major palaeogeographic regions (Table 3; Figure 1) as sampled-in-bin diversity at the genus level, i.e., the number of genera that have been reported from each stage (not counting uncertain identifications). Endemism (Table 4) is calculated as the ratio of plant genera in only one major palaeogeographic region within a specific stage. Cases where the same genus occurs in a different region in another stage are ignored.
TABLE 1 | Number of plant fossil localities and taxonomic diversity at genus level per stage and biome.
[image: Table 1]TABLE 2 | Number of plant fossil localities and taxonomic diversity at genus level per stage and 10° latitudinal slice.
[image: Table 2]TABLE 3 | Number of plant fossil localities and taxonomic diversity at genus level per stage and palaeogeographic region.
[image: Table 3][image: Figure 1]FIGURE 1 | Palaeogeographic map for the late Permian–Early Triassic (250 Ma) indicating major regions.
TABLE 4 | Number of plant fossil localities and taxonomic diversity at genus level per stage, including number and rate of endemic genera.
[image: Table 4]Based on known ecological constraints and the distribution of plant taxa during the time interval in question, we determined in which biomes individual plant genera would be expected to occur commonly or exclusively (Supplementary Table S2). The biomes used herein correspond to the ten biomes of Ziegler (1990), although not all were applicable (see below). For each locality-stage combination in the dataset, we calculated the most likely biome by first pooling occurrences from coeval localities within a moving window with a 100 km radius (calculated from the palaeogeographical coordinates under the assumption of a spherical earth with a mean radius of 6371.009 km) in order to take into account short-range variation, incompletely reported assemblages and effectively equivalent localities that were reported with different levels of geographical precision. Based on the pooled occurrences and the aforementioned biome assignments, a weighted vote was created: Each genus occurrence in the pool is counted with a weight equal to the reciprocal of the number of biomes it is associated with. A biome assignment is considered likely if it is indicated by >50% of the weighted vote for a locality and stage. If at least one genus is present that is considered to be an exclusive element of a particular biome, then the respective collection is assigned to that biome with certainty as well. In the case of collections where the calculation does not indicate any biome with sufficient confidence, a biome is assigned manually based on the taxonomic composition, geographic position and similarities with neighbouring assemblages. Microenvironments originating locally due to the effect of the nearby coastal line, deltaic settings and/or sea-level changes (e.g., Kustatscher et al., 2017) are not taken into account. The assigned biomes were projected on palaeogeographic maps for each stage, and we added a tentative extrapolation of the biome areas, taking into account the palaeotopography and climate-indicative sediment data (Figures 2–7).
[image: Figure 2]FIGURE 2 | Wuchiapingian plant macrofossil localities with associated biomes and estimated biome extension areas projected on a palaeogeographic reconstruction for the late Permian–Early Triassic (250 Ma). Dotted symbols indicate calculated biomes, empty symbols indicate manual biomes.
[image: Figure 3]FIGURE 3 | Changhsingian plant macrofossil localities with associated biomes and estimated biome extension areas projected on a palaeogeographic reconstruction for the late Permian–Early Triassic (250 Ma). Dotted symbols indicate calculated biomes, empty symbols indicate manual biomes.
[image: Figure 4]FIGURE 4 | Induan plant macrofossil localities with associated biomes and estimated biome extension areas projected on a palaeogeographic reconstruction for the late Permian–Early Triassic (250 Ma). Dotted symbols indicate calculated biomes, empty symbols indicate manual biomes.
[image: Figure 5]FIGURE 5 | Olenekian plant macrofossil localities with associated biomes and estimated biome extension areas projected on a palaeogeographic reconstruction for the late Permian–Early Triassic (250 Ma). Dotted symbols indicate calculated biomes, empty symbols indicate manual biomes.
[image: Figure 6]FIGURE 6 | Anisian plant macrofossil localities with associated biomes and estimated biome extension areas projected on a palaeogeographic reconstruction for the Middle Triassic (240 Ma). Dotted symbols indicate calculated biomes, empty symbols indicate manual biomes.
[image: Figure 7]FIGURE 7 | Ladinian plant macrofossil localities with associated biomes and estimated biome extension areas projected on a palaeogeographic reconstruction for the Middle Triassic (240 Ma). Dotted symbols indicate calculated biomes, empty symbols indicate manual biomes.
Biomes
The following ten biomes were defined by Ziegler (1990) and provide the basis for our analysis:
The tropical everwet biome (biome 1: equatorial and tropical everwet biome of Ziegler, 1990) represents evergreen rainforests in the tropics that develop under constantly hot (mean T = 26–29°C) and humid conditions (10–20 mm/month) and tends to be the most taxonomically diverse biome. Typical for this biome are abundant multistoried forests with high trees and lianas. The forests increase the constant conditions by trapping air, retaining moisture and creating moisture due to continuous transpiration. The biome also includes peat soils/coal swamps and their characteristic plant communities. It is most common close to the equator but can also occur in middle latitudes. The plant communities growing under these environmental conditions have a high preservation potential.
The tropical summerwet biome (biome 2: tropical and subtropical summerwet biome of Ziegler, 1990) comprises a variety of plant communities ranging from deciduous forests to savannas with varying degrees of wood- and grassland, all of which become productive during the wet summer months in low to middle latitudes with strong seasonality. They are transitional between the tropical everwet and the subtropical desert biomes. Although these floras are productive and differentiated, their preservation potential is limited due to the potential oxidation of the soils during dry seasons.
The subtropical desert biome (biome 3: coastal and inland tropical desert biome of Ziegler, 1990) is characterized by a water deficit during every month of the year. The vegetation is generally scarce and the plants that do occur are adapted for survival rather than competition. The vegetation is dominated by xerophytes and succulents that can persist in a continuously dry environment. Large flat root systems are specialised to gather moisture; leaf sizes are reduced to avoid desiccation. The preservation potential of these plants is exceptionally low. Sedimentary indicators are evaporites and aeolian sands.
The winterwet biome (biome 4 of Ziegler, 1990) relates to sclerophyllous evergreen and typically low trees with leathery leaves with high diversity. The winterwet aspect of this biome is unique and related today to the development of the polar front and associated extratropical cyclones. The productivity in biomass and the preservation potential of this vegetation is low. This biome is subsumed under the warm temperate biome for this study, because we found it impossible to differentiate the two in terms of taxonomic composition.
The warm temperate biome (biome 5: western and eastern warm temperate biome of Ziegler, 1990) refers to temperate evergreen forests that are affected by seasonally changing climates. The rainfall is well-distributed today throughout the year due to the alternating winter frontal systems and summer convective systems. The daily temperature minimum of the coldest months is above freezing (in contrast to the cool temperate biome), but the vegetation spends the winter in a resting state. The productivity is half of the tropical everwet biome, but the diversity is generally very high. Peat swamps can develop locally.
The cool temperate biome (biome 6: western and eastern cool temperate biome of Ziegler, 1990) marks deciduous forests that are subjected to hard frosts and cold winters. Deciduous trees require a growing season of at least four months with an average daily temperature above 10°C in order to have enough time to generate leaves. This biome may experience an annual change in the community due to the dense canopy in the summer and leafless trees during the other seasons.
The midlatitude desert biome (biome 7 of Ziegler, 1990) comprises deserts and steppes with cold winters. Today this biome is dominated by tall grass or short grass prairies due to the desertic environments and annual water deficiency. The productivity of biomass is moderate to low, the preservation potential is very low. Floras indicative of such steppes could not be distinguished in our dataset, but it can be assumed that some of the wide areas without plant fossil assemblages within the temperate belt corresponded to this biome. In the figures presented herein, this biome was merged with the subtropical desert biome, since boundaries between these two would be purely speculative.
The cold temperate biome (biome 8 of Ziegler, 1990) is characterized nowadays by boreal conifer forests and taigas (widely spaced trees with a ground cover of mosses and lichens). Today it is missing on the Southern Hemisphere but well-developed on the Northern Hemisphere. Precipitation is low to moderate, but water is not a limiting factor due to the low evaporation rates and short growing seasons. A defining feature is the short growing season, which is controlled by the temperature and sunshine rather than by precipitation.
The arctic biome (biome 9 of Ziegler, 1990) represents a tree-less tundra with a diminutive flora of herbs and small shrubs because of the abridged growing season (can also be only one month in modern equivalents). Modern tundras are composed of grasses, mosses, lichens, and some dwarf shrubs. This biome could not be identified in our dataset due to a lack of characteristic taxa.
The glacial biome (biome 10 of Ziegler, 1990) is essentially abiotic and can be indicated by sediments such as tillites and dropstones. As it is devoid of plants, it is ignored in our analysis, but it should be noted that glacial sediments (dropstones and glendonites) have been reported from the late Permian in Antarctica and Australia (Boucot et al., 2013, and references therein). These occur in the vicinity of or at even lower latitudes than late Permian plant assemblages and consequently do not serve to indicate a large-scale glaciation.
RESULTS
Wuchiapingian
The Wuchiapingian is represented in this study by 125 studied localities yielding a total of 150 plant genera (Table 4). It is the only stage in the studied interval for which six different biomes are distinguished by the available palaeofloral data (Figure 2). It is marked by a wide spread of the tropical everwet biome, which is present in North and South China, Turkey, and on several Tethyan terranes (Indochina, Shan, Qiangtian). Based on this distribution and considering similarities with previously described biome models for the middle Permian (Ziegler, 1990; Rees et al., 1999a; Rees et al., 1999b, Rees et al., 2002), as well as climate models for the latest Permian (Roscher et al., 2011), it seems likely that the tropical everwet biome also covered other areas along the equatorial and northern Tethys coast, as well as the equatorial eastern coast of Pangaea. This is the most diverse biome in the Wuchiapingian with 114 genera (17 orders) in the Northern Hemisphere and 24 genera (11 orders) in the Southern Hemisphere (Table 1; Supplementary Table S3). Common elements of the tropical everwet biome are the Lepidodendrales (6 genera) among the lycophytes, Equisetales (11 genera) and Sphenophyllales (4 genera) among the sphenophytes, Marattiales (11 genera) and Osmundales (6 genera) among the ferns, Medullosales (1 genus) and Glossopteridales (1 genus) among the seed ferns and Gigantopteridales (10 genera), Cordaitales (4 genera) and Noeggerathiales (4 genera) representing gymnosperms of uncertain affinity (Supplementary Table S3). Several taxa are typical elements of the Carboniferous swamps that survived in the smaller swampy basins of the late Permian, especially on the North China and South China blocks (e.g., Sun et al., 1995; Broutin et al., 2020). These acted as a refugium for Carboniferous-type peat-forming plant assemblages (such as lycophytes, cordaites and tree ferns) and as a centre for the appearance of new peat-forming swamp communities (e.g., gigantopterids) and gymnosperm taxa (e.g., conifers; Broutin et al., 2020).
The tropical summerwet biome has a very limited appearance in the Zechstein Basin in Europe, where it is however diverse with a wide range of spore- and pollen-producing taxa (12 genera; Figure 2; Table 1). It is surrounded by the subtropical desert biome, which – in terms of documented plant communities – is likewise limited to Europe. The dominant plant group are the conifers (especially Voltziales; 14 genera), followed by various gymnosperms including Cordaitales (5 genera) and seed ferns (Peltaspermales; 2 genera), as well as ferns (3 genera). With 37 genera, the subtropical desert biome is the second-most diverse in the Wuchiapingian (Table 1). Sediment data indicating aridity (Boucot et al., 2013) and a general lack of plant fossil records suggest that deserts corresponding to the subtropical desert biome and presumably partly to the midlatitude desert biome were probably much more extensive, extending up to ca. 50°N/S.
To the south and north of the tropical wet and subtropical desert biomes lie the warm temperate (7 genera) and cool temperate biomes (10 genera; Supplementary Table 3). The warm temperate and cool temperate biomes occur on similar latitudes within the temperate belt in the Northern and Southern Hemispheres, with one outlier in the form of an assemblage in the northern polar region with a cool temperate character. In general, assemblages of the cool temperate biome are clustered in the northeastern and southeastern corners of Pangaea (Kazakhstan and North China in the North; Northern Australia in the South; Figure 2), whereas the warm temperate biome is found in the more central and western parts of the continent (European Russia, Brazil, Tibet, New South Wales). Both the warm temperate and cool temperate biomes are represented by plant fossil assemblages with a relatively low diversity (respectively 9 and 10 genera, belonging to five and six orders) and characterized by a mixture of spore- and pollen-producing plants. The cold temperate biome is only recorded in the Northern Hemisphere at one locality in Siberia, with a relatively low diversity (eight genera, five orders). Its presence in the southern polar region can only be inferred.
Looking at the diversity at different latitudes (Table 2), the most diverse latitudinal slice is the one between 20°N and 30°N (112 genera out of 150), which accounts for many assemblages of the tropical everwet biome. The second-most diverse latitudinal slice lies between 10°N and 20°N (73 genera out of 150) and includes the assemblages of the subtropical desert biome.
Changhsingian
More than 160 genera have been described so far from 102 localities for this stage (Table 4). During the Changhsingian (Figure 3), the tropical everwet biome (with occurrences of 87 genera) reduces its extension southwards on the North China block, but covers still South China, Turkey and the Qiantang terrane (Tibet). Climate models furthermore indicate its presence along the northern Tethys coast and near the equator at the eastern and western margin of Pangaea (Roscher et al., 2011). Like in the Wuchiapingian this biome includes Lepidodendrales (8 genera), Equisetales (5 genera), Sphenophyllales (3 genera), Marattiales (8 genera), Osmundales (6 genera), Cycadales (4 genera), Medullosales (4 genera), Gigantopteridales (2 genera), Cordaitales (3 genera) and Noeggerathiales (1 genus; Supplementary Table S3). The tropical everwet biome still includes survivors of the Carboniferous swamps, although the diversity in this biome is distinctively reduced at genus level (87 against 115) but not in its orders (19 against 17 in the Wuchiapingian).
In Europe, a subtropical desert biome persists with representatives of the Voltziales (2 genera), but the tropical summerwet biome of the Zechstein basin is no longer evident (Figure 3). The extent of the subtropical and midlatitude desert biomes is inferred by comparison with the older and younger biome distributions and coeval sediment indicators.
The warm temperate biome (35 genera) expands in the Northern Hemisphere to somewhat lower latitudes of the Russian platform and eastwards to North China. It comprises lycophytes (Isoetales, Pleuromeiales), sphenophytes (Equisetales), ferns (Osmundales, Marattiales), Ginkgoales, Cycadales, seed ferns (Peltaspermales) and conifers (Coniferales, Voltziales). The same biome is recognized in the Southern Hemisphere at only one locality in South Africa and characterized by seed ferns of the orders Glossopteridales and Peltaspermales. The temperate belt in the Southern Hemisphere is dominated by the cool temperate biome (Australia, South Africa, Antarctica; Figure 3), with abundant sphenophytes (Equisetales, Sphenophyllales), rare conifers (Coniferales) and Cordaitales, but dominated by the Glossopteridales (Supplementary Table S3). The Glossopteridales are absent in the Northern Hemisphere but rare Medullosales are recorded.
The cold temperate biome is well-represented in the Northern Hemisphere at several localities in Siberia, where its diversity is dominated by Equisetales (8 genera), Osmundales (6 genera), Marattiales (4 genera), Sphenophyllales (2 genera) and several fern-like and seed fern leaf taxa, including Peltaspermales (4 genera; Supplementary Table S3). In the Southern Hemisphere, this biome is only inferred.
The highest diversity lies during the Changhsingian in the tropical everwet biome (87 genera), while the second biome in order of diversity is the cold temperate biome (63 genera; Table 1). Also the warm and cool temperate biomes become more diverse. The latitudinal gradient between the plant diversity and the number of studied outcrops does not correlate anymore (Table 2). Although the diversity is still highest between 10°N and 30°N, the latitudinal slice between 60°N and 70°N is also highly diverse.
Induan
This stage is represented by 99 genera collected from 91 localities (Table 4). The tropical everwet biome (11 genera, 7 order) is reduced to a few localities in South China characterized by Lepidodendrales, Equisetales (3 genera), Sphenophyllales (2 genera), Osmundales, Peltaspermales, Cordaitales and Gigantopteridales (2 genera; Table 1; Supplementary Table S3). The tropical summerwet biome, rich in Gigantopteridales (2 genera), occurs nearby, so that individual areas for the two biomes are not readily distinguishable (Figure 4). Thus, we propose a transitional state between the tropical everwet and tropical summerwet biomes for this region. A clear tropical summerwet biome occurs in Euramerica. These plant assemblages are characterized by Pleuromeiales (3 genera) and Lepidodendrales (2 genera), Equisetales (3 genera), Peltaspermales (3 genera) and rare Voltziales. Sediment and climate modelling data support an extension of this biome for the Tethys Realm and a low latitudinal band of southern Euramerica. Consequently, the subtropical and midlatitude desert biomes are distinctly reduced during the Induan in the Northern Hemisphere, whereas arid areas on the Southern Hemisphere are similar to the Wuchiapingian, although possibly also slightly restricted in the higher latitudes. There are no floras that are assignable to the subtropical desert biome in the Induan.
The cool temperate biome disappears in the Northern Hemisphere in favour of the extension of the warm temperate biome. The latter is characterized by Pleuromeiales, Equisetales (6 genera), Osmundales (3 genera), Ginkgoales, Corystospermales, Peltaspermales, Coniferales (3 genera), Voltziales (2 genera) and Cordaitales (2 genera). The Southern Hemisphere is represented exclusively by a few localities in South Africa. These yielded a mixture of cool temperate (Equisetales, Sphenophyllales) and warm temperate plant assemblages (Coniferales), suggesting a mixed or transitional warm to cool temperate biome for the middle-high latitudes. The cold temperate biome is represented by numerous localities across Siberia, but is only inferred on the Southern Hemisphere. This biome is very diverse (75 genera, 15 order), with a dominance (in the number of taxa) of ferns (18 genera; Osmundales, Marattiales), followed by sphenophytes (10 genera; Equisetales, Sphenophyllales), conifers (10 taxa; Coniferales, Voltziales) and seed ferns (8 genera; Peltaspermales).
During the Induan a general decrease in the sampled diversity is observed (from 162 genera during the Wuchiapingian to 99 genera during the Induan; Table 4). The cold temperate biome is now the most diverse biome (75 genera against 63 during the Wuchiapingian). The wet or seasonal biomes of the lower latitudes reduce noticeably in diversity. Most important is the decrease from 87 genera in the Changhsingian to 11 genera in the Induan in the tropical everwet biome. The warm temperate biome reduces its diversity much less (25 against 35 during the Wuchiapingian), whereas the subtropical desert biome no longer has any plant records. The highest diversity and also number of localities is observed during the Induan at the high latitudes of the Northern Hemisphere, between 59 and 75°N (Table 2). Still diverse and represented by a relatively high number of outcrops is the latitudinal slice between 20 and 30°N in the Northern Hemisphere.
Olenekian
The Olenekian mostly resembles the Induan, but it shows an increase in observed taxa (127 genera) and sampled localities (110; Table 4), and the mixed/transitional states between the tropical everwet and tropical summerwet biomes in South China and between the cool temperate and warm temperate biomes in Gondwana have ended, as the tropical everwet and cool temperate biomes disappear (Figure 5). From the Olenekian onward, only three biomes can be distinguished through floral assemblages: 1) the tropical summerwet biome; 2) the warm temperate biome, 3) the cold temperate biome. The subtropical and midlatitude desert biomes are inferred based on sediment data and on comparisons with the older and younger stages. It is evident that the climate is becoming more and more dry both at the low, middle and high latitudes. No clear everwet biomes are present anymore.
The tropical summerwet biome substitutes the mixed tropical everwet-tropical summerwet biome area on the North China block and characterizes big parts of Europe and the northern tropical-subtropical belt. The plant assemblage composing it is diverse with a high generic richness among the conifers (14 genera, Coniferales, Voltziales), followed by ferns (9 genera, Osmundales, Marattiales, Filicales) and sphenophytes (6 genera, Equisetales; Table 1; Supplementary Table S3). The mixed cool temperate-warm temperate biome area of the Induan middle-high latitudes of the Southern Hemisphere corresponds now to the warm temperate biome. This biome is documented from East to West in localities in South Africa, India and Australia. In the Northern Hemisphere it is assignable to Northern China and parts of Russia. The warm temperate biome is characterized by a very diverse flora (105 genera belonging to 18 orders) with all major groups from the bryophytes to the conifers well represented. The main difference between the biome expressions of the Northern and Southern Hemispheres is the presence of Isoetales, ginkgophytes, Coniferales and Cordaitales in the Northern Hemisphere (16 orders) and Lycopodiales and Noeggerathiales in the Southern Hemisphere (12 orders in total). The cold temperate biome is represented by few plant assemblages in Siberia and is only inferred in the Southern Hemisphere. The few plant remains found so far in Siberia belong to the lycophytes (Pleuromeiales) and ferns (Osmundales).
During the Olenekian the number of studied outcrops increases by about 20% (110 instead of 91 during the Induan) whereas the number of genera increases by almost 30% (127 against 99 in the Induan; Table 4). The diversity decreases again at the poles and the warm temperate biome becomes the most diverse biome (105 genera, 17 orders), followed by the tropical summerwet biome (48 genera, 14 order; Table 1). The diversity in the Northern Hemisphere starts to resemble again that of the Permian stages, but the diversity increases noticeably in the Southern Hemisphere. The most diverse latitudinal slices are found at the middle latitudes of the Northern Hemisphere between 40 and 50°N (71 genera from 7 outcrops), and at the low latitudes between 10 and 20°N (41 genera from 41 outcrops; Table 2).
Anisian
The number and types of biomes identified from the Anisian is identical to the Olenekian; tropical summerwet biome, subtropical and midlatitude desert biomes, warm temperate biome, cold temperate biome (Figure 6). The desert biomes are again only inferred by sediments and not confirmed by plant remains. The Anisian differs from the Olenekian mostly in the amount sampled localities (281 against 110 during the Olenekian; Table 4) and somewhat in the spatial distribution of the biomes. Data from sediments support a noticeable extension of the tropical summerwet biome towards the south along the eastern coast of Pangea. This conversely restricts slightly the subtropical desert biome in the Southern Hemisphere (Figure 5).
The tropical summerwet biome, well-represented in South China and Europe is the most diverse biome of this stage (83 genera, 15 order) with a wide range of plant groups, with the most diverse plant group being the conifers (26 genera, Coniferales, Voltziales), followed by the ferns (17 genera, Marattiales, Osmundales) and the Cycadales (6 genera; Table 1; Supplementary Table S3). Interesting is also the first appearance of the Caytoniales among the seed ferns (Kustatscher et al., 2007). The warm temperate biome resembles in spatial distribution closely that of the Olenekian, with the difference that its presence at lower latitudes at the coasts in the South is evidenced by several plant assemblages in India and Argentina. The warm temperate biome is less diverse (globally 30 genera, 11 orders), with a higher diversity in the Southern Hemisphere (29 genera, 11 orders; Australia, India, South Africa, Argentina, Antarctica) than in the Northern Hemisphere (9 genera, 7 orders; North China). The main difference is the presence of Marattiales, Cycadales, Peltaspermales and Voltziales in the Southern Hemisphere. A similar situation is observed in the cold temperate biome (globally 34 genera, 13 orders), which is more diverse in the Southern Hemisphere (27 genera, 9 orders against 8 genera, six orders), with the presence of the characteristic Petriellales and Corystospermales. The cold temperate biome has its first clear record in Antarctica, in the southern polar region. There is in the same region a flora with a warm temperate composition, which is considered an outlier.
Latitudinally, most sampled localities and the highest generic diversity are located between 10 and 30°N. A relatively high diversity (28 genera) is also indicated at high southern latitudes between 70 and 80°S. In contrast to the South and to preceding stages, only few localities and low diversity are recorded northwards of 40°N.
Ladinian
The number of studied outcrops for the Ladinian almost doubles in comparison with the Anisian (457 against 281), but the taxonomic diversity increases only slightly (145 genera against 132 during the Anisian). The biomes in the Ladinian (Figure 7) are very similar to the Anisian (Figure 6), both in the number of distinguishable biomes and their spatial distribution. However, several assemblages from New Zealand become available, which indicate a warm temperate biome. Moreover, a warm temperate flora from Brazil suggests that the extension of the subtropical desert biome towards the high latitudes on the Southern Hemisphere may have slightly decreased.
As in the Anisian, the most diverse biome in the Ladinian is the tropical summerwet biome (109 genera, 18 orders; Table 1; Supplementary Table S3) which yielded plants only in the Northern Hemisphere (Europe, South China). The composition of the biome resembles closely that of the Anisian as well. The most diverse groups are the conifers (23 genera, Coniferales, Voltziales), followed by the cycads (18 genera, Cycadales, putative Bennettitales) and ferns (20 genera, Filicales, Marattiales, Osmundales). The warm temperate biome is less diverse (55 genera, 11 orders) with a higher diversity in the Southern Hemisphere (11 orders; Australia, South Africa, Brazil, Argentina, New Zealand) compared to the Northern Hemisphere (5 orders; North China, Russia). The main difference is the presence of Marattiales, Ginkgoales, Corystospermales and Cordaitales in the Southern Hemisphere. Apart from the Corystospermales, which are rare in the Northern Hemisphere but are one of the most characteristic plant groups of the Southern Hemisphere during the Triassic, all other orders are missing, although they are well-represented in the older and younger sediments of the same area (Supplementary Table S3). The cold temperate biome (7 genera, three orders) has a low diversity. In the Southern Hemisphere (Antarctica), this plant assemblage is only composed of ferns (Filicales, Marattiales, Osmundales), while in the Northern Hemisphere (Siberia) there are also Peltaspermales among the plant remains.
The most diverse and highly studied outcrops lie at the low latitudes of the Northern Hemisphere (between 10 and 30°N; Table 2). In the Southern Hemisphere, the most diverse latitudinal slices are those between 40 and 60°S, showing a general increase in diversity and sampling effort in the South (24 genera from 14 outcrops against 18 genera from 4 outcrops during the Anisian).
DISCUSSION
Diversity Change Across the Biomes and Latitudes
Today the most diverse biome is the tropical everwet biome, followed by the warm temperate biome. Looking at the different stages, the tropical everwet biome is the most diverse biome during the Wuchiapingian (114 genera) but the second biome in order of diversity is the subtropical desert biome (37 genera; Table 1). This is also shown by the diversity gradient, where the highest diversity lies between 10 and 40°N, in correspondence with the spatial distribution of the tropical everwet biome in South China and the tropical summerwet and subtropical desert biomes in Europe (Table 2). These are also the regions with the highest concentration of documented floras (Table 3). There seems to exist an apparently direct correlation between the taxonomical diversity and the number of studied localities (Tables 1–3) suggesting an effect of the collecting effort on certain areas. At the very least, the dearth of assemblages from outside of Europe and China poses a limit on the possible coverage of the actual diversity, although this limit is not easily quantifiable.
The Changhsingian is represented by noticeably less localities yielding plant fossils compared to the Wuchiapingian (125 in the Wuchiapingian against 102 in the Changhsingian; Table 4), especially with regards to the end of this stage. The diversity (number of genera), on the other hand does not decrease, but rather increases for the time bin (162 against 150 in the Wuchiapingian). This can be explained by a higher number of well-sampled areas representing different biomes. Whereas documented assemblages in the Wuchiapingian overwhelmingly represent the tropical everwet and subtropical desert biomes, the Changhsingian has numerous localities with plant fossils from the tropical everwet, warm temperate, cool temperate and cold temperate biomes. The cold temperate biome becomes the second-most diverse biome during the Changhsingian, after the tropical everwet biome. However, also the warm and cool temperate biomes become more diverse in genera during this stage. Also the diversity gradient changes (Table 2). Although the diversity is still highest between 20 and 30°N (accounting for most of the tropical everwet assemblages), the latitudinal slice between 60 and 70°N, which contains the cold temperate biome in Siberia, is also highly diverse. This could be linked to the fact that a high number of plant-bearing Changhsingian outcrops is concentrated in this region (Table 3). It could, however, also be related to the fact that the increasing aridity and temperature favours a higher diversity in high latitudes, due to the extension of the growing seasons and increase in mean annual temperature in these latitudes. The water availability enabled a proliferation of hygrophytic plant groups such as sphenophytes and ferns (Supplementary Table S3).
During the Induan, a general decrease in diversity is observed, the number of identified genera decreases by about 40% (Table 4). At the same time, the number of studied outcrops yielding plant fossils does not decrease significantly (91 against 102 in the Changhsingian), but they are again more unevenly distributed. Most data come from the Northern Hemisphere (Table 2); the lack of data from the Southern Hemisphere is mostly due to a collecting and/or publishing artefact. The fact that the cold temperate biome became the most diverse biome, whereas the biomes of the low latitudes and the wet environments decrease noticeably in diversity are clearly not only due to collecting biases but related to the climate change across the Permian–Triassic boundary, with an increase in temperature and a decrease in precipitation (Preto et al., 2010). The highest diversity and also number of localities in the high latitudes of the Northern Hemisphere (Tables 2,3) could be linked to the special attention the Siberian area has received due to the existence of the Siberian Traps or represents an early recovery of the vegetation and floral cover after the eruptions of the Siberian Large Igneous Province.
The diversity gradient in the Northern Hemisphere becomes more centred on the middle latitudes during the Olenekian, contemporaneously with an increase in diversity in the Southern Hemisphere. The high diversity observed at the middle latitudes can mostly be linked to the detailed studies carried out in North China and Australia (Table 3). The apparently low diversity of the cold temperate biome compared to the two preceding stages and the Anisian is probably a collecting artefact considering that very few Olenekian assemblages are available from this biome.
During the Middle Triassic, the climatic and environmental conditions become more and more stable. The tropical summerwet biome becomes the most diverse biome both during the Ansian (83 genera) and the Ladinian (109 genera; Table 1). The most diverse latitudinal slice lies between 10 and 30°N (Table 2). Most data come from Europe, including the Vosges in France, various localities in Germany and Spain, and the Dolomites in Italy, as well as China (Table 3). The high diversity at high latitudes of the Southern Hemisphere during the Anisian, between 70 and 80°S, is dependent on the first records of plant assemblages from Antarctica within the studied interval, but may also correspond to a more favourable climate at high southern latitudes during this time slice. Interestingly, the number of studied outcrops in total more than doubles (281 against 110) whereas the number of taxa increases only slightly (132 against 127 in the Olenekian), which can be explained by the clustering of the vast majority of localities within the tropical summerwet biome in Europe and South China, creating a large overlap in sampled taxa (Tables 3, 4).
The Ladinian does not differ much from the Anisian in biome distribution and composition, although the number of studied outcrops increases distinctively at a worldwide scale (457 against 281 during the Anisian; Table 4). This increase is almost entirely limited to Central and South Europe (Germany and the Dolomites in Italy in particular; Table 3). The overall similarity between the Olenekian and Anisian could suggest that biotic recovery after the end-Permian mass extinction was reached already during the Olenekian, and not during the late Anisian as hypothesized previously (Grauvogel-Stamm and Ash, 2005). Another interpretation could be that the ongoing stabilisation of the various biomes did not increase anymore substantially the number of taxa but rather created an evolutionary pressure for the appearance of new taxa. However, there are still a lot of areas, especially at the low and middle latitudes of the Southern Hemisphere as well as North America and Russia, that are missing data and would need a detailed study.
Biome and Climate Shifts
The biome snapshots of the six stages (Wuchiapingian to Ladinian) show how the spatial distribution of the biomes changed trough time and how some biomes, especially the “wet” ones, well-represented during the late Permian, disappear in the Early and Middle Triassic. These shifts in biome distribution between successive stages are interpreted primarily as the results of a change in the global climate at large scale. The end-Permian mass extinction is considered to have caused a short-term cooling, followed by a severe warming of 6–8°C (or locally more) and generally hot and dry conditions in the Early Triassic (Preto et al., 2010; Joachimski et al., 2012; Sun et al., 2012; Schobben et al., 2014; Rey et al., 2016). This can account for the reduction of the tropical everwet and cool temperate biomes in the Induan and the appearance of the tropical summerwet biome in central Pangaea at latitudes that were previously occupied by the warm temperate biome. The climatic shift associated with the end-Permian mass extinction has also been linked to an increase in the ratio of spores (mostly from lycophytes) compared to gymnosperm pollen and to the dominance and widespread occurrence of lycophytes such as Pleuromeia in Early Triassic macrofloras (e.g., Looy et al., 1999; Grauvogel-Stamm and Ash, 2005). However, high-resolution palynological sampling shows that terrestrial floras were subject to repeated environmental disturbances during the Early Triassic (Hochuli et al., 2010; Hermann et al., 2011; Hermann et al., 2012; Hochuli et al., 2016). This aligns with our results showing a transitional biome distribution in the Induan.
Within the studied interval, both the tropical everwet and cool temperate biomes have their last appearances in the Induan. Here, both occur in the same regions as the tropical summerwet (South China) and warm temperate biomes (South Africa), respectively, which indicates an ongoing shift towards increasingly warm and seasonally dry conditions. The seasonal character of the tropical summerwet and the warm temperate biomes is reflected by a wide range of plant groups that characterize these two biomes, which are generally diverse including ferns, cycads, seed ferns and conifers, but also with representatives of all other major plant groups. An increase in seasonality matches the theory of a strengthened megamonsoon in the Triassic (Parrish, 1993). The Olenekian, Anisian and Ladinian floras are subsequently dominated by four types of biomes: 1) the tropical summerwet biome; 2) the warm temperate biome, 3) the subtropical/midlatitude desert biome(s) and the 4) cold temperate biome. By contrast, Ziegler et al. (1993) considered the cold temperate biome to be absent during the early Mesozoic in Eurasia, but recognized a cool temperate biome, while also assigning numerous Triassic floras in high palaeolatitudes Siberia to the warm temperate biome. Other authors have assigned the northern Siberian floras to a warm temperate climate as well (e.g., Yaroshenko, 1997). We found that floras in the higher palaeolatitudes of Siberia showed a typical character of the cold temperate biome due to the predominance of small, adaptable plants (lycophytes, sphenophytes, ferns), making them distinct from the warm temperate biome. A cool temperate biome in the Triassic could only be identified in the Induan of South Africa in our analysis, but it is conceivable that it persisted elsewhere in high altitude areas that were not conducive to preservation. The warm temperate biome that dominates the southern floral record in the Olenekian, Anisian and Ladinian corresponds to the seasonal subtropical evergreen forests described by Spalletti et al. (2003).
The tropical everwet and cool temperate biomes include the main (but not sole) areas for peat production. Their reduction in the Induan and subsequent absence in the Olenekian, Anisian and Ladinian is thus consistent with the so-called “coal gap,” referring to the almost complete absence of coal measures in the Early to Middle Triassic (Retallack et al., 1996). Although discrete swamps and peats are still missing at a worldwide scale in the Ladinian, small coal horizons start to appear such as the “Lettenkohle” in the Erfurt Formation of the Central European Basin (e.g., Kelber, 2015).
The subtropical desert biome was evidenced in our analysis in several European localities from the Wuchiapingian and Changhsingian, but in the Triassic this biome is missing. A subtropical dry biome was indicated by Ziegler et al. (1993) for the Triassic in Europe, where our results would place the tropical summerwet biome. In fact, the Induan–Olenekian Buntsandstein contains an alternating succession of floras from both subtropical desert and tropical summerwet biomes (Grauvogel-Stamm and Kustatscher, in press), as well as sedimentary evidence of arid and semi-arid to humid conditions (Voigt, 2017; Paul, in press). However, this is obscured by the stratigraphic resolution of our analysis. Limitations due to the chronostratigraphic resolution of the available data and the necessity to bin the various outcrops into defined time intervals (in our case stages) do not permit to show short-term changes in climate within the stages. Even if such changes would lead to shifts in the palaeofloras, these may be obscured after binning roughly coeval localities and result in ambiguities. It can be expected that only relatively stable, long-term conditions will produce a clear signal. Furthermore, because sampling is limited to mostly isolated areas, the boundaries between biomes can only be approximated. This is related to the fact that not all biomes provide favourable conditions for the preservation of plant fossils, due to the fact that the plants themselves do not have equally high preservation potentials and the sedimentation rates and fossilisation potential of the various sediments may vary noticeably (Ziegler, 1990).
As far as the resolution of our data can show, the biomes appear to have been largely similar between the Olenekian and the Ladinian, which would suggest relatively stable climate conditions. There is evidence (based on spore-pollen assemblages, ammonoids and geochemistry) for an abrupt climate shift in the Olenekian, at the Smithian–Spathian boundary, which is supposed to be linked to an important change in plant communities from lycophyte-dominated to a recovery of gymnosperms (Galfetti et al., 2007; Romano et al., 2013; Saito et al., 2013), but this is not evident in our biome maps. In this context, it is important to consider that biomes can persist even when the composition of floras changes.
Outlook
Most of the palaeogeographical regions considered in this study do not have a continuous plant fossil record at the stage level, and individual stages with records vary strongly in the amount of available data (Table 3). The Induan in particular is underrepresented in all regions except for Siberia. This limits our ability to accurately trace changes in phytogeography across the Permian–Triassic boundary. The effect of the amount and distribution of plant fossil localities on apparent biodiversity has also been noted by Rees (2002), who considered variations in sampling as a factor for explaining global and regional diversity patterns, alongside geography and climate. While our dataset is different, it shows similar patterns and evidence that the apparent biodiversity of land plants in the Induan at a global scale is influenced by a lack of data (Nowak et al., 2019).
The gaps in regional records will necessarily exclude all endemic taxa from global biodiversity estimates. Conversely, studies on endemism/cosmopolitanism and migration also need to take such gaps into account. A relatively simple estimate of the number of endemic genera indicates a high degree of endemism (Table 4). The expected impact of the record gaps – and to a smaller degree of undersampled stages – is therefore also high. The stratigraphic ranges of affected taxa will be truncated as well, which means that the timing and rates of originations and extinctions will be distorted. This is particularly relevant in the case of the Permian–Triassic transition, as the plant fossil record would seem to indicate a drastic loss of diversity if taken at face value (Nowak et al., 2019).
While this analysis was based on the taxonomic composition of land plant macrofossil assemblages and took into account climate-sensitive sediment data and palaeotopography, there are other lines of evidence that could potentially enhance the results. Quantitative data on the dominance structure of the plant communities were disregarded in this analysis because this sort of information is not always reported, and not in a consistent way when it is. It is also subject to taphonomic and sampling bias to an even greater extent than mere presence/absence data and its reliability therefore questionable. Leaf sizes and shapes (Royer et al., 2005) as well as cuticle thickness (Ziegler, 1990) and stomatal indices (Retallack, 2001) are other ways in which plant fossils can serve as environmental proxies. Spore/pollen data are available from many areas where no macrofloras have been documented (Nowak et al., 2019) and can provide information about the surrounding plant communities, but the source area can be vast and environmental interpretations of spore/pollen assemblages are dependant on reliable associations between dispersed sporomorph taxa and biological plant groups. Such associations are not available for many dispersed taxa, and in many more cases they are ambiguous (e.g., Balme, 1995). Still, this may improve in the future, as we understand better the connections between plant macro- and microfossils. Furthermore, soils are specifically relevant for the identification of biomes (Walter, 1985; Ziegler, 1990), and thus a compilation of palaeosoil data would be useful. Another useful tool are climate simulations, which in the studied interval are only available with sufficient detail for the Changhsingian so far (Roscher et al., 2011). Climate models can indicate where the conditions for certain biomes were met, while conversely, plant fossils can provide means to calibrate the models. In addition, tetrapods have been shown to have potential as climate indicators (Rey et al., 2016; Bernardi et al., 2018), and their distribution can be linked to plants as well (Rees et al., 2004; Bernardi et al., 2017). Ideally, all types of information would be used to construct a coherent biome model. Our current study will hopefully be a step in that direction.
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The stable carbon- and oxygen-isotope values derived from in situ pedogenic carbonate-cemented nodules and vertebrate apatite in the Daptocephalus and overlying Lystrosaurus Assemblage Zones of the Balfour Formation, Karoo Basin, South Africa, have formed the basis for previous interpretations of a unidirectional climate trend toward hyper-aridity across the biozone boundary. This assemblage-zone boundary has been considered by many authors to be equivalent to the Permian–Triassic boundary in the basin. To better understand the climate under which these vertebrate assemblages existed, we have analyzed the carbon- and oxygen-stable isotopes of pedogenic carbonate nodules sampled from fourteen horizons of intraformational pedogenic nodular conglomerate (PNC) at Old Lootsberg Pass, a classic locality at which the Permian–Triassic boundary is reported. Analysis of these refractory soil constituents provides insight into the climate under which these “ghost” soils formed, where no other physical record of their existence is found in the stratigraphy. A positive correlation between δ13CVPDB and δ18OVSMOW values of micrite cements is defined by analyses of carbonate nodules taken from a measured stratigraphic thickness of ∼200 m, which spans the biozone boundary as currently defined. For samples taken from the same lag deposit, similar and relatively narrow ranges of isotope values are encountered. Samples cluster into two isotopic groups. The values in the first group cluster more tightly in all sampled nodules (δ13CVPDB −2.3 to −6.5‰; δ18OVSMOW 13.8–15.1‰), and are interpreted to indicate that these originated from paleosols that formed under similar climate controls. Values from the second sample group display a wider variance between analyses (δ13CVPDB −5.2 to 14.0‰; δ18OVSMOW 8.8–15.5‰). These nodules are interpreted to indicate that they originated under polygenetic soil-forming conditions representing the reworking of either: (1) more than one paleosol, the calcite-cemented nodules of which represent precipitation under both closed and open-system controls; or (2) one or more compound-composite paleosols. Stable-isotope trends based on PNCs analyzed, thus far, demonstrate an overall shift over time in the ghost landscapes. More seasonally dry soils formed under a climate that can be characterized as warm/dry accompanied by lower precipitation in the lower part of the section. In contrast, soils in the upper part of the section formed under cool and moist conditions, with increased precipitation near the biozone boundary. Hence, latest Permian climate associated with the more seasonally dry landscapes demonstrate a trend toward cooler and wetter conditions, which is opposite to the trend widely held in the literature.

Keywords: end permian, Daptocephalus assemblage zone, Lystrosaurus assemblage zone, carbon isotopes, oxygen isotopes


INTRODUCTION

The paleontological, sedimentological, and geochemical records preserved in the Balfour Formation, Beaufort Group, Karoo Supergroup, South Africa (Figure 1), have long played a pivotal role in our reconstruction of the biological trends and physical factors responsible for how terrestrial ecosystems responded to the end-Permian crisis. Several authors interpret a stepwise turnover of vertebrate faunas in response to vegetational loss (Ward et al., 2005; Smith and Botha-Brink, 2014; Botha et al., 2020) followed by a rapid faunal recovery (Botha and Smith, 2006) in a Late Permian landscape affected by increased temperatures and aridity (but see Li et al., 2017; Gastaldo et al., 2019, 2020b). Two phases of vertebrate turnover, reported from an ∼30 m interval and interpreted by these authors as representing a mass extinction (but see Lucas, 2017, 2018), are reported in the Daptocephalus Assemblage Zone (AZ; Smith and Botha-Brink, 2014; Botha et al., 2020; Viglietti, 2020). The third extinction phase and faunal recovery are reported to occur in the overlying Lystrosaurus AZ (Viglietti et al., 2017), and the boundary between the two assemblage zones is considered by many as the terrestrial expression of the Permian–Triassic boundary (Benton and Newell, 2014; Bernardi et al., 2018). This interpretation, though, has been revised by Gastaldo et al. (2020a) who report an U-Pb CA-ID-TIMS latest Permian age (252.24 ± 0.11 Ma, 2 σ) on a pristine airfall ash horizon in the lower part of the Lystrosaurus declivis AZ (Botha and Smith, 2020). Nevertheless, the interpretation of a unidirectional paleoclimate trend across this interval is based, in large part, on the stable carbon- and oxygen-isotope records conserved in vertebrate tusks and large, in situ carbonate-cemented nodules (MacLeod et al., 2000, 2017; Rey et al., 2016). These samples originate from lithologies placed into coarse and generalized stratigraphies from various parts of the basin, correlated on the recognition of a “unique” event bed (Smith and Ward, 2001; Smith and Botha-Brink, 2014; Botha et al., 2020), thought to represent “continuous” sedimentation across the latest Permian and earliest Triassic (e.g., Smith, 1995; Botha et al., 2020). This latter assumption of a “continuous” sedimentary record is problematic with the recognition that the rocks of the Balfour Group mainly represent aggradational sediment packages punctuated by episodes of landscape degradation (Pace et al., 2009; Gastaldo and Demko, 2011; Gastaldo et al., 2018). Residual elements of these eroded landscapes–calcite-cemented pedogenic nodules (Figure 1), soil peds, vertebrate bone, and euhedral pyrite–are found as fluvial channel-lag deposits above erosional unconformities, which are distributed unpredictably through the stratigraphy of the Balfour and Katberg formations. Analyses of the carbon- and oxygen-stable isotopic composition of these reworked pedogenic carbonate nodules (PNC) provide insight into the prevailing latest Permian soil-forming environments and the climate(s) under which they formed. These findings offer important insights to a “missing” part of the geological record in the Karoo Basin, what we term “ghost” landscapes, because there is little physical record of their existence as in situ calcareous soil profiles. Hence, using these PNC stratigraphic units as proxy evidence for paleosol profiles, we offer new insights for the latest Permian reconstruction of environmental and climatic trends of those missing stratigraphic intervals in a high resolution stratigraphic framework in the Eastern Cape Province to test the hypothesis of unidirectional warming across the Daptocephalus–Lystrosaurus declivis Assemblage Zones.
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FIGURE 1. General litho- and vertebrate biostratigraphy of the Upper Permian and Lower Triassic succession, Karoo Basin, South Africa, with constraining geochronometric age assignments. The boundary between the Daptocephalus and Lystrosaurus Assemblage Zones is interpreted by several workers (A) as equivalent with the end-Permian event (dashed red line) in the oceans. Recently, an Early Triassic detrital zircon age has been published for the Daptocephalus AZ (B), implying that the biozone boundary has to be moved into the Mesozoic. In contrast, geochronometric constraints published for the Daptocephalus and Lystrosaurus AZs from ashfall deposits (C) restrict both to the latest Permian, demonstrating that the biozone boundary is not coincident with the marine extinction event. All workers place this boundary in the uppermost Balfour Formation, although Gastaldo et al. (2015, 2017, 2018) place the boundary higher (E) at Old Lootsberg Pass than (D) Smith and Botha-Brink (2014). We follow the scheme of Gastaldo et al. (2018, 2020a). The distribution of intraformational pedogenic nodule conglomerate ranges from the Elandberg Member to the Burgersdorp Formation. All dates are in Ma.




GENERAL GEOLOGIC CONTEXT

The Karoo Basin formed ahead of the rising Cape Fold Belt (Lindeque et al., 2011; Viglietti et al., 2017), with initial sediments derived from continental deglaciation in the Late Carboniferous (Johnson et al., 2006). This succession, known as the Karoo Supergroup, comprises the basal Dwyka (Upper Carboniferous) and Ecca (Lower–Middle Permian) groups, the Beaufort (Middle Permian–Middle Triassic) and Stormberg (informal unit; Upper Triassic–Lower Jurassic; Catuneanu et al., 2005) groups, and culminates in the basaltic lavas of the Drakensberg Group (Lower Jurassic). Glacially-transported and glacial outwash sediments dominate marine turbidite successions of the Dwyka and Ecca groups, whereas the overlying Beaufort Group is fully continental in origin and shows no sign of any marine influence. The Beaufort Group is subdivided into the lower Adelaide and upper Tarkastad subgroups, of which the Balfour Formation in the former has been assigned to the Upper Permian to Lower Triassic and Katberg Formation, in the latter, to the Lower Triassic by the South South African Committee for Stratigraphy [SACS] (1980) and Johnson et al. (2006) (Figure 1). Traditionally, the Beaufort Group formation-and-member subdivision is based on the relative proportion of coarse- and fine-grained deposits, the number of sandstone packages, and predominant siltstone color in the area where the unit was described and codified.

Continental deposits represent a broad spectrum of both fluvial (coarse) and fluvial and interfluvial (fine) floodplain environments. Fluvial deposits range from fine- to very fine-grained sandstone of varying architectural elements and hierarchies, and range in color from yellowish gray to light-to-medium gray. These deposits commonly are exposed along major roadways and railways, and act as the resistant caprock of many escarpments. In contrast, intraformational conglomerate is very uncommon and, in general, restricted to lenticular channel-lag deposits above erosional unconformities at the base of some channel bodies. Isolated lenticular beds of intraformational conglomerate also may occur in siltstone. The coloration of mudchip-conglomerate lags reflects the fine-grained clastic rip-up clasts found, therein, which range from variants of olive-gray or reddish-gray mudstone, or are a reddish brown when comprised of calcite-cemented nodules and other features of pedogenic origin. In-channel fluvial deposits may be of a heterolithic character, whereas overbank deposits of fine clastics include coarse and fine greenish-gray or reddish-gray mudrock, in which paleosols, early diagenetic pedogenic features, and trace fossils may be preserved (Smith, 1995; Retallack et al., 2003; Tabor et al., 2007; Gastaldo and Rolerson, 2008; Gastaldo et al., 2014, 2020b). Although heterolithic playa deposits are reported in the Balfour Formation in which their reddish coloration is attributable to eolian dust input (Smith and Botha-Brink, 2014), there is no physical, chemical, or regionally correlative evidence in support of this depositional environment or its interpretation (Gastaldo et al., 2019). Deposits resulting from volcaniclastic input originating from the Cape Fold Belt activity are rare but, when present, are represented by silicified porcellanite beds (Gastaldo et al., 2015, 2018), kaolinized tuff (Gastaldo et al., 2020a), and reworked tuffaceous siltstone (Gastaldo et al., 2018) from which geochronometric constraints are possible. But, prior to either data from which a magnetostratigraphy (De Kock and Kirschvink, 2004; Gastaldo et al., 2018) or chronostratigraphy (Rubidge et al., 2013; Gastaldo et al., 2015, 2020a) could be developed, the relatively monotonous nature of Beaufort Group rocks, and difficulties in both circumscribing lithostratigraphic units and their correlation across the basin, led early workers to subdivide these rocks using fossil-vertebrate assemblages (Figure 1). This vertebrate paradigm, in turn, was used to circumscribe uppermost Permian from lowermost Triassic deposits (Rubidge, 1995; Neveling et al., 2016a, b; Gastaldo et al., 2019).

Broom (1906) was the first to assign specimens of Lystrosaurus to the Triassic and placed the underlying biozones, including the interval now encompassing the Daptocephalus AZ (Viglietti et al., 2016), into the Late Permian. His sixfold biozonation (Broom, 1911) was revised by Kitching (1971, 1977), with subsequent modifications by Keyser and Smith (1978) and Keyser (1979), and were accepted by the South African Committee for Stratigraphy as formal nomenclature (South African Committee for Stratigraphy [SACS], 1980). Subsequently, this nomenclature was expanded (Rubidge, 1995) to an eightfold biozonation system and, again, refined during a recent review (Smith et al., 2020). Gastaldo et al. (2017, 2018, 2019, 2020a) have questioned the continued recognition of discrete Daptocephalus and Lystrosaurus (= L. declivis AZ; Viglietti, 2020) biozones in the basin, applying the vertebrate database of Smith and Botha-Brink (2014) in both the Eastern Cape Province and the Free State localities. The first U-Pb ID-TIMS ages for the lower part of the Adelaide Subgroup were published by Rubidge et al. (2013) (Figure 1D) and supplemented by an age estimate of 260.26 ± 0.081 Ma from a tuff near the top of the underlying Tapinocephalus AZ (Day et al., 2015). The first high resolution U-Pb CA-ID-TIMS ages on zircons from two horizons in the uppermost exposures of the Adelaide Subgroup were reported from the Daptocephalus AZ in the upper part of the Balfour Formation. Both horizons are placed in a tightly constrained litho- and magnetostratigraphic framework at Old Lootsberg Pass (Gastaldo et al., 2015, 2018). The horizon interpreted as a synsedimentary silicified ash (= porcellanite; Gastaldo et al., 2015, 2018) in the Elandsberg Member has yielded an early Changhsingian age (253.48 ± 0.15 Ma; Gastaldo et al., 2015). The second horizon is a well-silicified siltstone-trough fill, either in the uppermost Elandsberg Member or in the lowermost Palingkloof Member, and yields a detrital zircon population of Wuchiapingian age (256.8 ± 0.6 Ma; Gastaldo et al., 2018). This second age estimate is of a reworked deposit from an older ashfall deposit in response to landscape degradation (Gastaldo and Demko, 2011) and redeposition into a younger landform. Recently, an early Triassic age of 251.7 ± 0.3 Ma has been assigned to the upper Daptocephalus AZ by Botha et al. (2020) (Figure 1B) based on a detrital zircon population recovered from a sandstone below the Daptocephalus/Lystrosaurus declivis assemblage boundary on farm Nooitgedacht in the Free State Province. These authors equate the position of that sample to one below their vertebrate-defined End Permian Mass Extinction horizon. This age assignment contrasts dramatically with that of a latest Permian age U-Pb CA-ID-TIMS zircon age of 252.24 ± 0.11 (2σ) Ma from a thin, pristine air-fall deposit in magnetostratigraphic, palynostratigraphic, and geochemical context for the base of the Lystrosaurus declivis AZ from the same locality (Gastaldo et al., 2020a; Figure 1C). We have retained the geochronologic context of the vertebrate biostratigraphy presented by Gastaldo et al. (2020a) in the current study (Figure 1C). While these findings indicate that the Daptocephalus/Lystrosaurus declivis assemblage boundary, as currently defined, should be decoupled from the end-Permian extinction record in the marine record, the question remains as to whether a faunal turnover is associated with this biozone boundary or if it is associated with any climatic change that may have had global significance.



LOCALITY, MATERIALS, AND METHODS

The Eastern Cape Province hosts several classic localities reported to contain the transition from the Daptocephalus AZ to the Lystrosaurus declivis AZ, several of which are within a few kilometers of each other (Figure 2). These include Old Lootsberg Pass (= West Lootsberg Pass; Ward et al., 2000, 2005; Smith and Botha-Brink, 2014), Tweefontein (Smith and Botha-Brink, 2014), and Lootsberg Pass (= East Lootsberg Pass; Ward et al., 2000, 2005; Smith and Botha-Brink, 2014). Gastaldo et al. (2017, 2018) have noted that GPS coordinates reported by previous workers for published composite stratigraphic sections in these localities are inaccurate and unreliable (Figure 2). Hence, we have undertaken the development of a stratigraphic framework beginning at Old Lootsberg Pass southeastward along the escarpment toward Lootsberg Pass that, now, consists of twenty-two measured sections totaling more than 1,500 m of section. Stratigraphic sections were measured using a leveling Jacob staff and Abney level, following procedures presented elsewhere (e.g., Gastaldo et al., 2017; Li et al., 2017), and lithologic field descriptions follow our previously published studies (Gastaldo et al., 2014, 2018). Stratigraphic sections have been physically correlated by walking and waypointing (GPS coordinates taken every 40–80 m) the upper contacts (bounding surfaces) of major fluvial complexes which provide for true datums in the area. We have traced individual sandstone bounding surfaces over a > 4 km lateral distance (Figure 3). We have estimated that intraformational pedogenic nodule conglomerate (PNC), relative to other lithofacies, accounts for less than 0.1% of rock volume in this area (Gastaldo et al., 2018). There is no predictive model as to where this lithofacies may occur. When encountered and logistically feasible, hand or drill-core samples of intraformational conglomerates were obtained for carbon and oxygen stable-isotope analyses (Figures 3, 4) and paleomagnetic studies (Gastaldo et al., 2018). Five PNC samples originate in the western half of the study area (Old Lootsberg Pass, Tweefontein1); nine samples originate in the eastern half of the study area (Tweefontein1.5, Tweefontein2).
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FIGURE 2. Locality maps for the current study. (A) Generalized geographic map of southern Africa highlighting the study site in the Eastern Cape Province with a star. (B) Five localities in the Eastern Cape Province–Old (West) Lootsberg Pass, Tweefontein1 (Gastaldo et al., 2017), Tweefontein1.5 (reported here), Tweefontein2 (refers to the section measured in an erosional gully closest to the vertebrate fossil assigned to Tweefontein by Smith and Botha-Brink, 2014), and Lootsberg Pass–reported as foundational to the terrestrial, end-Permian extinction model (Ward et al., 2000, 2005; Smith and Botha-Brink, 2014). Eight of the eleven measured stratigraphic sections used in the current study to develop a stratigraphic framework for the area are represented by solid black lines with arrows marking the base and top. GPS coordinates for the base and top of each are provided in Figure 4. Dotted lines mark former farm boundaries with names as they appear on with the 3124DD Lootsberg 1:50,000 map which, currently, are owned by Justin and Liesl Kingwill, Blaauwater Farm. Published GPS coordinates for Old (West) Lootsberg Pass (solid circle) and Tweefontein (solid polygon) sections (Ward et al., 2000), corrected for longitude, are plotted. The published Tweefontein fossil localities (Smith and Botha-Brink, 2014) are > 3 km to the southeast of the published GPS coordinates, and appears here as Tweefontein2. Scale in km and mi; contour interval 100 m.



[image: image]

FIGURE 3. Six of the measured sections at Old Lootsberg Pass to Tweefontein2 (white solid lines; Figure 2) plotted on an oblique GoogleEarth image showing their spatial relationship relative to topography. Yellow dotted lines are laterally traceable sandstone-channel deposits, waypointed and used as datums for correlation across the area (Figure 4). Sampled intraformational pedogenic nodule conglomerates (PNC), identified with their waypoint (WP) designation, appear as red balloons. Scale = 1 km.
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FIGURE 4. Measured stratigraphic sections correlated using traceable sandstone-channel deposits (dotted lines) in which sampled intraformational pedogenic nodule conglomerate (PNC) are identified with their waypoint (WP) designation. Dotted lines of sandstone datums to the right in the diagram continue to the east around the nose of the escarpment to Lootsberg Pass (measured and correlated sections not shown). GPS coordinates of measured sections are provided, the U-Pb CA ID-TIMS age from a porcellanite as reported by Gastaldo et al. (2018) is placed in magnetostratigraphic context, and selected vertebrates of the Daptocephalus Assemblage Zone (blue vertical bar) noted in the Old Lootsberg Pass and Tweefontein1 sections (see Gastaldo et al., 2017). The boundary between the Daptocephalus and Lystrosaurus (light green) AZs follows our previously published placement (Gastaldo et al., 2017, 2018). If the definition for the base of the Katberg Formation advanced by Johnson (1976) is applied to individual sections–the horizon above which there is a marked increase in sandstone abundance–this boundary plots at multiple horizons. Thus, the Balfour—Katberg formation boundary is shown as a transition zone (Johnson, 1976; Groenewald, 1996). Vertical scale in 5 m intervals.



Stable-Isotope Geochemistry

Micrite-cemented nodules from PNC deposits were cut at Southern Methodist University (SMU), described, and analyzed for carbon- and oxygen-stable isotopes following Gastaldo et al. (2014). Micrite- and microspar-cement samples were drilled from nodules using an x, y, z drill mount. Sample powders, varying from 2 to 10 mg for each carbonate-extraction experiment, were reacted with 100% orthophosphoric acid at 25°C in vacuo, under closed-system conditions to produce CO2 (McCrea, 1950). CO2 gas was cryogenically purified, measured for yields of CO2 using a mercury manometer, and analyzed for stable carbon- and oxygen-isotope compositions using an Finigan MAT 252 isotope-ratio mass spectrometer housed in the Department of Earth Sciences at SMU. Yields of CO2 resulting from each experiment were used to calculate wt.% CaCO3 values for each sample based on the assumption that 1 mol of CO2 represents the mass of 1 mol of CaCO3. As is standard practice with interpretations of stable-isotope geochemistry of pedogenic carbonates, no sample with less than 50 wt.% CaCO3 was further considered (e.g., Ekart et al., 1999; Sheldon and Tabor, 2009). However, it is noteworthy that no sample analyzed in this study contained < 50 wt.% CaCO3.

Stable-isotope measurements are reported in standard delta notation in units of per mil (‰):
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where R = 13C/12C and 18O/16O for carbon and oxygen, respectively. δ13C values are reported with respect to the Vienna Pee Dee Belemnite standard (VPDB; Craig, 1957); δ18O is reported with respect to both the Vienna Pee Dee Belemnite standard (VPDB) and Vienna Standard Mean Ocean Water (VSMOW; Gonfiantini, 1984).

Multiple analyses were undertaken on all samples (Supplementary Table 1). Although within-nodule isotopic variability is observed to different degrees in rock powders from the basin, that variability is likely an intrinsic characteristic of an individual nodule. This reflects that, in conjunction with CO2 samples extracted from powders of the Karoo basin rocks, an internal carbonate standard composed of Carrara marble was included as a separate analysis within each “batch” of analyses (typically 5—11 unknowns for each standard). The running mean (n = 17) of this Carrara marble standard over the period of analysis for this project is −2.34 ± 0.05‰ for δ13CVPDB values and −5.90 ± 0.10‰ for δ18OVSMOW values. Therefore, variability of within-sample stable carbon- and oxygen-isotope delta values of greater than 0.1 and 0.2‰, respectively, may be regarded as analytically different. Due to the fact that the number of samples analyzed per PNC deposit are small, which precludes the determination as to whether the data set consists of normally distributed values, neither parametric nor non-parametric statistical tests were undertaken.




RESULTS


Pedogenic Nodule Conglomerate Lithofacies

The PNC lithofacies is a matrix-supported intraformational pebble-conglomerate comprised of small (< 0.5–5 cm diameter) calcite-cemented nodules, rip-up mudclasts, and bone fragments in a very fine-grained wacke and/or coarse siltstone (Figure 5). Unweathered rock is pale olive (10 Y 6/2) but weathers on the surface to a range of colors including moderate yellowish brown (10 YR 5/4), dusky brown (5 YR 2/2), or brownish black (5 YR 2/1). Both nodules and matrix are calcite cemented.
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FIGURE 5. Field images of intraformational PNC lag deposits. (A) 0.5 m thick lenticular deposit overlying an erosional base of the lowermost correlative sandstone in the area of Tweefontein1 (Figure 4). Scale in dm and cm. (B) ∼1.0 m thick lenticular PNC in same area as (A) showing low angle crossbeds and surficial weathering coloration. Scale in dm. (C) Surface exposure of PNC in which greenish-gray mudchips (m) and vertebrate bone (b) are mixed with pedogenic nodules of various shapes and sizes. Scale in cm. (D) 1.0 m thick PNC lag exhibiting sigmoidal cross bedding. (A–C) S31.82372°, E024.81617°; (D) S31.76592°, E024.84473°.


Sandstone benches in which PNC conglomerate lags occur can be traced over a distance of several kilometers, depending on orientation and exposure (Figure 4). PNC accumulations range in geometries from thin (3—10 cm) to medium thick (0.1—0.3 m) lenses with undulatory bases that are in sharp erosional contact with underlying siltstone and/or sandstone. Thicker accumulations are organized into planar to lenticular crossbed sets of up to 1 m in thickness (Figure 5). Primary sedimentary structures vary from planar to low-angle trough or sigmoidal cross beds (Figure 5D). Cobble-, pebble-, and sand-sized clasts are normal graded in all beds and mudchips may be up to 20 cm in length (Figures 5, 6); grain shape is highly variable and includes subangular to subrounded morphologies of mudchips. Pedogenic nodule shape varies from sub-rounded rods to well-rounded ellipses and spheres, whereas other clasts appear amorphous (Figure 6).
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FIGURE 6. Representative cut-and-sampled PNCs (see Figure 4 for reference). (A) P61 recovered from the uppermost PNC bed at Old Lootsberg Pass. Drilled areas of two nodules are identified. (B) WP843 recovered from the base of Tweefontein1.5 section with sample drill sites indicated. (C) WP857 recovered from the uppermost PNC in the Tweefontein1.5 section; sampled nodules are identified. (D) WP878 recovered from the uppermost PNC lag in a short Tweefontein2 section where sampled nodules are identified. (E) P51 recovered from the uppermost PNC horizon at Tweefontein2. Sites sampled for stable carbon- and oxygen-isotope values are indicated on two nodules. Scales in cm and mm.




Stable-Isotope Geochemistry


Diagenetic Considerations

A persistent issue with the interpretation of carbon- and oxygen-stable isotope values of ancient carbonates is screening, recognizing, and accommodating the effects of diagenesis. The problem is that the diagenetic alteration of pristine calcite in any nodule will be calcite; hence, there is no significant compositional/mineralogical difference to recognize one phase from the other. In studies of marine calcites, there is a broad array of minor-, rare-, and trace-element analyses which may be employed to evaluate some kinds of diagenetic alteration (e.g., Grossman et al., 1996). But, unfortunately, these do not apply to soil environments because of the extremely broad array of chemistries and redox conditions which may exist in soil-forming environments compared with shallow marine carbonate depositional systems. Nevertheless, numerous studies have articulated guidelines for screening diagenesis within soil-and-paleosol carbonates (e.g., Deutz et al., 2001; Sheldon and Tabor, 2009). Fundamentally, the best provisions that can be made to avoid values originated from diagenetic calcite are: (1) avoid sparry and coarsely crystalline phases, which are not typical (but not exclusive) of soil carbonates (e.g., Ekart et al., 1999) and; (2) choose samples with microcrystalline textures (micrite, microspar) that make up at least half of the mass of the paleosol nodule (Sheldon and Tabor, 2009). This minimum wt.% CaCO3 is reported to ensure that the sample originally had an abundance of pedogenic calcite, and any additional material added by diagenetic alteration would be relatively small. We have employed these precautions in the current study and consider their application as the best efforts that can be taken to minimize the impacts of diagenesis.



δ13cvpdb Values of Pedogenic Nodules

Pedogenic nodule δ13CVPDB values of micrite cements range from −14.2 to −1.7‰ (−2.34 ± 0.05‰), with the sample suite of nodules from individual beds exhibiting either a tighter or wider spread of values (Figure 7A and Table 1). For example, the minimum and maximum values of six separate analyses of nodules from the WP- P51 PNC (Figure 6E) differ by 1.0‰, and of four separate analyses of nodules from WP878 (Figure 6D), WP879, and WP848 PNCs exhibit a range of 1.1, 0.8, and 1.5‰, respectively. In contrast, the difference between the minimum and maximum values obtained for four separate analyses of nodules from sample WP857 (Figure 6C) and WP870 PNC units is 3.5, and 6.2‰, respectively, whereas values from two PNC horizons–P877 (N = 3) and WP864 (N = 3)–exceed 7.5‰ (Table 1). When PNC values are averaged per lag deposit, there is a discrete separation of collections with nine more positive and five more negative horizons (Figure 7B; PNC lags at WP857 and WP877, and WP870 and WP879, are considered to be separate horizons due to their spatial distribution and geochemical differences). Intervals of more positive values are interspersed with intervals of more negative values stratigraphically higher in the section.
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FIGURE 7. Plots of δ13CVPDB and δ18OVSMOW values in stratigraphic order through the upper Daptocephalus (blue bar) and lower Lystrosaurus (light green bar) Assemblage Zones. Placement of the biozone boundary follows Smith and Botha-Brink (2014) on the left; on the right, placement follows Gastaldo et al. (2017, 2018). (A) Plot showing variation in δ13C values for each sampled horizon against interpreted paleosol conditions under which calcite cement precipitated. (B) Plot of mean δ13CVPDB value for each sampled horizon against interpreted paleosol conditions under which calcite cement precipitated. (C) Plot showing variation in δ18OVSMOW values for each sampled horizon. (D) Plot of mean δ18OVSMOW value for each sampled horizon against sampled position in the Daptocephalus and Lystrosaurus Assemblage Zones. Standard deviation is provided around the mean values. Note that bimodal data exhibit a larger standard deviation.



TABLE 1. Mean δ13CVPDB and δ18O values of pedogenic nodule-calcite cements obtained from intraformational conglomerate deposits, with GPS coordinates, and stratigraphic positions across the area from Old Lootsberg Pass to Tweefontein2 (Figure 4).
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δ18OVSMOW Values of Pedogenic Nodules

The δ18OVSMOW values obtained from micrite cements of the pedogenic nodule suite range from 8.7 to 16.9‰ (−5.90 ± 0.1‰), with individual conglomerate assemblages also exhibiting either a tight clustering or wider spread of values (Figure 7C and Table 1). For example, the minimum and maximum values for four separate analyses of nodules from the WP857 PNC, four separate analyses of nodules from the WP863 PNC (Figures 4, 7), four separate analyses of nodules from the WP878 PNC, and six separate analyses of nodules from the P51 PNC differ by only 0.4, 1.2, 1.2, and 1.3‰, respectively. In contrast, the difference between the maximum and minimum values for nodules sampled at WP879 (N = 4), WP848 (N = 5), and WP864 (N = 4) is 3.2, 2.6, and 3.4‰, respectively. The δ18O variance of pedogenic nodules in any sampled PNC bed mimics and complements that found in the δ13C data set, either tightly clustering or exhibiting a wider spread. Unlike the distribution of values in the δ13C data set, only two horizons–WP870 and Datum sst–stand out by having comparatively low δ18O values (Figure 7D).





DISCUSSION

Carbonate crystallization in soils is related to a number of physical and chemical factors including temperature, evapotranspiration, soil acidity, and the availability of metal cations (Ca+2, Fe+2, and Mg+2; Sheldon and Tabor, 2009). As such, both δ13C and δ18O values derived from calcite cements of pedogenic nodules are widely used as paleoenvironmental proxies for the soil conditions under which these soil carbonates precipitated. Pedogenic stable-carbon isotope values include the carbon signal and contribution from bacterial decomposition of organic matter (Tabor et al., 2007) and that of atmospheric CO2 in the local soil environment (see Sheldon and Tabor, 2009). In contrast, pedogenic δ18O values derive from soil water which is related to meteoric waters, and is correlated (albeit very complicatedly) with mean annual temperature (MAT) and mean annual precipitation (MAP; Cerling, 1984; Cerling and Quade, 1993). In general, soil carbonates develop under seasonally wet-dry climates and rainfall < 850 mm/yr (Cerling, 1984; Royer, 1999), although pedogenic carbonate may precipitate in hydromorphic soils where groundwater fluctuates on a seasonal basis (e.g., Freytet and Plaziat, 1982; Slate et al., 1996).

A paradigm exists in Karoo Basin literature that considers carbonate precipitates found as pedogenic nodule cement as reflecting a contribution of CO2 derived directly from the atmosphere (Ward et al., 2005; MacLeod et al., 2017; Botha et al., 2020). The stable isotopic signatures of these calcite cements are interpreted as having been in equilibrium with pCO2 at the time of crystallization. This paradigm has been used to deduce Middle (Retallack et al., 2006) and Late Permian (MacLeod et al., 2000, 2017) climate trends using δ13CVPDB values obtained from in situ (dm-scale) pedogenic nodules placed in composite and very generalized stratigraphic order.

Tabor et al. (2007) demonstrated that the variation of δ13CVPDB values of unaltered micrite and microspar cements in pedogenic nodules are a function of the weighted mean contribution of the CO2 source(s) (Figure 8). If methanogenesis of soil organic matter (OM) occurs in the saturated phreatic zone, where a high watertable maintains a closed system under seasonally wet conditions, it may generate a source of carbonate with more negative δ13CVPDB values that could result in a more negative stable-carbon isotopic value of the micrite and microspar cements. These negative δ13C values are a mixture of CO2 and CH4 derivation (Figure 8A). The soil uptake of, and interchange with, atmospheric CO2 under these circumstances remains in the overlying vadose zone, without contribution of that carbon source to the resultant δ13C values of the soil-nodule cement. The closed nature of the system and contribution of CO2 derived from methanogenic bacteria results in micrite and microspar cement δ13CVPDB values lower than −12.1‰ (Figure 8A; Gastaldo et al., 2014). In contrast, calcite in well-drained soils precipitates under open-system, one-dimensional, Fickian-type diffusive mixing of atmospheric CO2 and CO2 derived from in situ oxidation of soil OM (Figure 8C; Cerling, 1991). Under these conditions, soil-formed calcite δ13CVPDB values will be more positive than coexisting OM δ13C values. This results from a 4.4‰ 13C enrichment associated with diffusive transport of biologically derived CO2 (Cerling, 1991), and temperature-dependent carbon-isotope enrichment associated with carbon-isotope fractionation between carbonate species (Romanek et al., 1992; see full discussion in Gastaldo et al., 2014). Micrite and microspar cements precipitated under these conditions of open-system exchange will have a δ13CVPDB value that is higher than −8.3‰. Values between −8.3 and −12.1‰ may, or may not, have crystallized in soils characterized by one-dimensional CO2 diffusion. Cements exhibiting these intermediate values are interpreted to represent precipitation in a soil that possibly reflects well-drained conditions, or one that experienced a variable watertable over time (Figures 8B, 9; Gastaldo et al., 2014). Unless diagenetically altered, δ13C values of micrite and microspar cements in soil nodules are fixed and provide insight into the conditions under which they formed, whether found in situ in a calcic Vertisol (Gastaldo et al., 2020b) or as reworked recalcitrant residuum in fluvial channel-lag deposits (Pace et al., 2009; Gastaldo et al., 2018).
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FIGURE 8. End-member diagram showing the relationship between δ13C values of calcite cement in pedogenic nodules formed under closed and open systems. (A) δ13CVPDB values < –12.1‰ reflect calcite precipitation under saturated soil conditions in the phreatic zone with carbon contribution from anaerobic decay of organic matter (Tabor et al., 2007; Gastaldo et al., 2014). Carbon contribution to the soil is restricted to the overlying vadose zone and plays no role in, or has no influence on, the δ13C values of calcite cements. (B) δ13CVPDB values between < –12.1 and –8.3‰ reflect calcite precipitation with contributions from both methanogenic and atmospheric carbon sources. (C) δ13CVPDB values > –8.3‰ reflect calcite precipitation under open soil conditions forming in the lower soil horizons at the terminus of the wetting front, the interface between the vadose and phreatic zones. Carbon contribution primarily from atmospheric sources.



Generalized δ13c and δ18o Landscape Model

Cycles of floodplain/landscape accumulation (aggradation) and erosion and reworking (degradation) are controlled by changes in fluvial gradient of a basin, which are influenced by a variety of factors over time including climate (Bull, 2009; Gastaldo and Demko, 2011). High rates of floodplain aggradation occur in a part of a basin, but not contemporaneously throughout a basin, when the regional fluvial gradient is in disequilibrium. Disequilibrium results in landscape erosion in the more proximal source areas of the basin. Erosion, there, results in higher suspension-load and bedload sediment in rivers, which is deposited distally in the receiving area. Overbank deposits are rooted by plants (all considered to be C3 photosynthetic plants in the Permian–Triassic; Osborne and Beerling, 2006) and colonized by invertebrates, with the mean regional watertable controlled, in part, by base level of river systems traversing the floodplains (Figure 9A). Organic matter is contributed to poorly developed soils (e.g., Inceptisols, Entisols) through the aerobic bacterial recycling of aerial and subterranean plant parts, surficial and subsurface fungal degradation, and excrement from herbivorous and burrowing animal activities.
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FIGURE 9. Generalized aggradational/degradational landscape modelcoupling the phase of interfluve development, water-table, carbon source for calcite cement, and δ13C and δ18O values associated with pedogenic calcite-cemented nodules formed under these parameters (after Gastaldo et al., 2020b). (A) Initial aggradational phase with rooting and invertebrate bioturbation of the upper soil horizons accompanying overbank deposition. (B) Second phase of floodplain aggradation where rate of overbank deposition is high. Immature soils are buried in the phreatic zone due to a rise in watertable. Anaerobic decay of organic matter releases both CO2 and CH4 into pore waters, adding HCO3 and modifying acidity, promoting calcite precipitation around organic nucleus. Values of both δ13C and δ18O of calcite cements are more negative. (C) Third phase of overbank aggradation with a reduced frequency of overbank deposition and greater seasonality. Pedogenesis over longer time scales and greater variance in seasonal rainfall results in greater flux and penetration of the watertable, affecting δ13C and δ18O values of calcite cements. δ13C values reflect precipitation possibly under well-drained conditions, whereas values of δ18O fall between end members. (D) The fourth landscape phase is one of stasis, when sediment supply to the floodplains is minimal as a consequence of a warmer and more seasonally dry climate with infrequent overbank deposition. Watertable is low, soil mottling is common, and pedogenic nodule cement precipitates in equilibrium with tropospheric gasses that penetrate deep into the soil profile. Both δ13C and δ18O values are more positive, reflecting crystallization under well-drained soil conditions. (E) A change in fluvial equilibrium and a shift to more seasonally wet climate results in floodplain erosion, scavenging of interfluvial deposits, and concentration of larger clasts in intraformational channel-lag conglomerate above erosional surfaces. δ13C and δ18O values of pedogenic nodules from these deposits represent the spectrum of paleoclimate signals of these “ghost” horizons.


During an aggradational phase, overbank sedimentation is common, soil thickness increases across the interfluves, and there is a concomitant rise in regional watertable. Residual OM of previous soil profiles becomes part of the phreatic zone where continued decay is promoted and controlled by anaerobic processes including methanogenesis (Figure 9B). The liberation of both CO2 and CH4 into pore waters (the δ18O values of which reflect meteoric contribution) surrounding the decaying OM may react with available metal cations and precipitate calcite in the form of micrite. Fine-grained sediment is cemented into a nodule around an organic nucleus. The size of these early diagenetic nodules is dependent on a number of factors including the original size of the organic nucleus (disseminated detritus vs. articulated skeleton at different ends of the preservational spectrum), the concentration of cations in the pore waters, and the stability of the phreatic zone over time. δ13CVPDB values of calcite cements in nodules and concretions formed under these saturated conditions are < –12.1‰ and are interpreted as reflecting closed-system, poorly drained soil conditions in the Permian–Triassic Karoo Basin (Tabor et al., 2007). One factor sustaining poorly drained soil conditions is the prevalence of a seasonally wet climate, where the number of wet months exceeds the number of dry months (rainfall exceeds evapotranspiration; Cecil and Dulong, 2002). Moister and/or cooler regions tend to have lower (more negative) meteoric water (e.g., Craig, 1961) and carbonate (Cerling, 1984; Cerling and Quade, 1993) δ18O values than warmer and drier regions.

Changes in the regional fluvial gradient, sediment supply to the drainage system, or climate toward more seasonally dry or monsoonal conditions will result in a slowing of floodplain aggradational rate. Vegetation will continue to colonize the floodplains, adding OM to the soil in lower quantities than under more seasonally wet or everwet conditions (Gastaldo, 1994). A lower regional watertable, as a consequence of greater variance in seasonal base level, allows for atmospheric gasses to interact in the vadose zone over a longer yearly time frame. Tropospheric CO2 mixes with methanogenic carbon sources during calcite crystallization, resulting in more positive δ13CVPDB values of fine-grained carbonate cements ranging between −12.1 and −8.3‰ (Figure 9C). There is an accompanying shift to more positive δ18O values that may be related to warming, reduced precipitation, and evaporative 18O enrichment (Tabor et al., 2002). In addition to tectonic influences such as changes in regional gradient, aggradation may also be halted when overall climate becomes increasingly seasonally dry (evapotranspiration exceeds rainfall; Cecil and Dulong, 2002). Under these conditions, the landscape remains in a static phase, or stasis. Base level is low and fluvial channels may be dry for several months, accompanied by an overall lowering of the regional watertable (Figure 9D). A shift to a relative increase in the contribution of an atmospheric CO2 source for calcite precipitation results in δ13CVPDB values greater than −8.3‰ in nodule cement, and more positive δ18OVSMOW values driven by 18O evaporative enrichment. A swing in climate to more seasonally wet or everwet conditions, accompanied by some change in fluvial gradient, begins a phase of erosion, landscape degradation, and reworking of floodplain soils.

The degradational phase of the cycle removes and remobilizes the fine clastic component, placing this grain-size fraction in suspension load and transporting it further basinward where it is redeposited. Depending on the competence and carrying capacity of the fluvial system, the coarser soil fractions–peds and soil aggregates (Gastaldo et al., 2013), euhedral pyrite where soil conditions were present to promote its formation (Gastaldo et al., 2020b), and calcite-cemented glaebules, nodules, and concretions–also may be displaced further basinward or concentrated as lag deposits in local channels (Figure 9E). Within this conceptual model for the formation of PNC units, channel lags of pedogenic nodules represent a time-averaged deposit of detrital pedogenic materials. The stable isotopic composition of individual clasts (i.e., pedogenic nodules) represents one or more paleoclimate signals of the eroded soil or stacked soil profiles. Where the carbon- and oxygen-stable isotope composition of nodules from a PNC exhibit a narrow range, the signal likely represents one or more eroded soils in which the nodules formed under a relatively limited set of climatic conditions. Where the range of isotopic values is wider, the signal likely represents the erosion of one or more soils, each of which may have formed under different climatic conditions or disparate environments (e.g., alternating episodes of poorly drained and well drained during which time pedogenic carbonate is forming). It is also possible that these values represent the erosion of a compound and/or composite soil profile (Gastaldo et al., 2020b). Nevertheless, the paleoclimate signal recovered from pedogenic nodules concentrated in channel-lag deposits represents a part of the sedimentary succession that is no longer present in the stratigraphy and cannot be sampled, directly. This residuum represents one or more “ghost” landscapes.



Stable-Isotope Trends of Eroded Landscapes at Old Lootsberg Pass

The 55 analyses of nodules sampled from fourteen PNC channel-lag deposits distributed over more than 200 m of measured stratigraphic section, with the benefits of geochronometric and paleomagnetic context in a stratigraphic framework (Gastaldo et al., 2018; Figure 4), exhibit a similar variance of values above individual erosional boundaries (Figure 7). There is also a positive correlation in excursions upsection of δ13C and δ18O values of calcite cement toward heavier values (Figure 10). Two distinct clusters of pedogenic carbonate stable carbon- and oxygen-isotope values occur in these data.


[image: image]

FIGURE 10. Stratigraphic trends of mean values of [image: image] (A) and [image: image] (B) derived from pedogenic nodules formed in “ghost” landscapes plotted against published magnetostratigraphy (Gastaldo et al., 2018) and models of vertebrate biostratigraphy in geochronometric context (Gastaldo et al., 2015) demonstrating cyclicity in seasonally wet (represented by green rectangles) and seasonally dry landscapes (represented by orange and reddish rectangles). This trend is similar to that at Wapadsberg Pass (Gastaldo et al., 2014, 2020b) and shows an overall wetting trend towards the boundary between the Daptocephalus and Lystrosaurus AZs rather than a unidirectional warming as reported by other workers (Ward et al., 2005; Smith and Botha-Brink, 2014; Rey et al., 2016; Botha et al., 2020).


Eight of the fourteen PNC beds cluster in a narrow stable-isotope range of < 2.5‰, whereas the remaining samples from other PNC horizons exhibit a wide range of, or bimodal (Figure 7), variance in values. There are three intervals in which the stable-isotope values of successive sampled PNC layers fall in a tight range. The most pronounced of these occurs in the middle of the succession–PNC beds WP848, WP879, WP878–where the average δ13CVPDB and δ18OVSMOW values are −5.2 and 13.1‰, −4.5 and 14.0‰, and −4.8 and 13.9‰, respectively (Figure 10). We interpret these, and similar, δ13C values to reflect calcite precipitation under an open system with contribution of atmospheric CO2 as one of the sources of carbonate for pedogenic micrite crystallization (Gastaldo et al., 2014). The paleosols from which these nodules originated are interpreted to have formed under well-drained soil conditions. The positive δ18O values derived from calcite cement of these samples are indicative of conditions that were seasonally warmer and drier, with higher evapotranspiration and, likely, a greater number of dry than wet months (Sikes and Ashley, 2007).

In contrast, the second sample group exhibits a wider range of stable-isotope values (Figure 7), and two of these PNC beds, or conglomeratic lag deposits, appear to be associated with intervals where more negative δ13C values of nodular micrite are found (Figure 10). The average δ13CVPDB values in this clutch of samples range from −11.3‰ (WP877) to −8.6‰ (WP864), and the soils from which these PNC layers originate are interpreted to have developed possibly under well-drained conditions because of these calcite δ13C values (Gastaldo et al., 2014). The most negative δ13CVPDB values in this sample cohort are < −12.8‰, indicating calcite crystallization under a poorly drained, closed-system, soil-forming environment (Tabor et al., 2007). As evidenced by the extreme range in δ13C values, pedogenic nodules hosted in this sample group either originated from two or more eroded soils, or may have originated from a compound, composite (time averaged) soil interval(s) as documented in the Daptocephalus AZ near Wapadsberg Pass (Gastaldo et al., 2020b) or in the Lystrosaurus declivis AZ in another part of the basin (Harrison et al., 2018). Lower δ18O values from these horizons are interpreted to indicate seasonally cooler and wetter conditions at the time of calcite-nodule formation. Similar δ18O values are reported by Rowe and Maher (2000) in the Loess Plateau of north-central China, Neymark et al. (2005) in Crater Flat, Nevada, United States, where cool/cold climatic conditions prevail (MAT 15° C), and Schmid et al. (2006) at depth in soil profiles of the Broken Hill region of Australia, used to interpret colder conditions than at present. We also note that our data set overlaps that presented by Viglietti et al. (2013) from two Lystrosaurus bone beds on the Donald 207 (Fairydale) farm, reported in the L. declivis Assemblage Zone, and interpreted to have formed under a semi-arid and seasonally cold climate.

Shifts in the drier “ghost” landscape intervals at Old Lootsberg Pass reflect changes in meteoric precipitation amounts and relative temperature in the latest Permian Daptocephalus and Lystrosaurus declivis Assemblage Zones (Figure 10). These trends contrast with the wetter aggradational phases in which both macrofloral and microfloral assemblages are preserved (Gastaldo et al., 2005, 2017, 2019; DiMichele and Gastaldo, 2008) in greenish to reddish-gray siltstone (Li et al., 2017), associated with the seasonally wet Katbergia ichnofauna (Figure 4; Gastaldo and Rolerson, 2008). Assuming that the controls over the intervals dominated by a seasonally wet climate were similar (Figure 10), the late Changhsingian succession at Old Lootsberg Pass exhibits a wet/dry cyclicity that may have been in consort with astronomically driven obliquity and precession cycles recognized in the latest Permian marine record (e.g., Huang et al., 2011; Wu et al., 2013; Li et al., 2016).

A widely accepted paradigm for the transitioning conditions across the Daptocephalus to Lystrosaurus declivis boundary is one of increasing aridity and temperature (MacLeod et al., 2000, 2017; Ward et al., 2005; Smith and Botha-Brink, 2014; Rey et al., 2016; Botha et al., 2020). But, the PNC stable-isotope trend presented here from Old Lootsberg Pass, which is a similar record to that previously identified at Wapadsberg Pass less than 16 km to the southeast (Gastaldo et al., 2014, 2020b), shows increasingly moist and cool conditions toward the biozone boundary, as currently defined (Smith and Botha-Brink, 2014; Botha and Smith, 2020; Viglietti, 2020). The paleosol profiles from which pedogenic calcite-cemented nodules originated may not have been as extremely dry as envisioned or interpreted from the vertebrate δ18OVSMOW apatite record (MacLeod et al., 2000, 2017; Botha et al., 2020).

There are very few paleosol profiles in the Daptocephalus AZ in which small, calcite-cemented nodules are found in situ. Neveling et al. (2016b) identified one interval in the Old Lootsberg Pass section that underlies an erosional fluvial contact where a well-developed lateral channel bar is preserved without a PNC lag. Pedogenic nodules scavanged from the underlying soil horizon, when cut out by the laterally equivalent channel, must have concentrated in other parts of this particular fluvial channel elsewhere in the region. The PNC-bearing siltstone paleosol is 1.5 m in thickness and exposed over < 5 m of lateral distance in which small, cm-diameter carbonate-cemented nodules and carbonate-cemented, subvertical-to-subhorizontal, mm-scale tubules are dispersed throughout. Neither horizonation, color differentiation, nor pedogenic evidence to discriminate soil profiles are discernible in the field at this site.

Another record of in situ soils includes a succession of Stage II calcic Vertisols in the upper Daptocephalus AZ and is exposed in an erosional gully (donga) adjacent to an 11-m thick channel cutout on farm Quaggasfontein in the Old Wapadsberg Pass area (farm 527/Quaggasfontein; Gastaldo et al., 2020b). Here, one compound-composite soil interval has been characterized in detail, and provides some insight into the climate under which these nodules formed. The geochemical data from the 527/Quaggasfontein Vertisol include TOC, LOI, and concentrations of selected major and minor elements using inductively coupled plasma-mass spectrometry [ICP-AES and ICP-MS (zircon)]. Molecular weathering-ratios, including base loss, clayeyness, mineral assemblage stability (MAS), calcification, salinization, and the chemical index of alteration minus potassium (CIA-K), were calculated. Bulk-rock geochemical data also were evaluated using a mass-balance approach and Ti as the immobile element. Using molar ratios of CIA-K and salinization, respectively, provide proxy estimates of MAP and MAT (Sheldon and Tabor, 2009) during this time of Late Permian pedogenesis. Gastaldo et al. (2020b) provide estimates for MAT = 10.2 ± 4.4°C and MAP = 1,083 ± 181 mm/yr from data that were collected from a carbonate nodule-bearing paleosol. Hence, rather than pedogeneis and precipitation of calcite-cemented nodules under a hot and arid climate (< 2.5 months of precipitation under which Aridisols develop; Cecil and Dulong, 2002), these Vertisols developed under a more seasonally dry set of cool conditions in which values of δ13CVPDB micrite cements of in situ pedogenic nodules range from −8.6 to −5.4‰. The δ13C values at Old Lootsberg Pass to Tweefontein and near Old Wapadsberg Pass (527/Quaggasfontein) indicate that the Late Permian landscape experienced episodically wet and episodically dry phases that alternated in both the Daptocephalus and Lystrosaurus declivis AZs without evidence for a unidirectional drying of the landscape over this interval of time.




CONCLUSION

The latest Permian stratigraphy of the Karoo Basin, South Africa, is a discontinuous record dominated by successions of aggradational continental (fluvial, interfluvial, and rarely lacustrine) deposits punctuated by erosional surfaces marking periods of landscape degradation. Aggradational floodplain greenish-gray and reddish-gray siltstone mainly represent interfluvial paleosols, interspersed with localized abandoned fluvial channel-fill (thicker sandstone beds and interbedded heterolithic facies) sedimentary successions. Aggradational floodplain soils consist primarily of poorly developed Inceptisols and, rarely, Vertisols in which calcite-cemented in situ pedogenic nodules may have formed. It is not that more seasonally dry soils were rare in the latest Permian. Rather, evidence of their existence is found most commonly in the form of intraformational conglomerate at the base of channels that had eroded and reworked them, concentrating the more resilient clasts in lag deposits above an erosional surface. That erosional surface marks a period of landscape degradation and the removal of the more seasonally dry landscapes from the observable stratigraphy. Yet, it is possible to garner paleoclimate proxy data from the detrital, sedimentary remains of these “ghost” soils, even in their absence as paleosol profiles in the physical stratigraphic record. This can be accomplished by analyzing unaltered calcite of pedogenic nodule cements preserved in PNC beds of the uppermost Balfour and lowermost Katberg formations.

Pedogenic calcite-cemented nodules from fourteen intraformational conglomerates, sampled over ∼200 m of stratigraphic section in the Eastern Cape Province, provide a δ13C and δ18O data set from which paleoclimate trends are evaluated through the deposition of the upper Daptocephalus and lower Lystrosaurus declivis AZs. The transition across, and reported loss of vertebrate biodiversity between these biozones has been interpreted as the consequence of a unidirectional trend toward increasing aridity and rising temperature (Ward et al., 2005; Smith and Botha-Brink, 2014; Botha et al., 2020). The basic stratigraphic model that characterizes the uppermost Daptocephalus and basal Lystrosaurus declivis AZs, as currently defined, with rare PNCs bounding thicker aggradational packages at the base, indicate that the later Permian landscapes were subjected to alternating wet-and-dry phases. Stable-isotope data representing the “ghost” landscapes over the 11 measured stratigraphic sections, reported herein, and correlated across an area of > 5 km laterally from Old Lootsberg Pass to Tweefontein2, document climate variation or shifts in the proxy records of the more seasonally dry intervals. Mean δ13CVPDB values range from −11.3‰ to −8.6 in nodules formed under possibly well-drained soil conditions, with δ18OVSMOW values from 8.9 to 14.1‰ indicating that the climate was cool and moist. Mean δ13CVPDB values range from −7.1 to −2.1‰ in nodules formed in well-drained soils, with δ18OVSMOW values from 11.6 to 15.3‰ indicating that the climate was relatively warmer and drier. Trends in δ13C and δ18O values are correlated, and an oscillation between seasonally wet and seasonally dry landscapes characterize both the upper Daptocephalus and lower Lystrosaurus declivis AZs. This observation is similar to the one reported by Gastaldo et al. (2020b) in the Wapadsberg Pass area, ∼16 km from Old Lootsberg Pass. Yet, the overall trend in climate proxies leading up to the boundary between vertebrate biozones appears to be one of increasing cool and moist soil conditions, rather than of increasing warmth and dryness. The δ13C and δ18O values obtained above the biozone boundary broadly overlap those reported lower in the succession without any discernible trend. Our findings are in contrast to those reported by other workers based on the δ13C and δ18O values obtained from vertebrate-tusk apatite. Hence, we find no evidence from soil nodules to support a unidirectional increase in temperature and aridity approaching the biozone boundary, which some authors have equated to the end-Permian marine crisis, in these classic continental sections that are foundational to the terrestrial extinction paradigm.
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The term “disaster species” was a term originally conceived to describe marine microfossils that exhibited profound abundances in the wake of a biological crisis. The term was expanded in the 1990s to describe (as “disaster taxa”) opportunistic taxa that dominated their biota numerically (“bloomed”) during the survival interval of a mass extinction event. The Permo-Triassic tetrapod genus Lystrosaurus has been cited regularly as a “disaster taxon” of the end-Permian mass extinction. A review of the definitions that have been developed for disaster taxa, and data from recent biostratigraphic and phylogenetic studies that include species of Lystrosaurus, leads to the conclusion that the genus is not a “disaster taxon”. Further, the known biostratigraphy and tree topologies of species of Lystrosaurus do not satisfy more recent definitions that attribute diversification to disaster species. At most, species of Lystrosaurus that form the informal “Lystrosaurus abundant zone” in the lower Katberg Formation, Lower Triassic of South Africa, could be described as opportunistic species.
Keywords: Triassic, Permian, extinction, disaster, Lystrosaurus
EPIGRAPH
“There is an extinction, which is a disaster, and this taxon is abundant, so it must be a disaster taxon”—Webb and Leighton (2011, p. 202).
INTRODUCTION
Five mass extinctions have punctuated the evolutionary history of metazoans. Broad-scale studies of mass extinctions have yielded in rich nomenclature with which to identify and to describe the fates and/or the roles of biota that have been subject to a mass extinction (Kauffman and Erwin, 1995; Harries et al., 1996; Kauffman and Harries, 1996; Hallam and Wignall, 1997). Accordingly, evolutionary biologists (Harries et al., 1996; Hallam and Wignall, 1997) have theorized of such biological entities as “disaster species,” “disaster taxa,” “opportunistic taxa,” and “Lazarus taxa,” with respect to successive “extinction,” “survival,” and “recovery” phases of an extinction event (Figure 1).
[image: Figure 1]FIGURE 1 | Hallam and Wignall (1997) generalized model showing the range of responses of species to mass extinction.
The end-Permian mass extinction (EPME) of ca. 252 Ma is widely regarded to be the most severe of the “Big Five” extinctions. The diversities of late Permian marine and terrestrial organisms were greatly impacted, with many groups becoming extinct (e.g., trilobites, eurypterids, gorgonopsian synapsids, and pareiasaurian parareptiles), followed by a multi-million-year-long hiatus in coal deposition and reef formation (Erwin, 1993, 2006; Jin et al., 2000; Benton, 2003; Benton and Twitchett, 2003; Wignall, 2007). A major focus of research programs of the EPME has been to determine whether the marine and terrestrial extinctions were synchronous (e.g. Twitchett et al., 2001; Ward et al., 2005; Shen et al., 2011; Gastaldo et al., 2020). Pursuant to that goal, Smith and Botha (2005) began a long-term collecting program in the Karoo Basin of South Africa to produce a species-level resolution of the biostratigraphic ranges of terrestrial vertebrates spanning the Permo-Triassic boundary (PTB). Smith and Botha (2005) identified “extinction,” “survivor,” and “recovery” faunas for PTB Karoo tetrapods, which were recognized in successive publications (Botha and Smith, 2006; Botha et al., 2007; Modesto and Botha-Brink, 2010), and refined in their more recent work (Smith and Botha-Brink, 2014).
A taxon that has played a chief role in research of tetrapod survivorship of the EPME is the anomodont synapsid genus Lystrosaurus. Species of this genus have been described from Asia (China and India), Europe (Russia), Africa (South Africa and Zambia), and Antarctica (e.g. Young, 1946; Cluver, 1971; Colbert, 1974; King, 1991; King and Jenkins, 1997; Ray, 2005; Surkov et al., 2005). Lystrosaurus fossils are the most commonly encountered vertebrate remains in lowermost Triassic rocks of the Karoo Basin, South Africa; Groenewald and Kitching (1995) estimated that 95% of the fossils from the Lystrosaurus declivis Assemblage Zone of the Karoo Basin are attributable to Lystrosaurus. As a consequence of this remarkable abundance and co-occurrence with the EPME, the genus Lystrosaurus is commonly described a “disaster taxon” (Wignall, 2007; Adams, 2008; Sahney and Benton, 2008; Benton, 2011; Kammerer et al., 2013; Botha-Brink et al., 2016; Brocklehurst et al., 2018).
The label of “disaster taxon” applied to Lystrosaurus—a genus of herbivorous tetrapods—is quite remarkable given the traditional application of this term to life of the past. The designation “disaster taxa” (nb. plural) was introduced by Copper (1994) to describe microbes, foraminiferans, and bryozoans of varying ranks (e.g. genus to ordinal) that became prolific in the wake of a biotic crisis. Hallam and Wignall (1997, p. 13) described disaster taxa as “usually long-ranged species of opportunists, whose presence in swarm abundances is a sure sign of elevated environmental stresses”. In the same work, they regarded the Lystrosaurus Assemblage Zone of South Africa (sensu Groenewald and Kitching 1995) as a “disaster-taxon assemblage” (Hallam and Wignall, 1997, p. 111). That description is the first to intimate, but not state specifically, that Lystrosaurus is a disaster taxon. Hallam and Wignall (1997) stated that the stratigraphic range of the genus Lystrosaurus is relatively short, especially if compared with that of the Capitanian–Anisian bivalve genus Claraia, but the range of the former genus is similar to that estimated for dinosaur genera (Dodson, 1990) and so may be considered unremarkable for a tetrapod genus. Accordingly, the recent branding of Lystrosaurus as a disaster taxon appears to be based largely upon its reported abundance and global distribution, and not the stratigraphic/longevity perspective attached to the concept (Hallam and Wignall, 1997; Rodland and Bottjer, 2001). However, the abundance of the genus Lystrosaurus varies in the basins where it has been found, and it is not known from every basin that preserves an Early Triassic tetrapod fauna (e.g. Dias-da-Silva et al., 2007; Dias-da-Silva et al., 2017). A further complication for statements that Lystrosaurus is a disaster taxon is that those works that have done so have neither provided a definition for “disaster taxon” nor cited a previously published definition; where such definitions appear in the literature, they vary from work to work.
In this paper I examine the basis, if any, for statements that the genus Lystrosaurus is a disaster taxon. Recent advances in the biostratigraphy of terrestrial vertebrates of the Karoo Basin of South Africa, which yields the most abundant fossils of Lystrosaurus (Botha and Smith, 2006; Botha and Smith, 2007; Botha and Smith, 2020; Viglietti et al., 2015), allow an assessment of the claim that Lystrosaurus is a disaster taxon.
DISCUSSION
Lystrosaurus as a “Disaster Taxon”
The term “disaster taxon” evolved from the earlier term “disaster species”. The latter was first used by Percival and Fischer (1977) to describe the calcareous nannoplankton that appeared in bloom-like abundances in the earliest Tertiary seas. The term was adopted by Kauffman (1984) and Harries and Kauffman (1990) in their reviews of marine-life survivorship of the end-Cretaceous mass extinction (ECME). Schubert and Bottjer (1992) introduced the term “disaster form” for Early Triassic stromatolites (nb. the term “disaster form” reflects the nature of fossil stromatolites as ichnotaxa). Finally, Copper (1994:3) described “…‘simpler’, stress resistant disaster taxa at the genus to ordinal (or even phylum) level” for marine invertebrates that bloomed in the wake of reef collapse.
Subsequent considerations of “disaster taxa” concept evolved in the context of anatomizing a mass extinction event into extinction, survival, and recovery intervals, and restricting the term “disaster taxon” to low-level taxa (i.e. genus and/or species). Whereas Schubert and Bottjer (1992) and Schubert and Bottjer (1995) regarded “disaster forms” as “long-ranging opportunistic generalists that briefly proliferate in the aftermath of mass extinctions,” Kauffman and Erwin (1995), Kauffman and Harries (1996), and Harries et al. (1996) distinguished “disaster species” (disaster taxa) from “opportunistic species.” These categories of survivors were proposed to bloom successively in the survival interval of a mass extinction event (Figure 1); Kauffman and Harries (1996) suggested that disaster species were probably “r-strategists,” i.e. short-lived species that produce abundant offspring. Subsequently, Rodland and Bottjer (2001) conflated these survivor concepts and defined “disaster taxa” as “a subgroup of opportunistic taxa, characterised by long evolutionary histories, that invade vacant ecospace during the survival interval but which are forced into marginal settings during later phases of the recovery.” This concept has been embraced by many researchers (e.g., Petsios and Bottjer, 2016; Song et al., 2016; Lucas, 2017).
The Rodland and Bottjer (2001) disaster-taxon concept does not apply to the genus Lystrosaurus for several reasons. As mentioned in the Introduction, Lystrosaurus does not exhibit a remarkably long stratigraphic range compared to those known for other tetrapod genera. The lowermost occurrence for the genus is L. maccaigi at the boundary between the Dicynodon-Theriognathus (lower subzone) and Lystrosaurus maccaigi-Moschorhinus (upper subzone) vertebrate subzones, respectively, of Viglietti (2020) of the Daptocephalus Assemblage Zone (uppermost Balfour Formation of South Africa; Changhsingian; Viglietti et al., 2017; Viglietti, 2020), and the uppermost occurrence is L. declivis in the upper Lystrosaurus declivis Assemblage Zone (uppermost Katberg Formation of South Africa; Olenekian; Botha and Smith, 2007; Botha and Smith, 2020). As the Lystrosaurus maccaigi-Moschorhinus vertebrate subzone of the Daptocephalus Assemblage Zone and the Lystrosaurus declivis Assemblage Zone are contained entirely within the Changhsingian through to the Olenekian stages, which totals 6.94 Ma according to the International Committee for Stratigraphy (2020), this indicates that the genus ranged less than 7 Ma. To my knowledge, no one has gauged the longevity of non-mammalian synapsid genera, but Dodson (1990) estimated that dinosaur genera ranged 5–10.5 Ma, and estimated that 7.7 Ma was a likely average. Accordingly, the longevity of the genus Lystrosaurus seems quite comparable. In addition, there is no evidence that the youngest known representatives of the genus, L. declivis and L. murrayi, were forced into marginal (ecologically suboptimal) settings during later phases of the recovery: no herbivorous tetrapods co-occur with L. declivis and L. murrayi in the upper parts of their stratigraphic ranges in the Katberg Formation; the highest occurrences of these species lie below the contact between the Katberg Formation and the overlying Burgersdorp Formation, the upper portion of which preserves the herbivorous/omnivorous cynognathian Diademodon tetragonus (Hancox et al., 1995; Botha and Smith, 2007). Accordingly, there is a brief hiatus in the ranges of herbivorous tetrapods in the Karoo Basin of South Africa, so it is not possible to state that L. declivis and L. murrayi were forced into marginal settings later during the later recovery phase.
The primary impetus for regarding Lystrosaurus as a disaster taxon is its renowned abundance. However, Lystrosaurus fossils are not remarkably abundant outside of the Karoo Basin of South Africa, where they were estimated by Groenewald and Kitching (1995) to comprise 19 out of every 20 fossils found in the Lystrosaurus declivis Assemblage Zone. This estimate, of course, is drawn from recollection of those researchers’ traditional field collecting at Lystrosaurus AZ localities, which predated the precise logging of later field workers (Ward et al., 2005; Smith and Botha, 2005; Botha and Smith, 2006; Botha and Smith, 2007; Botha-Brink et al., 2014; Botha et al., 2019). More recent field and collection assessments indicate that the Groenewald and Kitching (1995) figure is inflated, and that Lystrosaurus specimens actually comprise ca. 73% of the vertebrate fossils known from the Lystrosaurus declivis AZ (Smith et al., 2012). Smith and Botha (2005) suggested that the “over abundance” of Lystrosaurus specimens (implied by Groenewald and Kitching, 1995), particularly “monospecific bonebeds” in the lower Katberg Formation, was a taphonomic bias resulting from the concentration of these dicynodonts at lowland floodplain “waterholes,” which dried up periodically. They subsequently recognized a “Lystrosaurus abundant zone” in the lower Katberg Formation, which looks appreciably like a post-extinction “bloom” (Botha and Smith, 2006; Figure 7). However, this “Lystrosaurus abundant zone” lies ca. 50 m above the Permian-Triassic boundary and falls within Smith and Botha (2005) “recovery fauna,” a stratigraphic observation at odds with the general concept that disaster taxa bloom in the immediate aftermath of a mass extinction, a.k.a. the survivor interval (Kauffman and Erwin, 1995; Harries et al., 1996; Kauffman and Harries, 1996; Rodland and Bottjer, 2001). Accordingly, even though recent biostratigraphic work suggests that Lystrosaurus fossils form an anomalously abundant interval, this interval does not coincide with the expected survival interval of the EPME.
To conclude this section, the genus Lystrosaurus fails to meet all of the criteria that have been established for a disaster taxon (sensu Harries et al., 1996; Rodland and Bottjer, 2001). I suspect that any attempt to apply the term “disaster taxon” to any taxon above the species level, particularly a speciose group of organisms such as Lystrosaurus, is problematic, because there is always the possibility of attributing qualities of a subset of species to the entire group.
Does the Genus Lystrosaurus Include Any Disaster Species?
As noted above, Smith and Botha (2005) informally recognized a “Lystrosaurus abundant zone” for L. declivis and L. murrayi in the lower Katberg Formation of South Africa. This putative “Lystrosaurus abundant zone” could be equated to the blooms that characterize the distribution profiles of disaster and opportunistic species of Kauffman and Harries (1996, Figure 1) and Harries et al. (1996, Figures 5, 6). However, the Smith and Botha (2005) identification of “extinction,” “survivor,” and “recovery” faunas among the Permo-Triassic tetrapods of the Karoo Basin is not compatible with the “extinction,” “survivor,” and “recovery” intervals of mass extinctions that were reconstructed in the 1990s (Kauffman and Erwin, 1995; Harries et al., 1996; Kauffman and Harries, 1996), in that the tetrapod faunas of Smith and Botha (2005) overlap in time whereas the mass-extinction intervals of Kauffman and his colleagues are discrete time units. The “extinction,” “survivor,” and “recovery” faunas of Smith and Botha (2005) suggest that the “extinction,” “survivor,” and “recovery” intervals theorized in the 1990s for mass extinctions are not a realistic reconstruction of biotic responses during and immediately after a mass extinction event. The Smith and Botha (2005) recognition of overlapping “extinction,” “survivor,” and “recovery” faunas for PTB tetrapods are echoed in the conclusions of Lindstrom and McLoughlin (2007) and Hochuli et al. (2010) for PTB plants in eastern Pangaea and north-central Laurasia, respectively.
The sparse vertebrate paleontology literature that touches upon disaster species has eschewed the association of disaster species with a particular substage of a mass extinction. Benton (2003, p. 303), for example, defined disaster species as “forms that are able to radiate soon after a crisis.” More recently, Benton et al. (2014) define disaster species as “a species that survives and diversifies in post-extinction conditions, but disappears without giving rise to major components of the longer-term ecosystem.” A fundamental problem with both of these definitions is that the terms “diversifies” and “radiate” imply that a disaster species undergoes additive speciation in “post-extinction conditions.” Neither definition applies to any of the species of Lystrosaurus because stratigraphic calibration of the currently accepted tree topologies for the genus (Figure 2) demonstrate clearly that speciation events in this genus occurred before the PTB; there is no compelling evidence for any post-extinction speciation within the genus Lystrosaurus.
[image: Figure 2]FIGURE 2 | Lystrosaurid diversity across the Permo-Triassic boundary with stratigraphic data from Botha and Smith (2006), Smith and Botha-Brink (2014), Botha et al. (2019), Smith et al. (2020), and Viglietti et al. (2020), based on the leading tree topologies for the genus Lystrosaurus. (A) Topology 1 in which Lystrosaurus murrayi and L. declivus form a grade (e.g. Kammerer et al., 2013; Kammerer and Smith 2017; Cox and Angielczyk, 2015). (B) Topology 2 in which L. murrayi and L. declivus are sister taxa (Kammerer, 2019a; Kammerer, 2019b; Kammerer et al., 2019; Olroyd et al., 2017). Dicynodon and Kannemeyeriiformes are outgroups. Stratigraphic ranges of survivor/recovery taxa in medium green and extinction taxa in orange. Thick bars are known stratigraphic ranges; ghost lineages and ghost taxa are indicated by diagonal hatching; relationships indicated by thin black branches. Light green field represents “Lystrosaurus abundant zone” of Botha and Smith (2006). Lystrosaurid tree topologies from Angielczyk et al. (2013), Kammerer and Smith (2017), Kammerer (2019a), Kammerer (2019b), and Kammerer et al. (2019). Abbreviations: Anis, Anisian; CAZ, Cynognathus Assemblage Zone; Chx, Changhsingian; DAZ, Daptocephalus Assemblage Zone; EAZ, Endothiodon Assemblage Zone; Ind, Induan; KAZ, Cistecephalus Assemblage Zone; KB, Karoo biozones; LAZ, Lystrosaurus declivis Assemblage Zone; Olen, Olenekian; Wuc, Wuchiapingian.
To conclude this section, none of the species of Lystrosaurus meet the recent definitions for disaster species (Benton, 2003; Benton et al., 2014). Previously published definitions that associate disaster species with a critical time period (viz. “survival phase”) are called into question by recent studies that reconstruct overlapping extinction, survivor, and recovery biotas, and their utility is now doubtful, at least for continental biotas. Tetrapods such as L. declivis and L. murrayi that exhibit anomalously high post-extinction numbers could be identified, at most, as opportunistic species.
CONCLUSION
The dicynodont genus Lystrosaurus is commonly described as a disaster taxon in the recent literature on the end-Permian extinction event. However, those works that specifically describe Lystrosaurus as a disaster taxon neither refer to, nor provide, a definition of the term, and this problem is exacerbated by the numerous definitions that have appeared in the literature. The current phylogenetic and stratigraphic information available for species of Lystrosaurus fails to satisfy any of the published definitions for the term “disaster taxon,” leading to the conclusion that the term, at present, is too subjective and thus has questionable utility for studies of tetrapod survivorship of mass extinctions.
The concept of disaster species appears to be valid for many marine forms (e.g., Song et al., 2016), but those identified so far are suspension feeders (foraminifera, brachiopods, and bivalves). Their benthic marine ecology is very different from that of late Permian and Early Triassic Karoo tetrapods, which formed terrestrial vertebrate ecosystems of modern aspect (Sues and Reisz, 1998), where large numbers of herbivores support a relatively smaller number of carnivores (i.e. primary consumer biomass dwarfs that of secondary and higher consumers). In the case of the Lystrosaurus declivis Assemblage Zone fauna, L. murrayi and L. declivis comprised the “large number of herbivores” of the Karoo terrestrial vertebrate ecosystem, in lieu of that formed by a greater taxonomic diversity of herbivorous tetrapods recorded for the preceding late Permian Daptocephalus Assemblage Zone.
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The newly defined Frazer Beach Member of the Moon Island Beach Formation is identified widely across the Sydney Basin in both outcrop and exploration wells. This thin unit was deposited immediately after extinction of the Glossopteris flora (defining the terrestrial end-Permian extinction event). The unit rests conformably on the uppermost Permian coal seam in most places. A distinctive granule-microbreccia bed is locally represented at the base of the member. The unit otherwise consists of dark gray to black siltstone, shale, mudstone and, locally, thin lenses of fine-grained sandstone and tuff. The member represents the topmost unit of the Newcastle Coal Measures and is overlain gradationally by the Dooralong Shale or with a scoured (disconformable) contact by coarse-grained sandstones to conglomerates of the Coal Cliff Sandstone, Munmorah Conglomerate and laterally equivalent units. The member is characterized by a palynological “dead zone” represented by a high proportion of degraded wood fragments, charcoal, amorphous organic matter and fungal spores. Abundant freshwater algal remains and the initial stages of a terrestrial vascular plant recovery flora are represented by low-diversity spore-pollen suites in the upper part of the unit in some areas. These assemblages are referable to the Playfordiaspora crenulata Palynozone interpreted as latest Permian in age on the basis of high precision Chemical Abrasion Isotope Dilution Thermal Ionization Mass Spectrometry (CA-IDTIMS) dating of thin volcanic ash beds within and stratigraphically bracketing the unit. Plant macrofossils recovered from the upper Frazer Beach Member and immediately succeeding strata are dominated by Lepidopteris (Peltaspermaceae) and Voltziopsis (Voltziales) with subsidiary pleuromeian lycopsids, sphenophytes, and ferns. Sparse vertebrate and invertebrate ichnofossils are also represented in the Frazer Beach Member or in beds immediately overlying this unit. The Frazer Beach Member is correlative, in part, with a thin interval of organic-rich mudrocks, commonly known as the “marker mudstone” capping the Permian succession further to the north in the Bowen, Galilee and Cooper basins. The broad geographic distribution of this generally <5-m-thick mudrock unit highlights the development in eastern Gondwana of extensive, short-lived, shallow lacustrine systems with impoverished biotas in alluvial plain settings in the immediate aftermath of the end-Permian biotic crisis.
Keywords: Permian‐Triassic, mass extinction, CA-IDTIMS, plant fossils, palynology, fluvial sedimentology, stable isotope geochemistry, anachronistic facies
INTRODUCTION
Coalfield geologists in New South Wales, Australia, have long recognized a unit of dark gray to black shales, mudstones and siltstones, typically <2m thick, capping the uppermost Permian coal seam across the Sydney Basin. Historically, this interval has been termed the Bulli or Vales Point “roof strata” (Diessel et al., 1967), “roof shales” (Townrow, 1967b; White, 1981), “transitional zone/beds” (Hennelly, 1958; Wu et al., 2019), “blacks” (in part: Clark, 1992) or, in a paleontological sense, the “dead zone” (Vajda et al., 2020). Traditionally, the top of the uppermost Permian coal seam has been used to define the boundary between the Newcastle Coal Measures (and Illawarra Coal Measures in southern and western regions of the basin) and the overlying Narrabeen Group (Agnew et al., 1995; Armstrong et al., 1995; Scheibner and Basden, 1998; Creech, 2002; Shi et al., 2010; Pinetown, 2014; Metcalfe et al., 2015; Laurie et al., 2016). Consequently, previous studies have assigned the Vales Point/Bulli “roof strata” to the basal Narrabeen Group. In contrast, Hutton and Bamberry (1999, p. 122) recommended that these carbonaceous mudrocks should be treated as part of the Sydney Subgroup (uppermost Newcastle/Illawarra Coal Measures), but the unit has never been formally defined.
The boundary between the Bulli/Katoomba/Vales Point coal seams and the overlying shale/siltstone interval marks a major change in fossil floras throughout the Sydney Basin and is the terrestrial expression of the end-Permian extinction event (EPE) (Grebe, 1970; Helby, 1973; Retallack, 1977; Fielding et al., 2019; Mays et al., 2020; Vajda et al., 2020). Recently, our team and others have noted that this shale/mudstone/siltstone unit represents a distinctive lacustrine facies association (Facies Association G of Fielding et al., 2020) overprinted by paleosol development (Retallack, 2005), and is characterized by excursions in the values of carbon stable isotopes and chemical index of alteration (CIA) (Williams et al., 2017; Vajda et al., 2020). The unit hosts distinctive vertebrate ichnofossil (Retallack 1996; McLoughlin et al., 2020), and palynofloral assemblages initiating with a post-extinction “dead zone” primarily incorporating coalified wood and charcoal fragments. Higher in this interval, and in overlying units, abundant fungal, algal and sparse fern palynomorphs characterize post-extinction communities of opportunistic plants and the initial stages of a recovery flora (Fielding et al., 2020; Mays et al., 2020; Vajda et al., 2020).
Historically, the EPE and Permian-Triassic boundary (PTB) were assumed to be coincident across the Sydney Basin for mapping purposes and placed at the top of the uppermost Permian coal seam (McElroy, 1969). However, early palynological studies employing floristic correlations with other regions (Evans, 1966; Balme, 1969; Helby, 1970; Helby, 1973; Helby et al., 1987) inferred the PTB to be positioned higher (within the Narrabeen Group) than the major floral turnover (EPE). Some workers have invoked a significant hiatus and an erosional unconformity around the Permian-Triassic transition (base of the Narrabeen Group) in various parts of the basin (Rattigan and McKenzie, 1969; Helby, 1970; Helby, 1973; Herbert, 1997), whereas others argued that the transition is conformable (Dun, 1910). Recent work integrating sedimentology, palynostratigraphy and high-precision CA-IDTIMS dating of zircon crystals from ash beds shows that the transition is generally conformable in the basin’s main depocenters and provides clarity to the positions of the EPE and PTB within the succession (Metcalfe et al., 2015; Fielding et al., 2019; Fielding et al., 2020; Mays et al., 2020; Vajda et al., 2020).
Given that this package of mudrocks is lithologically distinct from the bracketing coal and sandstone units, has a unique fossil content, has a broad geographic distribution, and is positioned in an interval of global interest (between the EPE and PTB horizons), we argue that it deserves recognition as a discrete lithostratigraphic unit. Here we formally describe this unit as the Frazer Beach Member of the Moon Island Beach Formation and raise the Newcastle/Illawarra Coal Measures boundary to the top of this new unit. We document the sedimentary characteristics, fossil biota, depositional setting, regional correlative units and global paleoenvironmental significance of this member.
MATERIAL AND METHODS
Sedimentological features and stratigraphic relationships were compiled by logging numerous outcrop sections and bore cores from sites across the Sydney Basin (see Fielding et al., 2020 for details). Additional data were obtained from various downhole geophysical logs and well completion reports for boreholes distributed widely through the Sydney Basin and contiguous basins to the north (Gunnedah, Bowen, Galilee, and Cooper basins).
Plant macrofossils were studied from beds overlying the Bulli and Vales Point coal seams exposed at various sites around the Sydney Basin (Figure 1D) and now held in the Australian Museum (Sydney: prefixed AMF) and Swedish Museum of Natural History (Stockholm: prefixed S). Specimens were examined and photographed with low-angle light using a Canon Eos 40D camera. Palynoassemblages were studied from several wells and outcrop sections (Figure 1C): Pacific Power Hawkesbury Bunnerong DDH 1 (PHKB-1), central Sydney Basin (lat: 33°58ʹ17.61ʺS, long: 151°13ʹ43.52ʺE); AGL Bootleg DDH 8 (AGLB-8), central Sydney Basin (lat: 34°00ʹ36ʺS, long: 150°44ʹ28ʺE); Coalcliff Colliery DDH 27 (CCC-27), southern Sydney Basin (lat: 34°13ʹ25.28ʺS, long: 150°56ʹ50.67ʺE), Elecom Hawkesbury Lisarow 1 (EHKL-1), northern Sydney Basin (lat: 33°22ʹ38.54ʺS, long: 151°23ʹ0.53ʺE); exposures at Coal Cliff (lat: 34°15ʹ18.9ʺS, long: 150°58ʹ22.2ʺE), southern Sydney Basin, and Snapper Point (lat: 33°11ʹ13.35ʺS, long: 151°37ʹ42.00ʺE) and Frazer Beach (lat: 33°11ʹ37.21ʺS, long: 151°37ʹ22.34ʺE), Munmorah State Conservation Area, northern Sydney Basin. Core samples were obtained for palynology from the W.B. Clarke Geoscience Center drillcore library, Londonderry, New South Wales, Australia. Samples of ∼10–25 g were processed for palynology according to standard procedures at Global Geolab Limited, Canada (see Mays et al., 2020; Vajda et al., 2020 for details). Palynomorphs were imaged using a Zeiss Axioskop 2 Plus transmitted light microscope equipped with a Zeiss AxioCam MRc camera or an Olympus BX51 transmitted light microscope with a Lumenera Infinity 2 digital camera. All palynological slides are housed at the Department of Palaeobiology, Swedish Museum of Natural History.
[image: Figure 1]FIGURE 1 | Locality maps. (A), Paleogeographic map showing the position of the Sydney-Gunnedah-Bowen Basin complex in southeastern Gondwana. (B), Map of eastern Australia showing the distribution of Permian–Triassic basins. (C), Map of the Sydney Basin showing key wells mentioned in the text. (D), Map of the Sydney Basin showing key outcrop localities mentioned in the text.
The total organic carbon (TOC) concentration and carbon-isotopic composition of bulk organic matter was determined on splits of samples used for palynological analyses. Samples were initially powdered using a Sibtechnik rock pulverizer, then reacted with 1 N HCl for 24 h to remove inorganic carbon, rinsed three times in Milli Q water, dried at 40°C, and repowdered with an agate mortar and pestle. Powders were analyzed using a Costech Elemental Analyzer connected to a Thermo Finnigan MAT 253 Isotope Ratio Mass Spectrometer at the Keck-NSF Paleoenvironmental and Environmental Laboratory, University of Kansas. Carbon-isotopic compositions of bulk organic matter fractions are reported in permil (‰) relative to VPDB. Analyses of working standards (DORM, ATP) were reproducible to better than ±0.13‰ (1σ SD) for δ13Corg.
The Chemical Index of Alteration (CIA) of Nesbitt and Young (1982) tracks the conversion of feldspars to clays via hydration during the weathering of fine-grained siliciclastics (Sheldon and Tabor, 2009). Whereas fresh crystalline rocks are characterized by relatively low CIA values (45–55), leaching of mobile oxides and concentration of Al2O3 during chemical weathering causes CIA values to approach 100. The CIA is calculated using the following equation:
[image: image]
wherein oxides are in molar units and CaO* represents the CaO in the silicate fraction following the method of McLennan (1993). Elemental concentrations used to calculate the CIA were measured using a Bruker Tracer 5i portable x-ray fluorescence (XRF) analyzer calibrated with a series of mudrock standards including USGS shale standards SBC-1 and SCO-2, a suite of mudrock reference materials characterized by Rowe et al. (2012), and nine in-house reference materials from Permo-Triassic mudrocks in the Pacific Hawkesbury Bunnerong DDH-1 (PHKB1) drill core from the Sydney Basin, NSW described by Fielding et al. (2019). Samples were analyzed four times using a Bruker Tracer 5i in the Sedimentary Geochemistry Laboratory at the University of Nebraska-Lincoln, twice under low-energy and twice under high-energy conditions with different filters, to target a series of overlapping Kα ranges and enable precise analysis of relatively light and heavy elements. The elements Na to Fe on the periodic table were analyzed with no filter at 15 kV and 15 µA and a count time of 30 s. Concentrations of Na and Mg were also measured under a helium flush to negate atmospheric interference. High-energy analyses were undertaken at 50 kV and 35 µA and a count time of 30 s, with a Cu 75 µm:Ti 25 µm:Al 200 µm filter for the elements Ca to Kr and a Cu 100 µm:Ti 25 µm:Al 200 µm filter for Co and higher on the periodic table. The raw count rate per second (rcps) signals lay between 20,000 and 100,000 rcps.
CA-IDTIMS dating of zircons from various tuff and tuffaceous shale beds pertinent to this study was carried out at the Isotope Geology Laboratory, Boise State University, ID, USA. Details of processing methods, U-Pb isotopic data, individual grain ages, and measures of uncertainty were provided by Metcalfe et al. (2015), Fielding et al. (2019), and Fielding et al. (2020).
TECTONIC SETTING
The Sydney-Gunnedah-Bowen basin complex represents a large Permo-Triassic meridional foreland basin system positioned between the New England Orogen (a continental volcanic arc to the east) and the cratonized lower–middle Paleozoic Lachlan and Thomson orogens (to the west). The basin system developed under a convergent tectonic regime related to subduction of Panthalassan oceanic crust along the southeast margin of Gondwana (Figure 1A). The sedimentary fill of this basin complex shares various depositional features with adjacent epicratonic basins to the west (e.g., the Galilee, Cooper, Pedirka, and Arckaringa basins), and the Tasmania Basin to the south (Figure 1B).
The Sydney Basin spans >60,000 km2 at the southern end of the foreland basin system. It was located at high paleolatitudes during the Permian–Triassic transition: at ∼65–75°S according to (Veevers, 2006) or ∼85–90°S (according to Klootwijk, 2016). The basin hosts >5,000 m of basal Permian to Middle Triassic strata incorporating Cisuralian and Guadalupian glacigene and marine sedimentary rocks from the waning phase of the Late Paleozoic Ice Age, extensive coal-bearing coastal and alluvial plain deposits of the Lopingian, and fully alluvial systems in the Triassic (Tadros, 1995). Sedimentation terminated with the culmination of the Hunter-Bowen Orogeny toward the end of the Ladinian. Extensive tuffs from volcanic eruptions along the New England Fold Belt are incorporated within the Sydney Basin succession and facilitate absolute dating of the strata and calibration of the local palynostratigraphic zonation, which represents the standard reference scheme for eastern Gondwana.
LITHOSTRATIGRAPHY
Singleton Supergroup
The Singleton Supergroup was formalized by Moffitt (1982). In the Newcastle Coalfield (northeastern Sydney Basin), it is normally employed for the marine and coal-bearing succession (Tomago and Newcastle coal measures) between the underlying Maitland Group and overlying Narrabeen Group (Stephenson and Burch, 2004).
Newcastle Coal Measures (Group Status)
Although upper Permian coal has been mined in the Sydney Basin since the late 1700s, the first comprehensive study of the Newcastle Coal Measures was by David (1907) based on two decades of investigations. Geological studies progressed through the early 20th century with growing exploration for, and exploitation of, Permian bituminous coal, but an integrated lithostratigraphic scheme spanning the entire basin proved difficult to attain. Instead, separate schemes were established in each of the major coal-mining districts. Fairbridge (1953) provided one of the first attempts to categorize the Newcastle Coal Measures in detail and the unit was formally defined by Booker (1960). Key subdivisions of the coal measures were proposed by McKenzie and Britten (1969), modified by the Standing Committee on Coalfield Geology of NSW (1975), and thoroughly revised by Ives et al. (1999) based on a meridional transect of boreholes roughly 5–20 km from the coast through the northern Sydney Basin.
Ives et al. (1999) re-defined the base of the Newcastle Coal Measures as the top of the Waratah Sandstone, constituting a more sharply delimited lithological change than the gradational base of this sandy unit used previously as the floor of the coal measures. Until the 1990s, the top of the Newcastle Coal Measures had been placed at the cap of the Wallarah coal seam (placing the “Cowper tuff,” “Karignan conglomerate” and Vales Point coal seam in the Narrabeen Group). Ives et al. (1999) re-defined the top of the Newcastle Coal Measures to correspond to the top of the uppermost coal seam—in most areas, this is the Vales Point coal seam but, locally, the upper limit is retained at the top of the Wallarah coal seam where the two uppermost seams merge or the Vales Point coal seam, “Karignan conglomerate” and “Cowper tuff” have been removed by erosion or pinch out laterally. They recognized this upper boundary to mark a distinctive lithological transition in that mottled gray-green-red mudrocks, typical of the overlying Narrabeen Group, do not occur below the Vales Point coal seam. They also argued that there is a vertical change in conglomerate texture from loosely packed small- to medium-sized pebbles, to tightly packed small to large pebbles and cobbles above this level, especially in the northern part of the basin. This revised placement of the upper boundary was suggested earlier by Uren (1974). Ives et al. (1999) re-designated all previously established coal formations as informal coal seams and removed formation status for all other small internal units except for the Warners Bay Tuff. They redefined previously established subgroups and recognized them as formations, viz., the Lambton, Adamstown, Boolaroo and Moon Island Beach formations in ascending stratigraphic order (Figures 2A,B). These formations were respectively separated by prominent tuffaceous units, viz., Nobbys Tuff, Warners Bay Tuff, and Awaba Tuff, the first and last of which were raised to formation status. These thick tuffaceous units are distributed extensively in the northern Sydney Basin and represent key time markers across the region. The lithostratigraphic scheme of Ives et al. (1999) is simpler and more consistent than previous frameworks but we note that it reduces some members widely recognized in older studies (e.g., the Karignan Conglomerate and Cowper Tuff members) to informal status. We argue that stratigraphic communication would be facilitated by recognizing such well-categorized units as formal members of the formations established by Ives et al. (1999).
[image: Figure 2]FIGURE 2 | Simplified stratigraphic correlation charts for Middle Permian to Lower Triassic strata of the southern, western, and northern (Newcastle Coalfield) parts of the Sydney Basin, and adjacent Bowen Basin. (A), Correlation of major lithostratigraphic units. (B), Correlation of minor formal and informal lithostratigraphic units for the interval marked in gray within panel (A). Precise correlation of uppermost Permian units across the basin complex is currently unresolved. Adapted from Agnew et al. (1995), Armstrong et al. (1995), Yoo et al. (1995) and Ives et al. (1999).
Moon Island Beach Formation
This term was first used by Slansky (1985) and defined by Ives et al. (1999) as a partial replacement of the Moon Island Beach Subgroup of McKenzie and Britten (1969). The type section is defined as the interval from 116.41 to 187.345 m in the Elecom Newvale DDH 63 Well. The formation consists of interbedded sandstone, shale, conglomerate, claystone, and coal, and extends south and west from coastal outcrops near Catherine Hill Bay, Swansea, Belmont North, Awaba, Fassifern, Teralba and along the Sugarloaf Range south from Mount Sugarloaf in the northern Sydney Basin. The base is defined as the top of the Awaba Tuff and the top was originally defined as the top of the Vales Point coal seam or its lateral equivalents. Here we extend the upper boundary of this formation to the top of the newly defined Frazer Beach Member.
Vales Point Coal Seam and Bulli Coal
We discuss these units owing to their intimate depositional relationship with the overlying Frazer Beach Member. The Vales Point coal seam represents an informally defined unit positioned previously at the top of the Newcastle Coal Measures (Figure 2B). It was first referred to in this syntax by Scheibner and Basden (1998), but has also been called the “Vales Point Coal Member” (Bryan et al., 1966), “Vales Point Coal Seam” (McKenzie and Britten, 1969), “Vales Point Coal Seam Member” (Branagan, 1972), “Vales Point Coal” (Foster, 1979) and “Vales Point seam” (Creech, 2002). It merges with the underlying Wallarah coal seam in places where the intervening “Karignan conglomerate” is absent. We retain the Vales Point coal seam under informal nomenclature following Ives et al. (1999) but note that its recognition as a formal member would provide a clearer stratigraphic hierarchy. It consists of banded bituminous coal generally 0.5–1 m thick but locally reaching 5 m thick where it merges with the underlying Wallarah coal seam. The Vales Point coal seam has a dulling-up profile and at some sites contains thin laminae of dark shale. The uppermost few cm are blocky and commonly stained at the top and along joints by iron oxides or sulfates.
In the southern Sydney Basin, the Bulli Coal is stratigraphically equivalent to the Vales Point coal seam (Figure 2B). It is typically represented by 2–3 m of well-banded bituminous coal with sporadic carbonaceous mudstone and sideritic interbeds (Clark, 1992; Armstrong et al., 1995). The uppermost ply of the Bulli Coal is a coaly or highly carbonaceous shale commonly called the “blacks” in local miners' parlance and is indicative of changing depositional environments toward the termination of peat accumulation (Diessel et al., 1967; Clark, 1992). This ply is commonly gradational with the underlying part of the Bulli Coal and is overlain sharply or gradationally by shale (of the Frazer Beach Member) or erosionally by coarse-grained sedimentary rocks (of the Coal Cliff Sandstone). The “blacks” appears to be, in part or in whole, correlative with the basal granulestone/microbreccia bed of the Frazer Beach Member type section.
Frazer Beach Member (New Unit)
Justification
In the course of fieldwork in the Sydney Basin, we recognized a distinct, thin, laterally persistent unit of dark mudrocks overlying the Vales Point coal seam but resting below the first major sandstone, conglomerate, or gray-green-red mottled mudrocks typical of the Narrabeen Group. In its organic-rich composition and conformable or gradational base it has stronger developmental affinities to the underlying strata than it does to overlying successions with which it has a locally erosional contact. On this basis, we recognize this distinctive package of strata as a new formal subunit—the Frazer Beach Member (FBM)—of the Moon Island Beach Formation. In doing so, we raise the top of the Moon Island Beach Formation, and by definition, the Newcastle Coal Measures and Singleton Supergroup, to be defined by the base of the first major channel sandstone or its lateral equivalent—variably a massive fine-grained sandstone splay deposit or interval of interlaminated fine-grained sandstones and gray siltstones constituting the base of the Dooralong Shale—of the Narrabeen Group.
This new member has stratigraphic value as a distinctive marker unit blanketing much of the Sydney Basin and is coeval with equivalent facies (informally termed the “marker mudstone”) in sedimentary basins of northeastern Australia. Recognition of the FBM also aids documentation of the biotic and environmental changes expressed between the EPE and PTB in eastern Australia. Formalizing the unit also facilitates communication with geotechnicians, as beds of this member provide roof stability in mining operations exploiting the uppermost Permian coals in the Sydney Basin.
Etymology
Named after the location of the type section at Frazer Beach, in the Munmorah State Conservation Area, New South Wales, Australia.
Type Section
Coastal cliff section at 33°11ʹ37.21ʺS, 151°37ʹ22.34ʺE, logged by Fielding et al. (2019 figure 3), Vajda et al. (2020 figure 3), Fielding et al. (2020 figure 10) and illustrated in expanded form here (Figures 3A–C).
[image: Figure 3]FIGURE 3 | Type section of the Frazer Beach Member at Frazer Beach. (A), outcrop photo. (B), Graphic log at the same scale. (C), Graphic log showing relationships to stratigraphically adjacent units. (D), Graphic log of secondary reference section at Snapper Point 700 m to the north of the type section showing relationships to stratigraphically bounding units. (E), Enlargement of graphic log of the Frazer Beach Member at Snapper Point.
Additional Reference Sections
Secondary reference sections are designated in coastal exposures at Snapper Point, 700 m to the north of the type section (Figures 3D,E), and at Coalcliff in the southern Sydney Basin (34°15ʹ18.9ʺS, 150°58ʹ22.2ʺE; Figures 4A,B). In the latter, the FBM rests sharply but conformably on the Bulli Coal and is overlain with an erosional contact by channel sandstones (commonly with a cobble-rich basal lag) of the Coal Cliff Sandstone. A supplementary reference section is represented in the EHKL-1 (Lisarow) well at 647.05–646.0 m, although it is possible that the base of the unit was removed from this core, along with the underlying Vales Point coal seam, for geotechnical analysis.
[image: Figure 4]FIGURE 4 | Outcrop photos of the secondary reference section of the Frazer Beach Member above the Bulli Coal at Coal Cliff in the southern Sydney Basin. (A), Frazer Beach Member represented as a persistent siltstone band above the Bulli Coal and below the multistorey sandstone packages of the Coal Cliff Sandstone (scale = 1.5 m; EPE = end-Permian extinction horizon). (B), Detail of the Frazer Beach Member and its contacts (scale bar = 50 cm).
Stratigraphic Hierarchy
In the type section, the FBM is designated the uppermost component of the Moon Island Beach Formation, constituting the uppermost part of the Newcastle Coal Measures, in turn representing the uppermost unit of the Singleton Supergroup. We also recognize the persistence of the FBM into the southern and western Sydney Basin, where it represents the uppermost unit of the Sydney Subgroup, within the Illawarra Coal Measures (Figure 2B).
Lithology and Sedimentary Petrology
The FBM is dominated by shale and siltstone with few other lithologies (Figures 3A–E, 5E,F,I). Locally, a <20-cm-thick discontinuous bed of organic-rich microbreccia or granulestone occurs at the base of the unit. This bed consists of massive or weakly stratified aggregations of silt- to granule-sized siliciclastic grains, organic detritus, and irregular to rounded pebble-sized clasts of probable pumice or reworked clay galls (Figures 6A–F). Becker et al. (2004), (supplementary figure S1) illustrated putative shocked quartz grains, representing c. 1% of the quartz fraction, from the microbreccia bed at Frazer Beach. However, our petrographic investigations of this layer at Frazer Beach, Snapper Point, and a stratigraphically equivalent bed in the GSQ Taroom 10 well in the Bowen Basin, did not yield any convincing examples of quartz grains with intersecting planar deformation features. Charcoal and angular reworked coal fragments are common in this basal bed (Figures 6A,B,F). Overlying this bed, and locally replacing it, is a succession, several decimeters to several meters thick, of medium to dark gray shale and siltstone that locally contains fine charcoal particles, degraded woody debris and fungal remains (Vajda et al., 2020, figures 5E,M). In some outcrops, fissility is poor, and the rocks are better described as mudstones that develop a blocky to conchoidal weathering pattern. The mudrocks typically become paler and may coarsen upward through the unit to include a few laminae of fine-grained sandstones near the top. Where no sharp-based sandstone rests directly upon this unit, the FBM has a gradational upper boundary and coarsens upward over several meters into thinly interbedded siltstone and sandstone (Facies Associations E/F: floodbasin deposits) or thinly bedded fine-grained sandstone (Facies Association D: levee deposits) of the Dooralong Shale Fielding et al. (2020).
[image: Figure 5]FIGURE 5 | Type section of the Frazer Beach Member with representative lithologies of this unit and its bounding strata. (A), Cross-bedded sandstones of the basal Munmorah Conglomerate. (B), Olive green siltstones of the upper Dooralong Shale. (C), Siltstones and thinly laminated fine-grained sandstones of the lower Dooralong Shale. (D), Plant debris dominated by Lepidopteris callipteroides on bedding plane of the lower Dooralong Shale. (E), Siltstones of the Frazer Beach Member (incorporating a sand-filled vertebrate burrow above the basal microbreccia) overlain by basal sandstone of the Dooralong Shale. (F), Basal microbreccia of the Frazer Beach Member. (G), Vales Point coal seam. (H), Vertebraria in paleosol underlying the Vales Point coal seam. (I), Graphic log of coastal cliff (type section) at Frazer Beach. (FBM = Frazer Beach Member) (J), Position of palynological samples studied by Vajda et al. (2020). (K), δ13C values for bulk organic material of the Vales Point coal seam, Frazer Beach Member and lower Dooralong Shale. (L), Chemical Index of Alteration values for the interval from the Vales Point coal seam to upper Dooralong Shale. (M), Dominant characteristics of palynological assemblages from the Vales Point coal seam to upper Dooralong Shale (after Vajda et al., 2020). For scale, the brackets in Section 1 represent the stratigraphic coverage of the photographs in (A–H); the fossil root in (H) is 15 mm wide. Mudrocks are gray colors unless otherwise noted by Munsell codes.
[image: Figure 6]FIGURE 6 | Light (brightfield) micrographs of thin sections from the basal organic-rich granulestone/microbreccia of the Frazer Beach Member (Sydney Basin: A–D, F) and an equivalent bed at the base of the “marker mudstone” of the Bowen Basin (E). (A), Lenticular laminae of angular quartz grains, coal particles and clay pellets; type section, Frazer Beach. (B), Enlargement of angular, monocrystalline, quartz grains, elongate coal fragments and angular to rounded clay pellets, type section; Frazer Beach. (C), Organic-rich microbreccia dominated by angular and string-like masses of pumice fragments; Wybung Head. (D), Large pumice clasts (equivalent to the “kaolinite worms” of Diessel et al. (1967) set in an organic-rich matrix; Snapper Point. (E), Normally graded organic-rich sandstone–granulestone incorporating sporadic large pumice clasts at the base of the “marker mudstone” overlying the calcite-veined uppermost Permian coal in GSQ Taroom 10 borehole (212.7 cm depth). (F), Enlargement of angular quartz grains, clay pellets, and cleated coal fragment set in a ferruginous cement; type section; Frazer Beach. Scale bars for (A–E) = 5 mm; (F) = 200 µm.
The dominant sedimentary structures are flat or undulatory laminae. Diessel et al. (1967) noted that some layers are strongly fissile owing to alignment of plant debris and mica grains parallel to bedding. Current ripple cross-lamination with accessory wave-generated and combined-flow ripples are locally developed in the upper part of the unit. Diessel (1992 figure 6.10) illustrated dark siltstone interlaminated with thin sandstones organized into asymmetrical to near-symmetrical ripples of 3–7 mm amplitude and around 44 mm wavelength from beds above the Bulli Coal in the southern Sydney Basin. Large, sand-filled mudcracks are relatively common in this unit in the southern Sydney Basin (Diessel et al., 1967, figure 4; Clark, 1992, figure 23). Synaeresis cracks and a low-diversity suite of bedding-parallel and facies-crossing trace fossils are present in some sections along the basin axis. In a few cores (especially near Wyong), a more diverse trace fossil suite including Diplocraterion and other facies-crossing traces is preserved (Fielding et al., 2020).
Apart from abundant clays, Diessel et al. (1967) noted that the mudrocks contain grains of quartz, feldspars, muscovite, and assorted heavy minerals. They also noted growths of fine siderite, calcite and dolomite crystals through the fabric of some poorly fissile shales. Locally, siderite accumulation is sufficient to form ironstone bands within the shales.
Thickness
The unit is 50 cm thick in the type section (Figures 3A–C) but varies in thickness elsewhere in the basin (Figure 7). At Coalcliff, southern Sydney Basin, the FBM is 53 cm thick but the top of the unit is erosionally truncated by the Coal Cliff Sandstone. Isopachs of the “upper ply of the Bulli Coal” (Figure 8A) and Bulli Coal “roof shales” (Figure 8B) compiled by Clark (1992) and assigned to the FBM herein indicate thicknesses exceeding 5 m through the central part of the southern Sydney Basin.
[image: Figure 7]FIGURE 7 | Map of the Sydney Basin showing the interpreted thickness of the Frazer Beach Member, represented by vertical bars, in selected wells. Those wells without bars lack obvious representation of the Frazer Beach Member owing to erosional removal, faulting, analytical removal of core, non-deposition, or inadequate core data recovery.
[image: Figure 8]FIGURE 8 | Isopach maps showing the distribution of the Frazer Beach Member in the southern Sydney Basin. (A), Isopach map of the basal organic-rich granulestone/microbreccia bed, also previously known as “the blacks” or the “upper transitional ply” of the Bulli Coal. (B), Isopach map of the dominant mudrock component of the Frazer Beach Member. Maps adapted from Clark (1992).
Lower Boundary
The lower boundary of the unit is defined as the gradational, sharp, or very slightly erosional contact between the Vales Point coal seam and its lateral equivalents (e.g., the Bulli Coal and Katoomba Coal Member) and the gray or black, weakly laminated shales and siltstones or basal granule-textured, dark gray microbeccia bed of the FBM. Vajda et al. (2020) noted prominent, laterally continuous, jarosite staining at the boundary between the underlying coal and the FBM at the type locality and neighboring sections. The lower boundary is commonly not preserved in exploration well cores owing to removal of the lowermost darker beds of the FBM together with the underlying Bulli Coal or Vales Point coal seam for destructive analysis.
Upper Boundary
In the type section, the top of the FBM is defined by a sharp but conformable contact between medium-gray siltstones and a 30-cm-thick bed of massive fine-grained sandstone interpreted by Fielding et al. (2020) to represent a splay deposit at the base of the Dooralong Shale. In some boreholes (e.g., ELT Dooralong 8: Fielding et al., 2020; figure 14), the FBM has a gradational upper contact, passing upward into interlaminated fine-grained sandstones and medium-gray siltstones representative of the Dooralong Shale. Higher in the succession, the Dooralong Shale typically changes initially to mottled green–gray or blue–gray, then green–red shales and siltstones with increasing proportions of sandy beds near its upper contact with the Munmorah Conglomerate. In southern parts of the basin, the FBM is sharply (locally, erosionally) overlain by coarse-grained cross-bedded sandstones with pebbly lag layers characteristic of fluvial channel deposits (Coal Cliff Sandstone). In coastal exposures near Coalcliff, the upper part of the unit includes at least three discrete Fe-rich concretionary bands, each 1–4 cm thick. Where represented in the west of the basin, the FBM is overlain across an erosional contact by the Caley Formation or stratigraphically higher units.
Gamma Ray Log Signature
The FBM has a distinctive gamma-ray signature in borehole geophysical logs. Gamma-ray values show an initial strong positive inflection following the consistently low values characterizing the underlying Bulli Coal and Vales Point coal seam (Figure 9). This may relate to the presence of tuffaceous material in the basal microbreccia of the FBM (Fielding et al., 2020). Values then decline in a stepwise manner upward through the remainder of the unit. The gamma-ray signal at the top of the FBM is variable. It ranges from a sharp decline to low values (e.g., where the unit is overlain abruptly by the Munmorah Conglomerate), to a more gradual reduction or fluctuating levels (e.g., where the unit is overlain by an interval of intercalated sandstones and siltstones: Figure 9). The succeeding sandstone- and conglomerate-dominated basal Narrabeen Group (Coal Cliff Sandstone and Munmorah Conglomerate) is characterized by consistently low gamma-ray values.
[image: Figure 9]FIGURE 9 | Correlation of downhole gamma-ray logs spanning the Frazer Beach Member, uppermost Permian coal seam, and adjacent units between four wells in the Sydney Basin (well locations shown in Figures 1, 7). Data derives from respective unpublished well completion reports held by the W.B. Clarke Geoscience Center drillcore library, Londonderry, New South Wales, Australia. Depths indicated in meters.
Geochemical Signature
Stratigraphic profiles from various sites in the Sydney Basin show that the FBM records a transition in δ13Corg values, from c. –24 to –26‰ in underlying strata (uppermost Permian coal seam and associated strata) to values of c. –25 to –27‰ in overlying Triassic strata (Dooralong Shale and equivalents: Fielding et al., 2019; Vajda et al., 2020; Mays et al., 2020). Based on data from the type locality and nearby Snapper Point, the FBM is characterized by δ 13Corg values averaging c. –26‰ (Figure 5K). However, samples immediately above the EPE horizon reveal excursions to very low values (c. –31‰ at 4 cm above the base of the FBM type section). Low values are also recorded in algae-rich mudrocks of the overlying Dooralong Shale (c. –28‰; Vajda et al., 2020, figure 3; Figure 5K). TOC values decrease upward through the FBM, from c. 6.5–7 wt% in the basal microbreccia to <0.5 wt% in the upper 10 cm. Low TOC levels persist into the overlying Dooralong Shale (Vajda et al., 2020, figure 3). The FBM is characterized by CIA values of 88–89 (Figure 5L). In a stratigraphic context, these results define a prominent short-term excursion to higher CIA values from the generally increasing trend from a long-term average of c. 70 in upper Permian strata to c. 80 in Triassic strata (Fielding et al., 2019).
Distribution and Correlation with Australian Successions
The FBM is well exposed north of Sydney at Frazer Beach (Figures 3A–C, 5A–I) and Snapper Point (Figures 3D,E). The unit is represented extensively in boreholes above the Vales Point coal seam throughout the northern Sydney Basin and is recognized in the southern part of the basin in coastal cliff sections near Bulli and Coalcliff (Figures 4A,B). The unit is widely represented in boreholes through the center of the basin (e.g., in PHKB-1 and AGLB-8). Toward the western margin of the Sydney Basin, the FBM may be locally represented above the Katoomba Coal Member of the coal- and tuff-rich Farmers Creek Formation, Wallerawang Subgroup, Illawarra Coal Measures (Bembrick, 1983). It is possible that the lowermost mudrock interval of the Beauchamp Falls Shale Member (Caley Formation, Narrabeen Group) logged at Browns Gap near Lithgow (Bembrick, 1983) represents a local expression of the FBM. However, in most locations along the cratonic margin of the basin, the FBM and, in some cases, the underlying Katoomba Coal Member, has been removed by erosion resulting in Narrabeen Group sandstones resting with an erosional contact directly on lower beds of the Farmers Creek Formation.
The FBM appears to be absent from most of the contiguous Gunnedah Basin. As the Permian-Triassic succession is traced northwards from the Sydney Basin across the Liverpool Ranges into the Gunnedah Basin, the contact between the Black Jack Formation (Illawarra Coal Measures equivalent) and Digby Formation (basal Narrabeen Group equivalent) becomes progressively more erosional, with a significant proportion of upper Permian strata excised (McMinn, 1993; Xu and Ward, 1993). Similarly, a large proportion of the Lopingian coal measures has been eroded from the nose of the Lochinvar Anticline in the Hunter Valley, northern Sydney Basin (Harrington et al., 1989).
Further north, strata equivalent to the FBM have been recognized within depocenters of the western and northern Bowen Basin and contiguous Galilee Basin (Wheeler et al., 2020). (Metcalfe et al., 2015, figures 12, 17), illustrated a >5-m-thick shale–siltstone interval overlying the Lopingian Bandanna Formation in the Origin Energy Meeleebee-5 well in the southern Bowen Basin (expanded in Figure 10) that hosts a negative δ13C-isotope (δ13Corg) excursion similar to that recorded in the FBM. Various other wells in the Bowen and Galilee basins also intersect a siltstone-dominated interval above the topmost Permian coal that is lithologically and stratigraphically equivalent to the FBM and overlying Dooralong Shale (Figure 10). This interval, informally termed the “marker mudstone,” was initially recognized at the Newlands coal mine in the northern Bowen Basin (Clare, 1985; Michaelsen et al., 2000) as a lacustrine carbonaceous mudstone unit at the interface of the Rangal Coal Measures (Permian) and Rewan Group (predominantly Triassic). There, the unit is 2–22.9 m thick and consists of laminated carbonaceous siltstone with varve-like features, sparse plant fragments, and Botryococcus (green algal) remains (Michaelsen et al., 2000). The unit also contains subordinate sheet-like sandstones identified as crevasse-splay deposits (Michaelsen et al., 2000).
The boundary between the “marker mudstone” and the underlying Newlands Rider 1 seam (Rangal Coal Measures) appears conformable, but is marked by a prominent negative δ13Corg excursion (Hansen et al., 2000; Michaelsen, 2002). In the northern Bowen Basin, the “marker mudstone” is overlain conformably or disconformably by the sandstone- and green–red mudstone-dominated beds of the lower Rewan Group (Michaelsen et al., 2000). At the Isaac Plains coal mine, the “marker mudstone” is separated from the uppermost Permian coal seam (either the Leichhardt Seam or the Philips Rider) by a coarsening upwards shale to sandstone unit. This package of probable Permian strata has a sharp, planar contact with the “marker mudstone.” In the Bowen Basin, the organic-rich microbreccia characterizing the base of the FBM has been detected only in the “marker mudstone” in the GSQ Taroom 10 well, Denison Trough (southwestern Bowen Basin; Figure 6E).
The “marker mudstone” has a sheet-like geometry traceable in mine exposures for over 17 km along strike (Michaelsen et al., 2000). A lithologically similar 2–15-m-thick unit caps the Rangal Coal Measures at Suttor Creek, 17 km south of Newlands (Matheson, 1990). Mapping of the “marker mudstone” in the Bowen Basin suggests it is laterally continuous along the basin’s western margin (Sliwa et al., 2017) but variable (<2 m to >6 m) in thickness. The “marker mudstone” (Figure 10) appears to be a widely distributed, thin, mudrock-dominated unit, the lower part of which is laterally equivalent to the FBM and similar to it in its lacustrine depositional environment. Where the “marker mudstone” is very thick, the upper part, extending into the Playfordiaspora crenulata or Protohaploxypinus microcorpus zones, probably correlates with the Dooralong Shale. Lacustrine conditions developed extensively in the Sydney and Bowen basins following differential compaction of underlying peats (Michaelsen et al., 2000), base-level rise as a result of foreland loading (Sliwa et al., 2017), or a combination of base-level rise and significant disruption to the hydrological cycle as a result of the end-Permian extinction and regional deforestation (Vajda et al., 2020; Wheeler et al., 2020).
In the eastern part of the epicratonic Galilee Basin (GSQ Tambo 1-1A well: Figure 10), Wheeler et al. (2020) recognized a mudrock-dominated interval equated with the “marker mudstone” of the Bowen Basin that yielded palynofloras characterized by a shift from predominantly translucent phytoclasts (in the underlying Bandanna Formation) to opaque phytoclasts. This transition was accompanied by a relative increase in algal (especially Botryococcus and acanthomorph acritarchs) and fungal remains but impoverishment in vascular plant spores and pollen. These authors also recognized a low-magnitude negative δ13Corg excursion within the “marker mudstone”, mirroring the pattern in the FBM of the Sydney Basin. In the northern part of the Galilee Basin (GSQ Muttaburra 1, OEC Glue Pot Creek 1, and CRD Montani 1 wells), the “marker mudstone” appears to have been removed by erosion (Phillips et al., 2017; Phillips et al., 2018).
Westwards, in the contiguous Cooper Basin, Gray (2000) reported a >12-m-thick carbonaceous interval at the base of the mudstone- and siltstone-dominated Callamurra Member—the basal subunit of the Arrabury Formation, which rests on typical upper Permian coal-bearing successions of the Toolachee Formation (Draper, 2002). We suggest that at least part of this basal carbonaceous mudrock unit is coeval with, and depositionally akin to, the FBM.
Intercontinental Correlation
Spikes in the relative abundance of fungal and/or algal palynomorphs, dispersed charcoal, or other expressions of a palynological “dead zone”, coupled with a negative δ13Corg isotope excursion, in various other sections around the world (Looy et al., 2001; Lindström and McLoughlin, 2007; Vajda and McLoughlin, 2007; Schneebeli-Hermann and Bucher, 2015; Tewari et al., 2015; Vajda et al., 2020) are potentially useful criteria for identifying units correlative with the FBM. Several examples of thin intervals of fine-grained non-marine strata with these paleontological and geochemical features are known from other parts of Gondwana.
The most robust correlations are arguably with successions in the Transantarctic Mountains and Victoria Land, Antarctica. At Mt Crean, Victoria Land, a carbon isotope anomaly and the last occurrences of coal, Glossopteris and Vertebraria occur up to 12 m below the contact between Weller Coal Measures and the overlying Feather Conglomerate (Retallack and Krull, 1999; Retallack et al., 2005). At Graphite Peak, Transantarctic Mountains, the EPE is identified at the contact between the uppermost coal of the Buckley Formation and the overlying greenish-gray siltstones and buff sandstones of the Fremouw Formation. At both localities, the uppermost Permian coal is overlain successively by a microbreccia bed then either laminites or massive claystone reminiscent of the FBM in the Sydney Basin (Retallack, 2005). Elsewhere in the Transantarctic Mountains, e.g., at Collinson Ridge, the identification of Glossopteris several meters above the Buckley–Fremouw Formation contact suggests that this lithostratigraphic boundary and the EPE do not correspond in all places (Collinson et al., 2006). Erosion of the uppermost Permian coal in the Amery Group, Prince Charles Mountains, East Antarctica, may have removed any facies equivalent to the FBM in that region (McLoughlin et al., 1997).
Correlations with the well-studied Karoo Basin succession, South Africa, are hampered by scarce radiogenic-isotope ages and conflicting interpretations concerning the placements of the EPE and PTB (Smith and Ward, 2001; Gastaldo et al., 2005; Ward et al., 2005; Gastaldo et al., 2015; Neveling et al., 2016; Gastaldo et al., 2018; Gastaldo et al., 2020). Although mudrock-dominated intervals rich in fungal/algal fossils and vertebrate burrows are known from close to the EPE in the Karoo Basin (Retallack et al., 2003; Steiner et al., 2003; Gastaldo and Rolerson, 2008), precise correlation with the FBM is confounded by repetition of these mudrock facies through the Karoo Basin Permian-Triassic transition. Further north, laminated lacustrine fish beds (c. 30 m thick) of the middle member of the Majiya Chumvi Formation, Kenya, are bracketed by palynoassemblages that are correlated with the Dulhuntyispora parvithola and Playfordiaspora cancellosa assemblage zones (Hankel, 1992), suggesting deposition coeval with the FBM and Dooralong Shale.
In the Iria rivulet of the Son-Mahanadi Basin complex of central India, a 1.5 m interval of shale and siltstone exposed at the base of the Panchet Formation conformably overlies the Changhsingian coal-bearing Raniganj Formation (Saxena et al., 2018, figure 3). This interval hosts the last convincing examples of Glossopteris, Vertebraria and Schizoneura gondwanensis in this basin, and also contains the lowermost examples of the typical Triassic plant Dicroidium. The presence of Playfordiaspora and high relative abundances of both glossopterid (Striatopodocarpites) and corystosperm (Falcisporites) pollen (Srivastava et al., 1997) suggests that this thin interval delineates the end-Permian floristic turnover and is probably correlative with the FBM.
Depositional Setting
The laminated mudrocks of the FBM, assigned to facies association G by Fielding et al. (2020), are interpreted to represent the deposits of shallow lakes that developed in the aftermath of the EPE. The fine-grained lithologies, low-energy sedimentary structures, and facies stacking relationships signify deposition under standing-water conditions developed extensively following extinction of the lowland Glossopteris flora, cessation of peat development and continued subsidence of the peat surface (Vajda et al., 2020). The tabular sandstone overlying the FBM in the type section is interpreted to represent a splay deposit from nearby fluvial channels that spread across the shallow floodbasins during a minor flood event.
We find no evidence for marked aridification during deposition of the FBM but periodic desiccation of lake floors is evidenced by the development of large-scale mud cracks in lacustrine facies at Bulli Colliery (Diessel et al., 1967, figure 4) and sporadic tetrapod trackways and burrows in equivalent beds elsewhere in the basin (Harper, 1915; Retallack, 1996; McLoughlin et al., 2020). Isopach maps of the FBM indicate thicknesses of 2–5 m through central parts of the southern Sydney Basin (Figures 8A,B) indicating sediment accumulation in quiet waters over a broad region. Paleo-lake systems persisted during deposition of the Dooralong Shale in the northern Sydney Basin, but incorporated additional splay and levee deposits and are inferred to have experienced salinity or nutrient fluctuations and higher rates of desiccation based on stronger paleosol development (green, brown and red mottling) and variation in fossil algal suites (Retallack, 1999; Vajda et al., 2020).
Grebe (1970) reported abundant algae/acritarchs from the Dooralong Shale, which led subsequent authors to invoke a significant marine or brackish incursion into the Sydney Basin following collapse of the of the last Permian mire ecosystems (Helby, 1973; Bembrick, 1980; Retallack, 1980). Abundant algae have been reported from numerous sections through the upper FBM and lower Dooralong Shale (Hennelly, 1958; Mays et al., 2020; Vajda et al., 2020). However, most of these represent planktonic freshwater algae with affinities to Trebouxiophyceae (Quadrisporites) or Zygnematophyceae (Brazilea, Circulisporites, Peltacystia; Mays et al. (2021) and relate to extensive ponding on alluvial plains in the aftermath of the EPE (Vajda et al., 2020). Abundant leiospherid acritarchs (Leiosphaeridia) have also been reported from these strata (Vajda et al., 2020; Mays et al., 2021), but this group is polyphyletic (Moczydłowska and Willman, 2009) and the Sydney Basin forms are probably affiliated with non-marine Trebouxiophyceae (Mays et al., 2021). Only rare occurrences of coastal ichnofossils in cores near Wyong may indicate brief marine incursions into the basin depocenter (Fielding et al., 2020).
The black to dark gray, organic-rich granulestone–microbreccia bed, variably represented at the base of the FBM, is interpreted to represent primarily debris reworked from underlying strata. Retallack (2005) interpreted this bed to represent redeposited soils of contrasting composition at separate sites. The example at Coalcliff contains abundant coal and wood fragments from the underlying Bulli Coal and was termed a histic pedolith. The equivalent bed at Frazer Beach contains irregular clasts with highly birefringent streaks interpreted as aggregates (peds) from clayey Bt horizons of well-drained soils and was termed a sepic pedolith. Retallack (2005) suggested that such beds were generated by debris flows and mudflows. The microbreccia bed in the southern Sydney Basin documented by Retallack (2005) appears to equate with the upper ply of the Bulli Coal in earlier studies (Diessel et al., 1967). A 1–5-cm-thick claystone parting at the base of this ply was described by Diessel et al. (1967) as a dark brown to black pellet-tonstein containing small clasts of organic-stained allophane, micro- to cryptocrystalline kaolinite aggregates (called “worms”), and charcoal (semifusinite). Fielding et al. (2020) interpreted the high-birefringent pebbles from the microbreccia at Frazer Beach as altered pumice clasts. They considered such beds to be common above seams throughout the Newcastle and Illawarra coal measures, and represented deposits of local erosion potentially triggered by ash showers from distant volcanic eruptions based on texturally similar deposits elsewhere (Jorgensen and Fielding 1996, figure 4; Yago and Fielding 2015, figure 7F). Each interpretation emphasized a brief pulse of erosion at the base of the FBM in the immediate aftermath of peat forest denudation during the EPE.
In the northern Bowen Basin, the coeval “marker mudstone” is also interpreted to have been deposited in large floodbasin lakes based on its sheet-like geometry, predominantly fine-grained lithology, varve-like laminae, sparse Planolites trails, and Botryococcus remains (Michaelsen et al., 2000). Also equivalent to the FBM is the presence of a texturally similar, thin, dark granulestone–microbreccia bed at the base of the “marker mudstone” in GSQ Taroom 10 in the southwestern Bowen Basin (Figure 6E).
We exclude a sharp change in the regional tectonic regime as a primary influence on accumulation of the FBM owing to the distribution of this thin unit and its correlatives over a substantial distance (thousands of km) in various basins of contrasting tectonic and geodynamic context (both foreland and epicratonic basins) in eastern Australia. Moreover, the timeframe for deposition of this unit spans only a few thousand years—an interval that is probably too brief for tectonism to influence sedimentation over such a wide area. Tectonism can influence drainage patterns and sediment sources but our provenance data (palaeocurrents, elemental ratios and sandstone petrography: Vajda et al., 2020; Fielding et al. 2020) show no evidence for a major shift in sediment dispersal through this interval. The number and thickness of tuff beds in the Sydney and Bowen basins, indicative of mountain building in the New England Orogen, wanes through the Permian–Triassic transition suggesting comparatively subdued tectonism through this interval. The inter-regional extent of the FBM suggests its genesis is unrelated to any process confined to individual basins.
Geotechnical Significance
The FBM constitutes the roof strata of several coal mines exploiting the uppermost Permian seam—most notably the Bulli Coal in the southern Sydney Basin. Diessel and Moelle (1965) outlined various issues relating to stability of these strata in coal workings. In particular, they noted that rocks of the FBM form a roof of fair stability where: 1) they lack structural disturbance; 2) abrupt facies changes are not represented; 3) a clean parting separates these strata from the underlying coal seam; 4) organic laminae do not form weaknesses in the bed fabric; and 5) the thickness of the lowermost bed exceeds 25 cm.
These stability criteria are not always met in the Sydney Basin mines and roof collapse has commonly been associated with major gas outbursts from the Bulli Coal (Harvey and Singh, 1998). Thin lamination, micaceous and organic partings, and low cohesive strength (especially near structural discontinuities) of the FBM strata pose ongoing challenges for mining operations. Such hazards are highlighted by at least 11 fatalities recorded from individual rock falls from the roof or working face or from collapse of support structures in the Bulli Colliery alone between 1861 and 1987 (Illawarra Coal, 2020).
AGE CONSTRAINTS ON THE FRAZER BEACH MEMBER USING CA-IDTIMS
Dating the End-Permian Extinction and Permian-Triassic Boundary
The Permian–Triassic boundary, as defined by the first appearance datum of the conodont Hindeodus parvus from about the middle of bed 27 of the GSSP section at Meishan, China, is dated as 251.902 ± 0.024 Ma (Burgess et al., 2014). This date is a mathematical construct obtained from high-precision CA-IDTIMS analyses of two successive ash beds (beds 25 and 28) in the stratotype section. Bed 25 was dated as 251.941 ± 0.037 Ma and bed 28 as 251.880 ± 0.031 Ma, both from presumed ash-fall zircons (Burgess et al., 2014). The ash beds are separated by the 22 cm spanning beds 26 and 27. The marine extinction interval initiates at bed 25 and persists to bed 28, representing a time duration of 61 ± 46 kyr (Burgess et al., 2014). This represents an average sedimentation rate of 0.36 cm/kyr (with a potential range of 0.21–1.47 cm/kr) at Meishan.
Dating the Sydney Basin Succession
Historically, the default placement of the PTB in the Sydney Basin has been at the top of the uppermost coal seam (Bulli Coal in the south, Katoomba Coal Member in the west, and Vales Point coal seam in the northeast: David, 1950; Hutton and Bamberry 1999; Ives et al., 1999). Radiogenic isotope ages, palynological data, and carbon isotope profiles (Fielding et al., 2019; Fielding et al., 2020; Mays et al., 2020; this study) indicate that the PTB is somewhat higher than the top of the uppermost coal and above the overlying FBM.
Here we summarize recent CA-IDTIMS data from tuffs and ash-bearing siliciclastic beds that constrain the ages of the FBM, the EPE, and the PTB in the Sydney Basin (Table 1; Figure 11). All radiogenic age estimation was undertaken on euhedral zircon crystals to avoid the chances of analyzing reworked examples. Where these crystals derive from discrete tuff layers, the obtained dates are assumed to correspond closely to the depositional age of the beds. Where they derive from grains extracted from fine-grained siliciclastic layers, the obtained dates represent maximum depositional ages. Fifteen samples analyzed by CA-IDTIMS are key to constraining the age of the FBM and the major events around the end of the Permian (Figure 11).
[image: Figure 10]FIGURE 10 | Graphic logs of portions of six fully cored stratigraphic wells from the Galilee and Bowen Basin incorporating the “marker mudstone” overlying the uppermost Permian coal. The lower, organic-rich component, lacking complex sedimentary structures and trace fossil assemblages (shaded light gray), is interpreted as stratigraphically equivalent to the Frazer Beach Member of the Sydney Basin.
[image: Figure 11]FIGURE 11 | Summary diagram of radiogenic-isotope dating results from CA-IDTIMS analysis zircons from uppermost Permian and lowermost Triassic tuffs in the Sydney Basin.
[image: Figure 12]FIGURE 12 | Typical palynofacies from below, within and above the Frazer Beach Member, Sydney Basin; all scale bars = 20 μm. (A), Post-extinction recovery flora of algae and fern spores, 310–320 cm above EPE (basal Coalcliff Sandstone), Coal Cliff. (B), Fungal remains; Snapper Point, 53–56 cm above EPE (upper Frazer Beach Member). (C), Kerogen assemblage rich in bacteria-derived amorphous organic matter; Coal Cliff, 10–20 cm above EPE (middle Frazer Beach Member). (D), Charcoal-dominated assemblage; Frazer Beach (type section), 0–8 cm above EPE (basal Frazer Beach Member). (E), Typical palynoassemblage from uppermost Permian coal dominated by glossopterid pollen; Snapper Point, 4–5 cm below the EPE (Vales Point coal seam).
TABLE 1 | Summary of key ages from CA-IDTIMS dating of zircon grains obtained from tuffs and ash-bearing siliciclastic beds between the Awaba Tuff and the basal Narrabeen Group in the Sydney Basin, Australia. Details of individual grain ages, U-Pb isotopic data and measures of uncertainty are provided by Metcalfe et al. (2015), Fielding et al. (2019), and Fielding et al. (2020).
[image: Table 1]The key outcomes of this high-resolution dating are:
(1) Samples GA2666257–258, GA2666255, GA2055445, and GA2152418 yield consistently younger ages with stratigraphic position providing a strong measure of confidence for estimating sedimentation rates through the Changhsingian interval of the northern Sydney Basin (see sedimentation rate calculations of Mays et al., 2020).
(2) Sample GA2055445 (252.70 ± 0.05 Ma) derives from a tuff directly beneath the Wallarah coal—the seam stratigraphically beneath the Vales Point coal. In some places, the Wallarah and Vales Point seams amalgamate Fielding et al. (2020), hence the underlying tuff provides a maximum temporal constraint on the last phase of coal accumulation in the northern Sydney Basin.
(3) Sample GA2152418 (252.64 ± 0.07 Ma) derives from a tuff overlying the Wallarah coal seam and is dated to c. 60 kyrs younger than the preceding sample from below this coal seam. The date confirms a late Changhsingian age for the upper part of the Newcastle Coal Measures and provides a measure of the temporal span of peat accumulation represented by a typical Sydney Basin bituminous coal seam of average thickness.
(4) Samples GA3081568 and GA2152420 from the Moon Island Beach Formation in the northern Sydney Basin yielded ages that are markedly greater than those obtained from underlying samples and probably represent reworked zircon grains.
(5) Sample GA2127413 (252.60 ± 0.04 Ma) from a tuff low within the Bulli Coal and GA3081569 (252.10 ± 0.06 Ma) from the basal FBM provide age constraints on the accumulation of the uppermost Permian coal seam (c. 50,000 years) and suggest that the terrestrial EPE (at the Vales Point coal seam to FBM contact) in eastern Australia is between c. 700 and 200 kyrs older than the PTB based on dating of the GSSP section at Meishan, China.
(6) Zircons from the FBM at Coal Cliff yield dates of 252.31 ± 0.07 Ma to 252.54 ± 0.08 Ma (Figure 11) implying the EPE in that area is >410–640 kyrs earlier than the PTB (depending on the veracity of the CA-IDTIMS dates, i.e., no reworking of grains or Pb loss from the crystals). Given that the succession of dates for samples GA2777053–2777055 is slightly out of geochronological order, some reworking of zircon grains may have occurred in these beds. The younger date of GA3081569 (252.10 ± 0.06 Ma), recovered from the basal microbreccia bed of the FBM in the northern Sydney Basin, is likely to be close to the age of the terrestrial EPE in eastern Australia if there has been no erosional removal of strata at the base of the type section. Collectively, these dates suggest that the terrestrial EPE in eastern Australia occurred at least 160 kyrs before the onset of the tropical marine extinction as dated in the Global Stratotype Section at Meishan (Burgess et al., 2014). No high-resolution dates are yet available for the marine extinction at high southern palaeolatitudes.
(7) Samples GA3081569 (252.10 ± 0.06 Ma) and GA2167010 (251.51 ± 0.14) from the FBM and Coal Cliff Sandstone, respectively, provide dates bracketing the top of the FBM, and also constrain the PTB to a position between the basal FBM and 1 m above the base of the Narrabeen Group.
FOSSIL CONTENT
Palynoflora of the Frazer Beach Member
The uppermost Permian coals of the Sydney Basin host palynofloras dominated by glossopterid pollen and diverse pteridophyte spores (Figure 12E). The contact between the Vales Point coal seam (and equivalent uppermost coals of the Sydney Basin) and the succeeding FBM corresponds to the boundary between the Dulhuntyispora parvithola Zone (Foster, 1982; Mantle et al., 2010; Mays et al., 2020), or the APP5 zone (Price, 1997), and the overlying “dead zone” of Vajda et al. (2020). This boundary corresponds to the extinction of the Glossopteris flora and is the expression of the terrestrial EPE in Gondwana. In the type section, the FBM is entirely within the “dead zone” of Vajda et al. (2020), a 140-cm-thick interval characterized by a depauperate palynoflora. The palynofacies characterizing the lowermost 34 cm of the unit is dominated by charcoal and opaque wood fragments (Figure 12D), with extremely sparse algal microfossils. Above this, the upper portion of the unit expresses an increase in amorphous organic matter (Figure 12C), probably representing enhanced algal and/or bacterial accumulation (Batten, 1996; Pacton et al., 2011), and a marked increase in fungal microfossils (Figure 12B). The first significant recovery of vascular plant spores and pollen is evidenced around 1.5 m above the base of the FBM in the type section (Vajda et al., 2020; Figure 12A).
The palynological record of the FBM in the southern Sydney Basin has a similar signature to the type section. At Coalcliff, the palyno-assemblages equivalent to the “dead zone” observed at Frazer Beach are dominated by high abundances of amorphous organic matter and wood fragments, with a modest up-succession increase in algal and plant microfossil abundance and diversity. They differ only in the absence of fungi. From Appin Bore 4, southern Sydney Basin, Hennelly (1958) reported a palynological “transition interval” characterized by poor palynomorph recovery but relatively high abundances of the alga Quadrisporites horridus (Figure 13C) in the initial 38 cm above the Bulli Coal, which likely corresponds to the FBM.
[image: Figure 13]FIGURE 13 | Palynomorphs typical of the Frazer Beach Member and immediately adjacent strata, Sydney Basin, all scale bars = 10 μm, England Finder coordinates in parentheses. (A), Circulisporites parvusde Jersey, 1962, Frazer Beach, 146–150 cm above EPE (basal Dooralong Shale), S200868 (L19/4). (B), Leiosphaeridia sp., Frazer Beach, 144–146 cm above EPE (basal Dooralong Shale), S200870 (W44). (C), Quadrisporites horridusHennelly, 1958 emend. Potonié and Lele, 1961, Frazer Beach, 153–155 cm above EPE (basal Dooralong Shale), S200864 (X32/3). (D,E), Brevitriletes bulliensis (Helby, 1970 ex; de Jersey, 1979) de Jersey and Raine, 1990; (D), Frazer Beach, 148–150 cm above EPE (lower Dooralong Shale), S200868 (M20); (E), PHKB-1, 801.11 m (4 m above EPE; Frazer Beach Member), S014103/2 (S46/3). (F), Krauselisporites sp. Frazer Beach, 153–155 cm above EPE (lower Dooralong Shale), S200864 (M17). (G), Triplexisporites playfordii (de Jersey and Hamilton, 1967) Foster, 1979, PHKB-1, 805.03 m (7 cm above EPE; Frazer Beach Member), S014101/1 (G42). (H), Playfordiaspora crenulata (Wilson) Foster, 1979, Frazer Beach, 153–155 cm above EPE (lower Dooralong Shale), S200864 (Q29). (I), Thymospora ipsviciensis (de Jersey) Jain, 1968, Coalcliff, 40–45 cm above EPE (Frazer Beach Member), S029710/3 (P18/4). (J), Cyclogranisporites gondwanensisBharadwaj and Salujha, 1964, PHKB-1, 805.03 m (7 cm above EPE; Frazer Beach Member), S014101/2 (K17/4). (K), Leiotriletes directusBalme and Hennelly, 1956, PHKB-1, 805.03 m (7 cm above EPE; Frazer Beach Member), S014101/2 (F44). (L), Alisporites (Falcisporites) australisde Jersey, 1962, Frazer Beach, 148–150 cm above EPE (basal Dooralong Shale), S200868 (B/20).
[image: Figure 14]FIGURE 14 | Plant macrofossils in historical collections from the shale-dominated interval overlying the Vales Point coal seam and Bulli Coal at various sites within the Sydney Basin (see Table 2 for taxon authors). In the absence of precise stratigraphic sources, these are inferred to derive primarily from the uppermost part of the Frazer Beach Member or lowermost Dooralong Shale/Coal Cliff Sandstone; all of these strata are assigned to the Lepidopteris callipteroides Biozone. (A), Cyclomeia undulata (Pleuromeiales), “roof shales” above Bulli Coal, Bellambi Colliery, AMF58791. (B), Cyclomeia undulata (Pleuromeiales) “roof shales” above Bulli Coal, Bellambi Colliery, AMF60882. (C), Cyclomeia undulata microphyll (Pleuromeiales), “roof shales” above Bulli Coal, South Bulli, AMF63719. (D), Isoetalean or pleuromeian sporophyll, “roof shales” above Bulli Coal, Bellambi Colliery, AMF27421. (E), Cyclomeia sp.?, small pleuromeian leafless rhizomorph with attached roots, “roof shales” above Bulli Coal, Bulli, AMF120062. (F), Schizoneura gondwanensis (Equisetales), 3.05 m above topmost Permian coal, Birthday Shaft, Balmain, AMF8259. (G)Neocalamites sp. (equisetalean axis), “roof shales” above Bulli Coal, South Bulli Colliery, AMF91467. (H)Sphenopteris sp. (Polypodiopsida), “roof shales” above Bulli Coal, Bellambi Colliery, AMF27402. (I)Cladophlebis sp. (Osmundales), “roof shales” above Bulli Coal, Bellambi Colliery, AMF27406. (J)Rochipteris sp.? (Petriellales), “roof shales” above Bulli Coal, Bellambi Colliery, AMF27409a. (K)Peltaspermum sp. (Peltaspermales) or nodal diaphragm (Equisetales), “roof shales” of Bulli Coal, Bellambi Colliery, AMF27425c. (L)Vertebraria australis, (Glossopteridales root), putatively from the “roof shales” of the Bulli Coal, South Bulli Colliery, AMF63722. (M)Lepidopteris callipteroides (Peltaspermales), “roof shales” above Bulli Coal, Bulli Colliery, AMF58520. (N) Portion of Lepidopteris callipteroides pinna (Peltaspermales), sandstone lamina above Bulli Coal, Coal Cliff Beach, AMF51730. (O)Rissikia apiculata (Voltziales), “roof shales” above Bulli Coal, Bellambi Colliery, AMF27415. (P) Isolated bract or seed, “roof shales” of Bulli Coal, South Bulli Colliery, AMF91466. (Q)Voltziopsis africana (Voltziales), “roof shales” of Bulli Coal, South Bulli Colliery, AMF50149. (R)Rissikia apiculata (Voltziales), “roof shales” above Bulli Coal, Bellambi Colliery, AMF27423. Scale bars = 10 mm for all figures except P and K (= 1 mm).
In the southern (Coalcliff, CCC-27) and central (PHKB-1) Sydney Basin, the palynoassemblages from plant-bearing beds of the upper FBM or overlying basal Coal Cliff Sandstone (Facies F of Fielding et al., 2020) are attributable to the Playfordiaspora crenulata Zone (upper Changhsingian–Griesbachian), indicated by the first occurrences of Brevitriletes bulliensis (Figures 13D,E) and/or Triplexisporites playfordii (Figures 13F,G; Hennelly, 1958; Fielding et al., 2020; Mays et al., 2020). From Elecom Newvale DDH 28, northern Sydney Basin, Helby (1970) reported the first basin-wide occurrences of 17 palynomorph taxa in beds c. 33 cm above the top of the Vales Point coal seam, including the P. crenulata Zone index species mentioned above. These beds are probably attributable to the upper FBM or basal Dooralong Shale. The base of this zone is accompanied by increases in freshwater algae (Q. horridus), leiospherid acritarchs (Figures 13A,B) and fern spores (e.g., Brevitriletes, Cyclogranisporites, Leiotriletes, Thymospora; Figures 13H–K). Although the pollen records of the underlying Newcastle Coal Measures are dominated by taeniate bisaccate grains typical of glossopterids (Protohaploxypinus, Striatopodocarpites; Figure 12E), the dominant pollen of the strata succeeding the FBM are non-taeniate bisaccate forms [Alisporites (Falcisporites), Pteruchipollenites; Figure 13L].
Palynoflora of the “Marker Mudstone” (Bowen Basin)
Palynological assemblages from the relatively thick (22.9 m) “marker mudstone” at the Newlands Coal Mine are referable to Price’s (1997) APP6 zone (equivalent to the collective Playfordiaspora crenulata and Protohaploxypinus microcorpus zones) based on the appearance of P. crenulata (Michaelsen, 1999). This unit is also rich in Botryococcus (Trebouxiophyceae) at Newlands (Michaelsen et al., 1999). The APT1 zone (equivalent to the lower Lunatisporites pellucidus Zone) begins immediately above the mudstone.
The “marker mudstone” is much thinner (2–4 m) at the Isaac Plains coal mine than at Newlands but the palynological assemblages are similar (Wheeler, 2020). Samples collected from shale directly overlying the uppermost Permian coal seam, from the more expanded mudrock interval referred to the “marker mudstone”, and from the siltstones of the overlying basal Rewan Group at Isaac Plains all yield taxa typical of the Playfordiaspora crenulata and Protohaploxypinus microcorpus zones (Wheeler, 2020). The most common index taxon is Triplexisporites playfordii; occurrences of Playfordiaspora crenulata are sparse. Other notable taxa typical of the P. crenulata Zone include Thymospora ipsviciensis and Brevitriletes bulliensis. Very rare specimens of Reduviasporonites chalastus are present. Bisaccate pollen grains, such as Alisporites (Falcisporites) australis, are very rare but increase in overlying strata. Protohaploxypinus microcorpus and Lunatisporites pellucidus were not observed. Cavate trilete spores of lycopsids, e.g., Lundbladispora spp., Rewanispora foveolata (an index taxon of the P. microcorpus Zone), and Densoisporites playfordii are common. Other common trilete spores include Calamospora sp., Microbaculispora spp. and Leiotriletes directus. The presence of rare pollen of Permian aspect (e.g., some Protohaploxypinus and Striatopodocarpites species) may indicate limited reworking of grains, or the production of taeniate pollen by some non-glossopterid groups in the post-EPE flora (Mays et al., 2020). Although a palynological “dead zone” was not detected in the Bowen Basin, the “marker mudstone” of that region correlates collectively with the FBM and overlying Dooralong Shale. The abundance of taeniate bisaccate (glossopterid) pollen in palynological samples recovered from the carbonaceous mudstones immediately below the Rewan Group in the Galilee Basin by Wheeler et al. (2020) suggests that this interval is a distal equivalent of the uppermost Permian coal seams rather than a true correlative of the “marker mudstone” (Figure 10). However, the overlying thin transitional interval (between the strongly carbonaceous and greenish siltstones traditionally placed at the base of the Rewan Group) might locally represent the “marker mudstone” (Figure 10). No tuffs have been identified in the “marker mudstone” for absolute age dating.
Macroflora of the Permian-Triassic Transition
Several studies have reported plant macrofossils from shales and siltstones overlying the Vales Point, Bulli and Katoomba seams in various parts of the Sydney Basin. Most have been recovered from coastal exposures and the roof strata of mines in the Bulli district (southern Sydney Basin), coastal outcrops at Frazer Beach (northern Sydney Basin) and cuttings at Coxs Gap railway tunnel (western Sydney Basin; Retallack 1980; Retallack 2002; Vajda et al., 2020). However, in most cases it is unclear whether these fossils derive from the FBM or from fine-grained beds intercalated with the basal sandstones of the overlying Narrabeen Group. Those recorded from the Frazer Beach section (Vajda et al., 2020) derive unequivocally from an interlaminated bed of fine-grained sandstone and siltstone positioned within the lower Dooralong Shale, 1.12–1.44 m above the top of the FBM (= 1.62–1.94 m above the EPE horizon).
Fossil assemblages from the FBM and basal Narrabeen Group characterize a post-extinction flora of modest-diversity (about 16 taxa) representative of the earliest stages of ecosystem recovery. Some of these taxa are defined for specific plant organs (morphotaxa), hence the diversity of reproductively discrete (whole-plant) species represented by plant macrofossils in this unit is substantially lower. A full systematic analysis of this flora is intended for publication elsewhere, but a preliminary list of taxa represented in institutional collections is presented here to illustrate the general composition of the recovery flora, regardless of its precise stratigraphic position (Table 2).
TABLE 2 | List of the key taxa represented in the Frazer Beach Member or immediately overlying basal beds of the Narrabeen Group based on historical and recent collections held in the Australian Museum, Sydney, and the Swedish Museum of Natural History, Stockholm.
[image: Table 2]The flora contains plant groups ranging from small herbaceous forms to woody shrubs or trees. Lepidopteris callipteroides (Peltaspermales) dominates the assemblage, although voltzialean conifer twigs and isolated leaves are also common locally. Most elements of the flora persist higher into the Narrabeen Group and are attributed to the L. callipteroides macrofloral zone—roughly of latest Changhsingian to Smithian age (Retallack, 1977; Retallack, 1980; Retallack, 2002). The leaves (or leaf segments) of most plants are diminutive, and those of the gymnosperms typically bear thick cuticles and/or have strong stomatal protection suggestive of adaptation to inhibition of transpirational water loss. Elements of this fossil flora have been described and illustrated by Townrow (1956), Townrow (1960), Townrow (1966), Townrow (1967a), Townrow (1967b), Retallack (1977), Retallack (1980), Retallack (2002), and White (1981) and interpreted to reflect the establishment of a sclerophyllous vegetation tolerant to seasonal water deficiency (Retallack 2018). A selection of key taxa is illustrated here (Figure 14) to highlight the dominant woody and herbaceous components of the paleoflora. Although several plants were sclerophyllous and adapted to seasonal scarcity of moisture, we do not find evidence of xerophytic plants typical of fully arid conditions. The presence of various free-sporing ferns, sphenophytes and lycopsids suggests at least seasonally moist conditions in the aftermath of the EPE in the Sydney Basin.
The presence of Glossopteris or its associated ovuliferous (Plumsteadia) or root (Vertebraria) organs in siltstones above the Bulli Coal and its lateral equivalents is contentious. Various studies (e.g., Dun, 1911; Stuntz, 1965; Townrow, 1966; Helby 1969; McElroy, 1969) have reported the presence of Glossopteris above the uppermost Permian coal of the Sydney Basin, but concerted searches by Retallack (1980), Vajda et al. (2020), and Mays et al. (2020) failed to find any reliable evidence of this plant group above the uppermost seam. Perhaps the most convincing evidence is the illustration of a ripple-marked laminated slab hosting numerous Glossopteris leaves, possible pleuromeian microphylls and sinuous horizontal invertebrate burrows purported to derive from the roof of the Bulli Coal (Diessel, 1992, figure 6.7). The precise geographic source and stratigraphic position of this slab is unclear and it might represent an intraseam clastic bed high in the Bulli Coal. Much younger records of Glossopteris or its associated organs (e.g., from the Middle Triassic to Cretaceous) of Australia (Feistmantel, 1890; Johnston, 1896; Holmes, 1992) appear to be misidentifications of other plant groups (Gontriglossa and Sagenopteris). A single specimen of Vertebraria australis collected by G. Retallack in 1974 and registered in the Australian Museum collections (AMF63722: Figure 14L) is stated on the label to derive from the “callipteroides Zone” at South Bulli. The precise stratigraphic source of this specimen is uncertain. Similarly, small segmented rootlets reminiscent of V. australis were recorded in PHK Bunnerong‐1 well immediately above the Bulli Seam (Fielding et al., 2019), but the identification remains tentative. Small leaf fragments from Coxs Gap with anastomosing venation reported by Retallack (1980) might be the remains of Rochipteris (Petriellales) foliage rather than Glossopteris. Thus far, the evidence for Glossopteris persisting into the FBM (above the EPE) is equivocal. If this group did persist above our placement of the EPE, it was only for a brief time and in very low numbers. There is no convincing evidence of glossopterids persisting into the Triassic in Australia or elsewhere.
Fossil Fauna
Tracks of three large tetrapod animals are known from an interlaminated shale and ripple-marked sandy siltstone around 25–50 cm above the Bulli Coal in roof shales (here equated to the FBM) of Bellambi Colliery (Harper 1915; Retallack, 1996), Kemira Colliery (Clark, 1992), and Oakdale Colliery (Warren, 1997) all in the Southern Sydney Basin. The tracks vary somewhat in size but are probably conspecific. Individual footprints have digits terminated by claws and were assigned to the ichnotaxon Dicynodontopus bellambiensis (Retallack, 1996). The Bellambi Colliery footprints are around 60–80 mm long, 40–50 mm wide, with an average stride length of 349 mm (Figure 15A), and an external track width of c. 300 mm suggesting a roughly dog-sized, wide-bodied, trackmaker (Retallack, 2005, figure 13). The tracks from Oakdale Colliery are smaller but otherwise similar (Figure 15D). Retallack (1996) inferred that the Sydney Basin tracks were most likely produced by the common Gondwanan dicynodont Lystrosaurus and Warren (1997) concurred that such traces were probably produced by a dicynodont (therapsid) or procolophonid (parareptile). Burrows of a somewhat smaller vertebrate are known from the type section of the FBM in the northern Sydney Basin (Figure 15B). These burrows, assigned to Reniformichnus australis, descend from an overbank sandstone into the silty FBM and, in some cases, penetrate the underlying Vales Point coal seam. There is a continuum (normal distribution) of burrow sizes with maximum widths of 40–150 mm and heights of 11–100 mm (McLoughlin et al., 2020). They typically have a bilobate base, and bear weak bioglyphs on their surface (Figure 15C). The burrows are similar to forms interpreted as small cynodont burrows described by Sidor et al. (2008) from the Lower Triassic of Antarctica, and by Damiani et al. (2003) and Krummeck and Bordy (2018) from coeval strata in the Karoo Basin, South Africa. The Sydney Basin burrows can not be assigned definitively to any tracemaker in the absence of entombed skeletal remains but are inferred to have been produced by a Thrinaxodon-like cynodont—the range of sizes possibly being the result of production by a population of different sexes and age cohorts, together with some post-excavation compression of the burrow forms (McLoughlin et al., 2020). There is no strong evidence in terms of size distribution, shape or excavation traces to segregate these burrows into more than one ichnotaxon.
[image: Figure 15]FIGURE 15 | Vertebrate trace fossils from the Frazer Beach Member. (A) Line-drawing of probable lystrosaurid trackway from the “roof shales” above the Bulli Coal, Bellambi Colliery (trackway originally illustrated by Harper (1915), pl. 24, and Retallack (1996, figure 3). Dotted lines indicate the crests of symmetrical ripples on the bedding plane. (B) Probable cynodont burrows filled with sandstone (arrowed) transecting the Frazer Beach Member in the type section. The burrow entrances appear to be positioned at the level of the basal massive splay sandstone bed of the overlying Dooralong Shale. (C) Surface texture of a sand-filled burrow showing weakly defined bioglyphs (excavation marks). (D) Line-drawing of a dicynodont or procolophonid trackway from the “roof shales” of Oakdale Colliery (original illustrated by Warren (1997, figure 8). Dotted lines indicate fractures in the rock. Scale bars = 50 mm for (A, D), 10 mm for (C); hammer in (B) = 28 cm.
Invertebrate trackways, similar to Tasmanadia, consisting of two parallel rows of obliquely transverse markings were reported by Retallack (1996) on the same bedding plane preserving the tetrapod tracks at Bellambi Colliery, and Warren (1997) also reported invertebrate traces associated with the trackway from Oakdale Colliery. Retallack (1996) suggested that the Bellambi invertebrate trackway could have been produced by various insects. Tillyard (1918) described a fragmentary orthopteran forewing (Elcanopsis sydneiensis) from probable correlative shales above the coal seam in the Sydney Harbor Colliery at Balmain. McLoughlin et al. (2020) also reported sparse 1.2-mm-diameter silt-filled invertebrate burrows in a splay sandstone directly overlying the FBM at Frazer Beach, and Diessel (1992), figure 6.7 illustrated sinuous burrows on a bedding plane from laminites above the Bulli Coal in the southern Sydney Basin). Clark (1992) also mentioned the presence of rare burrows of unspecified character in shales overlying the Bulli Coal in the southern Sydney Basin. Bowman (1980) mentioned the occurrence of unionid bivalves in mudrocks above the Bulli Coal but did not illustrate or provide locality details of these specimens. These studies collectively indicate a relatively meagre vertebrate and invertebrate fauna associated with predominantly lacustrine or other floodplain settings during deposition of the FBM. In addition, Mishra et al. (2019) recorded spinose thecamoebid (Amoebozoa) testae from an unspecified position within a section through the uppermost Moon Island Beach Formation at Wybung Head. It is possible that these represent part of the impoverished post-EPE biota of the FBM, but it is more likely that they derive from the underlying Vales Point coal seam.
Regional Depositional Framework and Paleoclimate
The overall depositional environment both before and after accumulation of the FBM in the Sydney Basin was a lowland, probably coastal, alluvial plain crossed by sand- and gravel-bed rivers of varying size and planform. Predominantly southward-directed river systems drained the Bowen-Gunnedah-Sydney basin complex at this time, with significant contributions of sediment derived from the rising New England Orogen to the east, and lesser additions from the stable craton to the west (Ward 1972; Fielding et al., 2001; Fielding et al., 2020). Facies distributions suggest minimal long-term changes in fluvial style, and paleocurrent data indicate little change in the overall dispersal pattern across the EPE in the Sydney Basin (Fielding et al., 2020). The FBM, therefore, represents a temporary disruption of the lowland landscape in response to an ecological perturbation (probably induced by a temperature- and/or moisture-related tipping point) that eliminated deciduous hygrophilous glossopterid forests during the terrestrial EPE. Extensive but ephemeral ponding in the landscape appears to have resulted from the termination of organic accumulation following extinction of the glossopterid-dominated mire forests and the submergence of the abandoned peat surface owing to rising water tables, continued subsidence, compaction, and microbial oxidation of the peat profile, together with temporary retention of coarse clastic sediments in proximal portions of the drainage system.
The latest Permian, glossopterid-dominated, peat-forming vegetation of the Sydney Basin has been interpreted to characterize consistently moist climates under a pronounced photoperiod regime (Holmes, 1995; McLoughlin et al., 2019). Glossopterids were broad-leafed, deciduous, tall trees with aerated root systems especially adapted to growth in waterlogged substrates (McLoughlin, 2011). In contrast, the flora of the post-EPE Lepidopteris callipteroides macrofloral zone (?upper FBM to lower Narrabeen Group) is characterized by gymnosperms with small (generally <2 cm long) leaves or leaf segments, thick cuticles, and strongly protected stomata—all features of sclerophyllous plants typically adapted to warmth and seasonal water shortages. The post-EPE flora also contains an array of opportunistic herbaceous plants (Table 2) with free-sporing life cycles likely tied to episodic water availability. On this basis, we infer at least seasonally intensified moisture deficiency, but not fully arid conditions, affecting the vegetation in the immediate aftermath of the EPE. Post-EPE ponded settings were not sufficiently persistent, or the surviving peltasperm-conifer vegetation was not adequately adapted to the development of complex mire communities, to enable peat accumulation. Paleoclimate simulations adjusted for amplified levels of atmospheric CO2 derived from outgassing associated with Siberian Trap volcanism, coupled with CIA signatures of the sedimentary rocks, indicate increasingly seasonal conditions through the last 0.7–1.3 myrs of the Permian (Fielding et al., 2019; T. Frank, unpublished data). This culminated in a short phase of intense chemical weathering and environmental instability during the EPE and accumulation of the FBM. Up-section increases in the representation of desiccation features, ferruginous concretions, and microspherulitic siderite in paleosols also attest to a long-term drying trend in the Early Triassic, although log impressions up to 20 cm wide in the basal Narrabeen Group indicate conditions remained favorable for forest growth (Retallack, 1999). Paleosol chemistry has been employed to infer mean annual precipitation of 1,000–1,300 mm during deposition of both the latest Permian coal-bearing succession and the FBM, and a reduction to 800–1,200 mm per annum during deposition of the Dooralong Shale (c. 1–11 m above the topmost coal: Retallack, 1999). Collectively, the paleontological, geochemical, and modeling evidence suggests a long-term warming and (at least seasonal) drying trend through the Permian-Triassic transition, punctuated by a pulse of enhanced chemical weathering during deposition of the FBM.
DISCUSSION AND CONCLUSIONS
The newly defined Frazer Beach Member represents a distinctive, laterally extensive sheet of predominantly lacustrine shales and siltstones that accumulated in the wake of the EPE in the Sydney Basin. It represents a useful marker for lithostratigraphic correlation and accumulated over a few thousand years (Vajda et al., 2020) at the end of the Permian. Equivalent facies are recognizable in adjoining basins to the north, within the informally designated “marker mudstone.” Similar facies are also represented in equivalent stratigraphic positions across Gondwana, e.g., in Antarctica, Africa, and India.
The FBM and its lateral correlatives are characterized by depauperate vertebrate and invertebrate ichnofossil and spore-pollen-algae suites and enrichment in charcoal and fungi typical of a post-extinction “dead zone.” This combination of simple sedimentary features and impoverished fossil biota dominated by fungi and bacterially generated amorphous organic matter is the terrestrial equivalent of anachronistic facies that are commonly recognized in marine strata in the aftermath of major extinction events (Maaleki-Moghadam et al., 2019). Proliferation of fungal/algal remains (some of probable terrestrial origin) and amorphous organic matter is also a feature typical of post-EPE shallow marine palynoassemblages globally (Haig et al., 2015; Spina et al., 2015; Rampino and Eshet, 2018). Accumulation of the FBM occurred after the extinction of glossopterid-dominated arborescent peatland communities. At that time, significant organic accumulation ceased but ongoing compaction of the previously deposited peat and continuing subsidence of the depositional surface provided accommodation space for the development of extensive shallow lacustrine systems on alluvial plains. The cause of glossopterid extinction at the EPE remains unclear but is likely to be related to an environmental tipping point (e.g., excessive heat or seasonal drought) similar to those factors that primarily control the distribution of the dominant plants in modern boreal forests (Churkina and Running, 1998; Gilliam, 2016). The long-term warming and drying trends inferred for the Permian-Triassic transition are punctuated by a brief interval of enhanced chemical weathering during deposition of the FBM. The conditions favoring accumulation of the predominantly fine-grained FBM were short-lived and more typical fluvial systems of the Narrabeen Group and equivalent strata were re-established a few thousand years after the EPE. A sparse and low-diversity recovery flora, dominated by woody sclerophyllous Peltaspermales and Voltziales, and herbaceous Isoetales/Pleuromeiales, sphenophytes and ferns became established around the end of FBM accumulation, but peat-forming ecosystems producing economic quantities of coal did not recover in the region for at least 10 million years (Retallack et al., 1996; Vajda et al., 2020).
Ash beds dated by CA-IDTIMS analyses of zircon crystals now provide the Sydney Basin succession with the best age and stratigraphic constraints on the EPE and PTB in Gondwana. The terrestrial expression of the EPE in the Sydney Basin is dated to c. 252.3–252.1 Ma or roughly 200–400 kyrs before the PTB and c. 160–360 kyrs before the onset of the tropical marine extinction (with the provision that these are maximum depositional ages). This offset in terrestrial vs. marine extinctions is consistent with recent records from South Africa and China (Chu et al., 2020; Gastaldo et al., 2020). The cause(s) behind such a long lag time between the terrestrial and marine extinctions remain uncertain, but may relate to the much earlier response of hygrophilous temperate-zone plant communities to drought or abrupt warming compared to equatorial warm-water oceanic communities that were buffered from such changes. We note that additional high-precision dating of beds within the Vales Point coal seam, FBM, and basal Narrabeen Group might narrow the perceived temporal gap between these events. The pattern of terrestrial extinction and recovery at the EPE has similarities to the end-Cretaceous event in terms of sharp extinction or decline of some major woody plant groups (Vajda and Bercovici, 2014; McLoughlin, 2020), loss of large vertebrates (Huttenlocker, 2014; Botha et al., 2020; Khosla and Lucas, 2020; Smith et al., 2020) and initial re-establishment of pteridophyte-rich plant communities (Vajda and McLoughlin, 2007; Feng et al., 2020). However, the recovery of the biota after the EPE was greatly protracted in comparison to the early Paleocene. The combination of numerous CA-IDTIMS dates and a well-resolved palynostratigraphic zonation makes the Sydney Basin succession the primary reference for the correlation of terrestrial upper Permian–Lower Triassic strata in the Southern Hemisphere and provides the principal framework for understanding the evolution of the southern high-paleolatitude terrestrial biota through Earth’s largest extinction event.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.
AUTHOR CONTRIBUTIONS
SM contributed the paleobotany, geophysics, geotechnical discussion and coordinated the study. RN and JC contributed the CA-IDTIMS data and the discussion on geochronological controls on the stratigraphy. VV and CM contributed the palynology of the Sydney Basin succession. CF contributed the sedimentological and petrographic data. TF contributed the geochemical and isotopic data. AW contributed the palynology of the Bowen and Galilee Basin successions. MB contributed borehole data and information on the regional distribution of strata. All authors contributed to the development of the manuscript, the Discussion of the results, and the writing of the text.
FUNDING
Funding from Vetenskapsrådet and the National Science Foundation collectively supported fieldwork in Australia, laboratory analysis of samples and manuscript preparation costs.
ACKNOWLEDGMENTS
The authors acknowledge the support of the Swedish Research Council (VR) grants 2018-04527 to SM, and 2015-4264 and 2019-04061 to VV, and a collaborative research grant from the National Science Foundation (EAR-1636625 to CF and TF). We thank two reviewers for their constructive comments on the manuscript.
REFERENCES
 Agnew, D., Bocking, M., Brown, K., Ives, M., Johnson, D., Howes, M., et al. (1995). “Sydney basin—Newcastle Coalfield,” in Geology of Australian coal basins ed . Editors C. R. Ward, H. J. Harrington, C.W. Mallett, and J. W. Beeston (Sydney: Geological Society of Australia, Coal Geology Group, Special Publication 1), 197–212.
 Armstrong, M., Bamberry, W. J., Hutton, A. C., and Jones, B. G. (1995). “Southern coalfield,” in Geology of Australian coal basins ed . Editors C. R. Ward, H. J. Harrington, C. W. Mallett, and J. W. Beeston (Sydney: Geological Society of Australia, Coal Geology Group, Special Publication 1), 213–230.
 Balme, B. E. (1969). The Permian-Triassic boundary in Australia. Geol. Soc. Aus. Spec. Publ. 2, 99–112.
 Balme, B. E., and Hennelly, J. P. F. (1956). Monolete, monocolpate, and alete sporomorphs from Australian Permian sediments. Aust. J. Bot. 4, 54–67.
 Batten, D. J. (1996). “Chapter 26A. Palynofacies and palaeonvironmental interpretation,” in Palynology: principles and applications ed . Editors J. Jansonius, and D.C. McGregor (Los Angeles: American Association of Stratigraphic Palynologists Foundation), 1011–1064.
 Becker, L., Poreda, R. J., Basu, A. R., Pope, K. O., Harrison, T. M., Nicholson, C., et al. (2004). Bedout: a possible end-Permian impact crater offshore of northwestern Australia. Science 304, 1469–1476. doi:10.1126/SCIENCE.1093925
 Bembrick, C. S. (1980). “Geology of the Blue Mountains, western Sydney Basin,” in A guide to the Sydney Basin ed . Editors C. Herbert, and R. Helby (Sydney: New South Wales Geological Survey Bulletin), Vol. 26, 134–161.
 Bembrick, C. S. (1983). Stratigraphy and sedimentation of the late Permian Illawarra coal measures in the Western Coalfield, Sydney Basin, New South Wales. J. Proc. Roy. Soc. NSW 116, 105–117.
 Bharadwaj, D. C., and Salujha, S. K. (1964). Sporological study of seam VIII in Raniganj Coalfield, Bihar (India)–Part I. Description of sporae dispersae. Palaeobotanist 12, 181–215.
 Booker, F. W. (1960). Studies in Permian sedimentation in the Sydney Basin, New South Wales. Geol. Surv. NSW, Dept. Mines Rep. 5, 10–62.
 Botha, J., Huttenlocker, A. K., Smith, R. M. H., Prevec, R., Viglietti, P., and Modesto, S. (2020). New geochemical and palaeontological data from the Permo-Triassic boundary in the South African Karoo Basin test the synchrony of terrestrial and marine extinctions. Palaeogeogr. Palaeoclimatol. Palaeoecol. 540, 109469. doi:10.1016/j.palaeo.2019.109467
 Bowman, H. N. (1980). “Southern Coalfield, upper Shoalhaven Group and Illawarra coal measures,” in A guide to the Sydney Basin ed . Editors C. Herbert, and R. Helby (Sydney: New South Wales Geological Survey Bulletin), Vol. 26, 116–132.
 Branagan, D. F. (1972). Geology and coal mining in the Hunter Valley 1791–1861, Newcastle history monographs 6. Newcastle: Newcastle Public Library.
 Bryan, J. H., McElroy, C. T., and Rose, G. (1966). Sydney 1:250,000 geological series explanatory notes. 3rd Edn. Sydney: Geological Survey of New South Wales.
 Burgess, S. D., Bowring, S., and Shen, S.-z. (2014). High-precision timeline for Earth’s most severe extinction. Proc. Nat. Acad. Sci. U.S.A. 111, 3316–3321. doi:10.1073/pnas.1317692111
 Chu, D., Grasby, S. E., Song, H., Corso, J. D., Wang, Y., Mather, T. A., et al. (2020). Ecological disturbance in tropical peatlands prior to marine Permian-Triassic mass extinction. Geology 48, 288–292. doi:10.1130/G46631.1
 Churkina, G., and Running, S. W. (1998). Contrasting climatic controls on the estimated productivity of global terrestrial biomes. Ecosystems 1, 206–215. doi:10.1007/s100219900016
 Clare, R. C. (1985). “Geology of the Newlands mine area,” in Proceedings of the Bowen Basin Coal Symposium (Rockhampton: Geological Society of Australia), 284–292.
 Clark, B. R. (1992). Depositional environment of the Bulli Coal in the Southern Coalfield of New South Wales and its effect on quality characteristics. MSc thesis. Wollongong: The University of Wollongong, 161, (unpublished).
 Coal, I. (2020). Old Bulli colliery. https://www.illawarracoal.com/minebase/minebase-a-c/276-old-bulli-colliery.html (Accessed July 3, 2020).
 Collinson, J. W., Hammer, W. R., Askin, R. A., and Elliot, D. H. (2006). Permian-Triassic boundary in the central transantarctic Mountains, Antarctica. Geol. Soc. Amer. Bull. 118, 747–763. doi:10.1130/B25739.1
 Creech, M. (2002). Tuffaceous deposition in the Newcastle Coal Measures: challenging existing concepts of peat formation in the Sydney Basin, New South Wales, Australia. Int. J. Coal Geol. 51, 185–214. doi:10.1016/S0166-5162(02)00084-8
 Damiani, R., Modesto, S., Yates, A., and Neveling, J. (2003). Earliest evidence of cynodont burrowing. Proc. R. Soc. Lond. B 270, 1747–1751. doi:10.1098/rspb.2003.2427
 David, T. W. E. (1907). The geology of the Hunter River coal measures. Geol. Surv. NSW Mem. 4, 1–372.
 David, T. W. E. (1950). The geology of the Commonwealth of Australia 1. London: Edward Arnold.
 de Jersey, N. J. (1962). Triassic spores and pollen grains from the Ipswich Coalfield. Geol. Surv. Qld. Pub. 307, 1–18.
 de Jersey, N. J. (1979). Palynology of the Permian-Triassic transition in the western Bowen Basin. Geol. Surv. Qld. Pub. 374, 1–39.
 de Jersey, N. J., and Hamilton, M. (1967). Triassic spores and pollen grains from the Moolayember Formation. Geol. Surv. Qld. Publ. 336, 1–61.
 de Jersey, N. J., and Raine, J. I. (1990). Triassic and earliest Jurassic miospores from the Murihiku Supergroup, New Zealand. New Zeal. Geol. Surv. Paleontol. Bull. 62, 1–164.
 Diessel, C. F. K. (1992). Coal-bearing depositional systems. Berlin: Springer.
 Diessel, C. F. K., Driver, R. C., and Moelle, K. H. R. (1967). Some geological investigations into a fossil river system in the roof strata of the Bulli Seam, Southern Coalfield. AUSIMM Proc. 221, 19–37.
 Diessel, C. F. K., and Moelle, K. H. R. (1965). “The application of analysis of the sedimentary and structural features of a coal seam and its surrounding strata to the operations of mining,” in Eighth Commonwealth Mining and Metallurgy Congress, Australia and New Zealand, 22nd technical session, coal mining ed . Editors J. T. Woodcock, R. T. Madigan, and R. G. Thomas (Melbourne: Australasian Institute of Mining and Metallurgy), 837–856.
 Draper, J. J. (2002). Geology of the Cooper and Eromanga basins, Queensland. Queensland minerals and energy review series. Brisbane: Queensland Department of Natural Resources and Mines.
 Dun, W. S. (1910). Notes on some fossil plants from the roof of the coal seam in the Sydney Harbour Colliery. J. Proc. Roy. Soc. NSW 44, 615–619.
 Dun, W. S. (1911). Additions to the Permo-Carboniferous flora of New South Wales, No. 2. Rec. Geol. Surv. NSW 6, 46–51.
 Evans, P. R. (1966). Mesozoic stratigraphic palynology in Australia. Australas. Oil Gas J. 12, 58–63.
 Fairbridge, R. W. (1953). Australian stratigraphy. 2nd Edn. Perth: University of Western Australia Textbooks Board.
 Feistmantel, O. (1876). Notes on the age of some fossil floras of India. Rec. Geol. Surv. India 9, 63–79.
 Feistmantel, O. (1890). Geological and palaeontological relations of the coal and plant-bearing beds of Palaeozoic and Mesozoic age in eastern Australia and Tasmania, with special reference to the fossil flora. Mem. Geol. Surv. NSW, Palaeont. 3, 1–183.
 Feng, Z., Wie, H.-B., Guo, Y., He, X.-Y., Sui, Q., Zhou, Y., et al. (2020). From rainforest to herbland: new insights into land plant responses to the end-Permian mass extinction. Earth Sci. Rev. 204, 103153. doi:10.1016/j.earscirev.2020.103153
 Fielding, C. R., Frank, T. D., Tevyaw, A. P., Savatic, K., Vajda, V., McLoughlin, S., et al. (in press2020). Sedimentology of the continental end-Permian extinction event in the Sydney Basin, eastern Australia. Sedimentology doi:10.1111/sed.12782
 Fielding, C. R., Frank, T. D., Vajda, V., McLoughlin, S., Mays, C., Tevyaw, A. P., et al. (2019). Age and pattern of the southern high-latitude continental end-Permian extinction constrained by multiproxy analysis. Nat. Comm. 10, 385. doi:10.1038/s41467-018-07934-z
 Fielding, C. R., Sliwa, R., Holcombe, R. J., and Jones, A. T. (2001). “A new palaeogeographic synthesis for the Bowen, Gunnedah and Sydney Basins of eastern Australia,” in Eastern Australasian Basins Symposium. Petroleum Exploration Society of Australia special publication ed . Editors K.C. Hill, and T. Bernecker (Melbourne: Australasian Institute of Mining and Metallurgy), 269–278.
 Foster, C. B. (1979). Permian plant microfossils of the Blair Athol Coal Measures, Baralaba Coal Measures, and basal Rewan Formation of Queensland. Geol. Surv. Qld. Publ. 372, 1–244.
 Foster, C. B. (1982). Spore-pollen assemblages of the Bowen Basin, Queensland (Australia): their relationship to the Permian/Triassic boundary. Rev. Palaeobot. Palynol. 36, 165–183.
 Gastaldo, R. A., Adendorff, R., Bamford, M., Labandeira, C. C., Neveling, J., and Sims, H. (2005). Taphonomic trends of macrofloral assemblages across the Permian–Triassic boundary, Karoo Basin, South Africa. Palaios 20, 479–497.
 Gastaldo, R. A., Kamo, S. L., Neveling, J., Geissman, J. W., Bamford, M., and Looy, C. V. (2015). Is the vertebrate-defined Permian-Triassic boundary in the Karoo Basin, South Africa, the terrestrial expression of the end-Permian marine event?. Geology 43, 939–942.
 Gastaldo, R. A., Kamo, S. L., Neveling, J., Geissman, J. W., Looy, C. V., and Martini, A. M. (2020). The base of the Lystrosaurus Assemblage Zone, Karoo Basin, predates the end-Permian marine extinction. Nat. Comm. 11, 1428. doi:10.1038/s41467-020-15243-7
 Gastaldo, R. A., Neveling, J., Geissman, J. W., and Kamo, S. L. (2018). A lithostratigraphic and magnetostratigraphic framework in a geochronologic context for a purported Permian–Triassic boundary section at Old (West) Lootsberg Pass, Karoo Basin, South Africa. Geol. Soc. Am. Bull. 130, 1411–1438.
 Gastaldo, R. A., and Rolerson, M. W. (2008). Katbergia gen. nov., a new trace fossil from upper Permian and Lower Triassic rocks of the Karoo Basin: implications for palaeoenvironmental conditions at the P/Tr extinction event. Palaeontology 51, 215–229.
 Gilliam, F. S. (2016). Forest ecosystems of temperate climatic regions: from ancient use to climate change. New Phytol. 212, 871–887. doi:10.1111/nph.14255
 Gray, A. R. G. (2000). Amendments to the stratigraphy of the Early Triassic Arrabury Formation in the Cooper Basin. Qld. Govt. Min. J. 101, 32–38.
 Grebe, H. (1970). Permian plant microfossils from the Newcastle Coal Measures/Narrabeen Group boundary, Lake Munmorah, New South Wales. Rec. Geol. Surv. NSW 12, 125–136.
 Haig, D., Martin, S. K., Mory, A. J., McLoughlin, S., Backhouse, J., Berrell, R. W., et al. (2015). Early Triassic (early Olenekian) life in the interior of East Gondwana: mixed marine-terrestrial biota from the Kockatea Shale, Western Australia. Palaeogeog., Palaeoclimatol., Palaeoecol. 471, 511–533. doi:10.1016/j.palaeo.2014.10.015
 Hankel, O. (1992). Late Permian to Early Triassic microfloral assemblages from the Mayiya Chumvi Formation, Kenya. Rev. Palaeobot. Palynol. 72, 129–147.
 Hansen, H. J., Lojen, S., Toft, P., Dolenec, T., Jinan, T., Michaelsen, P., et al. (2000). “Magnetic susceptibility and organic carbon isotopes of sediments across some marine and terrestrial Permo-Triassic boundaries,” in Permian-Triassic evolution of Tethys and western circum-Pacific ed . Editors H. Yin, J. M. Dickins, G. R. Shi, and J. Tong (Amsterdam: Elsevier), 271–289.
 Harper, L. E. (1915). Geology and mineral resources of the Southern Coal-field. Geol. Mem. Geol. Surv. NSW 7, 1–410.
 Harrington, H. J., Brakel, A. T., Hunt, J. W., Wells, A. T., Middleton, M. F., O’Brien, P. E., et al. (1989). Permian coals of eastern Australia. Bur. Min. Res. Bull. 231, 1–412.
 Harvey, C. R., and Singh, R. N. (1998). “A review of fatal outburst incidents in the Bulli Seam,” in In coal 1998: coal operators’ conference ed . Editor N. Aziz ( Wollongong: University of Wollongong and the Australasian Institute of Mining and Metallurgy), 649–658.
 Helby, R. J, (1969). “The age of the Narrabeen Group as implied by the microfloras,” in The geology of new south wales . The Sydney Basin, V. (Sydney: Geological Society of Australia), 404–405.
 Helby, R. J. (1970). A biostratigraphy of the late Permian and Triassic of the Sydney Basin. PhD thesis. Sydney: University of Sydney, 513. (unpublished).
 Helby, R. J. (1973). Review of late Permian and Triassic palynology of New South Wales. Geol. Soc. Aus. Spec. Pub. 4, 141–155.
 Helby, R. J., Morgan, R., and Partridge, A. D. (1987). A palynological zonation of the Australian Mesozoic. Mem. Assoc. Aust. Palaeontol. 4, 1–94.
 Hennelly, J. P. F. (1958). Spores and pollens from a Permian-Triassic transition. N.S.W. Proc. Linn. Soc. NSW 83, 363–369.
 Herbert, C. (1997). Sequence stratigraphic analysis of Early and Middle Triassic alluvial and estuarine facies in the Sydney Basin, Australia. Aust. J. Earth Sci. 44, 125–143. doi:10.1080/08120099708728299
 Holmes, W. B. K. (1992). “Glossopteris-like leaves in the Triassic of eastern Australia,” in Proceedings of the Birbal Sahni centenary palaeobotanical conference ed . Editors B. S. Venkatachala, K. P. Jain, and N. Awasthi (Lucknow: The Birbal Sahni Institute of Palaeobotany), 119–125.
 Holmes, W. B. K. (1995). “The late Permian megafossil flora from Cooyal, New South Wales, Australia,” in Global environment and diversification of plants through geological time, Birbal Sahni centenary volume ed . Editor D. D. Pant (Allahabad: South Asian Publishers), 123–152.
 Huttenlocker, A. K. (2014). Body size reductions in nonmammalian eutheriodont therapsids (Synapsida) during the end-Permian mass extinction. PloS One 9 (2), e87553. doi:10.1371/journal.pone.0087553
 Hutton, A., and Bamberry, J. (1999). Stratigraphy and terminology for the Southern Coalfield. Coalfield Geol. Counc. NSW Bull. 1, 120–152.
 Illawarra Coal, (2020). Old Bulli Colliery. https://www.illawarracoal.com/minebase/minebase-a-c/276-old-bulli-colliery.html (Accessed July 3, 2020).
 Ives, M., Brinton, J., Edwards, J., Rigby, R., Tobin, C., and Weber, C. R. (1999). Revision of the stratigraphy of the Newcastle Coal Measures. Coalfield Geol. Counc. NSW Bull. 1, 113–119.
 Jain, R. K. (1968). Middle triassic pollen grains and spores from Minas de Petroleo beds of the Cacheuta Formation (Upper Gondwana), Argentina. Palaeontog. Abt. B 122, 1–47.
 Johnston, R. M. (1896). Further contributions to the history of the fossil flora of Tasmania. Parts 1 and 2. Pap. Proc. Roy. Soc. Tas. 1894–1895, 57–63.
 Jorgensen, P. J., and Fielding, C. R. (1996). Facies architecture of alluvial floodbasin deposits: three-dimensional data from the Upper Triassic Callide Coal Measures of east-central Queensland, Australia. Sedimentology 43, 479–495. doi:10.1046/j.1365-3091.1996.d01-25.x
 Khosla, A., and Lucas, S. G. (2020). “End-Cretaceous extinctions,” in Encyclopedia of geology ed . Editors S. Elias, and D. Alderton2nd Edn. (Amsterdam: Elsevier). doi:10.1016/B978-0-12-409548-9.12473-X
 Klootwijk, C. (2016). Paleomagnetism of the Carboniferous Rouchel Block, Tamworth Belt, and pole path revision for the new England Orogen, eastern Australia. Aust. J. Earth Sci. 63, 513–549. doi:10.1080/08120099.2016.1223170
 Krummeck, W. D., and Bordy, E. M. (2018). Reniformichnus katikatii (new ichnogenus and ichnospecies): continental vertebrate burrows from the Lower Triassic, main Karoo Basin. S. Afr.: Ichnos 25, 138–149. doi:10.1080/10420940.2017.1292909
 Laurie, J. R., Bodorkos, S., Nicoll, R. S., Crowley, J. L., Mantle, D. J., Mory, A. J., et al. (2016). Calibrating the middle and late Permian palynostratigraphy of Australia to the geologic time-scale via U–Pb zircon CA-IDTIMS dating. Aust. J. Earth Sci. 63, 701–730. doi:10.1080/08120099.2016.1233456
 Lindström, S., and McLoughlin, S. (2007). Synchronous palynofloristic extinction and recovery after the end-Permian event in the Prince Charles Mountains, Antarctica: implications for palynofloristic turnover across Gondwana. Rev. Palaeobot. Palynol. 145, 89–122. doi:10.1016/j.revpalbo.2006.09.002
 Looy, C. V., Twitchett, R. J., Dilcher, D. L., van Konijnenburg-van Cittert, J. H. A., and Visscher, H. (2001). Life in the end-Permian dead zone. Proc. Nat. Acad. Sci. U.S.A. 98, 7879–7883. doi:10.1073/pnas.131218098
 Maaleki-Moghadam, M., Rafiei, B., Richoz, S., Woods, A. D., and Krystyn, L. (2019). Anachronistic facies and carbon isotopes during the end-Permian biocrisis: evidence from the mid-Tethys (Kisejin, Iran). Palaeogeog. Palaeoclimatol. Palaeoecol. 516, 364–383. doi:10.1016/j.palaeo.2018.12.007
 Mantle, D. J., Kelman, A. P., Nicoll, R. S., and Laurie, J. R. (2010). Australian biozonation chart 2010. Part 1: Australian and selected international biozonation schemes tied to the GTS 2004 geological timescale. Canberra: Geoscience Australia.
 Matheson, S. G. (1990). Coal geology and exploration in the Rangal Coal Measures, north Bowen Basin. Qld. Geol. 1, 74.
 Mays, C., Vajda, V., Frank, T. D., Fielding, C. R., Nicoll, R. S., Tevyaw, A. P., et al. (2020). Refined Permian–Triassic floristic timeline reveals early collapse and delayed recovery of south polar terrestrial ecosystems. Geol. Soc. Am. Bull. 132, 1489–1513. doi:10.1130/B35355.1
 Mays, C., Vajda, V., and McLoughlin, S. (2021). Permian–Triassic non-marine algae of Gondwana—distributions, natural affinities, ecological implications and extinction patterns. Earth-Sci. Rev. 212, 103382. doi:10.1016/j.earscirev.2020.103382
 McCoy, F. (1847). On the fossil botany and zoology of the rocks associated with the coal in Australia. Ann. Mag. Nat. Hist. 20, 145–157.
 McElroy, C. T. (1969). “Triassic system: Narrabeen group,” in The geology of New South Wales ed . V. The Sydney Basin. Editor G. H. Packham (Sydney: Geological Society of Australia), 388–407. 
 McKenzie, P. J., and Britten, R. A. (1969). “Permian of the Hunter Valley–Newcastle Coal Measures,” in The geology of New South Wales ed . V. The Sydney Basin Editor G. H. Packham (Sydney: Geological Society of Australia), 339–350. 
 McLennan, S. M. (1993). Weathering and global denudation. J. Geol. 101, 295–303.
 McLoughlin, S. (2011). Glossopteris: insights into the architecture and relationships of an iconic Permian Gondwanan plant. J. Bot. Soc. Bengal 65, 1–14.
 McLoughlin, S. (2020). “History of life: plants: gymnosperms”. in Encyclopedia of geology ed . 2nd Edn, Editors S. Elias, and D. Alderton (Amsterdam: Elsevier), 25. doi:10.1016/B978-0-08-102908-4.00068-0
 McLoughlin, S., Lindström, S., and Drinnan, A. N. (1997). Gondwanan floristic and sedimentological trends during the Permian-Triassic transition: new evidence from the Amery group, northern Prince Charles Mountains, East Antarctica. Antarct. Sci. 9, 281–298.
 McLoughlin, S., Maksimenko, A., and Mays, C. (2019). A new high-paleolatitude late Permian permineralized peat flora from the Sydney Basin, Australia. Int. J. Plant Sci. 180, 513–539. doi:10.1086/702939
 McLoughlin, S., Mays, C., Vajda, V., Bocking, M., Frank, T. D., and Fielding, C. R. (2020). Dwelling in the dead zone—vertebrate burrows immediately succeeding the end-Permian extinction event in Australia. Palaios 35, 342–357. doi:10.2110/palo.2020.007
 McMinn, A. (1993). “Palynostratigraphy,” in The Gunnedah Basin, New South Wales ed . Editor N. Z. Tadros (Sydney: Geological Survey of New South Wales, Memoir Geology), Vol. 12, 135–143.
 Metcalfe, I., Crowley, J. L., Nicoll, R. S., and Schmitz, M. (2015). High-precision U-Pb CA-TIMS calibration of Middle Permian to Lower Triassic sequences, mass extinction and extreme climate-change in eastern Australian Gondwana. Gondwana Res. 28, 61–81. doi:10.1016/j.gr.2014.09.002
 Michaelsen, P. (1999). Development of late Permian coal Measures, northern Bowen basin, Australia. PhD thesis. Townsville (QLD): James Cook University, 410 (unpublished).
 Michaelsen, P. (2002). Mass extinction of peat-forming plants and the effect on fluvial styles across the Permo-Triassic boundary, Bowen Basin, Australia. Palaeogeog., Palaeoclimatol., Palaeoecol. 179, 173–188. doi:10.1016/S0031-0182(01)00413-8
 Michaelsen, P., Foster, C. B., and Henderson, R. A. (1999). “Destabilisation and collapse of a long-lived (c. 9 My) peat mire ecosystem and dramatic changes of alluvial architecture: Permian–Triassic boundary, northern Bowen Basin, Australia,” in International Conference on Pangea and the Paleozoic–Mesozoic Transition, Wuhan, China, 9–11 march, 1999 ed . Editors H. Yin, and J. Tong (Wuhan: University of Geosciences Press), 137–140.
 Michaelsen, P., Henderson, R. A., Crosdale, P. J., and Mikkelsen, S. O. (2000). Facies architecture and depositional dynamics of the upper Permian Rangal Coal Measures, Bowen Basin, Australia. J. Sediment. Res. 70, 879–895. doi:10.1306/2DC4093F-0E47-11D7-8643000102C1865D
 Mishra, S., Jha, N., Stebbins, A., Brookfield, M., and Hannigan, R. (2019). Palaeoenvironments, flora, and organic carbon and nitrogen isotope changes across the non-marine Permian-Triassic boundary at Wybung Head, Australia. Palaeogeog. Palaeoclimatol. Palaeoecol. 534, 109292. doi:10.1016/j.palaeo.2019.109292a
 Moczydłowska, M., and Willman, S. (2009). Ultrastructure of cell walls in ancient microfossils as a proxy to their biological affinities. Precambrian Res. 173, 27–38. doi:10.1016/j.precamres.2009.02.006
 Moffitt, R. S. (1982). The 1980 east Muswellbrook coal drilling programme. Geol. Surv. NSW Quart. Notes 47, 17–26.
 Nesbitt, H. W., and Young, G. M. (1982). Early Proterozoic climates and plate motions inferred from major element chemistry of lutites. Nature 299, 715–717.
 Neveling, J., Gastaldo, R. A., and Geissman, J. W. (2016). The Permo–Triassic boundary in the Karoo Basin. Field Trip Guide PRE 3, 22–27 Cape Town: 35th International Geological Congress.
 Pacton, M., Gorin, G. E., and Vasconcelos, C. (2011). Amorphous organic matter—experimental data on formation and the role of microbes. Rev. Palaeobot. Palynol. 166, 253–267. doi:10.1016/j.revpalbo.2011.05.011
 Phillips, L. J., Crowley, J. L., Mantle, D. J., Esterle, J. S., Nicoll, R. S., McKellar, J. L., et al. (2018). U-Pb geochronology and palynology from Lopingian (upper Permian) coal measure strata of the Galilee Basin, Queensland, Australia. Aust. J. Earth Sci. 65, 153–173. doi:10.1080/08120099.2018.1418431
 Phillips, L. J., Esterle, J. S., and Edwards, S. A. (2017). Review of Lopingian (upper Permian) stratigraphy of the Galilee Basin, Queensland, Australia. Aust. J. Earth Sci. 64, 283–300. doi:10.1080/08120099.2017.1290684
 Pinetown, K. L. (2014). Regional coal seam gas distribution and burial history of the Hunter Coalfield, Sydney Basin. Aust. J. Earth Sci. 61, 409–426. doi:10.1080/08120099.2014.893539
 Potonié, R., and Lele, K. M. (1961). Studies in the Talchir Flora of India, 1. Sporae dispersae from the Talchir beds of South Rewa Gondwana Basin. Palaeobotanist 8, 22–37.
 Price, P. L. (1997). “Permian to Jurassic palynostratigraphic nomenclature of the Bowen and Surat basins,” in The Surat and Bowen basins, Southeast Queensland ed . Editor P. M. Green (Brisbane, Australia: Queensland Department of Mines and Energy), 137–178.
 Rampino, M. R., and Eshet, Y. (2018). The fungal and acritarch events as time markers for the latest Permian mass extinction: an update. Geosci. Front. 9, 147–154. doi:10.1016/j.gsf.2017.06.005
 Rattigan, J., and McKenzie, P. J. (1969). “History of sedimentation in the Sydney Basin: A. Hunter Valley,” in The Geology of New South Wales ed . V. The Sydney Basin Editor G. H. Packham (Sydney: Geological Society of Australia), 426–434.
 Retallack, G. J. (1977). Reconstructing Triassic vegetation of eastern Australasia: a new approach for the biostratigraphy of Gondwanaland. Alcheringa 1, 247–278. doi:10.1080/03115517708527763
 Retallack, G. J. (1996). Early Triassic therapsid footprints from the Sydney Basin, Australia. Alcheringa 20, 301–314.
 Retallack, G. J. (1999). Post-apocalyptic greenhouse paleoclimate revealed by earliest Triassic paleosols in the Sydney Basin, Australia. Geol. Soc. Am. Bull. 111, 52–70. doi:10.1130/0016-7606(1999)111<0052:PGPRBE>2.3.CO;2
 Retallack, G. J. (1980). “Late Carboniferous to Middle Triassic megafossil floras from the Sydney Basin,” in Geology of the Sydney Basin ed . Editors R. Helby, and C. Herbert (Sydney: New South Wales Geological Survey Bulletin), Vol. 26, 384–430.
 Retallack, G. J. (2002). Lepidopteris callipteroides, an earliest Triassic seed fern of the Sydney Basin, southeastern Australia. Alcheringa 26, 475–500. doi:10.1080/03115510208619538
 Retallack, G. J. (2005). Earliest Triassic claystone breccias and soil-erosion crisis. J. Sediment. Res. 75, 679–695. doi:10.2110/jsr.2005.055
 Retallack, G. J. (2018). Leaf preservation in Eucalyptus woodland as a model for sclerophyll fossil floras. Alcheringa 43, 71–84. doi:10.1080/03115518.2018.1457180
 Retallack, G. J., Jahren, A. H., Sheldon, N. D., Chakrabarti, R., Metzger, C. A., and Smith, R. M. H. (2005). The Permian–Triassic boundary in Antarctica. Antarct. Sci. 17, 241–258. doi:10.1017/S0954102005002658
 Retallack, G. J., and Krull, E. S. (2010). Landscape ecological shift at the Permian–Triassic boundary in Antarctica. Aust. J. Earth Sci. 46, 785–812. doi:10.1046/j.1440-0952.1999.00745.x
 Retallack, G. J., Smith, R. M. H., and Ward, P. D. (2003). Vertebrate extinction across Permian–Triassic boundary in Karoo Basin, South Africa. Geol. Soc. Am. Bull. 115, 1133–1152. doi:10.1130/B25215.1
 Retallack, G. J., Veevers, J. J., and Morante, R. (1996). Global coal gap between Permian–Triassic extinction and Middle Triassic recovery of peat-forming plants. Geol. Soc. Am. Bull. 108, 195–207. doi:10.1130/0016-7606(1996)108<0195:GCGBPT>2.3.CO;2
 Rowe, H., Hughes, N., and Robinson, K. (2012). The quantification and application of handheld energy-dispersive x-ray fluorescence (ED-XRF) in mudrock chemostratigraphy and geochemistry. Chem. Geol. 324–325, 122–131. doi:10.1016/j.chemgeo.2011.12.023
 Saxena, A., Singh, K. J., Cleal, C. J., Chandra, S., Goswami, S., and Shabbar, H. (2018). Development of the Glossopteris flora and its end Permian demise in the Tatapani–Ramkola Coalfield, Son–Mahanadi Basin, India. Geol. J. 54, 2472–2494. doi:10.1002/gj.3307
 Scheibner, E., and Basden, H. (1998). Geology of New South Wales—synthesis. Volume 2, geological evolution, memoir (Geology) 13. (Sydney: Geological Survey of New South Wales).
 Schneebeli-Hermann, E., and Bucher, H. (2015). Palynostratigraphy at the Permian-Triassic boundary of the Amb section, Salt Range, Pakistan. Palynology 39, 1–18. doi:10.1080/01916122.2014.921648
 Seward, A. C. (1934). Some early Mesozoic plants from Tanganyika territory. Geol. Mag. 71, 387–392.
 Sheldon, N. D., and Tabor, N. J. (2009). Quantitative paleoenvironmental and paleoclimatic reconstruction using paleosols. Earth-Sci. Rev. 95, 1–52. doi:10.1016/j.earscirev.2009.03.004
 Shi, G. R., Waterhouse, J. B., and McLoughlin, S. (2010). The Lopingian of Australasia: a review of biostratigraphy, correlations, palaeogeography and palaeobiogeography. Geol. J. 45, 230–263. doi:10.1002/gj.1213
 Sidor, C. A., Miller, M. F., and Isbell, J. L. (2008). Tetrapod burrows from the Triassic of Antarctica. J. Vert. Paleont. 28, 277–284. doi:10.1671/0272-4634(2008)28[277:TBFTTO]2.0.CO;2
 Slansky, J. M. (1985). Geochemistry of high-temperature coal ashes and the sedimentary environment of the New South Wales coals, Australia. Int. J. Coal Geol. 5, 339–376. doi:10.1016/0166-5162(85)90002-3
 Sliwa, R., Esterle, J., Phillips, L., and Wilson, S. (2017). Final Report Australian Coal Industry Research Program Project C22028. Rangal supermodel 2015: the Rangal-Baralaba-Bandanna Coal Measures in the Bowen and Galilee basins. Brisbane, 79.
 Smith, R. M. H., Rubidge, B. S., Day, M. O., and Botha, J. (2020). Introduction to the tetrapod biozonation of the Karoo Supergroup. S. Afr. J. Geol. 132, 131–140. doi:10.25131/sajg.123.0009
 Smith, R. M. H., and Ward, P. D. (2001). Pattern of vertebrate extinctions across an event bed at the Permian-Triassic boundary in the Karoo Basin of South Africa. Geology 29, 1147–1150. doi:10.1130/0091-7613(2001)029<1147:POVEAA>2.0.CO;2
 Spina, A., Cirilli, S., Utting, J., and Jansonius, J. (2015). Palynology of the Permian and Triassic of the Tesero and Bulla sections (Western Dolomites, Italy) and consideration about the enigmatic species Reduviasporonites chalastus. Rev. Palaeobot. Palynol. 218, 3–14. doi:10.1016/j.revpalbo.2014.10.003
 Srivastava, S. C., Anand-Prakash, , and Kar, R. (1997). Palynology of Permian‐Triassic sequence in Iria Nala, Tatapani‐Ramkola Coalfield, India. Palaeobotanist 46, 75–80.
 Standing Committee on Coalfield Geology of NSW (1975). Stratigraphy of the Newcastle Coal Measures. Geol. Surv. NSW Rec. 16, 33–36.
 Steiner, M. B., Eshet, Y., Rampino, M. R., and Schwindt, D. M. (2003). Fungal abundance spike and the Permian–Triassic boundary in the Karoo Supergroup (South Africa). Palaeogeog. Palaeoclimatol. Palaeoecol. 194, 405–414. doi:10.1016/S0031-0182(03)00230-X
 Stephenson, A. E., and Burch, G. J. (2004). Preliminary evaluation of the petroleum potential of Australia’s central eastern margin, Geoscience Australia, Records 2004/06. Canberra: Geoscience Australia.
 Stuntz, J. (1965). Petroleum exploration in the Sydney Basin. APEA J. 5, 59–62.
 Tadros, N. Z. (1995). “Sydney-Gunnedah Basin overview,” in Geology of Australian Coal Basins ed . Editors C. R. Ward, H. J. Harrington, C. W. Mallett, and J. W. Beeston (Sydney: Geological Society of Australia, Coal Geology Group, Special Publication), Vol. 1, 163–175.
 Tewari, R., Awatar, R., Pandita, S. K., McLoughlin, S., Agnihotri, D., Pillai, S. S. K., et al. (2015). The Permian–Triassic palynological transition in the Guryul Ravine section, Kashmir, India: implications for Tethyan–Gondwanan correlations. Earth-Sci. Rev. 149, 53–66. doi:10.1016/j.earscirev.2014.08.018
 Tillyard, R. J. (1918). A fossil insect wing from the roof of the coal seam in the Sydney Harbour Colliery. Proc. Linn. Soc. NSW 43, 260–264.
 Townrow, J. A. (1956). The genus Lepidopteris and its Southern Hemisphere species. Avhand. Norske Vidensk.-Akad. Oslo. I. Math.-Naturwiss. 2, 1–28.
 Townrow, J. A. (1957). On Dicroidium, probably a pteridospermous leaf, and other leaves now removed from this genus. Trans. Geol. Soc. S. Afr. 60, 21–56.
 Townrow, J. A. (1960). The Peltaspermaceae, a pteridosperm family of Permian and Triassic age. Palaeontology 3, 333–361.
 Townrow, J. A. (1966). On Lepidopteris madagascariensis carpentier (Peltaspermaceae). J. Proc. Roy. Soc. NSW 98, 203–214.
 Townrow, J. A. (1967a). On Rissikia and Mataia, podocarpaceous conifers from the lower Mesozoic of southern lands. Pap. Proc. Roy. Soc. Tas. 101, 103–138.
 Townrow, J. A. (1967b). On Voltziopsis, a southern conifer of Lower Triassic age. Pap. Proc. Roy. Soc. Tas. 101, 173–188.
 Uren, R. E. (1974). Report 2 (unpublished), GS19741431. The geology of low cost extractive resources of the Gosford-Lake Macquarie area. Geological Survey of New South Wales.
 Vajda, V., and Bercovici, A. (2014). The global vegetation pattern across the Cretaceous–Paleogene mass extinction interval: a template for other extinction events. Global Planet. Change 122, 29–49. doi:10.1016/j.gloplacha.2014.07.014
 Vajda, V., and McLoughlin, S. (2007). Extinction and recovery patterns of the vegetation across the Cretaceous–Palaeogene boundary—a tool for unravelling the causes of the end-Permian mass-extinction. Rev. Palaeobot. Palynol. 144, 99–112. doi:10.1016/j.revpalbo.2005.09.007
 Vajda, V., McLoughlin, S., Mays, C., Frank, T., Fielding, C. R., Tevyaw, A., et al. (2020). End-Permian (252 Mya) deforestation, wildfires and flooding—an ancient biotic crisis with lessons for the present. Earth Planet. Sci. Lett. 529, 115875. doi:10.1016/j.epsl.2019.115875
 Veevers, J. J. (2006). Updated Gondwana (Permian–Cretaceous) earth history of Australia. Gondwana Res. 9, 231–260. 10.1016/j.gr.2005.11.005
 Ward, C. R. (1972). Sedimentation in the Narrabeen Group, southern Sydney Basin, New South Wales. J. Geol. Soc. Aust. 19, 393–409. doi:10.1080/00167617208728809
 Ward, P. D., Botha, J., Buick, R., Kock, M. O. D., Erwin, D. H., Garrison, G. H., et al. (2005). Abrupt and gradual extinction among Late Permian land vertebrates in the Karoo Basin, South Africa. Science 307, 709–714. doi:10.1126/science.1107068
 Warren, A. (1997). A tetrapod fauna from the Permian of the Sydney Basin. Rec. Aust. Mus. 49, 25–33. doi:10.3853/J.0067-1975.49.1997.297
 Wheeler, A.(2020).Spatiotemporal variation in the Permian-Triassic pre- and post-extinction palynology of the Bowen and Galilee basins (Australia). The University of Queensland, Brisbane. PhD thesis.(unpublished)
 Wheeler, A., Van de Wetering, N., Esterle, J. S., and Götz, A. E. (2020). Palaeoenvironmental changes recorded in the palynology and palynofacies of a late Permian marker mudstone (Galilee Basin, Australia). Palaeoworld 29, 439–452. doi:10.1016/j.palwor.2018.10.005
 White, M. E. (1981). Cylomeia undulata (Burges) gen. et comb. nov., a lycopod of the Early Triassic strata of New South Wales. Rec. Aust. Mus. 33, 723–734.
 Williams, M. L., Jones, B. G., and Carr, P. F. (2017). The interplay between massive volcanism and the local environment: geochemistry of the Late Permian mass extinction across the Sydney Basin, Australia. Gondwana Res. 51, 149–169. doi:10.1016/J.GR.2017.07.015
 Wu, Y., Tong, J., Algeo, T. J., Chu, D., Cui, Y., Song, H., et al. (in press2019). Organic carbon isotopes in terrestrial Permian-Triassic boundary sections of North China: implications for global carbon cycle perturbations. Geol. Soc. Am. Bull.
 Xu, J. F., and Ward, C. R. (1993). “Triassic depositional episode,” in The Gunnedah Basin, New South Wales ed . Editor N.Z. Tadros (Sydney: Geological Survey of New South Wales, Memoir Geology), Vol. 12, 297–326.
 Yago, J. V. R., Fielding, C. R., and Lodwick, W. (2015). “Depositional environments and sediment dispersal patterns of the Jurassic Walloon Subgroup in eastern Australia,” in Eastern Australasian Basins Symposium, A powerhouse emerges: energy for the next fifty years , 141–150.
 Yoo, E. K., Norman, A., and McDonald, I. (1995). “Sydney Basin—Western Coalfield,” in Geology of Australian coal basins ed . Editors C. R. Ward, H. J. Harrington, C. W. Mallett, and J. W. Beeston (Sydney: Geological Society of Australia, Coal Geology Group, Special Publication), Vol. 1, 231–245.
Conflict of Interest: Author MB was employed by the geological consultancy company Bocking Associates CBM Pty Ltd.The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.The handling editor declared a past co-authorship with several of the authors (VV, SM).
Copyright © 2021 McLoughlin, Nicoll, Crowley, Vajda, Mays, Fielding, Frank, Wheeler and Bocking. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 27 January 2021
doi: 10.3389/feart.2020.613126


[image: image2]
Development of Deep-Sea Anoxia in Panthalassa During the Lopingian (Late Permian): Insights From Redox-Sensitive Elements and Multivariate Analysis
Tetsuji Onoue1*, Katsuhito Soda2 and Yukio Isozaki3
1Department of Earth and Planetary Sciences, Kyushu University, Fukuoka, Japan
2Center for Advanced Marine Core Research, Kochi University, Nankoku, Japan
3Department of Earth Science and Astronomy, The University of Tokyo, Tokyo, Japan
Edited by:
André Jasper, Universidade do Vale do Taquari—Univates, Brazil
Reviewed by:
William J. Foster, Museum of Natural History Berlin (MfN), Germany
Changqun Cao, Nanjing Institute of Geology and Paleontology (CAS), China
* Correspondence: Tetsuji Onoue, onoue.tetsuji.464@m.kyushu-u.ac.jp
Specialty section: This article was submitted to Paleontology, a section of the journal Frontiers in Earth Science
Received: 01 October 2020
Accepted: 08 December 2020
Published: 27 January 2021
Citation: Onoue T, Soda K and Isozaki Y (2021) Development of Deep-Sea Anoxia in Panthalassa During the Lopingian (Late Permian): Insights From Redox-Sensitive Elements and Multivariate Analysis. Front. Earth Sci. 8:613126. doi: 10.3389/feart.2020.613126

The end-Permian mass extinction (EPME) was the most severe mass extinction event of the Phanerozoic, and was associated with the development of global oceanic anoxia. The intensification of ocean anoxia preceded the EPME, but the degree of intensity and timing of oceanic redox changes in the mid-Panthalassa Ocean remain debated. Here we present the results of geochemical and multivariate statistical analyses of a late Guadalupian to Lopingian (middle–late Permian) bedded chert succession from the Iwaidani section, Japan, which preserves pelagic deep-sea facies from the ocean floor to the lower flank of a mid-Panthalassan seamount. The entire section yields a low manganese-enrichment factor (MnEF <1), suggesting that suboxic conditions has appeared in the depositional environment already in the late Guadalupian. Enrichment factors of other redox-sensitive trace-elements (e.g., vanadium and uranium) and principle component analysis (PCA) of major element data show the development of suboxic to weakly anoxic conditions across the Guadalupian/Lopingian boundary. Subsequently, anoxic conditions, as inferred from enrichments in U, Mo, Ni, Cu, Zn, and Tl, were developed during the middle Lopingian. Extremely high concentrations of U and Mo (enrichment factors of ∼6 and ∼5,500, respectively) indicate that H2S-rich euxinic conditions developed during the latest Lopingian and around the time of the EPME. The cause of the shift toward more reducing conditions in the early–middle Lopingian is unknown, but PCA results suggest that the euxinic conditions occurred in association with intensified continental weathering in response to a temperature rise during the ca. 200 kyr before the EPME.
Keywords: Mino Belt, chert, principal compoment analysis, chemical weathering, anoxia, Permian/Triassic boundary
INTRODUCTION
The Permian/Triassic boundary (PTB) marks the most severe mass extinction of the Phanerozoic, characterized by the loss of ∼80% of marine invertebrate species (e.g., Erwin, 1994; Payne and Clapham, 2012; Stanley, 2016). A high-precision age model from the PTB section in Meishan, China revealed that the end-Permian mass extinction (EPME) occurred just before the PTB at ca. 251.94 Ma (Burgess et al., 2014). Extinctions have been confirmed on the genus and family levels in age-diagnostic marine taxa such as fusulinids, ammonoids, conodonts, and radiolarians (Brayard et al., 2006, Brayard et al., 2009; Isozaki, 2009; Jiang et al., 2011; Chen and Benton, 2012; Feng and Algeo, 2014). The release of volcanic and contact metamorphic carbon and sulfur gases (CO2, CH4, and SO2) from the Siberian Traps is commonly invoked as the trigger for climatic perturbations across the PTB (e.g., Wignall 2007; Burgess et al., 2017), which led to the EPME. Numerous lines of evidence from the low-latitude Paleotethys and high-latitude Boreal oceans indicate that hydrogen sulfide (H2S)-rich euxinic conditions developed around the time of the EPME (Cao et al., 2009; Schobben et al., 2015; Lau et al., 2016; Zhang et al., 2017; Zhang et al., 2018b, Zhang et al., 2020).
In the Panthalassa Ocean, widespread deep-water anoxic conditions are thought to have occurred during the late Guadalupian (late middle Permian) to Early Triassic. Isozaki, 1994, Isozaki, 1997) was the first to demonstrate the existence of prolonged anoxia (“deep-sea anoxia”) starting as early as ca. 7 myr prior to the PTB, on the basis of lithostratigraphic, petrographic, and mineralogical data from the PTB sections in Japan and western Canada. However, recent studies have argued against this hypothesis (Wignall et al., 2010; Fujisaki et al., 2019). For example, the contents of redox-sensitive trace-metals (e.g., U, Mo, and V) and quantitative analysis of framboidal pyrite size distribution from a PTB section at Gujo-Hachiman in Japan (Figure 1) show that the Lopingian deep-sea was dominated by oxic conditions, but that the oxygen minimum zone (OMZ) rapidly expanded at shallower depths in the mid-Panthalassa immediately before the EPME (Algeo et al., 2010, 2011b; Wignall et al., 2010; Fujisaki et al., 2019). Uranium isotopic studies of shallow-water carbonates from the Tethyan and Panthalassic oceans also suggest that the global marine redox conditions during the Guadalupian and Lopingian (late Permian) were similar to those of the modern ocean, and that a major expansion of oceanic anoxia began ≤70 kyr before the EPME (Brennecka et al., 2011; Elrick et al., 2017; Zhang et al., 2018a; Zhang et al., 2020). Thus, the duration and intensity of the EPME-related deep-sea anoxia remain debated.
[image: Figure 1]FIGURE 1 | (A) Middle–Late Permian paleogeographic map showing approximate location of the inferred depositional site of the pelagic Permian–Triassic deposits (bedded chert) of Japan in the Panthalassa Ocean. (B) Position of the Iwaidani section and previously studied Permian/Triassic boundary sections in Japan. The distribution of Jurassic accretionary belts of Japan is modified from Isozaki et al. (2010).
The PTB sections of the Mino Belt, central Japan (Figure 1) preserve high-resolution biostratigraphic records of the EPME in a mid-oceanic realm of the Panthalassa Ocean (Kuwahara et al., 1998; Yao et al., 2001; Sano et al., 2010; Nishikane et al., 2011; Sano et al., 2012a; Sano et al., 2012b; Nishikane et al., 2014; Kuwahara and Sano, 2017). The intensification of oxygen-depleted conditions during the latest Lopingian has been reported from several PTB sections in the Mino Belt (Wignall et al., 2010; Algeo et al., 2011b; Sano et al., 2012b; Onoue et al., 2019). An improved understanding of the oceanic redox conditions during the Guadalupian and Lopingian (Kato et al., 2002; Kakuwa, 2008; Kato and Isozaki, 2009; Fujisaki et al., 2019) is central to understanding the link between global-ocean conditions and the EPME, as well as the subsequent delayed biotic recovery during the Early Triassic.
To better understand the redox history of the deep-sea Panthalassa Ocean during the Guadalupian and Lopingian, this paper describes variations in the contents of redox-sensitive elements (e.g., Mn, V, Mo, U) in a Capitanian (upper Guadalupian) to Induan (Lower Triassic) bedded chert succession from the Iwaidani section, Japan (Sano et al., 2012a; Kuwahara and Sano, 2017). We also applied principal component analysis (PCA) to major element contents to investigate the environmental conditions that triggered the changes in oceanic redox conditions. The Permian bedded cherts in the Mino Belt were originally composed of biogenic silica and carbonate, terrigenous detrital material transported as aeolian dust from the continent, and hydrogenous materials such as Fe–Mn oxides. The PCA results enable us to separate the signals from these multiple source materials, and indicate enhanced continental weathering accompanied by a change from anoxic to euxinic conditions in the Panthalassa Ocean.
GEOLOGICAL SETTING AND STUDIED SECTION
We examined PTB siliceous rocks of the Mino Belt in the Mt. Funabuseyama area, Japan, which is a Jurassic subduction-related accretionary complex (Figure 2). The Mino Belt in the study area consists of mixed rock assemblages in which numerous blocks and lenses of various lithologies (e.g., basalt, limestone, and bedded chert) and size are mingled with terrigenous clastic rocks (Wakita, 1988; Sano et al., 1992). Basaltic rocks, limestone, and bedded chert of the Mino Belt form a Permian oceanic-rock assemblage, devoid of terrestrial detritus. Sano (1988a) divided the Permian oceanic-rock assemblage in the Mt. Funabuseyama area into three successions nearly in time-equivalent stratigraphy: 1) upper Cisuralian (upper lower Permian) to upper Guadalupian shallow-marine limestone, 2) upper Cisuralian carbonate breccia, and 3) middle Cisuralian to upper Lopingian bedded chert with the overlying Lower Triassic black claystone, all of which are underlain by basaltic rocks (Sano, 1988a; Sano, 1988b; Sano, 1989). The former two successions are interpreted to have accumulated on and around an oceanic seamount in the mid-Panthalassa Ocean (Sano et al., 1992; Jones et al., 1993; Safonova et al., 2016). The Permian bedded chert-dominated succession was part of the Hashikadani Formation (Sano, 1988a), and was interpreted to comprise pelagic facies deposited on the deep-ocean floor and on the lower flank of a mid-Panthalassa seamount (Sano, 1988a; Sano et al., 2010). The bedded cherts of the Hashikadani Formation lack coarse terrigenous grains, suggesting that their primary depositional site was beyond the reach of land-derived clastic material, in the pelagic realm of the Panthalassa Ocean (Sano et al., 2010).
[image: Figure 2]FIGURE 2 | (A) Location map of the study area in the Mino Belt, central Japan. (B) Geologic map of the Mt. Funabuseyama area (after Sano, 1988a; Wakita, 1988; Wakita et al., 1992). Map showing the locations of the Iwaidani section, including the Cisuralian red chert (Sano, 1988a; Sugitani et al., 1991), and other pelagic Permian/Triassic boundary sections in the area.
The rocks examined in the present study correspond to the Permian–Lower Triassic Hashikadani Formation, and crop out along a roadcut near Iwaidani in the Mt. Funabuseyama area (Sano et al., 2012a). In previous studies, the section was referred to as NF195 (Sano et al., 2012a; Kuwahara and Sano, 2017); in this study, we call it the Iwaidani section. This section comprises six subsections (NF195A–NF195F; Sano et al., 2012a; Kuwahara and Sano, 2017) along a 30 m-long roadcut outcrop. There is a possible depositional gap between the NF195B and NF195C subsections, as evidenced by a minor fault (Kuwahara and Sano, 2017). Sano et al. (2012a) and Kuwahara and Sano (2017) explored individual beds in the sections and confirmed that the remainder of the subsections are stratigraphically continuous.
The Figure 3 shows the composite litho-biostratigraphy of the Permian bedded chert to Lower Triassic black claystone sequence in the Iwaidani section. The section comprises a lower unit of gray bedded chert with small amounts of dark gray to black chert and black claystone, a middle unit of black bedded chert including pyrite nodules near the top, and an upper unit characterized by black claystone with thin black chert beds (Sano et al., 2012a). Biostratigraphic studies have assigned a Capitanian to Induan age to the entire Iwaidani section on the basis of radiolarian and conodont occurrences, such as Follicucullus charveti, F. porectus, Albaillella yamakitai, A. triangularis, Neoalbaillella optima, and Hindeodus parvus (Figure 3) (Sano et al., 2012a; Kuwahara and Sano, 2017). Based on the biostratigraphic ages from Nishikane et al. (2011), the first occurrence of A. cavitata can be correlated with the base of the Guadalupian–Lopingian transition zone (GLT) (Nishikane et al., 2011; Nishikane et al., 2014), which is also recognized in the Gujo-Hachiman section located ∼18 km east of the Iwaidani section (Figure 2B). Kuwahara and Sano (2017) showed that lower Wuchiapingian radiolarian species, such as A. protolevis and Neoalbaillella? sp. firstly appear in the basal part of the N. ornithoformis assemblage zone. This result is consistent with the age assignment by Kuwahara et al. (1998) that correlated the N. ornithoformis assemblage zone with the lower Lopingian (Figure 3). Biostratigraphic analysis of radiolarians also revealed that the Iwaidani section contains the Wuchiapingian/Changhsingian boundary (WCB) in the basal ∼10.3 m of the lower unit, based on the first occurrence of A. flexa (Sano et al., 2012a). The EPME horizon of Permian radiolarians occurs at the top of the middle unit (Sano et al., 2012a). The base of the Triassic is defined by the presence of the conodont Hindeodus parvus in the upper unit (Sano et al., 2012a).
[image: Figure 3]FIGURE 3 | Lithostratigraphy and radiolarian biostratigraphy of the Iwaidani section, after Sano et al. (2010) and Kuwahara and Sano (2017). PTB = Permian/Triassic boundary; EPME = end-Permian mass extinction; WCB = Wuchiapingian/Changhsingian boundary; GLT = Guadalupian–Lopingian transitional zone; RZ = radiolarian assemblage zone.
METHODS
Sample Collection and Preparation
The studied Permian bedded chert consists of rhythmic successions in the form of chert and thin siliceous claystone beds. Previous sedimentological and geochemical studies have revealed that the chert beds are the SiO2-diluted parts of siliceous claystone beds, as indicated by an increase in radiolarian tests (Hori et al., 1993; Takiguchi et al., 2006). The chert bed samples contain over 90% SiO2, which results in the dilution of major oxides (TiO2, MgO, CaO, Na2O, K2O, and P2O5) and trace elements by the large amount of biogenic silica. This SiO2-dilution can enlarge the relative errors of compositional data, which affects the results of multivariate analysis (Soda and Onoue, 2019). Therefore, we focused on the geochemical compositions of the intercalated siliceous claystones.
We collected 114 claystone samples from the Iwaidani section for bulk-rock geochemical analysis. Each sample was crushed in an agate mortar to 5–10 mm in size and handpicked to avoid contamination from veins and intensely weathered material. These handpicked fragments were washed by ultrasonic cleaning in Milli-Q deionized water (>18 MΩ). After air-drying, the fragments were pulverized in an agate planetary mill for major and trace element analyses.
Major, Trace, and Rare Earth Element Analyses
Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, and P) and Ni, Cu, and Zn contents were determined with an energy dispersive X-ray fluorescence (XRF) spectrometer (PANalytical Epsilon 3XLE) with a Mo X-ray tube at Kyushu University, Fukuoka, Japan. Analyses were calibrated using 20 standard rock samples issued by the Geological Survey of Japan. Detection limits for trace elements were 3 ppm for Ni and 2 ppm for Cu and Zn. Reproducibility based on the replicate analysis of two standards issued by Geological Survey of Japan (JSd-1 and JSd-3) was better than ± 1% for Al, Mn, Na, Ti, Ca, K, Ni, Cu, and Zn, and ± 4% for P.
Samples were analyzed for trace and rare Earth element (REE) concentrations using inductively coupled plasma–mass spectroscopy (ICP–MS) with lithium metaborate/tetraborate fusion at Actlabs (package Code 4B2-STD), Ancaster, Canada. Ten international rock and mineral standards were also analyzed for quality control during trace and REE analyses. For details of the analytical techniques, see www.actlabs.com.
Principal Component Analysis
To extract paleoenvironmental changes from the compositional data, principal component analysis (PCA) was applied to data for the ten major oxides (SiO2, Al2O3, MgO, CaO, K2O, TiO2, Na2O, P2O5, Fe2O3, and MnO). We limited PCA to major elements, because some trace elements had large analytical uncertainties and/or were below the detection limit (Supplementary Table S1). To use the major element contents for PCA, the data were normalized using Ti contents and compared with those of post-Archean average Australian shale (PAAS) (Taylor and McLennan, 1985) to obtain enrichment factors, defined as follows:
[image: image]
where X and Ti are the weight contents of element X and Ti, respectively.
PCA is a multivariate statistical analysis that synthesizes numerous observational variables into several orthogonalized principal components (PCs) maximizing the respective variances. Before performing a Q-mode PCA on a correlation coefficient matrix using a singular value decomposition (Golub and Van Loan, 1989; Van Huffel and Vanderwalle, 1991; Albarède, 1995), the enrichment factors were converted into additive log ratios to map the simplex sample space onto the Euclidean real sample space for a constant sum (Aitchison, 1986). This is done because it transforms most of the compositional data into multivariate normal distributions (Aitchison and Shen, 1980; Reyment and Hirano, 1999), which is a prerequisite for PCA (e.g., Atkinson et al., 2004). Consequently, for elements that are less mobile during weathering and diagenesis, such as Ti, whose intermediate ionic potential leads to the formation of stable or metastable individual solids in the Earth surface environment (Stumm and Morgan, 1996; Langmuir, 1997; Railsback, 2007), PCA optimizes an otherwise cumbersome interpretation (Woronow and Love, 1990; Turner et al., 2003).
RESULTS
Major and Trace Elements
The major and trace element data obtained from the 114 siliceous claystone samples of the Iwaidani section are listed in Supplementary Table S1. In all of the samples, Al is positively correlated with Ti and high field strength (HFS) elements such as Zr, Hf, and Th (Figure 4). Since elements such as Al, Ti, Zr, Hf, and Th are not significantly mobilized during post-depositional processes, including diagenesis and weathering, these positive correlations indicate that most of these elements have a detrital origin; potassium (K) is also correlated with the elements in detrital materials (Figure 5). The elemental ratios between these elements in our samples are indistinguishable from those of PAAS (Figure 4). Their similarity to average shale composition (Taylor and McLennan, 1985) indicates that the detrital materials in the Iwaidani section samples have a terrigenous origin, which is consistent with the geochemistry of the Permian–Triassic siliceous rocks at the Sasayama section in Japan (Figure 1B; Kato et al., 2002). Conversely, no correlations were found between these terrigenous elements and elements such as P, Ba, Mn, V, U, and Mo (Figure 5), which are typically derived from biogenic and/or hydrogenous sources (Calvert and Pedersen, 2007).
[image: Figure 4]FIGURE 4 | Scatter plots of Al vs. Ti, Zr, Hf, and Th for the siliceous claystone samples. Ti/Al, Zr/Al, Hf/Al, and Th/Al ratios are the same as those of PAAS (yellow triangle) (Taylor and McLennan, 1985).
[image: Figure 5]FIGURE 5 | Correlation coefficients between measured elemental contents in the siliceous claystone samples. ΣREEEF represents the total REE concentrations.
To avoid the significant dilution effect by biogenic SiO2, concentrations of the elements were normalized to Al concentrations and compared with those of the PAAS (Taylor and McLennan, 1985) to obtain enrichment factors. Figure 6 shows the enrichment factors of K, Ti, Zr, Hf, and Th. Values of KEF and ThEF (1.59 ± 0.10 and 1.02 ± 0.12, respectively; average ± 1SD) are fairly constant throughout the studied section and close to the value of 1, where 1 represents the sample having the exact same ratio as PAAS. In the Capitanian and Wuchiapingian, the values of TiEF, ZrEF, and HfEF are similar to those of PAAS; in the late Changhsingian the enrichment factors for these elements show a rapid decrease.
[image: Figure 6]FIGURE 6 | Enrichment factors of elements in detrital materials (K, Th, Ti, Zr, and Hf), weathering indices (WIP and CIA), and PC1 scores plotted with stratigraphy. Enrichment factors (EF) were calculated relative to PAAS (Taylor and McLennan, 1985). Dashed blue and red lines indicate PAAS enrichment values of 1.
Enrichment factors for Mn, Ni, Cu, Zn, Tl, V, U, and Mo have been widely used to characterize the redox conditions of marine environment (e.g., Calvert and Pedersen, 1993; Calvert and Pedersen, 2007; Algeo and Tribovillard, 2009; Takahashi et al., 2014; Algeo and Li, 2020), which can be generally classified as oxic, dysoxic, suboxic, anoxic, or euxinic state (presence of free H2S) (Tyson and Pearson, 1991). Enrichment factors of Mn, V, U, Mo, Ni, Cu, and Zn in Figure 7 were calculated relative to PAAS (Taylor and McLennan, 1985), and Tl was calculated relative to upper continental crust (UCC; McLennan, 2001). In this study, the entire section exhibits a low enrichment factor for Mn (MnEF <1). Enrichment factors for V and U are generally close to the value of 1 during the Capitanian, but increase slightly across the GLT. Increases in NiEF, CuEF, ZnEF, TlEF, and UEF occur across the WCB. An increase in MoEF also occurs above the WCB. Vanadium, U, and Mo enrichment factors continued to increase during the latest Changhsingian. In particular, MoEF reached a peak of 5,000 (Mo content = 5,370 ppm).
[image: Figure 7]FIGURE 7 | Enrichment factors (EF) of redox-sensitive elements (Mn, V, U, Mo, Ni, Cu, Zn, and Tl), Th/U, MoEF/UEF, and PC2 scores plotted with stratigraphy. EFs of Mn, V, U, Mo, Ni, Cu, and Zn were calculated relative to PAAS (Taylor and McLennan, 1985), and Tl was calculated relative to upper continental crust (UCC; McLennan, 2001).
Calcium, P, and Ba are widely used as proxies for the burial flux of biogenic material (Hollis et al., 2003; Takiguchi et al., 2006; Algeo et al., 2011b; Soda and Onoue, 2018; Soda and Onoue, 2019; Sato et al., 2020) based on their distribution and deposition in modern marine sediments (e.g., Schroeder et al., 1997). Figure 8 shows changes in the enrichment factors against the stratigraphic frame in the present study. The trends in CaEF and PEF decreased abruptly in the late Capitanian, and these elements are positively correlated with each other (r = 0.62; Figure 9). There is an abrupt decrease in BaEF during the Wuchiapingian, and BaEF remains relatively low during the Changhsingian.
[image: Figure 8]FIGURE 8 | CaEF, PEF, BaEF, MREE/MREE*, Ce/Ce*, and PC3 score plotted with stratigraphy. Enrichment factors (EF) were calculated relative to PAAS (Taylor and McLennan, 1985).
[image: Figure 9]FIGURE 9 | Correlation panel matrix for enrichment factors of major elements. The lower panels in the matrix are scatter plots. The upper panels in the matrix show the correlation coefficients, with font size scaled to the absolute value of each correlation coefficient.
Rare Earth Elements
Figure 10 shows the rare Earth element (REE) patterns of the Iwaidani section normalized to PAAS (Taylor and McLennan, 1985). The REE patterns of the Guadalupian samples are moderately to highly enriched in middle REEs (MREE: Sm, Gd, Tb, and Dy), whereas most of the Lopingian samples yield rock/PAAS ratios of 1. The REE ratios for the Lower Triassic claystones are relatively flat and lower than 1. Since the enrichment of the MREEs exhibits stratigraphic changes, we calculate the relative MREE enrichments using PAAS-normalized MREE/MREE* ratios (Chen et al., 2015):
[image: image]
where LREE and HREE represent light REEs (La, Ce, Pr, and Nd) and heavy REEs (Er, Tm, Yb, and Lu), respectively.
[image: Figure 10]FIGURE 10 | PAAS-normalized REE patterns of the siliceous claystone samples. Dashed lines indicate PAAS values of 1.
The MREE/MREE* ratios throughout the studied section show a pronounced decline in MREE enrichment across the GLT (Figure 8). The MREE/MREE* ratios fluctuate between 0.9 and 1.5 during the Wuchiapingian and early Changshingian, but decreased in the late Changshingian.
Cerium has multiple valence states, which results in fractionation that can be quantified by the Ce anomaly (German and Elderfield, 1990; Holser, 1997):[image: image]
where the subscript “N” denotes PAAS-normalized values (e.g., LaN = Lasample/LaPAAS). If the Ce/Ce* value is lower than 1, Ce is plotted below the line connecting La and Pr, which is called as negative Ce anomaly (Figure 10). The Ce/Ce* ratio varies between 0.50 and 1.06, and fluctuates inversely with the MREE/MREE* ratios throughout the studied section (Figure 8). With the exception of a few of samples, there is no Ce anomaly (Ce/Ce* ∼1) when the REE patterns are relatively flat, but the Ce/Ce* values exhibit negative anomalies in the MREE-enriched samples (Figure 10).
Principle Component Analysis
Table 1 provides the component loadings and Figure 11 shows compositional biplots for the studied samples. We accepted PC1, PC2, and PC3 in this dataset from their eigenvalues (PC1 eigenvalue = 1.960, PC2 eigenvalue = 1.446, and PC3 eigenvalue = 1.179), which explain 81.3% of the total variance (PC1 proportion = 42.7%, PC2 proportion = 23.2%, and PC3 proportion = 15.4%). Other PCs (PC4 and PC5) did not show distinct geochemical components because of their low eigenvalues (<0.8). The loadings of PC1 show strong negative values (less than −0.900) for Si and Al, with subordinate negative values (less than −0.700) for Mg, Na, and K, and a moderate negative value for Ca (−0.493). PC2 shows peaks with high negative loadings (less than −0.500) for Fe, Mn and P. PC3 is characterized by a high negative loading for Ca, moderate negative loadings for Mg and P, and positive loadings for all other elements.
TABLE 1 | Principal component loadings calculated from the major element contents of the siliceous claystones.
[image: Table 1][image: Figure 11]FIGURE 11 | Compositional biplots projected from major elements of the siliceous claystones. Relative directions and lengths of the blue arrows indicate loadings for PC axes. Each variance (var.) is represented as a proportion in this dataset.
The stratigraphic trend of PC1 is relatively constant throughout the Capitanian and largely varies between 0 and 4 in the Wuchiapingian and most of the Changhsingian. However, the PC1 scores show an abrupt decrease to negative scores across the EPME and PTB (Figure 6). The PC2 scores are characterized by a gradual increase from negative to positive values across the GLT (Figure 7). The PC3 scores show a stratigraphic trend in which the Capitanian samples have negative scores, whereas the other Lopingian samples have near-zero or positive scores (Figure 8).
INTERPRETATION OF GEOCHEMICAL DATA
Redox-Sensitive Elements
Our geochemical analysis of the upper Guadalupian to Lopingian bedded chert succession from the Iwaidani section records an enrichment in redox-sensitive elements, such as V, Ni, Cu, Zn, Tl, U, Mo. These redox-sensitive elements are divided into two categories on the basis of their behaviors under degrees of marine oxygenation (Calvert and Pedersen, 1993, Calvert and Pedersen, 2007). The first category includes those elements whose valence state varies with the redox environment. Vanadium, U, and Mo form highly soluble ions under oxygenated conditions, but under anoxic and euxinic conditions produce insoluble and particle-reactive materials in their lower valence state (Calvert and Pedersen, 1993; Helz et al., 1996; Zheng et al., 2000; Algeo and Maynard, 2004; Tribovillard et al., 2006; Algeo and Li, 2020). The second category includes elements that are primarily associated with sulfides or Mn-oxide phases. Elements such as Ni, Cu, Zn, and Tl are incorporated into precipitating sulfide phases or scavenged by Fe- and Mn-(oxyhydr)oxides (Calvert and Pedersen, 1993; Rehkämper and Nielsen, 2004; Tribovillard et al., 2006; Calvert and Pedersen, 2007). We use the changes in the enrichment factors, ratios, and contents of these elements as proxies for redox conditions through the studied section.
In the presence of dissolved oxygen, Mn forms insoluble Mn(III) or Mn(IV) hydroxides or oxides (e.g., MnO2); these particulate forms are rapidly deposited (Calvert and Pedersen, 1993; Sholkovitz et al., 1994). Under suboxic conditions, Mn is reduced to Mn(II) and forms soluble cations (e.g., Mn2+ and MnCl+) (Algeo and Li, 2020). Since particulate Mn is deposited more readily under oxic conditions, while soluble Mn remains in the water column under suboxic conditions, a low MnEF (<1) in marine sediments suggest suboxic depositional conditions near the sediment surface. In the Iwaidani section, MnEF values are generally less than 1, where 1 represents the sample having the exact same ratio as PAAS (Figure 7). These MnEF values are lower than those of the Cisuralian red chert (Sugitani et al., 1991; 0.01–0.10% MnO, 5.2–29 MnEF), which lies stratigraphically below the studied section (Figure 2B; Sano, 1988a). The low Mn values in the Iwaidani section suggest that suboxic conditions has developed in the depositional environment already in the late Guadalupian, long before the PTB.
Vanadium and U enrichments in sediments are proxies for moderately to strongly reducing conditions in the depositional environment (Sadiq, 1988; Algeo and Maynard, 2004; Tribovillard et al., 2006). Vanadium and U reduction occurs under lower oxygen concentrations than Mn reduction (Algeo and Li, 2020). In oxic seawater, V is present as soluble V(V) in the quasi-conservative form of vanadate oxyanions (HVO42– and H2VO42–). When conditions change from suboxic to weakly anoxic, V(V) converts to V(IV) and forms the vanadyl ion (VO2+), related hydroxyl species [VO(OH)3–], and insoluble hydroxides [VO(OH)2] (Breit and Wanty, 1991; Wanty and Goldhaber, 1992). Under H2S-rich (euxinic) conditions, V(III) is further reduced and precipitates as relatively insoluble hydroxides [V(OH)3] (Wanty and Goldhaber, 1992). Similar to vanadium, soluble U(VI) is reduced to insoluble U(IV) (e.g., UO2) under anoxic conditions.
In the studied section, Capitanian UEF and VEF values are relatively constant and close to the value of 1 (Figure 7). Across the GLT, the VEF and UEF values increase slightly, and then UEF continues to increase during the Changhsingian. The VEF and UEF values increase abruptly in the latest Changhsingian, with peak values at the EPME horizon (Figure 7). Similar enrichment trends to those observed here in V and U were observed in Th/U ratios, another common redox proxy, from end-Permain strata in Italy and Slovenia (Figure 7; Wignall and Twitchett, 1996). Consequently, V and U enrichments suggest that the development of suboxic to weakly anoxic conditions occurred across the GLT in this section, followed by anoxic–euxinic conditions during the Changhsingian.
Molybdenum is present in seawater as molybdate (MoO42−). Mo-removal from the water column requires the formation of particle-reactive thiomolybdate species (MoOxS4-x2−), which occurs in the presence of aqueous H2S (Helz et al., 1996; Erickson and Helz, 2000; Helz et al., 2011). Thus, Mo enrichment in sediments requires high H2S levels in a euxinic environment (Algeo and Tribovillard, 2009; Tribovillard et al., 2012; Algeo and Li, 2020). In the studied section, Capitanian and Wuchiapingian samples have Mo contents below the detection limit (2 ppm). However, our data demonstrate that the MoEF begins to increase during the lower Changhsingian, which overlaps with the increases in UEF (Figure 7). Subsequently, the MoEF values increase sharply during the latest Changhsingian, with a maximum value of ∼5,500. Covariations of the enrichment patterns of Mo and U (Algeo and Tribovillard, 2009; Tribovillard et al., 2012) (Figure 12) followed an evolution typical for open marine, hydrographically unrestricted settings (Algeo and Tribovillard, 2009; Tribovillard et al., 2012). Trends in UEF and MoEF suggest a change from suboxic–anoxic to euxinic conditions in the deep-sea basin during the latest Changhsingian to Induan (Figure 12). The MoEF values in the thousands and MoEF/UEF ratios in the hundreds are recorded immediately before the EPME (Figure 7), suggesting the development of sulphidic bottom water and scavenging of Mo by a Fe–Mn (oxyhydr)oxides particulate shuttle (Algeo and Tribovillard, 2009; Tribovillard et al., 2012). The occurrence of the particulate shuttle requires an oxic–anoxic redox boundary in the water column and rapid water replacement to maintain the predicted Fe–Mn redox behavior (Algeo and Tribovillard, 2009; Scholz et al., 2013). However, redox boundaries and vertical circulation in the pelagic Panthalassa remain unclear, and this needs to be addressed in future studies.
[image: Figure 12]FIGURE 12 | UEF vs. MoEF diagram for the siliceous claystone samples from lower, middle and upper units of the studied section. Base figure modified from Algeo and Tribovillard (2009).
Ni, Cu, Zn, and Tl are incorporated into precipitating sulfide phases or scavenged by Fe- and Mn-(oxyhydr)oxides (Calvert and Pedersen, 1993; Koschinsky and Hein, 2003; Algeo and Maynard, 2004; Rehkämper and Nielsen, 2004; Tribovillard et al., 2006; Calvert and Pedersen, 2007). Since the entire section contains low Mn-enrichment factors (MnEF <1), except for two high-MnEF peaks (MnEF >6) in the Changhsingian (∼13.5–14.5 m), enrichment patterns for Ni, Cu, Zn, and Tl may be related to authigenic sulfides (e.g., pyrite) in a reducing environment (Huerta-Diaz and Morse, 1992; Morse and Luther, 1999; Tribovillard et al., 2006; Belzile and Chen, 2017). In the studied section, NiEF, CuEF, ZnEF, and TlEF begin to increase in the lower Changhsingian and remain high until the uppermost Changhsingian (Figure 7). This supports increasingly anoxic and/or euxinic bottom water conditions toward the latest Changhsingian, as suggested by the VEF, UEF, and MoEF values. Relatively high TlEF values are recorded in the stratigraphic interval from ∼13.5 to 14.5 m, which appears to be associated with Mn enrichment (Koschinsky and Hein, 2003).
In addition to the redox-sensitive elements mentioned above, the Ce anomaly is also a common tracer for redox conditions in pelagic sediments (Kato et al., 2002; Takahashi et al., 2014; Fujisaki et al., 2019). Our data reveal that low Ce/Ce* values are associated with increased MREE (Figure 13), and there is no Ce anomaly when the REE patterns are relatively flat in the studied section (Figures 8, 10). Since the MREE-enriched patterns are probably due to the presence of fossilized biogenic apatite (e.g., conodonts) that recrystallized during diagenesis (Reynard et al., 1999; Chen et al., 2015; Zhang et al., 2016), the stratigraphic trends of Ce/Ce* values in the Iwaidani section may reflect the change in biogenic apatite content during diagenesis, rather than recording the redox conditions.
[image: Figure 13]FIGURE 13 | Crossplot of Ce/Ce* vs. MREE/MREE* for the siliceous claystone samples.
Principal Components
The PC1 scores of the present study represent the compositional variations in terrigenous detrital materials (aluminosilicates), because the loadings show strong negative values for Si, Al, Mg, Ca, Na, and K (Table 1). Prominent negative loadings for both Si and Al and the strong positive correlation coefficient between SiEF and AlEF (r = 0.89; Figure 9) indicate PC1 is related to the presence aluminosilicates, such as clay minerals. The same directions in the relatively strong loadings for alkali and alkaline Earth elements (Mg, Ca, Na, and K) with those of Si and Al suggest that these elements have been substituted for Si–Al units and layers or Al octahedral sheets in clay minerals (e.g., Brigatti et al., 2006). Thus, these elemental behaviors in the PC1 axis indicate the intensity of chemical weathering.
To verify the PC1 interpretation, we employed the chemical index of alteration (CIA; Nesbitt and Young, 1982) and the weathering index of Parker (WIP; Parker, 1970). These indices are widely used for reconstructing paleoclimate conditions by assessing the degree of hinterland weathering, which is controlled mainly by climatic factors (Nesbitt and Young, 1982; Nesbitt et al., 1996; Ohta and Arai, 2007; Sheldon and Tabor, 2009; Yang et al., 2016). Values of CIA indicate the extent of decomposition of feldspar minerals, which are the most abundant mineral group in the upper continental crust (Taylor and McLennan, 1985). The CIA is defined as Al2O3/(Al2O3 + CaO* + Na2O + K2O) × 100 (molar content). CaO in silicate phases (CaO*) is estimated by subtracting CaO in phosphate phases, predicted from P2O5 contents (McLennan, 1993; Price and Velbel, 2003). In samples with low CaO and high P2O5 contents, this calculation may yield negative values. In this case, values are set to 0. The WIP is defined as 100 × (2Na2O/0.35 + MgO/0.9 + 2K2O/0.25 + CaO*/0.7) (molar content). We used WIP to assess the weathering intensity of silicate rocks based on the proportions of alkali and alkaline Earth elements in the weathered products (Parker, 1970). The smaller WIP values denote stronger chemical weathering, which is opposite to the CIA values.
Figure 6 shows stratigraphic variations in CIA, WIP, and PC1. The stratigraphic profile of the PC1 scores correlates well with the WIP profile, supporting the interpretation that PC1 reflects the intensity of hinterland weathering. The general trend of the CIA index is also similar to that of PC1. The PC1 scores decrease with increasing CIA and decreasing WIP values across the EPME, suggesting intensified chemical weathering in hinterland areas during the latest Changhsingian to earliest Induan.
The PC2 scores explain the accumulation of Fe (oxyhydr)oxides in the section, because of the strong negative loadings (< −0.800) of Fe and P (Table 1). Negative P loading suggests adsorption or co-precipitation of phosphate on sinking Fe-oxyhydroxide particles (e.g., FeOOH–PO4 particles; Yao and Millero, 1996; Dellwig et al., 2010). In addition, relatively strong loading of Mn may also result from adsorption and/or co-precipitation of Mn as a particulate in the Mn–Fe–P-shuttle (MnOx–FeOOH–PO4; Dellwig et al., 2010). Such Fe- and P-rich particles are reductively dissolved under anoxic–euxinic conditions, and release Fe2+ and phosphate to the water column (Shaffer, 1986; Dellwig et al., 2010). The correlation coefficient between FeEF and PEF under the anoxic–euxinic conditions during the Changhsingian and Induan (r = 0.30) is lower than that of the Capitanian and Wuchiapingian (r = 0.62). The more negative PC2 scores (Figure 7) suggest a greater accumulation of Fe- and P-rich particles in a more oxygen-rich environment under the suboxic conditions of the Capitanian and early Wuchiapingian, but this interpretation is not valid under the anoxic–euxinic conditions after the late Wuchiapingian.
The PC3 axis explains the calcium phosphate accumulation, because the loadings show relatively strong negative values for both P and Ca in the compositional biplot (Figure 11). The enrichment factors for Ca and P show a relatively strong positive correlation (r = 0.62; Figure 9) that is consistent with the occurrences of conodont fossils in the studied section (Sano et al., 2012a). Indeed, the stratigraphic trends in PEF and CaEF are largely similar to those in PC3 (Figure 8). Thus, these characteristics of PC3 are related to biogenic apatite accumulation, as reported from multivariate statistical analyses of a Middle Triassic bedded chert succession in the Mino Belt, Japan (Soda and Onoue, 2019). The more negative direction of the PC3 scores indicate the presence of biogenic apatite, because the loadings of P and Ca have the same directions (negative). Therefore, negative PC3 scores in the Capitanian (Figure 8) imply higher accumulations of biogenic apatite, whereas the near-zero PC3 scores in the Wuchiapingian to Induan samples suggest minor contributions of biogenic apatite to the sediments. CaEF and PEF are relatively high in the Capitanian and clearly decrease across the GLT, which supports this interpretation of PC3. Indeed, the REE patterns in the Capitanian samples display a moderate to high enrichment in MREE (Figure 8), which is probably due to the presence of fossil biogenic apatite that recrystallized during diagenesis (Reynard et al., 1999; Chen et al., 2015). Thus, the relative depletion of MREEs in the Wuchiapingian samples is probably due to the paucity of biogenic apatite, which is consistent with the interpretation that the decrease in PC3 was associated with decreased contents of biogenic apatite across the GLT.
DISCUSSION
Based on the geochemical interpretations of redox-sensitive elements and principal components from the Iwaidani section, we discuss the redox history of the Guadalupian–Lopingian deep-sea Panthalassa, and compare our results with the PTB section at Gujo-Hachiman, where deep-sea oxic-dominated conditions have been proposed for the same period (Wignall et al., 2010; Fujisaki et al., 2019). We also investigate the environmental changes that affected the oceanic redox conditions using the results from our PCA.
Redox History
The detailed redox history of the Iwaidani section, from the Capitanian to Induan, is summarized in Figure 14. The entire section shows a low enrichment factor for Mn (MnEF <1), suggesting that reducing conditions has developed in the depositional environment already in the Capitanian. The enrichment patterns of the other redox-sensitive elements show a stepwise development of oxygen-depleted conditions in the studied section, referred to here as stages 1, 2, and 3 (in ascending order) (Figure 14).
[image: Figure 14]FIGURE 14 | Redox history of the Guadalupian to Lower Triassic deep-sea Panthalassa inferred from redox-sensitive elements (V, U, and Mo) and PC scores (PC1 and PC2) in the studied section. The Lopingian shows a stepwise development (stages 1 to 3) of prolonged oxygen-depleted conditions (i.e., deep-sea anoxia; Isozaki, 1997). Euxinic conditions in stage 3 began ∼200 kyr before the EPME, corresponding to the “euxinic maximum” reported from the Akkamori section in Japan (Takahashi et al., 2014). PC1 data show that euxinic conditions developed at the same time as an intensification of continental weathering, both of which began ∼200 kyr before the EPME.
Stage 1 consists of a slight enrichment of V and U (∼1.5–2.0 times that of the Capitanian), suggesting the initiation and development of reducing conditions across the GLT (Figure 14). The stratigraphic variations in PC2 scores indicate that the accumulation of Fe- and P-rich particles decreased across the GLT, suggesting the depositional environment changed from suboxic to weakly anoxic conditions, meaning that these particles could have been reductively dissolved. Subsequently, increases in UEF, MoEF, NiEF, CuEF, ZnEF, and TlEF during stage 2 indicate the development of anoxic conditions, which began at the WCB transition. Stage 3 (latest Changhsingian) is characterized by marked enrichments in Mo contents. The MoEF values and MoEF/UEF ratios (Figure 7) demonstrate that H2S-rich (euxinic) conditions may have developed in the latest Changhsingian, concurrent with the EPME. Since the average sedimentation rate for the Changhsingian bedded chert of the Hashikadani Formation is ∼0.3 cm·kyr−1 (Onoue et al., 2019), the anomalous increases in MoEF corresponding to the 60 cm stratigraphic interval at the end of the Permian indicate that the euxinic conditions in stage 3 began ∼200 kyr before the EPME (Figure 14). The increase in VEF and UEF does not coincide with the increase in MoEF, and their values increase significantly at the EPME horizon (Figure 7). Since Mo is adsorbed onto Fe–Mn particulates, whereas U and V are not, this pattern is consistent with the development of a particulate shuttle (Algeo and Tribovillard, 2009) immediately before the EPME. The appearance of a particulate shuttle at that time has also been reported from the Akkamori section in Northeast Japan (Takahashi et al., 2014). The development of the particulate shuttle in the pelagic Panthalassa may have depended on development of redox boundaries and vertical circulation in the early phase of stage 3, and this needs to be addressed in future studies.
Our redox-sensitive element data and PCA are consistent with previous interpretations of the gradual expansion of reducing conditions starting around the GLT (Isozaki, 1997; Kato et al., 2002). Isozaki, 1994 and Isozaki, 1997 coined the term “deep-sea anoxia” to describe this unique long-term oceanographic phenomenon in the deep sea of the mid-Panthalassa. In this study, we have newly identified three distinct ocean states (stages 1–3) during the Lopingian. Our results support the hypothesis of deep-sea anoxia, but contradict recent interpretations of oxic-dominant conditions in deep-sea Panthalassa during the Lopingian, as evidenced by positive Ce anomalies and limited increases in U and Mo from the PTB section at Gujo-Hachiman (Algeo et al., 2010; Algeo et al., 2011b; Fujisaki et al., 2019). The differences in redox conditions between the Iwaidani and Gujo-Hachiman sections are discussed below, in Section Anoxic vs. Oxic Condition in Deep-Sea Panthalassa.
Furthermore, the present study demonstrates that the changes from suboxic to euxinic conditions through the Lopingian reach a maximum immediately before the EPME. Takahashi et al. (2014) provided evidence of such euxinic conditions in the deep sea of the central Panthalassa Ocean immediately before and during the EPME, as evidenced by extremely high concentrations of U and Mo (enrichment factors of ∼6 and ∼7,600, respectively) in the uppermost Changhsingian black claystone from the Akkamori section in Northeast Japan (Figure 1B). Their values are consistent with those from the black claystone bed (∼6 UEF, ∼5,500 MoEF) at the top of the middle unit in the Iwaidani section. These studies suggest that the “euxinic maximum” (Takahashi et al., 2014) at the end of the Permian is most likely a phenomenon that occurred on the deep seafloor of the Panthalassa Ocean (Figure 14). Subsequent abrupt decreases in UEF and MoEF are recorded by the Induan black claystones in the Iwaidani section. Similar decreases in UEF and MoEF after the EPME have also been reported for the pelagic deep-sea PTB section at Akkamori. The concurrent drawdown of UEF and MoEF in both sections might reflect a drawdown of these trace elements in the global oceanic inventory (Takahashi et al., 2014).
Anoxic vs. Oxic Condition in Deep-Sea Panthalassa
Oxygen-depleted conditions during the latest Changhsingian have been proposed from other pelagic deep-sea PTB sections in Japan, such as the Waidani, Gujo-Hachiman, Akkamori, Ubara, and Tenjinmaru sections (Figure 1B; Kajiwara et al., 1994; Algeo et al., 2010; Wignall et al., 2010; Algeo et al., 2011b; Sano et al., 2012b; Takahashi et al., 2014; Kaiho et al., 2016; Zhang et al., 2017; Onoue et al., 2019). Of these, the Waidani, Akkamori, Ubara, and Tenjinmaru sections have limited stratigraphic records from the late Changhsingian to Early Triassic, whereas the Gujo-Hachiman section preserves a longer record from the Capitanian to the latest Changhsingian (Algeo et al., 2010; Zhang et al., 2017; Fujisaki et al., 2019). Therefore, here we discuss the redox conditions in the Lopingian by comparing the Iwaidani and Gujo-Hachiman sections.
The Gujo-Hachiman section (Kuwahara, 1997; Kuwahara et al., 1998) in the Mino Belt crops out ∼18 km east of the Iwaidani section (Figure 2B). Several large slabs (∼2–5 km wide and ≥15 km long) of ocean-island basalts and carbonate rocks are distributed between the Iwaidani and Gujo-Hachiman sections, and the rocks of both sections originated on a mid-oceanic seamount in the Panthalassa Ocean (Sano, 1988a, Sano, 1988b; Sano, 1989; Jones et al., 1993; Ichiyama et al., 2008). Therefore, both PTB sections are interpreted as pelagic facies that extend from the deep-ocean floor to the lower flank of a mid-Panthalassic seamount. This is evidenced by thin intercalations of dolomite rocks in the lower Guadalupian bedded cherts at Gujo-Hachiman (Kuwahara et al., 1998), which are likely reworked deposits from a shallow-water carbonate buildup, as previously suggested by Sano (1988a). Biostratigraphic analysis of radiolarians and conodonts revealed that the Gujo-Hachiman section contains the GLT and WCB (Kuwahara et al., 1998; Yao et al., 2001; Nishikane et al., 2011; Nishikane et al., 2014).
Recent studies of redox-sensitive elements (e.g., U, Mo, and Ce) and the quantitative analysis of framboidal pyrite from the Gujo-Hachiman section suggest oxic-dominant conditions in the deep-sea during the Lopingian and a rapid expansion of the sulphidic OMZ at shallower depths immediately before the EPME (Algeo et al., 2010; Wignall et al., 2010; Fujisaki et al., 2019). Based on positive Ce anomalies and low Mo and U enrichment factors, Fujisaki et al. (2019) suggested that the Gujo-Hachiman section records well-oxygenated conditions of deep-sea Panthalassa during the Guadalupian and most of the Lopingian, and episodic occurrences of suboxic conditions during the middle–late Lopingian.
These studies contradict our interpretation of the stepwise development of suboxic–euxinic conditions during the Lopingian (Figure 14), even though the Iwaidani and Gujo-Hachiman sections are located near each other and thus their depositional environments should have been similar. Since Mo-U co-variance trends for the Iwaidani section reflect open-marine, hydrographically-unrestricted depositional settings (Figure 12), it is unlikely that only the sediments in the Iwaidani section were deposited under restricted basin with stagnant conditions around a mid-oceanic seamount.
We suggest that the cherts and siliceous claystones from the Gujo-Hachiman section are intensely altered by the intrusions of nearby Cretaceous rhyolites and felsites (Figure 2B) and may not record the redox conditions in the Guadalupian and Lopingian. In previous studies, red hematite nodules have been described throughout the Gujo-Hachiman section, which has been referred to as negative evidence for anoxic conditions (Wignall et al., 2010). However, outcrop observations indicate that the hematite nodules with irregular shape and margins occur in association with the development of white and red veins and vugs of possible hydrothermal origin (Supplementary Figure S1). The development of these nodules and veins is characteristic of the Permian chert beds at Gujo-Hachiman and is not found in other Permian sections of the Funabuseyama area (Sano, 1988a; Sano, 2018). It is possible that the nodules and veins characteristic of the Gujo-Hachiman section were formed by the intrusions of the Cretaceous Okumino rhyolites distributed around the section (Figure 2B). Although their origin needs further investigation, the development of such veins is likely to significantly alter the chemical compositions of the siliceous claystone samples from the Gujo-Hachiman section.
In general, the correlations of Al, K and Rb contents attributed to alluminosilicates (mainly clay minerals) are strong in the bedded charts of the Mino Belt (Kato et al., 2002; Soda and Onoue, 2018, Soda and Onoue, 2019; Sato et al., 2020), and high correlations of these elements are also found in the Iwaidani section (Figures 5, 9). This implies that Al, K, and Rb in alluminosilicate minerals in the Permian bedded cherts were not significantly mobilized during post-depositional alteration processes. In contrast, there is no clear correlation between Al, K, and Rb in the Gujo-Hachiman section (Supplementary Figure S2). Compared with Iwaidani, the Gujo-Hachiman section shows a depletion of K and Rb relative to Al, but instead contains an excess of Si and Fe. This may indicate that the leaching of alkaline elements (K and Rb) and precipitation of Si and Fe occurred due to hydrothermal alteration (Pirajno, 2009). Chemical weathering indices (CIA and WIP) are sensitive to changes in bulk chemistry that is also associated with hydrothermal alteration (Price and Velbel, 2003; Pirajno, 2009). In contrast to the Iwaidani section, the Gujo-Hachiman samples are characterized by highly variable CIA and WIP values (Supplementary Figure S3) with highly to completely weathered nature (e.g., CIA >80, WIP <20; Duzgoren-Aydin et al., 2002; Ohta and Arai, 2007), suggesting that the samples are subjected to strong chemical alteration, probably due to hydrothermal alteration and accentuated weathering. If this interpretation is correct, elemental redox proxies, such as V and U, may have been affected by the chemical alterations, including oxidation leaching of these elements during hydrothermal alteration. Further geochemical and mineralogical studies are needed to constrain these interpretations.
The much higher UEF and MoEF values, indicative of euxinia, are also observed in the latest Changhsingian at the Iwaidani section but not in the Gujo-Hachiman section. Algeo et al. (2011b) suggested that the bottom water of the Gujo-Hachiman section was suboxic, as evidenced by the limited increases in V, U, and Mo across the chert–black shale facies transition. This may reflect the hydrothermal alterations (as discussed above), but the lack of a stratigraphic record corresponding to the euxinic condition may be a more realistic explanation of this difference (Takahashi et al., 2014). As shown in Supplementary Figure S4, the rocks in the uppermost Changhsingian are strongly deformed compared with the lower stratigraphic intervals of the section. The Gujo-Hachiman section lacks the Hg/TOC anomalies and negative Δ33S anomalies found at the uppermost Changhsingian in other PTB sections in Japan (Zhang et al., 2017; Shen et al., 2019), which can be explained by the absence of the stratigraphic interval corresponding to the euxinic conditions, due to minor shear faults at Gujo-Hachiman (Supplementary Figure S4). This explanation was also proposed by Takahashi et al. (2014) and Kaiho et al. (2016) to explain the different redox conditions between the Gujo-Hachiman and Akkamori sections during the latest Changhsingian.
Based on quantitative analyses of the framboidal pyrite size distribution, Algeo et al. (2010) and Wignall et al. (2010) suggested that a shallow-water sulphidic OMZ rapidly expanded immediately before the EPME. If this were the case, evidence of a shallow water OMZ should be found in the Iwaidani section. However, our interpretation of redox conditions based on our trace element data does not provide evidence on the position of chemoclines in the water column. Future geochemical research, such as iron speciation, total sulfur and stable sulfur isotopic composition, and the size of pyrite grains, will help confirm or refute this hypothesis (Wignall et al., 2010; Zhang et al., 2017; Takahashi et al., 2019; Maruoka and Isozaki, 2020).
Enhanced Hydrological Cycle and Ocean Anoxia
Previous studies have suggested that the release of volcanic and contact metamorphism-related gases (CO2 and CH4) from the Siberian Traps would have enhanced global warming just before the PTB, which is supported by oxygen-isotope studies of marine biogenic calcite and apatite (Kearsey et al., 2009; Sun et al., 2012; Chen et al., 2016). The resulting temperature increase and the collapse of vegetation on land may have resulted in intensified chemical weathering via acceleration of the hydrological cycle (Sephton et al., 2005; Algeo and Twitchett, 2010; Sun et al., 2018), which would have caused increased nutrient discharge (e.g., nitrates and phosphates) to the global ocean and a resulting increase in primary productivity, leading to global oceanic anoxic conditions (Wignall, 2007; Algeo et al., 2011a; Zhang et al., 2018b; Schobben et al., 2020).
During stage 3, the siliceous rocks of the Iwaidani section record evidence for enhanced chemical weathering accompanied by a change from anoxic to euxinic conditions (Figure 14). Our study shows negative PC1 scores with increasing CIA and decreasing WIP values across the PTB, implying intensified chemical weathering in hinterland regions during the latest Changhsingian to earliest Induan. Given that the average sedimentation rate of the Changhsingian bedded chert is ∼0.3 cm·kyr−1 (Onoue et al., 2019), enhanced continental chemical weathering occurred ca. 200 kyr before the EPME. These results support the interpretation of an acceleration of the hydrologic cycle and increased weathering rates immediately before the PTB, as evidenced by geochemical, biomarker, and isotopic studies (Sephton et al., 2005; Sheldon, 2006; Algeo and Twitchett, 2010; Kaiho et al., 2016; Sun et al., 2018; Cao et al., 2019).
The shift to a warmer climate during the transition between anoxic and euxinic depositional environments is also supported by the decrease in the enrichment factors of Ti, Zr, and Hf (Figure 6), which are primarily concentrated in heavy mineral assemblages such as ilmenite, rutile, titanomagnetite, and zircon (Schmitz, 1987; Shimmield and Mowbray, 1991; Calvert and Pedersen, 2007). Because the distribution of heavy minerals in deep-sea sediments is affected by changes in the grain size of wind-blown dust, the enrichments of these elements indicate increases in the intensity of aeolian transport and wind strength (Boyle, 1983; Beveridge, 1994; Calvert and Pedersen, 2007). Previous studies on past atmospheric transport of terrestrial materials (Rea et al., 1985; Rea, 1994; Anderson et al., 2006) suggest that decreases in TiEF, ZrEF, and HfEF may reflect a transition to a more humid climate, and more specifically to humid conditions within the dust source regions and/or precipitation along the pathways of dust transport. Consequently, our results suggest that the climate changed to relatively warm and humid conditions during the ca. 200 kyrs prior to the EPME. The causes of this climatic change are debated, and hypotheses include an extraterrestrial influence on the influx of interplanetary dust particles (Onoue et al., 2019; Takahata et al., 2019); however, large-scale eruption of the Siberian Traps is commonly favored to explain the global warming and rapid enhancement of continental weathering (Wignall, 2007; Algeo et al., 2011a; Schobben et al., 2020). Two-thirds of the total lava volume of the Siberian Traps was deposited ca. 300 kyr before the EPME (Burgess and Bowring, 2015; Burgess et al., 2017). Grasby et al. (2011) suggested that a release of coal fly-ash generated by magma-coal thermal metamorphism in the Siberian Traps, which was dispersed globally during the 500–750 kyr before the EPME. Therefore, it seems reasonable to assume that intensified continental weathering indicated by our PC1 and weathering proxy data was related to initial emplacement of the Siberian Traps before the EPME.
In theory, enhanced chemical weathering via acceleration of the hydrological cycle would cause increased nutrient discharge (e.g., nitrates and phosphates) to the global ocean, with a consequent increase in biological productivity (Jones and Jenkyns, 2001; Jenkyns, 2010; Pogge von Strandmann et al., 2013). Elevated values of total organic carbon (TOC) and paleoproductivity proxy data (e.g., Ba and P) in PTB black claystones in Japan have been cited as evidence of increased primary productivity across the PTB in the Panthalassa Ocean (Suzuki et al., 1998; Algeo et al., 2011b), though nitrogen and carbon isotope data along the northwestern margin of Pangea (Grasby et al., 2016) and the eastern margin of the Panthalassa (Schoepfer et al., 2013) suggest nutrient-limited conditions and reduced primary productivity in the earliest Triassic. Barium is commonly used as a tracer of paleoproductivity (Zachos et al., 1989; Dymond and Collier, 1996; McManus et al., 1998; Algeo et al., 2011b), since barite precipitation occurs in decaying particulate organic matter while it sinks to the seafloor (Dehairs et al., 1980; Bishop, 1988; Dymond and Collier, 1996), which is supported by enhanced BaEF values below high-productivity areas (Nürnberg et al., 1997). Our data show that BaEF decreased significantly during the Wuchiapingian and then remained consistently low until the Induan (Figure 8). Thus, the Iwaidani section demonstrates no apparent link between increased chemical weathering and paleoproductivity during the latest Changhsingian. However, Ba cannot be used as a proxy for paleoproductivity under anoxic to euxinic conditions because 1) low sulfate concentrations in seawater, which are inferred for the late Permian–Early Triassic (Bottrell and Newton, 2006; Luo et al., 2010), reduce the solubility product of barite in seawater; and 2) anoxic conditions in sediment pore water cause the reductive dissolution of sedimented barite (Algeo et al., 2011b). Since the stratigraphic profile of BaEF mimics that of Th/U ratios and is inversely correlated with UEF (Figures 7, 8), BaEF might not record variations in paleoproductivity, but instead reflect the dissolution of barite in the anoxic–euxinic environments during the Changhsingian and Induan. Consequently, the variation in paleoproductivity in relation to increased chemical weathering could not be investigated in the Iwaidani section, and the causal connection between chemical weathering and the development of euxinic conditions during the latest Changhsingian remains unclear. We need further investigation, such as carbon and nitrogen isotope analyses, to evaluate this connection.
Like the PTB, climate change induced by large-scale volcanism has also been proposed for the Capitanian (e.g., Wignall et al., 2009; Bond et al., 2010). The Emeishan Traps in South China were identified as a possible cause of the global warming during the late Capitanian (Chen et al., 2011); thus, enhanced chemical weathering during this period is expected (Zhang et al., 2019). However, the PC1 scores in the Iwaidani section did not change during the Capitanian and earliest Wuchiapingian (Figure 14). Chen et al. (2011), Chen et al. (2013) used oxygen isotopes from conodonts and found an increase in the paleotemperature during the late Capitanian, which reflects the end-Guadalupian global regression (Haq and Schutter, 2008) and shallowing of conodont habitats. This interpretation appears to be more appropriate in explaining the increase in seawater temperature in South China during the late Capitanian.
Our data reveal that suboxic to weakly anoxic conditions developed ca. 8 Myr prior to the PTB. There is no simultaneous increase in chemical weathering recorded by the negative PC1 scores during the prolonged suboxic–anoxic conditions in the Lopingian, except near the PTB (Figure 14). The cause of the onset of deep-sea anoxia remains uncertain, but our new data largely exclude the possibility that the event was induced by abrupt warming and subsequent acceleration of the hydrological cycle, triggered by degassing related to large-scale volcanic activity. The weakening of ocean circulation with the end of the Gondwana glaciation and Kamura cooling event (Isozaki et al., 2007a; Isozaki et al., 2007b) might be one possible explanation for a relatively stagnant ocean (Kajiwara et al., 1994; Isozaki, 1997) that led to the development of deep-sea anoxia during the Lopingian. Across the GLT, a decrease in the PC3 scores was associated with decreased concentration of biogenic apatite, which is sourced primarily from conodonts and pelagic vertebrates such as fish. Regions of upwelling around seamounts exhibit increased nutrient concentrations in surface waters, which result in the proliferation of fish in pelagic realms (Ohta et al., 2020). The decreasing PC3 trend in this study may therefore reflect the weakening transport of deep nutrient-rich cold water to the surface around the seamount by oceanic upwelling, due to more stagnant ocean circulation. However, a causal link between a reduced nutrient supply and conodont productivity has not been found. Further geological and geochemical research is needed to verify the exact nature of the deep-sea anoxia.
CONCLUSION
Redox changes in the Guadalupian (middle Permian) to Lower Triassic bedded chert succession from the Iwaidani section, Japan, were inferred on the basis of stratigraphic variations in redox-sensitive elements (e.g., Mn, V, Mo, and U). We also applied PCA to major element compositions to investigate the environmental changes that triggered the oceanic redox changes. The Permian/Triassic boundary section that was examined in this study extends from pelagic deep-sea facies deposited on the ocean floor to the lower flank of a mid-Panthalassan seamount.
Our data reveal that the enrichment patterns of redox-sensitive elements are characterized by a three-stage increase (stages 1 to 3) during the Lopingian. Stage 1 is characterized by slight enrichments of V and U across the transition between the Guadalupian and Lopingian, suggesting the initiation of oxygen-poor conditions ca. 8 Myr prior to the Permian/Triassic boundary. Subsequently, anoxic conditions developed during the late Wuchiapingian (stage 2), as inferred from increases in the enrichments of U, Mo, Ni, Cu, Zn, and Tl. Stage 3 shows strong enrichments in V, U, and Mo, which indicates that euxinic conditions developed in the latest Changhsingian and around the time of the end-Permian mass extinction event. These results demonstrate the development of prolonged oxygen-depleted conditions (“deep-sea anoxia”) in the Lopingian deep-sea Panthalassa Ocean.
We extracted three PCs from the major element compositions of 114 siliceous claystone samples from the study section. PC1, PC2, and PC3 indicate the influence of chemical weathering intensity, Fe-rich (oxyhydr)oxides particles, and biogenic apatite, respectively, on the bulk sediment geochemistry. The stratigraphic variations of the PC2 scores indicate that the accumulation of Fe-rich particles decreased across the GLT, suggesting a change in depositional environment from suboxic to weakly anoxic conditions (stage 1), meaning that these particles would have been reductively dissolved. The PC3 score shows a decline in apatite-secreting organisms accompanied by the development of reducing conditions in stage 1. The cause of the onset and development of deep-sea anoxia during stages 1 and 2 remains unresolved; however, our PC1 and weathering proxy data suggest that the development of euxinic conditions in the latest Changhsingian (stage 3) was triggered by intensified continental weathering in response to a temperature rise ca. 200 kyr before the EPME.
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About half of all vertebrate species today are ray-finned fishes (Actinopterygii), and nearly all of them belong to the Neopterygii (modern ray-fins). The oldest unequivocal neopterygian fossils are known from the Early Triassic. They appear during a time when global fish faunas consisted of mostly cosmopolitan taxa, and contemporary bony fishes belonged mainly to non-neopterygian (“paleopterygian”) lineages. In the Middle Triassic (Pelsonian substage and later), less than 10 myrs (million years) after the Permian-Triassic boundary mass extinction event (PTBME), neopterygians were already species-rich and trophically diverse, and bony fish faunas were more regionally differentiated compared to the Early Triassic. Still little is known about the early evolution of neopterygians leading up to this first diversity peak. A major factor limiting our understanding of this “Triassic revolution” is an interval marked by a very poor fossil record, overlapping with the Spathian (late Olenekian, Early Triassic), Aegean (Early Anisian, Middle Triassic), and Bithynian (early Middle Anisian) substages. Here, I review the fossil record of Early and Middle Triassic marine bony fishes (Actinistia and Actinopterygii) at the substage-level in order to evaluate the impact of this hiatus–named herein the Spathian–Bithynian gap (SBG)–on our understanding of their diversification after the largest mass extinction event of the past. I propose three hypotheses: 1) the SSBE hypothesis, suggesting that most of the Middle Triassic diversity appeared in the aftermath of the Smithian-Spathian boundary extinction (SSBE; ∼2 myrs after the PTBME), 2) the Pelsonian explosion hypothesis, which states that most of the Middle Triassic ichthyodiversity is the result of a radiation event in the Pelsonian, and 3) the gradual replacement hypothesis, i.e. that the faunal turnover during the SBG was steady and bony fishes were not affected by extinction events subsequent to the PTBME. Based on current knowledge, hypothesis three is favored herein, but further studies are necessary to test alternative hypotheses. In light of the SBG, claims of a protracted diversification of bony fishes after the PTBME should be treated with caution.
Keywords: actinopterygii, triassic, biotic recovery, biodiversity, diversification, actinistia (coelacanthiformes), osteichthyes (bony fish)
INTRODUCTION
In the wake of the most severe mass extinction event at the Permian-Triassic boundary, ca. 252 Ma ago (Baresel et al., 2017), the Triassic witnessed the recovery of various metazoan groups, as is evidenced by their fossil record. During the last decades, a wealth of data has shed new light on the evolutionary changes of various clades during and after mass extinctions, including the Permian-Triassic boundary mass extinction event (PTBME). With regard to bony fishes (herein I only refer to the non-tetrapod members of Osteichthyes), low diversity during most of the Permian was followed by an impressive diversification in the aftermath of the PTBME, leading to a peak in taxic richness in the Middle Triassic, less than 10 myrs (million years) after the event (Tintori et al., 2014a; Friedman 2015; Romano et al., 2016a). While bony fishes became more diverse in the Triassic, it is worth noting that they seemingly remained unaffected by the PTBME (e.g. Romano et al., 2016a; Smithwick and Stubbs 2018). Therefore, rather than a recovery, the diversification of bony fishes after the PTBME should be considered an opportunistic radiation after the demise of other nektonic groups.
The timing and pattern of the diversification (or recovery) of different organismic groups following the PTBME has been controversially discussed in recent years. Whereas for some clades a slow or protracted increase in diversity is noted (e.g. Chen and Benton 2012), for others, species richness increased rapidly (e.g. Orchard 2007; Brayard et al., 2009). Some authors argued for a slow diversification of bony fishes after the PTBME, often citing the very diverse Middle Triassic assemblages from South China and the Southern Alps as examples of fully recovered ecosystems (e.g. Chen and Benton 2012; Benton et al., 2013; Tintori et al., 2014a). Regardless of the timing, the radiation of bony fishes at the onset of the Mesozoic led to the evolution of new clades, probably most importantly among the Neopterygii, the most species-rich clade of bony fishes today (>99.9%), and the most diverse group of all extant vertebrates (∼50% of species; Sallan 2014). Unambiguous members of Neopterygii first appear in the Early Triassic, although based on molecular clock studies (e.g. Near et al., 2012) a Paleozoic origin is suspected. A first diversity peak among neopterygians is evident in the Middle Triassic, both in terms of genus richness and trophic adaptations (Bürgin, 1996; Friedman, 2015). However, due to the inadequately known post-PTBME record of neopterygians and other bony fishes, the detailed pattern of their diversifications is not well understood. In particular, the Spathian (late Olenekian, Early Triassic; Tozer 1965), Aegean (Early Anisian, Middle Triassic; Balini et al., 2010), and Bithynian (early Middle Anisian) substages still suffer from a patchy fossil record. This hiatus, coined herein the “Spathian–Bithynian gap”, separates the better-known faunas from the Griesbachian, Dienerian, and Smithian intervals (Early Triassic; Tozer 1965) on the one hand from those of the later part of the Middle Triassic on the other hand.
Here, I review the fossil record of Early–Middle Triassic marine bony fishes, aiming to assess the implications of the Spathian–Bithynian gap on our understanding of their Triassic radiation. My analyses are based on substage-level occurrence data of both Actinistia (coelacanths) and Actinopterygii, which I compiled from the literature (see Romano et al., 2016a for references published until 2013; studies published thereafter are cited in the text). I exclude dipnoans from my analyses because their Triassic record is mostly restricted to the freshwater. Substage-level occurrence data for actinopterygian and actinistian taxa from the Middle Triassic site Monte San Giorgio are based on the literature and the collection data base of the Paleontological Institute and Museum, University of Zurich (PIMUZ). I focus primarily on marine and brackish occurrences due to the finer and usually more precise biostratigraphic age control compared to the freshwater record. Additionally, it has been inferred that freshwater environments served as refugia for taxa that disappeared in the marine realm earlier (e.g. Romano et al., 2012; Romano et al., 2016a). In agreement with this view, there is also evidence for a marine ancestry of present-day freshwater fishes and not the other way around (Betancur-R. et al., 2015). Late Early Triassic and early Middle Triassic freshwater fishes described from southern Gondwana and Laurasia are dominated by non-neopterygians and a few perleidiforms (see Romano et al., 2016a and references therein). Based on the above, the freshwater record is probably inadequate to compensate the lack of knowledge resulting from gaps in the marine record of bony fishes. Finally, I concentrate mainly on Early–Middle Triassic collecting sites that yield relatively complete bony fish fossils, as such specimens allow for more secure taxonomic and systematic interpretations.
THE EARLY TRIASSIC RECORD
Griesbachian
The Griesbachian (early Induan; Tozer 1965) is the first stage of the Early Triassic. This interval covers the immediate aftermath of the PTBME. Very little is known about marine Griesbachian Actinistia and Actinopterygii because our knowledge is based almost exclusively on fossils from sites in East Greenland. The only exception is a tooth plate of Bobasatrania from the Salt Range, Pakistan (Böttcher 2014). Fossils from East Greenland were collected mostly during the first half of the 20th century by Danish expeditions (e.g. Stensiö 1932; Nielsen 1936; Nielsen 1961; Brinkmann et al., 2010), but also during subsequent fieldtrips by other researchers (e.g. by R. Trümpy, material stored at PIMUZ).
The Early Triassic fishes of East Greenland originate from six horizons (Nielsen 1942; Nielsen 1949; Perch-Nielsen et al., 1974), the lower five of which (“fish-zones” I–V) are dated as early to late Griesbachian (Surlyk et al., 2017), whereas the sixth horizon is early Dienerian in age (see below). Biostratigraphic control comes from ammonoids. Although the ichthyofaunal compositions of these six horizons differ (Nielsen 1961), collectively they show that all of the typical Early Triassic taxa were already present in the Griesbachian: Australosomus, Birgeria, Bobasatrania, Boreosomus (Ptycholepidae), ?Errolichthys, Helmolepis (Platysiagidae), parasemionotids (Broughia, Ospia, ?Parasemionotus, ?Watsonulus) Pteronisculus, Saurichthys, ?Teffichthys (“Perleidus”; Marramà et al., 2017), Sassenia, and Whiteia (Stensiö 1932; Nielsen 1936; Nielsen 1942; Nielsen 1949; Nielsen 1952; Nielsen 1955; Nielsen 1961; Nybelin 1977; Mutter 2005; Kogan 2011; Argyriou et al., 2018). These taxa are part of Tintori et al. (2014a)'s “Triassic Early Fish Fauna” (TEFF).
In contrast to the Dienerian and Smithian (see below), the good preservation of the bony fish fossils in the Griesbachian of Greenland is not linked to widespread anoxia on marine shelves. Rather, it is hypothesized that the preservation of articulated and complete skeletons was favored by the globally low sea-level at the time (pers. comm. H. Bucher, 2020). The low sea level led to the formation of local silled basins with low O2 content, as was, for instance, the case in the Nanpanjiang basin in South China (Bagherpour et al., 2017).
Dienerian
The second stage of the Early Triassic is the Dienerian (late Induan; Tozer 1965). The Dienerian was characterized by the widespread distribution of anoxia on continental shelves (Ware et al., 2015) and elevated temperatures (Romano et al., 2013). Marine anoxia favored the preservation of skeletons of actinistian and actinopterygian fishes (cf. Tintori 1992). As a result, articulated and complete fossils of these animals can frequently be found in Dienerian aged marine deposits around the globe (Canada, China, Greenland, India, Madagascar, United States).
A long-known locality preserving marine Dienerian osteichthyans is northwest Madagascar (e.g. Lehman 1952; Nielsen 1955; Beltan 1968; Brinkmann et al., 2010; Marramà et al., 2017). The fishes occur in float concretions. A Dienerian to possibly earliest Smithian age is indicated by ammonoids that are occasionally preserved in the same nodules as the fishes (see Kogan and Romano 2016a). The fossiliferous layers have yielded taxa such as Australosomus, Birgeria, Bobasatrania, Boreosomus (Ptycholepidae), Ecrinesomus, Errolichthys, Helmolepis (Platysiagidae), Paracentrophorus, Pteronisculus, Saurichthys, Teffichthys (species were previously referred to Perleidus; Marramà et al., 2017), several parasemionotid genera, and actinistians (Piveteauia, Rhabdoderma, Whiteia). Many of these taxa are typical for the Early Triassic and belong therefore to the TEFF of Tintori et al. (2014a), though some genera, especially among parasemionotids and actinistians, were seemingly endemic. Localities in southwestern Madagascan also yield bony fishes (e.g. Lehman et al., 1959). These occurrences are herein treated as coeval to those from the northwestern part of the island due to the many shared taxa, but conclusive evidence from index fossils is still wanting for the southwestern localities (cf. Kogan and Romano 2016a).
In East Greenland, which is famous for Griesbachian aged fish fossils (see above), there is a horizon yielding Dienerian aged fishes (“stegocephalian-horizon” of Nielsen 1942; Nielsen 1949; “Zone VI” of Nielsen 1961; Surlyk et al., 2017). However, fossils appear to be few in these beds (Nielsen 1961). In addition, two western Canadian occurrences have been dated as Dienerian: a parasemionotid collected in Alberta (Davies et al., 1997) and a bobasatraniid reported from British Columbia (Wignall and Newton 2003). There are also occurrences of possibly Dienerian aged actinopterygians in Idaho, United States (Tanner 1936; Romano et al., 2012).
The Early Triassic bony fish record from China is relatively poor compared to the Middle Triassic one (see below). Isolated occurrences in the lower Yinkeng Formation (Zhejiang province) comprise Paraperleidus in addition to fragmented specimens (Dienerian according to Benton et al., 2013).
Two new localities yielding articulated Dienerian osteichthyan fishes were recently discovered in the Spiti subdistrict (Himachal Pradesh, India; Romano et al., 2016b) and in the Candelaria Hills (southwestern Nevada, United States; Romano et al., 2019). From Spiti, Saurichthys, a parasemionotid, an actinistian and additional, indeterminable actinopterygian remains have been described. The material was collected in situ together with ammonoids (Ware et al., 2018). Regarding the Candelaria Hills, a parasemionotid (Candelarialepis), a ?turseoid (Pteronisculus), a ptycholepid (Ardoreosomus), and several indeterminable actinopterygians were described. The collected material also contains several undescribed actinistian remains referable to Whiteia (pers. comm. R. Socha and P. Skrzycki, 2020). Although two genera from the Candelaria Hills appear to be endemic, they do belong to families that had a widespread distribution at the time of deposition. The families are therefore part of the TEFF (Tintori et al., 2014a).
Smithian
The third stage of the Early Triassic, the Smithian (early Olenekian; Tozer 1965), ended with an extinction event, the Smithian-Spathian boundary event (SSBE; Galfetti et al., 2007). This extinction event severely decimated ammonoids and conodonts, both being nekto-pelagic taxa (e.g. Orchard 2007; Brayard et al., 2009; Leu et al., 2019). To what extend bony fishes were affected by the SSBE is not well known, predominantly due to the patchy Spathian record (see below). The Smithian was marked by profound global change, as indicated by large perturbations in the carbon isotope and oxygen isotope records (e.g. Payne et al., 2004; Romano et al., 2013; Goudemand et al., 2019). These data suggest a cooler episode during the early Smithian, followed by a rapid warming leading to peak temperatures during the middle Smithian. The late Smithian, coinciding with the extinction event, was associated with a drop in global temperatures (Goudemand et al., 2019; Widmann et al., 2020).
A prolific collecting area for Smithian aged osteichthyans is the Arctic island of Spitsbergen, Svalbard archipelago, Norway (see e.g. Brinkmann et al., 2010). Although the occurrence of Early Triassic fishes in Spitsbergen was already discovered in the 19th century, taxonomic studies were performed mostly during the 1920’s, with very few taxonomic works since that time (e.g. Stensiö 1921; Kogan and Romano 2016b). Fossils are preserved in float concretions derived from the “fish horizon” (e.g. Stensiö 1921). Ammonoids and conodonts are frequently preserved with the fishes, but they are rarely mentioned in the literature. These index fossils point at an early late Smithian age (Wasatchites tardus ammonoid zone; cf. Kogan and Romano 2016b). Osteichthyan fossils were also collected from strata below or above the “fish horizon”, but for the most part these consist of isolated skeletal elements (cf. Kogan and Romano 2016b). Typical taxa from Spitsbergen include Birgeria, Bobasatrania, Helmolepis, Pteronisculus, Saurichthys, ?Teffichthys (“Perleidus”; Marramà et al., 2017), Ptycholepidae (Acrorhabdus, Boreosomus), and several actinistian genera (Axelia, Mylacanthus, Sassenia, Scleracanthus, Wimania).
Fossiliferous sites in western Canada (Alberta, British Columbia) have yielded numerous articulated bony fishes (e.g. Schaeffer and Mangus 1976; Neuman and Mutter 2005; Wendruff and Wilson 2012; Wendruff and Wilson 2013; Neuman 2015), most of which are probably of Smithian age (Orchard and Zonneveld 2009), though some have also been found in Dienerian strata (see above). Additional occurrences are known from the Canadian Arctic (Ellesmere Island, Nunavut; Schaeffer and Mangus 1976). Collectively, these Canadian sites have produced the following taxa: Albertonia, Australosomus, Birgeria, Bobasatrania, Boreosomus, Helmolepis, Saurichthys, as well as actinistians (Belemnocerca, Rebellatrix, Whiteia).
During the last decade, repeated fieldwork in the western United States has led to the discovery of articulated, Smithian aged bony fish fossils in Idaho and northeast Nevada (Romano et al., 2012; Romano et al., 2017). Described taxa encompass Birgeria, Saurichthys, as well as indeterminate, mostly disarticulated actinopterygian and actinistian remains.
Several, frequently complete osteichthyans have been recovered from the Lower Qinglong Formation and the Helongshan Formation in eastern China (Tong et al., 2006; Li 2009). The material from these two formations is Smithian in age (cf. Tong and Yin 2002; Ji et al., 2015; Liu et al., 2020). Collected specimens include Plesioperleidus, several genera of Parasemionotidae, an actinistian (Chaohuichthys), as well as other, indeterminate bony fish remains.
The good preservation of bony fish fossils in the abovementioned sites is related to widespread anoxic conditions in the oceans during the late Smithian (Hermann et al., 2011), which are known to enable preservation of fish fossils with fine details (Tintori 1992). Consequently, articulated and largely complete fossils are frequently to be found in late Smithian strata around the world. As for the Griesbachian and Dienerian localities, the Smithian localities produce taxa that had a widespread distribution in the aftermath of the PTBME, and which are typical for the TEFF (Tintori et al., 2014a), with relatively few endemic genera.
Spathian
With a duration of ca. 3 myrs, the Spathian (late Olenekian; Tozer 1965) represents the last and by far the longest substage of the Early Triassic epoch (Ovtcharova et al., 2006; Ovtcharova et al., 2015). Conversely, only very few occurrences of identifiable bony fish fossils are known. The reason for the scarcity of Spathian fishes is likely due to the absence of global episodes of black shale deposition on continental shelves, in contrast to the Dienerian and late Smithian (see above). Near the Spathian-Anisian boundary (Early Triassic–Middle Triassic boundary), a drop in global ammonoid diversity is evident (Bucher 1989), but the mechanisms and extent of this extinction event are not well studied.
Well-dated Spathian bony fish are known from China, Romania, and the western United States. From the upper member of the Nanlinghu Formation in eastern China (Anhui Province), a perleidid (Chaohuperleidus) and a saurichthyid have been described (Sun et al., 2013; Tintori et al., 2014b). From Romania, cranial remains of the actinistian Dobrogeria have been described (Cavin and Grădinaru 2014), and material of additional taxa is currently under study (work in progress). From northeast Nevada, an indeterminate actinopterygian postcranium (a ptycholepid) and a large, yet undescribed skull are known (Romano et al., 2017). Furthermore, complete specimens of Bobasatrania from Spathian deposits of Idaho (cf. Brayard et al., 2017) are currently under study by the author. Another probable Spathian occurrence is known from Spitsbergen (a specimen of Saurichthys; cf. Kogan and Romano 2016b).
The Gogolin beds (Upper Buntsandstein) of Upper Silesia, Poland, yield fossils of Saurichthys, Nephrotus, and actinistians (cf. Romano et al., 2017 for references). Here, I include the fishes from Gogolin in the Spathian substage (see Kowal-Linka and Bodzioch 2017).
Most actinopterygian taxa documented by fossil occurrences in Spathian strata are also known from pre-Spathian and Middle Triassic deposits. Their presence in the Spathian is therefore unsurprizing. These taxa are Saurichthys, Bobasatrania, and Pygopterus. In addition, the family Ptycholepidae comprises pre-Spathian (Acrorhabdus, Ardoreosomus, Boreosomus) and post-Spathian genera (Ptycholepis); it is known from a single fossil, indeterminable at the genus level, from the Spathian of Nevada. An exception are the perleidids. The Spathian Chaohuperleidus represents the earliest occurrence of this group in the fossil record (note that Griesbachian–Smithian perleidids were reallocated to Teffichthys; Marramà et al., 2017). Tintori et al. (2014a) include perleidids in the TMFF (“Triassic Middle Fish Fauna”).
THE MIDDLE TRIASSIC RECORD
The Middle Triassic epoch contains two stages: Anisian and Ladinian (e.g. Balini et al., 2010). Each stage can be subdivided into substages. The Anisian is divided into the Aegean (Early Anisian), Bithynian (early Middle Anisian), Pelsonian (late Middle Anisian), and Illyrian (Late Anisian). The Ladinian comprises two substages, the Fassanian (Early Ladinian) and the Longobardian (Late Ladinian). The Longobardian occurrences have been omitted herein, because they do not add more information to the scope of the present study. Originally, the substages were used for the European Middle Triassic, but they are presently also applied to other Tethyan sections.
Aegean
To date, Early Anisian osteichtyan fishes are barely known. Fossils were collected from the Upper Buntsandstein in Alsace, France (Grès à Voltzia), and near Durlach, Baden-Württemberg, Germany, from where the following taxa have been described: Dipteronotus (=Praesemionotus), Dorsolepis, Pericentrophorus, Pygopterus, Saurichthys, and actinistians (Wilser 1923; Jörg 1969; Gall et al., 1974; Schultze and Kriwet 1999; Gall and Grauvogel-Stamm 2005). Except for Pygopterus and Saurichthys, these genera are not yet known from deposits older than Middle Triassic. Dorsolepis and Pericentrophorus are probably endemic. These taxa are grouped in the “Triassic Middle Fish Fauna” (TMFF; Tintori et al., 2014a). Although an Early Anisian age was assumed based on index fossils (Gall and Grauvogel-Stamm 2005), Werneburg et al. (2014) questioned this age assignment and suggested that they were younger (Bithynian or Pelsonian).
Bithynian
The Bithynian record of bony fishes is poor and restricted to a few occurrences in the United States, the Netherlands, Germany, and possibly Slovenia. The Fossil Hill Member of the Favret Formation in Nevada has yielded cranial material of Saurichthys together with other isolated bony fish remains (Sander et al., 1994; Rieppel et al., 1996). Specimens of Eosemionotus, Gyrolepis, Saurichthys and other actinopterygians have been collected from the lower beds of the Vossenveld Formation in the Netherlands, which are Bithynian in age (Oosterink and Poppe 1979; Oosterink 1986; Maxwell et al., 2016). From Germany, Werneburg et al. (2014) described small species of Saurichthys. These authors also mention the occurrence of Dipteronotus, cf. Peltoperleidus, and Eosemionotus. The Velika Planina Horizon (Slovenia), whose precise age is not known but is thought to be pre-Pelsonian, has produced specimens of Eosemionotus, Placopleurus, and Saurichthys (Hitij et al., 2010; Tintori et al., 2014a; Tintori et al., 2016). The Velika Planina Horizon is herein treated as Bithynian in age, although an Aegean age cannot currently be confidently excluded. Apart from Saurichthys, all other genera listed above have their first appearance datum in this interval. They are part of the TMFF of Tintori et al. (2014a).
Pelsonian
Localities in Europe (Italy, Slovenia) and China produce Pelsonian bony fishes, many of which have been studied intensively during recent years. The Strelovec Formation of Slovenia has yielded fossils of Eosemionotus, Habroichthys, Peltopleurus, Placopleurus, Marcopoloichthys, Perleidus, possibly Colobodus, and other actinopterygians (Hitij et al., 2010; Tintori et al., 2014a; Tintori et al., 2016). The Strelovec Formation has been treated as Pelsonian by several paleoichthyologists, and I provisionally follow this interpretation here; however, note that Miklavc et al. (2016) consider this formation as Illyrian aged because index fossils supporting a Pelsonian age are lacking.
In Italy, a new locality in the Dolomites (Prà della Vacca/Kühwiesenkopf) has produced specimens of Bobasatrania, Dipteronotus, Habroichthys, Placopleurus. Peltoperleidus, Ptycholepis, and Saurichthys (Tintori et al., 2016).
A rich ichthyofauna is known from two horizons in South China, which became famous as the Luoping Biota and Panxian Biota, respectively, both being almost the same age (Upper Member of the Guanling Formation; Benton et al., 2013). Sun et al. (2012) suggested a Pelsonian age for the Luoping fish beds and I herein follow these authors’ interpretation, although Tintori et al. (2016) argued for a younger (Illyrian?) age. Sun et al. (2016a) presented evidence for a Pelsonian age of the Panxian biota. The Panxian-Luoping fauna comprises the following actinopterygians: Altisolepis, Birgeria, Colobodus, Diandongperleidus, Eosemionotus, Ferroxichthys, Frodoichthys, Fuyuanichthys, Fuyuanperleidus, Gimlichthys, Gymnoichthys, Habroichthys, Kyphosichthys, Louwoichthys, Luopingichthys, Luopingperleidus, Luoxiongichthys, Marcopoloichthys, Panxianichthys, Perleidus, Placopleurus, Platysiagum, Pteronisculus, Robustichthys, Sangiorgioichthys, Saurichthys (including Sinosaurichthys), Subortichthys, Venusichthys, and Yelangichthys, as well as the actinistians Luopingcoelacanthus and Yunnancoelacanthus (e.g. Wu et al., 2011, Geng et al., 2012; Sun et al., 2012, Wen et al., 2012, Benton et al., 2013; Wen et al., 2013, Wu et al., 2013; Xu et al., 2014a, Xu et al., 2014b; Ma and Xu 2015, Xu and Shen 2015; Sun et al., 2016b; Xu and Zhao, 2016; Wu et al. 2018; Xu et al., 2018; Wen et al., 2019; Xu 2020a, Xu 2020c). These are mostly endemic taxa, suggesting incipient regionally contrasted ichthyofaunas in the eastern Tethys in the Pelsonian (as opposed to the cosmopolitan faunas of the Griesbachian–Smithian interval). The genera Eosemionotus, Marcopoloichthys, and Saurichthys are known from coeval European localities. Only Birgeria, Eosemionotus, Pteronisculus, and Saurichthys have pre-Pelsonian occurrences, whereas all other genera have their first occurrence in the Pelsonian. It is no wonder that Tintori et al. (2014a) uses the term “explosion” for the Pelsonian, although the authenticity of this rapid diversification requires critical testing (see below). Some of the abovementioned genera (e.g. Habroichthys) are also known from the Late Ladinian (Longobardian) Xingyi Biota (Sun et al., 2016a).
Illyrian
Illyrian bony fishes are known from Europe (Germany, the Netherlands, Italy, Switzerland). From the Middle Muschelkalk of Germany, several taxa were described, including articulated remains of Eosemionotus, as well as isolated bones of Saurichthys, and scales of Colobodus and Gyrolepis (e.g. Schultze and Möller 1986; Romano et al., 2012). Plesker (1995) examined articulated fossils of Colobodus, Dollopterus, and Gyrolepis (also see Stolley 1920; Schultze and Kriwet 1999). From early Illyrian beds in the Netherlands, Maxwell et al. (2016) described a small species of Saurichthys.
The famous collecting area of Monte San Giorgio and Besano, which extends across the border between Switzerland and Italy, has yielded a plethora of well-preserved, articulated vertebrate remains, including bony fishes. The fossils are mostly derived from the Illyrian–Fassanian Besano Formation; hence, the fossiliferous layers straddle the Anisian–Ladinian boundary (Stockar et al., 2012). From the Illyrian part of the Besano Formation, the following genera have been described: Aetheodontus, Altisolepis, Besania, Birgeria, Bobasatrania, Cephaloxenus, Colobodus, Crenilepis, Ctenognathichthys, Eoeugnathus, Eosemionotus, Gracilignathichthys, Gyrolepis, Habroichthys, ?Holophagus, Luganoia, Meridensia, Nannolepis, ?Ophiopsis, Peltoperleidus, Peltopleurus, Peripeltopleurus, Pholidopleurus, Placopleurus, Platysiagum, Ptycholepis, Saurichthys, Ticinocolobodus, and Ticinolepis (e.g. Brough 1939; Bürgin 1992, Bürgin 2004; López-Arbarello et al., 2016; Maxwell et al., 2015; Mutter 2002; Mutter and Herzog 2004; Romano and Brinkmann 2009; PIMUZ collection database). The ichthyofauna is diverse and contains endemic genera but also genera that are known from other Anisian localities (e.g. Birgeria, Eosemionotus, Gyrolepis, Placopleurus, Platysiagum, Ptycholepis, Saurichthys). The deep-bodied Bobasatrania first appeared in the latest Permian, and the yougest complete body fossils are from the Illyrian (PIMUZ collection database). Tooth plates referrable to Bobasatrania from the Longobardian of Germany and France mark the last appearance of this genus in the fossil record (Böttcher 2014). Meanwhile, Luganoia has also been described from the Late Ladinian Xingyi Biota (Sun et al., 2016a; Xu 2020b), suggesting a longer temporal range than previously thought (Illyrian–Longobardian) for this taxon.
Fassanian
Identifiable remains of bony fishes from the Fassanian, the first substage of the Ladinian, are known from Europe (Switzerland, Italy, and Germany).
Early Ladinian bony fishes are known from the Prosanto Formation in southeast Switzerland (Graubünden). This formation has produced fossils of the actinopterygians Archaeosemionotus, Besania, Colobodus, Ctenognathichthys, Ducanichthys, Eoeugnathus, Eosemionotus, Habroichthys, ?Legnonotus, Ophiopsis, Peltoperleidus, Peltopleurus, Placopleurus, Prohalecites, Saurichthys, and Stoppania (Bürgin et al., 1991; Bürgin and Herzog 2002; Herzog 2003; Herzog and Bürgin 2005; Lombardo et al., 2008), as well as of the actinistians Foreyia and Ticinepomis (Cavin et al., 2013; Cavin et al., 2017).
In the classic collecting site Monte San Giorgio and Besano (Swiss-Italian borderland), several layers produce osteichthyan fossils of Fassanian age. These are restricted to the upper portion of the Besano Formation as well the lower part of the Meride Limestone (Cava inferiore, Cava superiore; Stockar 2010). The following taxa were recovered from the Fassanian aged beds of the Besano Formation: Altisolepis, Archaeosemionotus, Besania, Birgeria, Bobasatrania, Cephaloxenus, Colobodus, Crenilepis, Ctenognathichthys, Eoeugnathus, Eosemionotus, Gracilignathichthys, Gyrolepis, Habroichthys, Luganoia, Meridensia, Nannolepis, Peltoperleidus, Peltopleurus, Peripeltopleurus, Pholidopleurus, Placopleurus, Platysiagum, Ptycholepis (though nearly all specimens are from Illyrian beds), Saurichthys, Stoppania (“Dipteronotus”; see Lombardo et al., 2008), Ticinocolobodus, and Ticinolepis (e.g. Dames 1888; Mutter 2002; Mutter and Herzog 2004; Romano and Brinkmann 2009; Maxwell et al., 2015; López-Arbarello et al., 2016, López-Arbarello et al., 2019; PIMUZ collection database). From Cava inferiore and Cava superiore, the following taxa are known: Ctenognathichthys, Eosemionotus, Habroichthys, Placopleurus, Saurichthys, and Ticinolepis (e.g. Stockar et al., 2012; Tintori 2013; López-Arbarello et al., 2016, López-Arbarello et al., 2019; PIMUZ collection database).
Additional occurrences of Fassanian bony fishes are known from the Southern Alps of northern Italy. From the Perledo area, the following taxa have been documented Archaeosemionotus, Ctenognathichthys, Habroichthys, Heptanema, Placopleurus, Saurichthys, and Stoppania. (see e.g. Tintori 2013; López-Arbarello et al., 2014; Renesto and Stockar 2018).
From the uppermost Muschelkalk of Germany, specimens of the actinistians Garnbergia (Martin and Wenz 1984) and Hainbergia (Schweizer 1966), as well as the actinopterygian Gyrolepis (Stolley 1920; Plesker 1995) have been collected.
The taxonomic composition of Fassanian localities in Germany, Switzerland and Italy is relatively similar at the genus level due to either the close paleogeographic proximity of the sites or due to seaway connections at the time of deposition (Schultze and Kriwet 1999). Several of the genera listed above can also be found in Pelsonian (Upper Member of the Guanling Formation) and Longobardian (Zhuganpo Formation; Sun et al., 2016a) deposits in South China, suggesting that these taxa had a widespread distribution in the Tethys since at least the late Middle Anisian.
THE SPATHIAN–BITHYNIAN: A HIATUS OR THE BASE BETWEEN TWO WAVES?
The current review of the post-extinction fossil record of bony fishes (Griesbachian–Fassanian) highlights that the stratigraphic coverage of known localities is incomplete. Collectively, the fossiliferous layers belong to preservation windows mainly during the early aftermath after the PTBME (Griesbachian–Smithian), as well as during a Middle Triassic interval beginning in the late Middle Anisian (Pelsonian). Based on this study, it becomes evident that the so-called “Spathian Gap” (Romano et al., 2016a, Romano et al., 2017) extends into the early Middle Anisian, straddling the Spathian, Aegean, and Bithynian. This hiatus is therefore subsequently referred to as the “Spathian–Bithynian Gap” (SBG). The SBG, characterized by a patchy osteichthyan fossil record, had a duration of over 3 myrs (Ovtcharova et al., 2006, 2015).
Only a few localities preserve fossils from the SBG (Figure 1A). They mostly represent isolated occurrences, and the fossils often consist of disarticulated bones only, which are only rarely diagnostic and therefore often not collected in the field. Only a couple of occurrences of articulated fishes are known from this interval (e.g. Gall et al., 1974; Rieppel et al., 1996; Sun et al., 2013; Tintori et al., 2014a; Cavin and Grădinaru 2014; Romano et al., 2017).
[image: Figure 1]FIGURE 1 | (A) Stratigraphic ranges of beds preserving bony fish fossils across the Spathian-Bithynian Gap (SBG), with localities grouped paleogeographically (East and West Tethys, East Panthalassa). 1. Arctic: Canada (Ellesmere Island, Nunavut), Greenland, Spitsbergen; 2. Western North America: Canada (Alberta, British Columbia), United States (Idaho, Nevada); 3. Eastern China (Anhui, Jiangsu, and Zhejiang provinces); 4. South China (Guizhou and Guangxi provinces); 5. India (Himachal Pradesh) and Madagascar; 6. Romania; 7. Buntsandstein and Muschelkalk (includes brackish taxa): France, Germany, Poland, The Netherlands; 8. Southern Alps: Italy, Slovenia, Switzerland. Absolute ages:a, Baresel et al., 2017; b, Ovtcharova et al., 2015. Abbreviated stratigraphic intervals: A, Aegean; D, Dienerian; G, Griesbachian; Ind, Induan; Long, Longobardian; Smi, Smithian. (B) Stacked diversity of present taxa and Lazarus taxa per time interval (number of bony fish genera).
The SBG likely represents a taphonomic megabias (Behrensmeyer et al., 2000). It is probably the result of extrinsic physical changes, such as the improved oxygenation on the shelves, cooler global temperatures and a change in oceanic chemistry after the Smithian substage (e.g. Zhang et al., 2015; Goudemand et al., 2019; Widmann et al., 2020). The lack of episodes of black shale deposition on shelves during the SBG contrasts with the iterative occurrences of such phases in the Griesbachian–Smithian (Hermann et al., 2011; Ware et al., 2015) and the Pelsonian–Longobardian (e.g. Tintori 1992; Benton et al., 2013). Consequently, fossil remains of Spathian, Aegean and Bithynian osteichthyans have only rarely been collected or were for the most part not studied taxonomically. Additionally, there are some uncertainties regarding the precise age of these assemblages (e.g. Werneburg et al., 2014; Miklavc et al., 2016).
The rarity of complete and articulated bony fishes in SBG deposits is reflected in the very low diversity during this interval (Figure 1B). Some of the collected fossils belong to long ranging taxa (Bobasatrania, Dipteronotus, Gyrolepis, Saurichthys), but there are also endemic genera (e.g. Dobrogeria, Dosolepis, Nephrotus, Pericentrophorus). Some of these taxa (e.g. Saurichthys) exhibit peculiar skeletal morphologies and can thus be easily identified even on the basis of isolated skeletal remains (Romano et al., 2012). The identified genera from the SBG comprise taxa of both the TEFF (Bobasatrania, Saurichthys) and the TMFF (e.g. Eosemionotus, Placopleurus, perleidiforms; Tintori et al., 2014a).
The scarcity of well-preserved bony fish fossils from the SBG is also mirrored in the elevated occurrences of Lazarus taxa (Figure 1B). These include mostly genera typical for both the TEFF and the TMFF, such as Birgeria, Bobasatrania, and Pteronisculus. Lazarus occurrences are also relatively high during the Illyrian due to the absence of fossiliferous strata in the East Tethys. Many of these taxa are found in Pelsonian and Ladinian deposits on either side of the Tethys (Europe, China).
In addition to the SBG, there is also a paleogeographic hiatus in the Early–Middle Triassic bony fish record (Figure 1A). While the Tethyan record comprises both Early Triassic and Middle Triassic occurrences, the East Panthalassan record vanishes after the Bithynian. Both the Tethyan and the Panthalassan record are affected by the SBG. Furthermore, Romano et al. (2016a) showed that the Early Triassic record is mostly covered by mid-paleolatitudinal localities, whereas the Middle Triassic record is heavily based on low-paleolatitudinal sites. No records of marine Triassic bony fishes exist from Antarctica, Australia, and South America (e.g. Romano et al., 2016a). The aforementioned gaps may potentially obscure geographically restricted early diversification events.
The SBG blurs an important phase during the post-PTBME diversification of bony fishes. The Griesbachian–Smithian faunas were homogenous, containing many cosmopolitan genera (high α-diversity, low β- and γ-diversity). Genera like Australosomus, Bobasatrania, Boreosomus, Helmolepis, or Pteronisculus dwelled on the shelf on opposite sides of the Pangean supercontinent within less than 2 myrs after the PTBME. By contrast, Middle Triassic faunas comprise more endemic taxa, resulting in higher γ-diversity (Romano et al., 2016a). How this transition took place, whether it was abrupt or gradual, remains currently unknown (see below). Similarly, how the Griesbachian–Smithian faunas arose is unclear due to the poor Changhsingian (latest Permian) record. Cosmopolitanism has also been documented in ammonoids during different intervals of the Early Triassic, which can be explained either due to the survival and dispersal of endemic genera, or an increase in the number of new cosmopolitan genera, or the selective extinction of endemic genera (Dai and Song 2020).
A TALE OF BOOMERS AND SURVIVORS
Based on their stratigraphic ranges, I divide the studied genera into three main groups: 1) long survivors, i.e. taxa that have their first appearance datum (FAD) in the Lopingian (late Permian) or Early Triassic and their last appearance datum (LAD) in the Middle Triassic or later, 2) early boomers, i.e. genera with FADs in the Paleozoic (with a long hiatus until the Early Triassic) or Early Triassic, and LADs in the Early Triassic, and 3) late boomers, i.e. genera that appear during the Middle Triassic. These groups are summarized in Figure 2.
[image: Figure 2]FIGURE 2 | Stratigraphic ranges of various groups of bony fishes (Actinopterygii: black; Actinistia: grey; gradient: taxa based on incomplete specimens) during the Early and Middle Triassic (Griesbachian–Fassanian). 1. Saurichthyidae (Saurichthys); 2. Perleididae (Chaohuperleidus, Fuyuanperleidus, Perleidus); 3. Ptycholepidae (Acrorhabdus, Ardoreosomus, Boreosomus, Ptycholepis); 4. Platysiagidae (Helmolepis, Platysiagum); 5. Birgeriidae (Birgeria); 6. Halecomorphi (e.g. Ospia, Robustichthys); 7. Pholidopleuriformes (Australosomus, Pholidopleurus); 8. Bobasatraniidae (Bobasatrania); 9. Pteronisculus; 10. Pygopterus; 11. Laugiidae (Belemnocerca, Coccoderma, Laugia, Piveteauia); 12. Whiteia; 13. Rebellatrix (+ Hadronector); 14, Sasseniidae (Sassenia, Spermatodus); 15 Axelia + Wimania; 16. Dobrogeria; 17. Semionotiformes (e.g. Eosemionotus, Sangiorgioichthys); 18. Gyrolepis; 19. Peltopleuriformes (e.g. Peltopleurus); 20. Latimeriidae (e.g. Foreyia). For abbreviations for the absolute ages and stratigraphic ages: see caption of Figure 1. See text for details.
Long Survivors
The long survivors group includes, for instance, the Halecomorphi (Parasemionotidae, Ionoscopiformes; ?Early Triassic–Recent; e.g. López-Arbarello and Sferco 2018), Pholidopleuriformes (Australosomus, Pholidopleurus; Triassic; e.g. Bürgin 1992); Laugiidae (Belemnocerca, Coccoderma, Laugia, Piveteauia; Griesbachian–Jurassic; Cavin et al., 2017), Perleididae sensu stricto (Chaohuperleidus, Fuyuanperleidus, Perleidus; e.g. Sun et al., 2013), Platysiagidae (Helmolepis, Platysiagum; Griesbachian–Jurassic; e.g. Neuman and Mutter 2005), Ptycholepidae (Acrorhabdus, Ardoreosomus, Boreosomus, Ptycholepis; Griesbachian–Jurassic; e.g. Romano et al., 2019), Birgeria (Triassic; e.g. Romano et al., 2017), Bobasatrania (Griesbachian–Illyrian; e.g. Bürgin 1992), Pteronisculus (Griesbachian–Pelsonian; e.g. Xu et al., 2014b), Pygopterus (Lopingian–Aegean; e.g. Schultze and Kriwet 1999), and Saurichthys (Lopingian–Triassic; e.g. Romano et al., 2012). Most of these taxa are typical faunal components of Triassic aquatic ecosystems and had a cosmopolitan distribution during the Griesbachian–Smithian (e.g. Tintori et al., 2014a; Romano et al., 2016a). Many long survivors exhibit Lazarus occurrences during the SBG. Several fossils recovered from Spathian deposits belong to long survivor taxa. Therefore, these finds contribute little information about the diversification of bony fishes during the late Early Triassic and earliest Middle Triassic because we can already infer their presence during the hiatus.
Early Boomers
The early boomers comprise genera that are exclusively known from the Early Triassic (e.g. Whiteia), as well as genera that belong to Paleozoic clades that – after a long hiatus - made a reappearance in the fossil record during the Early Triassic, such as Sassenia (closely related with the Permian Spermatodus; Sasseniidae; Cavin et al., 2017) or Rebellatrix (probably closely related with the Carboniferous Hadronector), and Rhabdoderma (Carboniferous to Early Triassic; omitted in Figure 2; cf. Forey 1998; Cavin et al., 2017). The early boomers encompass several genera whose “family”-level interrelationships to other genera are not known, such as Errolichthys, Whiteia, and Dobrogeria (Lehman 1952; Nielsen 1955; Cavin et al., 2017). Noteworthy is the high representation of actinistians in the early boomer group. Actinistians have a patchy post-Devonian fossil record (e.g. Schultze 2004) and diversified during the Early Triassic (Cavin et al., 2013). The fate of several of these early booming actinistians is not known. They could have fallen victim to the SSBE, or potentially survived in environments with a poor fossil record, analogous to the Latimeriidae after the Cretaceous-Paleogene extinction event.
Late Boomers
The late boomers mostly correspond to Tintori et al. (2014a)'s TMFF. The taxa of this group have their FAD in the Anisian–Fassanian. With Ticinepomis and Foreyia, the late boomers also include the first members of the Latimeriidae, the family that includes the extant coelacanths Latimeria chalumnae and L. menadoensis (Cavin et al., 2017). A successful Triassic clade placed among the late boomers are the Peltopleuriformes (e.g. Habroichthys, Peltopleurus; Bürgin 1992). Also, Eosemionotus, which belongs to Semionotiformes (Tintori et al., 2014a; López-Arbarello et al., 2019), first appears in the Bithynian and thus represents the earliest semionotiform. Earlier genera that have been referred to Semionotiformes, such as the Lopingian Acentrophorus or the Dienerian Paracentrophorus, are pending restudy. Semionotiformes and therefore ginglymodians belong to the late boomer, unlike halecomorphs, the other main holostean clade, which belong to the long survivor group (see above). The Semionotiformes were a highly successful Mesozoic clade. Today, the Ginglymodi are represented only by gars (Sallan 2014). The teleosts, the group to which nearly all extant bony fish clades belong, have their origins in the Fassanian with Prohalecites (Arratia 2013; Tintori et al., 2014a; Romano et al., 2016a). Their relationship to the SBG is presently not known.
IMPLICATIONS FOR THE DIVERSIFICATION OF BONY FISHES AFTER THE PTBME
Current data indicates elevated diversity of marine actinistians and actinopterygians in the aftermath of the end-Permian mass extinction, and relatively higher diversity during the Middle Triassic (Romano et al., 2016a). However, the Early Triassic and Middle Triassic peaks in genus richness are separated by an interval of very low diversity during the Spathian, Aegean, and Bithynian, resulting from sparse occurrences and limited quality of preservation of fossils. The quality of the fossil record is uneven due to taphonomic biases (Behrensmeyer et al., 2000). Whenever the radiation of a major lineage falls between two preservation windows our understanding of the origins and early diversity of said clade becomes elusive. Several gaps during important evolutionary events have been noted, such as “Talimaa’s Gap” (Turner et al., 2004), “Romer’s Gap” (Coates and Clack 1995) and “Olson’s Gap” (Lucas 2004).
“Talimaa’s Gap” during the Rhuddanian (earliest Silurian) had a duration of 3 myrs and coincides with the early evolution of vertebrates, potentially blurring the diversifications of thelodonts, pteraspidomorphs and acanthodians after the Hirnantian (latest Ordovician) glaciation (Turner et al., 2004; Žigaitė and Blieck 2013). “Romer’s Gap” originally referred to a ∼20 myrs long hiatus in the non-marine vertebrate record during the Tournaisian (earliest Carboniferous). However, through intensified research, this gap could be shortened (Otoo et al., 2017). The paucity of fossils from this interval has obscured potential cladogenetic events after the end-Devonian Hangenberg event (Sallan and Coates 2010). “Olson’s Gap” refers to an interval during the latest Kungurian (late Cisuralian/early Permian) and Roadian (early Guadalupian/middle Permian) that is marked by a scarcity of terrestrial tetrapod remains (e.g. Blieck 2011).
Similarly, the SBG obscures the early evolution of important Mesozoic and modern bony fish clades, and that of the Neopterygii (Holostei and Teleostei) in particular. The Early Triassic (pre-Spathian) and Middle Triassic (post-Bithynian) fish faunas differ in taxic composition and dominance, as well as in their body size (both distribution and median; Romano et al., 2016a). Deecke (1927) – given his limited knowledge at the time – already noticed the gradual change in composition of fish faunas during the Triassic, in which Paleozoic groups (“paleopterygians” or “paleoniscoids”), still frequently present in the beginning of the Triassic, were replaced by more modern taxa during this period. Tintori et al. (2014a) classified Triassic actinopterygians into three groups, the Triassic Early Fish Fauna (TEFF), the Triassic Middle Fish Fauna (TMFF), and the Triassic Late Fish Fauna (TLFF). Taking the fossil record at face value, they postulated that the Smithian-Spathian boundary probably marks the limit between the TEFF and the TMFF (implying that TEFF taxa fell victim to the SSBE) and that a diversification followed in the Pelsonian.
Based on the limited data currently available, I suggest the following three hypotheses for the Early–Middle Triassic turnover of bony fish faunas (summarized in Figure 3):
(1) SSBE hypothesis: extinction of the TEFF at the end of the Smithian and diversification of the TMFF during the post-extinction recovery, coinciding with the SBG. This hypothesis postulates two radiations within less than 2 myrs after the PTBME.
(2) Pelsonian explosion hypothesis: rapid diversification of the TMFF in the Pelsonian. The TEFF either disappeared during a prior extinction event or slowly faded away during the SBG. This hypothesis suggests two radiations after the PTBME, but further apart temporally than in hypothesis 1.
(3) Gradual replacement hypothesis: the TEFF was replaced by the TMFF over time during the SBG. Hence, this hypothesis suggests that osteichthyans were not affected by Early Triassic extinction events much like they were also not harmed by the PTBME.
[image: Figure 3]FIGURE 3 | Hypotheses for the replacement of the TEFF (Triassic Early Fish Fauna; Tintori et al., 2014a) by the TMFF (Triassic Middle Fish Fauna) during the diversification of Osteichthyes in the Early–Middle Triassic: (1) the SSBE hypothesis, (2) the Pelsonian explosion hypothesis, and (3) the gradual replacement hypothesis. For abbreviations for the absolute ages and stratigraphic ages: see caption of Figure 1. See text for details.
None of the three hypotheses can be rejected based on the current knowledge derived from the fossil record. Hypothesis three is best supported by the current data, given that several lineages bridge the SBG. More studies on bony fishes from the SBG and further analyses are necessary to test for potential impacts of Early–Middle Triassic extinction events on bony fish diversity and the alleged Pelsonian radiation. Finally, the beginning of the TEFF is also not well constrained. Although most TEFF taxa appear in the Early Triassic, a few are known to have originated in the latest Permian (Bobasatrania, Saurichthys).
CONCLUSION
The Spathian–Bithynian Gap (SBG) is the only post-Paleozoic hiatus thus far recorded in the vertebrate fossil record. It overlaps with the Triassic diversification of bony fishes, which entailed the first neopterygian radiation. The Neopterygii comprise the vast majority of bony fish diversity today, and ca. 50% of the total vertebrate diversity (Sallan 2014). The SBG can be classified as a taphonomic megabias (Behrensmeyer et al., 2000). It is marked by 1) a small number of fossil sites, 2) relatively low taxic diversity, and 3) elevated Lazarus occurrences for actinopterygians and actinistians. Because of the SBG, the pattern of diversification of bony fishes following the PTBME is not well understood. This also concerns the impact of subsequent extinction events on bony fishes, such as the SSBE (Galfetti et al., 2007; Romano et al., 2016a), which severely affected conodonts (Orchard 2007; Leu et al., 2019) and ammonoids (Brayard et al., 2009).
Mass extinction events and their aftermaths reset the rules abruptly and thereby redirect the course of evolution. Whenever such fateful events fall into an interval of unfavorable fossilization conditions, a gap of knowledge is left behind, obscuring the evolution of the clades that thrived after the extinction. The SBG separates the diverse, cosmopolitan Griesbachian–Smithian faunas (TEFF; Tintori et al., 2014a) from the more diverse and regionally more contrasted post-Bithynian faunas (TMFF). Claims of a protracted recovery of bony fishes after the PTBME partly rest on the poor fossil record during the Spathian–Bithynian, an interval that comprises more than 3 myrs. This begs the question whether there was an “explosion” (Tintori et al., 2014a) in bony fish diversity in the Pelsonian or whether we are just observing the beginning of a new taphonomic window. Such claims should be treated with caution. Based on the current data, I propose three hypotheses for the diversification of bony fishes after the PTBME: 1) the SSBE hypothesis, 2) the Pelsonian explosion hypothesis, and 3) the gradual replacement hypothesis. Although hypothesis three appears to be the most probable one given the current data, further studies are necessary to test alternative hypotheses in order to improve our current understanding of the post-PTBME radiation of modern bony fishes.
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During the end-Permian extinction, a substantial amount of methane (CH4) was likely released into the ocean-atmosphere system associated with the Siberian Traps volcanism, although fluctuations in the global CH4 cycle in the aftermath of the extinction remain poorly understood. The carbon (C) isotopic composition of carbonate (δ13Ccarb) across the Permian-Triassic boundary (P-TB) was analyzed at Chaotian, South China. The δ13Ccarb values decrease from ca. +1 to –2‰ across the P-TB, possibly caused by a collapse of primary productivity associated with the shallow-marine extinction. The frequent intercalation of felsic tuff layers around the P-TB suggests that a volcanogenic carbon dioxide (CO2) input to the surface oceans may also have contributed to the δ13Ccarb decline. The magnitude of the δ13Ccarb decrease (∼3‰) is substantially smaller than the magnitude of a decrease in C isotopic composition of organic matter (δ13Corg) in the same P-TB interval (∼7‰). This apparent δ13Ccarb-δ13Corg decoupling could be explained by proliferation of methanogen (“methanogenic burst”) in the sediments. A global δ13C compilation shows a large variation in marine δ13Corg records, implying that the “methanogenic burst” according to the Siberian Traps volcanism may have contributed, at least in part, to the δ13Corg variability and to the elevated CH4 levels in the atmosphere. The present and previous observations allow us to infer that the global CH4 cycle may have fluctuated substantially in the aftermath of the extinction.
Keywords: end-Permian extinction, global CH4 cycle, methanogenesis, methanotrophy, anaerobic oxidation of methane (AOM), global warming, variable δ13Corg records
INTRODUCTION
The end-Permian extinction was one of the largest biodiversity crises in the Phanerozoic (e.g., Erwin, 2006; Alroy, 2010; Shen et al., 2011a; Stanley, 2016), and many geologic events around the Permian-Triassic boundary (P-TB) have been proposed as the cause of the extinction, including a bolide impact (e.g., Xu et al., 1985; Becker et al., 2004), Siberian Traps volcanism (e.g., Renne and Basu, 1991; Campbell et al., 1992; Kamo et al., 2003; Reichow et al., 2009; Burgess and Bowring, 2015) and the associated massive release of thermogenic gases (e.g., Wignall, 2001; Retallack and Jahren, 2008; Svensen et al., 2009; Shen et al., 2012; Polozov et al., 2016) and resulting global warming (e.g., Hallam and Wignall, 1997; Kidder and Worsley, 2004; Brand et al., 2012; Joachimski et al., 2012), oceanic anoxia (e.g., Wignall and Hallam, 1992; Wignall and Twitchett, 1996; Isozaki, 1997; Algeo et al., 2008; Shen et al., 2011c; Schobben et al., 2015) accompanied by H2S poisoning (e.g., Grice et al., 2005; Kump et al., 2005; Zhang et al., 2017; Zhou et al., 2017) and hypercapnia (Knoll et al., 1996, 2007), and oceanic acidification (e.g., Heydari et al., 2003; Payne et al., 2007; Clapham and Payne, 2011; Clarkson et al., 2015; Baresel et al., 2017; Garbelli et al., 2017; Jurikova et al., 2020). However, the ultimate trigger mechanisms of the extinction remain a topic of discussion (e.g., Payne and Clapham, 2012; Isozaki, 2019; Racki, 2020).
The global carbon (C) cycle was likely perturbed during the Permian-Triassic transition in association with those geologic events that potentially contributed to the extinction (e.g., Kump and Arthur, 1999). Stable C isotope geochemistry is useful to correlate sections in different regions and to reveal the changes in the global C cycle (e.g., Hayes et al., 1999). Plenty of studies analyzed the C isotopic composition of carbonate (δ13Ccarb) of P-TB rocks and documented a negative δ13Ccarb shift by ∼5‰ during the extinction in various sections around the world, including South China, Iran, Armenia, northern Italy, Austria, Slovenia, and Pakistan (e.g., Magaritz et al., 1988; Baud et al., 1989; Holser et al., 1989; Jin et al., 2000; Richoz, 2006; Horacek et al., 2007a; Horacek et al., 2007b; Korte and Kozur, 2010 and references therein; Shen et al., 2013; Schobben et al., 2016; Joachimski et al., 2020). Although several studies pointed out a substantial diagenetic overprint and/or erosional unconformity on the P-TB δ13Ccarb records (e.g., Heydari et al., 2001; Heydari and Hassanzadeh, 2003; Grasby and Beauchamp, 2008; Yin et al., 2014; Schobben et al., 2016; Li and Jones, 2017), the widely recognized P-TB δ13Ccarb decrease has been generally regarded as an original isotopic signal of seawater (Bagherpour et al., 2019).
Considering a simple box model of the surface-ocean C pool, two principle mechanisms could explain the P-TB δ13C decrease in marine carbonates: 1) a decrease in the output and 2) an increase in the input of 13C-depleted C (e.g., Korte and Kozur, 2010). A collapse in primary productivity and reduction in biological pump (“strangelove oceans”) corresponds to the former mechanism (e.g., Kump, 1991), although it may have produced only a ∼3‰ negative δ13Ccarb shift (Rampino and Caldeira, 2005) and might not be sufficient to explain larger P-TB δ13C declines commonly observed around the world. The increase in the input of 13C-depleted C to the surface oceans seems to be more important (e.g., Payne and Clapham, 2012), and several geologic events have been proposed for the C injection, including volcanogenic CO2 emission involved in the Siberian Traps volcanism (e.g. Renne et al., 1995; Hansen, 2006), methane (CH4) release during destabilization of submarine and permafrost clathrates or thermal alteration of coal by volcanic intrusion (e.g. Erwin, 1993; Morante, 1996; Krull and Retallack, 2000; Berner, 2002; Sarkar et al., 2003; Retallack and Jahren, 2008), enhanced erosion and reoxidation of sedimentary organic matter or terrestrial soil (e.g. Baud et al., 1989; Holser et al., 1989; Ward et al., 2000; Sephton et al., 2005), and the oceanic overturn or shoaling of deep-water (e.g., Kajiwara et al., 1994; Knoll et al., 1996; Algeo et al., 2007a). Korte and Kozur (2010) comprehensively correlated the P-TB δ13Ccarb records of shelf carbonates on a global scale. Based on a gradually decreasing trend toward the P-TB, the authors suggested that the δ13Ccarb decrease was caused by a combination of the Siberian Traps volcanism and a shoaling of anoxic deep-waters onto shelves.
A negative shift of the C isotopic composition of organic C (δ13Corg) across the P-TB has been reported in marine strata in many sections such as Arctic Canada (e.g., Grasby and Beauchamp, 2008; Algeo et al., 2012), Greenland (e.g., Twitchett et al., 2001), Spitsbergen (e.g., Wignall et al., 1998; Zuchuat et al., 2020), South China (e.g., Cao et al., 2002), Japan (e.g., Takahashi et al., 2010), and Australia (e.g., Morante, 1996). The marine δ13Corg decrease has been correlated normally with the negative δ13Ccarb shift in shelf carbonates by assuming that the δ13Ccarb and δ13Corg trends were parallel and the difference between the δ13Ccarb and δ13Ccarb values (∆13C) was consistent during the Permian-Triassic transition, although the ∆13C value is generally controlled by several factors such as carbon dioxide (CO2)-fixing enzymes and atmospheric CO2 levels (pCO2) (e.g., Hayes et al., 1999). A parallel δ13Ccarb and δ13Corg decline has been reported in the P-TB intervals in Austria (Magaritz et al., 1992), Italy (Sephton et al., 2002), mid-Panthalassa (Musashi et al., 2001), and Kashmir (Algeo et al., 2007b). However, some studies pointed out a δ13Ccarb-δ13Corg decoupling across the P-TB. The ∆13C values apparently decrease in some sections in South China, Slovenia, and Iran (Riccardi et al., 2007), and increase in some other Chinese sections (e.g., Shen et al., 2012).
The δ13Corg decrease in a terrestrial P-TB succession has also been reported in South China (e.g., Shen et al., 2011a), South Africa (e.g., Ward et al., 2005; Gastaldo et al., 2020), Antarctica (e.g., Krull and Retallack, 2000), Australia (Morante, 1996), Madagascar (de Wit et al., 2002), and Germany (Scholze et al., 2017). However, the apparent δ13Corg trends on land are generally variable compared to those of marine sediments, and the P-TB δ13Corg decline is not clearly recognized in many terrestrial sections (e.g., Retallack et al., 2005; Fielding et al., 2019). Moreover, the P-TB is generally not well assigned in the terrestrial successions due to their poorer biostratigraphic constraints. Under these circumstances, it is still difficult to correlate the terrestrial δ13Corg records well with the marine δ13Corg and δ13Ccarb records.
Previous studies particularly suggested that a substantial amount of CH4 was released into the ocean/atmosphere during the Siberian Traps volcanism via several processes, including volcanic intrusion into coal (e.g., Retallack and Jahren, 2008; Shen et al., 2012; Rampino et al., 2017), destabilization of submarine and permafrost clathrates (e.g., Krull et al., 2000; Krull et al., 2004; Brand et al., 2016), and enhanced microbial methanogenesis (“methanogenic burst”) (Rothman et al., 2014). As CH4 is a potent greenhouse gas, the huge CH4 input may have contributed to climate warming in the aftermath of the extinction (e.g., Hallam and Wignall, 1997; Joachimski et al., 2012; Sun et al., 2012; Cui and Kump, 2015). However, the global CH4 cycle during the Permian-Triassic transition has been poorly examined and constrained. In this study, we analyzed the δ13Ccarb records of the P-TB carbonates at Chaotian in northern Sichuan, South China. Together with the previously reported δ13Corg records of the same interval, we examined the sedimentary C cycle in eastern Paleotethys during the Permian-Triassic transition. Moreover, we compiled the δ13Ccarb and δ13Corg records of P-TB successions in various marine and terrestrial environments around the world, to examine whether the isotopic signal detected at Chaotian was a global one. Based on those results, we suggest fluctuations in the global CH4 cycle in the aftermath of the end-Permian extinction.
GEOLOGICAL SETTING AND STRATIGRAPHY
During the Permian to early Triassic, South China was isolated from other continental blocks and located at low latitudes on the eastern side of Pangea (Figure 1B; Muttoni et al., 2009). Shallow-marine carbonates and terrigenous clastics with diverse fossils accumulated extensively on its platform (e.g., Zhao et al., 1981; Yang et al., 1987; Jin et al., 1998). In northern Sichuan along the northwestern edge of South China, carbonates and mudstones of deep-water facies accumulated on a slope/basin that faced on the eastern Paleotethys (Figure 1C; Zhu et al., 1999; Wang and Jin, 2000). The Chaotian section is located ca. 20 km to the north of Guangyuan city in northern Sichuan (Figure 1; 32°37′N, 105°51′E; Isozaki et al. 2004). At Chaotian, Guadalupian (middle Permian) to lowermost Triassic carbonates are continuously exposed along the bank of the Jialingjiang River in a narrow gorge called Mingyuexia. We mapped the eastern bank of the gorge on the southern limb of an E-W trending anticline.
[image: Figure 1]FIGURE 1 | Locality and paleogeographic maps of Chaotian. (A) Location map of Chaotian. (B) Global paleogeographic map around the P-TB (modified from Muttoni et al., 2009). (C) Sedimentary facies distribution in South China in the late Changhsingian (late Late Permian) (modified from Wang and Jin, 2000). (D) Detailed sedimentary facies in the square in C (modified from Zhu et al., 1999).
The Permo-Triassic rocks at Chaotian (>300 m thick in total) are composed of the Guadalupian Maokou Formation, the Lopingian Wujiaping and Dalong formations, and the lowermost Triassic Feixianguan Formation, in ascending order (Figure 2; Isozaki et al., 2004; Isozaki et al., 2007; Saitoh et al., 2013a; Saitoh et al., 2013b; Saitoh et al., 2014a). The Maokou Formation (>150 m thick) is composed mainly of massive dark gray bioclastic limestone with diverse shallow-marine fossils, such as calcareous algae, brachiopods, ostracodes, crinoids, rugosa corals, and fusulines. However, the uppermost part (∼11 m thick) of the Maokou Formation is composed of thinly bedded black calcareous mudstone and black chert/siliceous mudstone with abundant radiolarians, conodonts, and ammonoids. The Wujiaping Formation (∼70 m thick) is composed mainly of massive dark gray bioclastic limestone with black chert nodules/lenses, containing shallow-marine fossils such as fusulines, smaller foraminifer, rugosa corals, calcareous algae and brachiopods. At the base of the Wujiaping Formation, a ca. 2 m thick tuffaceous Wangpo bed occurs. The Dalong Formation (∼25 m thick) is composed mainly of thinly bedded black mudstone, black siliceous mudstone and dark gray limestone with radiolarians, ammonoids, bivalves, and brachiopods. The Feixianguan Formation (>30 m thick) is composed mainly of thinly bedded light gray micritic limestone containing few conodonts, ammonoids, and brachiopods.
[image: Figure 2]FIGURE 2 | The analyzed P-TB interval at Chaotian with ranges of fossil groups (modified from Saitoh et al., 2014a). Un.: unit in Isozaki et al. (2007), E. Tr.: Early Triassic, In.: Induan, Feix.: Feixianguan, ii: ichnofabric index.
Zhao et al. (1978) and Yang et al. (1987) originally described the overall biostratigraphy of the Chaotian section based on fusulines, conodonts, and ammonoids. Isozaki et al. (2004) and Isozaki et al. (2007) re-examined the stratigraphy of the section that spans across the two mass extinction intervals; i.e. the Guadalupian-Lopingian boundary (G-LB) and the P-TB in higher resolution. More analyses on the litho-, bio-, and chemo-stratigraphy of the Chaotian section added further information (Isozaki et al., 2008; Lai et al., 2008; Saitoh et al., 2013a; Saitoh et al., 2013b; Jost et al., 2014; Saitoh et al., 2014b; Saitoh et al., 2015; Saitoh et al., 2017). Isozaki et al. (2007) and Ji et al. (2007) constructed the detailed lithostratigraphy and conodont zonation for the ∼12 m thick interval across the P-TB, and suggested that intermittent felsic volcanism may have contributed to the extinction. Cao et al. (2010) analyzed the δ13Ccarb values around the P-TB and found a negative δ13C excursion around the extinction horizon. Saitoh et al. (2014a) analyzed the nitrogen and organic C isotopic composition of the ∼40 m thick P-TB interval at Chaotian and suggested enhanced nitrogen fixation in the anoxic oceans throughout the Changhsingian.
In the present study, we focused on the ∼40 m thick P-TB interval at Chaotian (Figure 2). This interval is identical to that analyzed in Saitoh et al. (2014a), which contains the ∼12 m thick carbonates analyzed in Isozaki et al. (2007). Fresh rock samples, collected from outcrops and from core samples by scientific drilling to a depth of >30 m, were prepared as polished slabs and thin sections for describing microtextures by petrographical observations. The analyzed P-TB interval is composed of three stratigraphic units: 1) the upper Wujiaping Formation, 2) the Dalong Formation, and 3) the lowermost Feixianguan Formation, in ascending order. The upper Wujiaping Formation (∼10 m thick) is composed mainly of massive dark gray limestone (lime mudstone/wackestone) with some sandy/muddy limestones (Figure 3D). Black chert nodules (<10 cm in diameter) occur in the uppermost part of the Wujiaping Formation. The upper Wujiaping limestones contain diverse shallow-marine fossils such as calcareous algae, crinoids, brachiopods, radiolarians, and ostracodes. Burrows frequently occur in the upper Wujiaping limestones.
[image: Figure 3]FIGURE 3 | A distant view and photographs of the P-TB interval at Chaotian. (A) A distant view of Chaotian (circled car for scale). (B,C) Outcrops of the uppermost Dalong limestones. (D–F) Thin sections of bioclastic limestone in the upper Wujiaping Formation (D), calcareous mudstone in the Dalong Formation (E), and lowermost Feixianguan limestone (F). (G-J) Secondary electron (SE) image (G) and element maps (H–J) of calcareous mudstone in the Dalong Formation. Carbonates in the mudstones are mainly finely-fragmented bioclasts with few secondary dolomites.
The Dalong Formation (∼25 m thick) is composed mainly of thinly bedded black calcareous mudstone, black siliceous mudstone, dark gray muddy limestone, and bedded gray limestone (lime mudstone/wackestone) (Figures 2, 3). The Dalong Formation contains abundant radiolarians with a minor amount of ostracodes, brachiopods, ammonoids, and conodonts, bivalves and small foraminifers. The uppermost (∼3.5 m thick) part of the Dalong Formation mostly consists of bedded gray limestone (lime mudstone/wackestone) (‘Unit C and D’ in Isozaki et al., 2007). Thin (<10 cm thick) acidic tuff layers frequently occur in these limestones. Burrows are observed in the lower and upper Dalong Formation, although bioturbation is generally absent in the middle Dalong Formation. Small pyrite framboids (mostly 3–7 µm in diameter) occur abundantly throughout the Dalong Formation. The lowermost Feixianguan Formation (∼5 m thick) is composed of thinly bedded gray marl and light gray micritic limestone with some sandy/muddy limestones. In particular, the lowermost (1.4 m thick) part (‘Unit E’ in Isozaki et al., 2007) is composed of gray marl. This marl unit is almost barren of fossil, although few ammonoids and bivalves occur from the basal part. The upper part of the lowermost Feixianguan Formation consists of light gray micritic limestone containing few conodonts and brachiopods. Few trace fossils are recognized in the lowermost Feixianguan Formation.
Based on index fossils (fusulines, conodonts, ammonoids, corals, and brachiopods), the analyzed P-TB interval at Chaotian is dated as follows (Figure 2; Zhao et al., 1978; Yang et al., 1987; Isozaki et al., 2004; Isozaki et al., 2007): The upper Wujiaping Formation is correlated with the Wuchiapingian (early Lopingian). The lower Dalong Formation is correlated with the late Wuchiapingian, whereas the middle Dalong Formation belongs to the late Wuchiapingian to early Changhsingian. The upper Dalong Formation is correlated with the late Changhsingian. The lowermost Feixianguan Formation is correlated with the latest Changhsingian to early Induan (early Early Triassic). The main extinction horizon is assigned at the base of the Feixianguan Formation (‘Unit D/E boundary’ in Isozaki et al., 2007), whereas the biostratigraphically defined P-TB is assigned at the base of the overlying micritic limestones (‘Unit E/F boundary’ in Isozaki et al., 2007). Based on the litho- and bio-facies, the sedimentary environments of the three stratigraphic units of the analyzed P-TB interval were reconstructed (Figure 2; Saitoh et al., 2014a). The upper Wujiaping limestones were deposited on the shallow euphotic shelf under oxic conditions. In contrast, the lower and middle Dalong Formation was deposited on the relatively deep slope/basin under anoxic conditions. The upper Dalong limestones were deposited on the relatively shallow slope below the storm wave base under oxic conditions. The lowermost Feixianguan formations were deposited on a relatively shallow slope under anoxic conditions.
ANALYTICAL METHODS
Fresh rock samples were carefully chosen based on detailed observations of polished slabs and thin sections. Powdered sample was reacted with 100% phosphoric acid at 28°C for 24 h using a GasBench (Thermo Fisher Scientific). The extracted CO2 was separated in a chromatography line with a helium flow, and the carbon and oxygen isotope ratios were measured with a DELTA V PLUS mass spectrometer. The carbonate carbon and oxygen isotopic compositions are presented using the delta notation δ13C = ((13C/12C)sample/(13C/12C)standard−1) and δ18O = ((18O/16O)sample/(18O/16O)standard−1), respectively. The δ13C and δ18O values are reported in ‰ relative to the Vienna Peedee Belemnite (V-PDB) standard. The analytical reproducibility of the δ13Ccarb and δ18Ocarb values was better than 0.1 and 0.1‰, respectively.
RESULTS
Table 1 lists all the measured δ13Ccarb and δ18Ocarb values of the P-TB interval. Figure 4 shows chemostratigraphic profiles of the δ13Ccarb, δ18Ocarb, δ13Corg, and ∆13C values and TOC contents. The δ13Corg values and TOC contents were previously reported in Saitoh et al. (2014a). Figure 5 shows a δ13Ccarb-δ18Ocarb cross plot. The δ13Ccarb values range from −6.9 to +4.3‰, with an average value of ca. 0‰. The δ18Ocarb values range from −7.9 to −2.9‰, with an average value of ca. −5.9‰.
TABLE 1 | C and O isotopic composition of the analyzed P-TB interval at Chaotian. The δ13Corg values and TOC contents were reported in Saitoh et al. (2014a).
[image: Table 1][image: Figure 4]FIGURE 4 | Chemostratigraphy of the analyzed P-TB interval at Chaotian. The δ13Corg values and TOC contents were previously reported in Saitoh et al. (2014a). Open symbols represent samples with anomalously low δ13Ccarb values in the Dalong Formation.
[image: Figure 5]FIGURE 5 | Geochemical cross-plots of the analyzed P-TB interval at Chaotian.
The δ13Ccarb values are consistently ca. +4‰ in the upper Wujiaping Formation and decrease from ca. +4‰ to −2‰ across the Wujiaping/Dalong formation boundary. In the Dalong Formation, the δ13Ccarb values increase slightly from ca. −2 to +1‰ upward except for some anomalously low (<−3‰) values (open symbols in Figure 4). The δ13Ccarb values decrease from ca. +1‰ to −2‰ across the Dalong/Feixianguan formation boundary (i.e., the P-TB) and are consistent around −2‰ in the lowermost Feixianguan carbonates. The present δ13Ccarb results around the P-TB are generally identical to the results in Cao et al. (2010). The δ18Ocarb values are somewhat variable in in the upper Wujiaping limestones and are mainly around −7‰ in the overlying Dalong Formation. Above the P-TB, the δ18Ocarb values are mostly around −6‰ in the lowermost Feixianguan Formation. The ∆13C values are mainly between 27 and 29‰ in the upper Wujiaping Formation and decrease slightly to ca. 26‰ in the Dalong Formation. The ∆13C values increase to ca. 30‰ in the overlying lowermost Feixianguan carbonates.
No linear correlation is observed between the δ13Ccarb and δ18Ocarb values (Figure 5). It indicates that secondary overprinting on the Chaotian carbonates is not significant (Knauth and Kennedy, 2009). In the chemostratigraphic profile, however, some δ13Ccarb values in the Dalong Formation are anomalously low (<−3‰; open symbols in Figure 4) and these samples were likely affected at least partly by the secondary addition of 13C-depleted C. Except for these anomalous values, the present δ13Ccarb results represent a smooth chemostratigraphic trend in the analyzed interval. This trend may record secular changes in the δ13C value of dissolved inorganic carbon (DIC) in seawater (δ13CDIC) in the Lopingian to earliest Triassic. Based on the C isotopic analyses of the P-TB carbonates in Iran, Schobben et al. (2016) suggested that the first-order δ13Ccarb trend in the bulk carbonates is robust, although small-scale isotopic fluctuations may be due to secondary alteration. In the following discussion, we focus solely on the first-order δ13Ccarb trend in the analyzed interval at Chaotian.
DISCUSSION
δ13C Stratigraphy at Chaotian
δ13Ccarb Decrease Around the Wuchiapingian-Changhsingian Boundary
The δ13Ccarb values unidirectionally decrease from ca. +4 to −2‰ across the Wujiaping/Dalong formation boundary at Chaotian (Figure 4). Although the timing of this negative δ13Ccarb shift is not well constrained because of the poor occurrence of index fossils, the δ13Ccarb shift likely occurred around the Wuchiapingian-Changhsingian boundary. This δ13Ccarb decrease apparently coincides with the deepening of the sedimentary setting from a shallow shelf to relatively deep slope/basin floor. However, we emphasize that carbonates in the Dalong Formation of deep-water facies comprise mainly finely fragmented bioclasts and few secondary dolomite (Figures 3E, G–J). Thus, regardless of the lithofacies change, this prominent δ13Ccarb decrease likely records the Lopingian secular change in the δ13CDIC value in the surface oceans in the eastern Paleotethys.
Two possible mechanisms could explain the δ13Ccarb decrease: 1) collapse of primary productivity in the surface oceans and 2) addition of isotopically light C into the DIC pool of the surface oceans. As certain shallow-marine taxa went extinct across the Wuchiapingian-Changhsingian boundary (e.g., Knoll et al., 1996; Bambach, 2006), extinction-related productivity deficiency may have contributed to the δ13Ccarb decrease at Chaotian. However, the magnitude of the δ13Ccarb drop (∼6‰) seems to be too large to be caused solely by the collapse of primary productivity (e.g., Berner, 2002); thus the addition of 13C-depleted C to the DIC pool in the surface oceans likely contributed to the δ13Ccarb drop. We emphasize that the sedimentary setting deepened from oxic shelf to anoxic slope/basin floor. The ubiquitous occurrence of small pyrite framboids in the Dalong Formation suggests the dominance of sulfate reduction in an anoxic deep-water mass on the slope/basin. The DIC in the deep-water mass would have become enriched in 12C due to the anaerobic respiration; therefore, the injection of 13C-depleted C into the surface oceans via shoaling of the deep-water might have contributed to the negative δ13Ccarb shift. It is noteworthy that no eruption of a large igneous province or substantial sea-level change occurred on a global scale around the Wuchiapingian-Changhsingian boundary (e.g., Haq and Schutter, 2008; Bond and Wignall, 2014). An input of volcanogenic excess CO2 and/or reoxidized sedimentary organic C during a eustatic sea-level fall is unlikely for the cause of the δ13Ccarb drop at Chaotian.
Regional and global correlations would be useful to constrain the cause of the δ13Ccarb decrease at Chaotian. Around the Wuchiapingian-Changhsingian boundary, a ca. 6‰ negative δ13Ccarb shift was reported at Shangsi, ca. 60 km southwest of Chaotian, in northern Sichuan (Bai et al., 2008; Shen et al. 2013), which is almost identical in magnitude to that at Chaotian. Therefore, the deep-water carbonates in northwestern South China probably record the common δ13CDIC decrease in eastern Paleotethys. Similar δ13Ccarb declines were also reported from other sections in South China, including Dukou in Sichuan, Shiligou in Chongqing, Zhuqiao in Hubei, and Heshan and Matan in Guangxi (Shao et al., 2000; Shen et al., 2013; Yang et al., 2019); nonetheless, the magnitude of the δ13Ccarb decreases (∼2–5‰) is variable and smaller than that at Chaotian. At Abadeh in central Iran, Richoz (2006) found a negative δ13Ccarb shift in the corresponding interval in the Hambast Formation, which was later re-confirmed by Liu et al. (2013). A similar negative δ13Ccarb excursion (∼4‰) was also reported from the equivalent horizons of Julfa beds/Alibashi Formation boundary at Kuh-e-Ali Bashi in northwestern Iran (Shen et al., 2013). These almost co-eval negative δ13Ccarb shifts around the Wuchiapingian-Changhsingian boundary in Iran are comparable to that at Chaotian. Moreover, a large negative δ13Ccarb excursion (∼7‰) was demonstrated in the Bellerophon Formation at the Reppwand section in the Carnic Alps, Austria (Buggisch et al., 2015), which is also correlative to the negative shift at Chaotian.
A negative δ13Corg shift, as well as the δ13Ccarb drop, around the Wuchiapingian-Changhsingian boundary has been documented in several sections in South China and Arctic Canada (e.g., Bai et al., 2008; Beauchamp et al., 2009; Wei et al., 2015; Liao et al., 2016). These δ13Corg decreases may have likewise recorded fluctuations in the global C cycle; however, a negative δ13Ccarb/δ13Corg shift around the Wuchiapingian-Changhsingian boundary is not clear in the rest of the Permian world (e.g., Baud et al., 1996; Korte et al., 2004; Richoz, 2006; Baud et al., 2012). Even at the above-mentioned sections in which a negative δ13C shift is recognized, the magnitude of and the trend in the δ13C decrease vary substantially (Shen et al., 2013). Under the circumstances, we infer that the C cycle in the surface oceans around the Wuchiapingian-Changhsingian boundary was not globally uniform but rather widely variable possibly owing to local factors, such as primary productivity and oceanic circulation along the continental margins. More studies with high chemo- and bio-stratigraphic resolutions in various sections around the world are necessary to reveal the fluctuations in the global C cycle around the Wuchiapingian-Changhsingian boundary.
δ13Ccarb Decrease Across the P-TB
The δ13Ccarb values decrease from ca. +1 to −2‰ across the Dalong/Feixianguan formation boundary (P-TB) at Chaotian (Figure 4). This negative δ13Ccarb shift is identical to that previously reported at Chaotian in Cao et al. (2010). Likewise, two possible mechanisms should be considered for the cause of this δ13Ccarb decrease: 1) collapse of primary productivity in the surface oceans and 2) addition of 13C-depleted C to the DIC pool in the surface oceans. The negative δ13Ccarb shift occurs across the major extinction horizon, suggesting that the shift was driven by the collapse of primary productivity during the extinction. The addition of isotopically light C to the shallow-marine DIC pool is another plausible candidate for the cause of the δ13Ccarb decrease. Isozaki et al. (2007) found frequent intercalations of thin felsic tuff layers across the extinction horizon at Chaotian and suggested volcanic stress on the shallow-marine biota during the extinction. An excess input of volcanogenic CO2 (δ13C: ∼−5‰) may also have contributed to the δ13Ccarb decrease. Weathering of sedimentary organic matter due to a large regression is another possible mechanism for the δ13Ccarb decrease (e.g., Yin et al., 2014). However, the sea-level drop occurred significantly before the δ13Ccarb shift at Chaotian (Isozaki et al., 2007; Saitoh et al., 2014a), without any evidence for shallowing across the extinction horizon (Figure 4). This suggests that a contribution of reoxidized organic C to the δ13Ccarb drop was negligible. Song et al. (2012a) proposed the existence of a large vertical δ13Ccarb gradient in the end-Permian oceans, along which a deepening of the sedimentary setting possibly caused the observed δ13Ccarb decrease. At Chaotian, however, the upper Dalong and lowermost Feixianguan carbonates across the P-TB were deposited on a relatively shallow slope without abrupt sea-level changes. Thus the δ13Ccarb decrease cannot be attributed to the assumed vertical δ13Ccarb gradient in the water column.
∆13C Increase Across the P-TB
Saitoh et al. (2014a) reported the δ13Corg chemostratigraphy of the P-TB interval at Chaotian and revealed that the δ13Corg values drop abruptly by 7‰ (from −25 to −32‰) immediately above the extinction horizon (Figure 4). This clear δ13Corg decrease is consistent apparently with the δ13Ccarb shift documented in the present study, although the magnitude of the δ13Corg decrease (∼7‰) is substantially larger than that of the δ13Ccarb decrease (∼3‰). The ∆13C (=δ13Ccarb−δ13Corg) values increase by 4‰ from +26‰ to +30‰ in the aftermath of the extinction at Chaotian. Two possible mechanisms may explain this ∆13C increase: 1) an increase in C isotopic fractionation of biological C fixation and 2) additional input of 13C-depleted C to the sedimentary organic matter. The high aqueous CO2 concentration ([CO2 (aq)]) generally promotes the large C isotopic fractionation during photosynthetic C fixation (εp) in the surface oceans (e.g., Rau et al., 1992, Rau et al., 1997; Kump and Arthur, 1999). The ∆13C values are ∼26‰ in the middle to upper Dalong Formation at Chaotian, which are consistent with the typical Calvin cycle (e.g., Schidlowski et al., 1983), although the values increase substantially to ca. 30‰ above the P-TB (Figure 4). It should be noted that a substantial amount of CO2 was released during the Siberian Traps volcanism around and mostly after the P-TB (Supplementary Information) (e.g. Renne et al., 1995; Hansen, 2006; Cui et al., 2013; Cui and Kump, 2015). The increased [CO2 (aq)] may have promoted greater εp (e.g., Kump and Arthur, 1999).
The previous estimates of the amount of emitted CO2 and of the elevated pCO2 during the Permian-Triassic transition are useful to constrain the influence of εp changes on the δ13C records. Cui and Kump (2015) estimated that pCO2 rose from 500 to 4,000 ppm to ∼8,000 ppm during the extinction (Supplementary Information). Kump and Arthur (1999) derived a simplified relationship between pCO2 and εp from isotopic data of modern marine algae, with some assumptions: εp ≈ 25–2,301/pCO2. According to this relationship, εp with pCO2 of 500, 4,000, and 8,000 ppm is calculated apparently to be ∼20.4, ∼24.4, and ∼24.7‰, respectively. Thus, the relatively large δ13Corg decline (∼7‰) compared to the δ13Ccarb decrease (∼3‰) at Chaotian can be explained by the enlarged εp according to the elevated pCO2. However, it is obviously difficult to extrapolate the relationship formula between pCO2 and εp in Kump and Arthur (1999) directly to the end-Permian system, due to several reasons. First, several assumptions with large uncertainties are included in this simplified formula, such as the dissolved phosphate concentration in the surface seawater. Moreover, εp is controlled, not only by pCO2, but also by temperature and the growth rate of phytoplankton, in general (e.g., Rau et al., 1997; Kump and Arthur, 1999). Second, this relationship formula was obtained empirically on the basis of data of modern haptophyte algae and seawater (Bidigare et al., 1997). Different coefficients on the formula would be more appropriate for the end-Permian phytoplankton communities with unknown physiology. Third, the relationship was obtained on the basis of observations of modern environments with relatively low [CO2 (aq)] (calculated pCO2 < 850 ppm, assuming equilibration according to Henry’s Law at 25°C). It is uncertain whether the formula can be extrapolated to environments with substantially high [CO2 (aq)], which are particularly supposed in the aftermath of the end-Permian extinction (Cui et al., 2013; Cui and Kump, 2015).
Nonetheless, the low sensitivity of εp to pCO2 under high-pCO2 conditions is probably essential (Rau et al., 1997; Kump and Arthur, 1999). Because the reciprocal dependence of εp on pCO2 is attributed theoretically to isotopic discrimination by diffusion of CO2 from the ambient seawater to the phytoplankton cell (Laws et al., 1995). It is also suggested that the sensitivity of εp to pCO2 of land plants is lower than that of marine phytoplankton (e.g., Popp et al., 1989). The estimated high pCO2 up to 4,000 ppm before the end-Permian extinction (Brand et al., 2012; Cui et al., 2013; Cui and Kump, 2015) allows us to postulate that the influence of εp change on the Chaotian δ13C records was not significant.
Additional input of 13C-depleted C to the sedimentary organic C pool is the other possible mechanism for the Chaotian P-TB ∆13C increase. Rothman et al. (2014) suggested that increased Ni input to the ocean/atmosphere during the Siberian Traps volcanism promoted methanogen proliferation in the oceans (“methanogenic burst”). Methanogens generally fix C via the reductive acetyl-CoA pathway, which can produce greater C isotopic fractionation than the Calvin cycle (e.g., Preuss et al., 1989). The organic C from methanogenic biomass may have contributed, at least partly, to the ∆13C increase. Terrestrial plants are another possible C source for sedimentary organic matter in the Chaotian carbonates. In general, the δ13Corg value of Permian terrestrial plant is thought to be higher than the value of marine phytoplankton (e.g., Faure et al., 1995; Foster et al., 1997; Korte et al., 2001). Thus, if the terrestrial C flux decreased across the P-TB, the bulk δ13Corg and ∆13C values of the sediments would have decreased and increased, respectively. However, two lines of evidence exclude the possibility of the decreased terrestrial flux at Chaotian. First, as discussed above, the water depth of depositional site did not change substantially across the P-TB, and a large change in terrestrial flux owing to sea-level changes is unlikely. Second, previous studies suggested enhanced chemical weathering and increased continental flux during the Permian-Triassic transition (Algeo and Twitchett, 2010; Algeo et al., 2011; Cao et al., 2019). At Chaotian, the enhanced chemical weathering is supported by the increased supply of clay minerals/micas around the P-TB based on bulk nitrogen isotope records (Saitoh et al., 2014a). The terrestrial flux may have increased (rather than decreased) in the aftermath of the extinction, and thus the observed ∆13C increase cannot be attributed to the decreased terrestrial C flux. Also, the putative vertical δ13Corg gradient (Luo et al., 2014) cannot explain the ∆13C increase because the water depth of depositional site did not change substantially across the P-TB at Chaotian.
In summary, the P-TB ∆13C increase at Chaotian was most likely due to the proliferation of methanogen in the sediments during the Siberian Traps volcanism (Figure 4), corresponding to the “methanogenic burst” event at a local scale (Rothman et al., 2014).
Global δ13C Correlations Around the P-TB
Regional δ13C Differences
The δ13C profile across the P-TB at Chaotian is here relatively perceived through global correlation, in the context of global C cycle during the Permian-Triassic transition. We focused particularly on the apparent magnitude of the δ13C decrease across the P-TB in previous studies and examined its frequency distribution on a global scale (Figures 6, 7). All the reference sections in the current compilation are summarized in Table 2. We categorize the compiled sections geographically into seven realms; i.e., Boreal, eastern Paleotethys, western Paleotethys, western Pangea, mid-Panthalassa, Neotethys, and Gondwana (Figure 6).
[image: Figure 6]FIGURE 6 | Paleolocation map of the P-TB sections examined in inorganic (upper) and organic (lower) carbon isotope studies. Marine and terrestrial sections are shown as circles and squares, respectively. Filled and opened symbols represent sections in which the reported magnitude of the P-TB δ13Ccarb decrease is large (>5‰) and small (<5‰), respectively. A half-filled symbol represents a section in which both large and small δ13C decreases were reported. A terrestrial section at which the P-TB δ13Corg decrease is not clearly recognized is shown as a red star. The paleolocation of mid-Panthalassan sections is not precisely specified. Paleoclimate classification is after Schneebeli-Hermann (2012) and Benton and Newell (2014).
[image: Figure 7]FIGURE 7 | Frequency histogram of the magnitude of the P-TB δ13C decrease in various regions.
Marine Records
Previous δ13Ccarb studies are concentrated mostly in eastern (China) and western Tethys realms (Iran to Italy) (Figures 6, 7; Table 2), where extensive carbonate platforms developed under warm tropical climate. These two realms share almost the same frequency distribution of the magnitude of the P-TB δ13Ccarb decrease (Figure 7), suggesting a common δ13CDIC decline throughout Paleotethys during the Permian-Triassic transition. The magnitude of the δ13Ccarb decrease ranges mostly between 3 and 6‰ in those tropical regions. In the Boreal realm, the magnitude of the P-TB δ13Ccarb decrease in few marine records is substantially large (to 19‰), which indicates a diagenetic overprint onto the original isotopic signal from seawater (Mii et al., 1997). In contrast, the magnitude of the P-TB δ13Corg decrease varies substantially around the world (Figures 6, 7). In particular, a relatively large (∼7‰) δ13Corg decline has been reported in several marine sections in high latitudes such as Greenland, Spitsbergen, Australia, and Antarctica (e.g., Retallack and Jahren, 2008; Nabbefeld et al., 2010). It is consistent with the previous notion that the magnitude of the δ13Corg decrease in high latitudes was substantially larger than that of the δ13Ccarb decrease in equatorial regions (e.g., Krull et al., 2000; Krull et al., 2004; Korte and Kozur, 2010; Payne and Clapham, 2012; Saltzman and Sedlacek, 2013; Yuan et al., 2015).
Terrestrial Records
The present δ13C compilation also demonstrates that the P-TB δ13Corg decrease is not clearly recognized in a number of terrestrial sections, especially around the Neotethys and in Gondwana realms (Figure 6). The δ13Corg decline is not clearly recognized in previous studies at 14 out of 49 terrestrial sections (Table 2). In these sections, the δ13Corg values are sometimes substantially scattered and no smooth δ13Corg trend is observed (e.g., de Wit et al., 2002; Retallack et al., 2005; Coney et al., 2007). In other Gondwanan sections, the δ13Corg decline is recognized and the apparent magnitude of the δ13Corg decrease is mostly not large (Figure 7). However, the δ13Corg decline is obscured frequently by sharp δ13Corg drops to −45‰ (e.g., Krull and Retallack, 2000; Retallack et al., 2005).
Variable ∆13C Records
Magaritz et al. (1992) originally proposed a parallel δ13Ccarb and δ13Corg trend on the basis of the P-TB isotope profile of the Gartnerkofel Core from the Carnic Alps, Austria, and later studies confirmed similar parallel trends not only in the Tethyan but also in the Panthalassan realms (e.g., Musashi et al., 2001; Algeo et al., 2007b; Luo et al., 2014). However, other studies pointed out a decoupling between the δ13Ccarb and δ13Corg trends around the P-TB. For example, Riccardi et al. (2007) analyzed the δ13Ccarb and δ13Corg values of the P-TB carbonates at Meishan and Shangsi in South China, and compiled the ∆13C changes during the extinction in Iran, Slovenia, Japan, Austria, and South China. They found a ∆13C decrease across the extinction horizon in these regions and suggested that it was due to proliferation of green sulfur bacteria with photic zone euxinia (e.g., Grice et al., 2005; Zhang et al., 2017). Kaiho et al. (2009) confirmed the ∆13C decrease at Meishan. In contrast, the apparent ∆13C increase was reported at several sections in Italy (Siegert et al., 2011), South China (Shen et al., 2012; this study), and Pakistan (Schneebeli-Hermann et al., 2013). It is difficult to reconstruct the ∆13C changes in high latitudes as carbonates are generally scarce in those regions. Nonetheless, the present compilation illustrates that the δ13Corg records are substantially variable on a global scale particularly in high latitudes, in marked contrast to the rather consistent δ13Ccarb records in equatorial Paleotethys (Figures 6, 7).
Potential Causes of the Marine δ13Corg Variability
Several possible mechanisms may explain the observed δ13Corg variability in marine records on a global scale during the Permian-Triassic transition: 1) eustatic sea-level changes, 2) intense continental weathering, 3) proliferation of green sulfur bacteria, 4) elevated pCO2, and 5) “methanogenic burst”.
Eustatic Sea-Level Changes
The δ13Corg value of terrestrial plant was generally thought to be higher than the value of marine phytoplankton in the Permian (e.g., Faure et al., 1995; Foster et al., 1997; Korte et al., 2001). Eustatic sea-level changes during the Permian-Triassic transition may have been responsible for the δ13Corg variability of shallow-marine records, controlling the mixing ratio of 13C-enriched terrestrial and 13C-depleted marine C in the shelf sediments. The Permian-Triassic transition is marked by a major transgression on a global scale (e.g., Hallam and Wignall, 1999; Erwin et al., 2002; but also see; Yin et al., 2014). It is therefore likely that shelf sediments of proximal facies shifted to be of more distal facies during the transgression, and that the terrestrial C flux to the depositional setting reduced, which resulted in the apparent δ13Corg decrease in the bulk sediments. Although the eustatic sea-level changes could have exerted a first-order control on the global δ13Corg variability of shallow-marine records, they do not fully explain the regionally variable δ13Corg records. For example, the δ13Corg records of terrestrial to marine transitional sections in western South China do not record a simple mixing of terrestrial and marine C, despite of a regional transgression, but rather the atmospheric C isotopic signal (Cui et al., 2017). Moreover, the P-TB δ13Corg drop and ∆13C increase at the present Chaotian cannot be attributed to the sea-level changes, because the water depth of depositional site did not change substantially across the P-TB, as discussed above (Figure 4).
Intense Continental Weathering and Increased Terrestrial C Flux
The Permian-Triassic transition is characterized by extensive vegetation collapse on lands (e.g., Retallack et al., 1996; Benton and Newell, 2014), massive soil erosion (e.g., Retallack, 2005; Sephton et al., 2005), and intense continental weathering and increased continental flux to the oceans on a global scale (e.g., Algeo and Twitchett, 2010; Algeo et al., 2011; Cao et al., 2019). An increased flux of terrestrial plant C (with relatively high δ13Corg value) to the shelf sediments via the vegetation collapse and intense weathering may have increased the bulk δ13Corg values of sediments. However, this process generally decreases the bulk ∆13C value of shelf carbonates and cannot explain the P-TB ∆13C increase observed in several sections, including Chaotian, as discussed in the former section (Figure 4). Aged refractory organic matters may also have been derived into the sediments via the enhanced continental weathering and/or soil erosion (Hayes et al., 1989), though it is difficult to constrain their δ13Corg values. On the other hand, it is most likely that a terrestrial nutrient flux to the oceans also increased simultaneously via the intense continental weathering, which stimulated eutrophication and algal blooms in the coastal oceans (e.g., Xie et al., 2007; Algeo et al., 2011; Kaiho et al., 2016). The algal blooms may have resulted in an increased flux of marine C (with relatively low δ13Corg value) to the shelf sediments, offsetting the influence of increased terrestrial C flux on the bulk δ13Corg value of the sediments. Because of this offset effect, the net influence of the intense continental weathering on the marine δ13Corg records is highly uncertain.
Proliferation of Green Sulfur Bacteria With Photic Zone Euxinia
Characteristic green sulfur bacteria (GSB) may have proliferated under photic-zone euxinic conditions during the Permian-Triassic transition (e.g., Grice et al., 2005). They generally fix C via the reverse tricarboxylic acid (TCA) cycle, which can produce smaller C isotopic fractionation (∼12.5‰; van Breugel et al., 2005), than the Calvin cycle (variable but mostly 25–35‰) (e.g., Schidlowski et al., 1983). Thus, the proliferation of GSB and an increased contribution of GSB biomass to the bulk organic-C pool in the shelf sediments would have decreased the ∆13C value of the sediments. Riccardi et al. (2007) reported the P-TB ∆13C decrease in various sections in the peri-Tethyan realm and attributed it to the GSB proliferation. Nonetheless, the proliferation of GSB cannot explain the apparent ∆13C increase observed in several sections, including Chaotian (Figure 4).
Enlarged C Isotopic Fractionation During Photosynthesis Under the Elevated pCO2
The increased [CO2 (aq)] and εp in the surface oceans is another potential mechanism for the observed δ13Ccarb-δ13Corg decoupling (e.g., Rau et al., 1992, Rau et al., 1997). However, as discussed above for the Chaotian record, the influence of εp change on the P-TB δ13C records may not have been significant.
Methanogenic Burst
In addition to the several potential mechanisms discussed above, we emphasize here that the “methanogenic burst” may also have contributed to the variable δ13Corg records on a global scale (Figures 6, 7). A substantial amount of Ni was presumably released into the atmosphere during the Siberian Traps volcanism (Le Vaillant et al., 2017; Rampino et al., 2017). Because Ni is a key element for microbial methanogenesis (e.g., Diekert et al., 1981), the temporary input of excess Ni was likely favorable for methanogens (e.g., Basiliko and Yavitt, 2001) and presumably enhanced microbial methanogenesis (“methanogenic burst”) on a global scale (Rothman et al., 2014).
Methanogen generally fixes C via the reductive acetyl-CoA pathway, which can produce larger C isotopic fractionation up to 40‰ (e.g., Preuss et al., 1989), compared to the Calvin cycle (e.g., Schidlowski et al., 1983). Thus, according to the “methanogenic burst”, the increased organic-C flux from expanded methanogen biomass to the bulk organic-C pool in the local sediments may have caused the large δ13Corg decrease (Figures 6, 7). However, the activity of methanogen is generally regulated, not only by the Ni availability, but also by a number of environmental factors, such as temperature, CO2 levels, and availability of organic substrates (Supplementary Information; e.g., Singh et al., 2010; Nazaries et al., 2013). Although the excess Ni input during the Siberian Traps volcanism likely promoted methanogenesis, the variable activity of methanogen in the local sediments may have been responsible for the observed δ13Corg variability on a global scale. The elevated temperature and pCO2 may also have stimulated the “methanogenic burst”, because these factors generally increase the biogenic CH4 emissions in various environments (Supplementary Information; e.g., van Groenigen et al., 2011; Yvon-Durocher et al., 2014; Aben et al., 2017). The “methanogenic burst” may have occurred not only in marine sediments but also in terrestrial wetlands (Figure 8). Nonetheless, it is still difficult to estimate the total amount of released Ni during the Siberian Traps volcanism (Le Vaillant et al., 2017), and to evaluate the influence of the “methanogenic burst” on the global δ13Corg records quantitatively.
[image: Figure 8]FIGURE 8 | Schematic diagram of the global CH4 cycle in the modern world (A) and during the Permian-Triassic transition (B). CH4 influx to and efflux from the atmosphere are shown as red and yellow arrows, respectively. In the modern system, the global atmospheric CH4 budget is 0.4–0.5 Gt C/year (Supplementary Information; e.g., Conrad, 2009; Nazaries et al., 2013). During the Permian-Triassic transition, several processes may have contributed to the elevated pCH4 and climate warming, although terrestrial responses to the elevated pCH4 were probably complex. The elevated pCH4 enhanced aerobic methanotrophy in local soils whereas the intense soil erosion decreased a net CH4 efflux in the global budget. AOM: anaerobic oxidation of methane; SMTZ: sulfate-methane transition zone. See Supplementary Information for details.
In summary, the P-TB δ13Corg variability in marine records on a global scale may have been attributed to several potential mechanisms, including the eustatic sea-level changes, intense continental weathering, and GSB proliferation. We infer that the “methanogenic burst” was also involved, at least in part, in the substantial δ13Corg decrease in several sections, including the present Chaotian (Figure 4).
Implications for the Global CH4 Cycle in the Aftermath of the Extinction
A substantial amount of CH4 was presumably released into the atmosphere during the Siberian Traps volcanism (Figure 8B), via volcanic intrusion into coal (e.g., Retallack and Krull, 2006; Retallack and Jahren, 2008; Grasby et al., 2011; Shen et al., 2012; Rampino et al., 2017; Elkins-Tanton et al., 2020), and via destabilization of submarine and permafrost clathrates (e.g., Krull et al., 2000; Krull et al., 2004). Pyrogenic CH4 was also produced by the incomplete combustion of organic carbon (e.g., Kirschke et al., 2013) and emitted during extensive wildfire events around the P-TB both in the northern and southern hemispheres (e.g., Shen et al., 2011b; Hudspith et al., 2014; Vajda et al., 2020). The “methanogenic burst” likely contributed to the elevated pCH4 (Rothman et al., 2014). The claimed Araguainha impact event in Brazil (Tohver et al., 2013) may also have contributed to the CH4 accumulation in the atmosphere, though its timing, magnitude, and effective time span for the global CH4 cycle are not well-constrained. Together with other greenhouse gases like CO2, the elevated pCH4 may have contributed to the climate warming during the earliest Triassic (e.g., Hallam and Wignall, 1997; Joachimski et al., 2012; Sun et al., 2012; Cui and Kump, 2015), although the long-term warming may have been disturbed intermittently by short-term SO2-induced cooling (Black et al., 2018).
Although there still remains large uncertainty, we infer fluctuations in the global CH4 cycle in the aftermath of the extinction based on the present and previous observations (Figure 8B). Firstly, aerobic methanotrophy may have prevailed in aerated terrestrial soils in the Gondwana and peri-Gondwanan realms (Figure 8B; Krull and Retallack, 2000). The present compilation illustrates that the P-TB δ13Corg decrease is not clearly recognized in a number of terrestrial sections, especially around the Neotethys and in Gondwana realms (Figure 6; Table 2). The highly scattered and variable δ13Corg records in the terrestrial successions were likely due to local-scale and short-term organic C dynamics in soils, including vegetation, selective microbial decomposition of sedimentary organic matters with C isotopic fractionation, and addition of microbial biomass to the sedimentary C pool (e.g., Krull and Retallack, 2000; Korte and Kozur, 2010). The locally enhanced methanotrophy might have been involved, at least in part, in the soil C dynamics and in the scattered δ13Corg records in the Gondwana and peri-Gondwanan realms (Krull and Retallack, 2000), possibly according to the warming and permafrost thaw (Supplementary Information; e.g., Oh et al., 2020).
Secondly, the oceanic sediments may have been a significantly large source for atmospheric CH4 at that time. In the modern oceans enriched in sulfate (the SO42– concentration = 28 mM), almost all CH4, produced in deeper sediments, is consumed by anaerobic oxidation of methane (AOM) in the sulfate-methane transition zone (SMTZ) (Figure 8; Supplementary Information; e.g., Reeburgh, 2007). However, AOM would be substantially suppressed when the sulfate concentration is <0.5 mM (Knittel and Boetius, 2009). The Permian-Triassic transition interval is characterized by the substantially low sulfate concentration in the oceans (0.6–2.8 mM) (Luo et al., 2010; Schobben et al., 2017; Stebbins et al., 2019). This estimated SO42– range is slightly higher than the threshold of the AOM rate. Nonetheless, the porewater sulfate concentration in the sediments may have quickly become <0.5 mM at a very shallow depth, due to sulfate consumption via decomposition of other organic substrates. The sedimentary AOM was consequently suppressed and the oceanic sediments might have been a larger CH4 source compared to in the modern oceans, further contributing to the elevated pCH4. The impact of “methanogenic burst” on the enhanced CH4 emissions should have been significant under such sulfate-depleted conditions with less AOM. Prevailing oceanic anoxia (e.g., Wignall and Hallam, 1992; Isozaki, 1997; Song et al., 2012b) also helped CH4 to escape from the oceans to the atmosphere (e.g., Ryskin, 2003).
Finally, the global CH4 budgets may have been disturbed by the terrestrial devastation and intense continental weathering (e.g., Algeo and Twitchett, 2010; Cao et al., 2019). The Permian-Triassic transition is characterized by the extensive vegetation collapse on lands and massive soil erosion on a global scale (Figure 8B; e.g., Retallack, 2005; Sephton et al., 2005; Benton and Newell, 2014). The destruction of terrestrial ecosystems and the decay of land plants in the aftermath of the extinction was claimed to bring the well-known Early Triassic “coal gap” (Retallack et al., 1996). Although the release of substantial amounts of Ni into the ocean-atmosphere during the Siberian Traps volcanism may have caused the “methanogenic burst”, it may also have contributed to the vegetation collapse because excess Ni is generally toxic to plants (Fielding et al., 2019). The vegetation collapse could have stimulated the destabilization of permafrost and the CH4 emissions in high latitudes according to the warming (Nauta et al., 2015), whereas the massive soil erosion might also have contributed to the atmospheric CH4 accumulation as aerated terrestrial soils are a CH4 sink (Supplementary Information; Figure 8B).
CONCLUSIONS
The carbon isotopic composition of carbonate (δ13Ccarb) across the Permian-Triassic boundary (P-TB) was analyzed at Chaotian, Sichuan, South China, and was correlated to the chemostratigraphy of the carbon isotopic composition of organic carbon (δ13Corg) of the same interval. The δ13Ccarb and δ13Corg records at Chaotian were further integrated into the records from various marine and terrestrial environments all around the world, to examine fluctuations in the global methane (CH4) cycle during the Permian-Triassic transition. The following results were obtained:
(1) The δ13Ccarb values decrease from ca. +1 to −2‰ across the P-TB, possibly reflecting the shallow-marine extinction and the collapse of primary productivity in the oceans. The frequent intercalation of felsic tuff layers around the extinction horizon suggests that volcanic activity also contributed to the δ13Ccarb decrease.
(2) The magnitude of the δ13Ccarb decline (∼3‰) is substantially smaller than the magnitude of the δ13Corg decrease (∼7‰) across the P-TB. This δ13Ccarb-δ13Corg decoupling could be explained by an elevated CO2 concentration in the ocean/atmosphere and/or proliferation of methanogen (“methanogenic burst”) in the sediments, according to the Siberian Traps volcanism.
(3) A global P-TB δ13C compilation shows a large variation in marine δ13Corg records, which could be attributed to several potential mechanisms including eustatic sea-level changes and proliferation of green sulfur bacteria. We infer that the “methanogenic burst” may also have contributed, at least in part, to the δ13Corg variability. The global CH4 cycle might have fluctuated substantially in the aftermath of the extinction.
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The Beaufort Group of the main Karoo Basin of South Africa records two major extinction events of terrestrial vertebrates in the late Palaeozoic. The oldest of these has been dated to the late Capitanian and is characterized by the extinction of dinocephalian therapsids and bradysaurian pareiasaurs near the top of Tapinocephalus Assemblage Zone. Faunal turnover associated with the extinction of dinocephalians is evident in vertebrate faunas from elsewhere in Pangaea but it can be best studied in the Karoo Basin, where exposures of the upper Abrahamskraal and lower Teekloof formations allow continuous sampling across the whole extinction interval. Here we present field data for several sections spanning the Capitanian extinction interval in the southwestern Karoo and discuss recent work to establish its timing, severity, and causes. A large collections database informed by fieldwork demonstrates an increase in extinction rates associated with ecological instability that approach that of the end-Permian mass extinction, and shows significant turnover followed by a period of low diversity. Extinctions and recovery appear phased and show similarities to diversity patterns reported for the end-Permian mass extinction higher in the Beaufort sequence. In the Karoo, the late Capitanian mass extinction coincides with volcanism in the Emeishan Large Igneous Province and may have been partly driven by short-term aridification, but clear causal mechanisms and robust links to global environmental phenomena remain elusive.
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INTRODUCTION
The Capitanian (late Guadalupian) mass extinction is a relatively recent addition to the list of major biodiversity crises of the Phanerozoic. During the establishment of the Big 5 marine mass extinction events, Raup and Sepkoski (1982) grouped extinctions from the Guadalupian with those of the late Permian and it was only later that Stanley and Yang (1994) recognised a separate, end-Guadalupian crisis. Subsequent, higher-resolution stratigraphic studies and continually improving chronological constraints have demonstrated that the marine extinctions associated with this event may have occurred at different points clustered in the later part of the Capitanian stage, rather than at the boundary between the Guadalupian and Lopingian series (Shen and Shi, 2009; Wignall et al., 2009; Bond et al., 2010, Bond et al, 2015). Most data come from marine deposits of southern China, where large losses are recorded among fusilinacean foraminiferans, calcareous algae, brachiopods, corals, and ammonoids (see Bond et al., 2010) but the extinction has also been recorded outside of the former Tethys in Norway and Canada (Bond et al., 2015; Bond et al., 2020).
The Capitanian mass extinction has received increasing attention in the last decade because of likely causal links to volcanism in the Emeishan Large Igneous Province (Wignall et al., 2009; McGhee et al., 2013; Bond and Wignall, 2014; Bond and Grasby, 2017; Bond et al., 2020). Estimates of its overall severity have varied, depending on the calculations and datasets used, but one of the most recent large-database estimates suggests it may have led to the extinction of 33–35% of marine genera, making it comparable in magnitude to the Cretaceous/Palaeogene mass extinction (Stanley, 2016). Even when its severity in terms of taxonomic losses has been calculated to be low (∼25%), the Capitanian mass extinction appears to have been characterised by ecological restructuring of reef systems that exceeded those of the end-Ordovician (Hirnantian) mass extinction (McGhee et al., 2013). Though a consensus has yet to be reached, there is sufficient evidence to suggest the Capitanian mass extinction may rank among the most notable extinction events of the Phanerozoic.
In the terrestrial realm, the Capitanian mass extinction manifests as a concentration of extinctions that drastically reduced tetrapod diversity by removing early branching species from most clades and entirely eliminating others, most notably the taxonomically diverse dinocephalian therapsids (Day et al., 2015a; Lucas, 2017). Non-marine sedimentary sequences of late Capitanian/early Lopingian age that have produced tetrapod fossils are known from basins across Pangaea (e.g., Olroyd and Sidor, 2017; Lucas, 2017) but only in South Africa is this transition clearly exposed in continuous sections. There, it corresponds to the transition between the Tapinocephalus Assemblage Zone (AZ) and the Tropidostoma-Gorgonops subzone of the Endothiodon AZ (incorporating the former Pristerognathus AZ; see Day and Smith, 2020), and is associated with an estimated 74–80% loss of tetrapod generic richness (Day et al., 2015a). The extinction interval is situated around the lithostratigraphic boundary between the Abrahamskraal and Teekloof formations, within the lower Beaufort Group (Figure 1). The Beaufort Group also records the terrestrial end-Permian mass extinction, in the uppermost Balfour Formation (e.g. Ward et al., 2005; Smith and Botha-Brink, 2014; Botha et al., 2020), which provides an opportunity to compare patterns of extinction between the two events.
[image: Figure 1]FIGURE 1 | Stratigraphy of the Beaufort Group showing position of mass extinction intervals. Subzone abbreviations: C-U, Cricodon-Ufudocyclops; D-S, Diictodon-Styracocephalus; D-T, Dicynodon-Theriognathus; E-G, Eosimops-Glanosuchus; L-E, Lycosuchus-Eunotosaurus; L-G, Langbergia-Garjainia; L.m-M, Lystrosaurus maccaigi-Moschorhinus; T-G, Tropidostoma-Gorgonops; T-K, Trirachodon-Kannemeyeria. Other abbreviations: CME, Capitanian mass extinction; Changh, Changhsingian; Fm., Formation; In, Induan; M, member; EPME, end-Permian mass extinction. Lithostratigraphic units in grey found only in the Eastern Cape. Stratigraphy and biozonation modified after Smith et al. (2020) and position of end-Permian mass extinction after Botha et al. (2020). U-Pb ages after: a, Rubidge et al., 2013; b, Day et al., 2015a; c, Gastaldo et al., 2015; d, Botha et al., 2020; e, Gastaldo et al., 2020. Actual position of the Permo-Triassic boundary is disputed.
Retallack et al. (2006) suggested a link between a period of high extinction and turnover in terrestrial tetrapod faunas and the marine Guadalupian mass extinction, but it was only with improvements in biostratigraphic resolution and geochronological constraints on the mid-late Permian terrestrial sequence of the Main Karoo Basin in South Africa that such comparisons could be directly supported (Rubidge et al., 2013; Day et al., 2015a). Subsequent quantitative estimates of diversity change associated with the Capitanian mass extinction in the Karoo have relied mostly on species lists for assemblages (e.g., Lucas, 2009), but the recent generation of a database comprising occurrence information for museum collections (specimens) constrained to one or more 50 m stratigraphic bins in the Abrahamskraal and lower Teekloof formations has allowed much higher resolution assessments of diversity change and rates of extinction (Day et al., 2015a; Day et al., 2018a). The creation of this database was informed by fieldwork that resulted in metre-level biostratigraphic data for several sections in the southwestern Karoo, which document the transition between the Tapinocephalus and Endothiodon AZs. These sections provide more detailed glimpses of the sequence of events comprising the extinction event, and we present the three most informative sections here (Figures 2, 3).
[image: Figure 2]FIGURE 2 | Map showing the study area within the Beaufort Group in the southwestern part of the Karoo Basin of South Africa (A), and the three localities along the contact of the Tapinocephalus and Endothiodon assemblage zones (B). 1, Puntkraal; 2, Muggefontein; 3, Vanvuurenskop.
[image: Figure 3]FIGURE 3 | Stratigraphic sections showing fossil occurrences at the three localities: Puntkraal, Muggefontein, and Vanvuurenskop (see Figure 2 for map). Red star = date of 260.26 ± 0.081 Ma (Day et al., 2015a). LDI, Low diversity interval; L-E, Lycosuchus-Eunotosaurus; D-S, Diictodon-Styracocephalus; H, Hoedemaker Member; T-G, Tropidostoma-Gorgonops.
Sedimentological research has sought evidence for environmental change associated with the transition between the Abrahamskraal and Teekloof formations but beyond general trends toward greater aridity these have mostly invoked tectonic or autogenic controls on any change in depositional environment (e.g., Turner, 1985; Cole and Wipplinger, 2001; Wilson et al., 2014; though see; Retallack et al., 2006). Most recently, Rey et al. (2018) studied the carbon isotope geochemistry on fossilised vertebrate tissue and found evidence of a short-lived period of greater aridity in the upper Karelskraal Member and lowermost Poortjie Member but neither this nor rock geochemistry have indicated meaningful long-term shifts in climate across the extinction interval (see Paiva, 2016). Palaeoenvironmental studies have not yet taken full advantage of the continuity of the Karoo record.
This paper aims to summarise the current state of research on the biotic and non-biotic aspects of the Capitanian mass extinction in the Karoo Basin and to discuss these patterns with respect to the end-Permian mass extinction. We also discuss patterns from correlated tetrapod-bearing successions elsewhere in the world.
MATERIALS AND METHODS
Fieldwork
Palaeontological and stratigraphic data from the Abrahamskraal and overlying Teekloof formations has been collected by our team from numerous localities over the past four decades. The stratigraphic sections presented here were measured by MOD during three field seasons between 2012 and 2014 using a Jacob’s staff and Abney level at localities that expose outcrops spanning the upper Abrahamskraal and lower Teekloof formations. Two of the three section localities (Muggefontein and Vanvuurenskop) are located along the Nuweveld escarpment in the Beaufort West district of the Western Cape Province, whereas the third is located further west, near Sutherland in the Karoo Hoogland district of the Northern Cape Province (Figure 2). The lithostratigraphic boundary between the Abrahamskraal and Teekloof formations (and Karelskraal and Poortjie members, respectively) was taken initially from the 1:250,000 metallogenic map of Sutherland (Geological Survey, 1997) and the geological map of Beaufort West (Geological Survey, 1979) but where they were not clear, contacts between members were determined in the field. Simultaneously, a team from the Evolutionary Studies Institute, University of the Witwatersrand, collected vertebrate fossils in the vicinity and recorded the coordinates of the finds using GPS handsets. Sandstone bodies were traced out laterally from the line of section, either in the field or subsequently on Google Earth, to enable correlation of fossil occurrences. All material collected is curated at the Evolutionary Studies Institute in Johannesburg.
Taxon Abundance
Taxon abundance information through the extinction interval was calculated from a dataset of fossil occurrences within the Abrahamskraal and lower Teekloof formations outlined by Day et al. (2018a), in which the occurrence of fossil specimens from a number of museum collections are constrained to one or more approximately 50 m stratigraphic bins (Supplementary Table S1). Across the extinction interval this was practically implemented by considering the upper 50 m of the Moordenaars Member as one bin, two bins within the Karelskraal Member (which varies in thickness between 70 m and 116 m; Day and Rubidge, 2014), three bins for the Poortjie Member (which varies in thickness between 150 m and about 180 m in the study area; Figure 2), and one for the lower third of the Hoedemaker Member.
Treatment of the data follows a similar methodology as Day et al. (2018a), whereby specimens that are not well constrained stratigraphically and those with uncertain identification have been excluded. The dataset used here differs from that of Day et al. (2018a) mainly in that data from the Victoria West area have been excluded due to concerns over the relationship between biostratigraphy and mapped lithostratigraphic units in that district (Day and Rubidge, 2019); fossil occurrences in this area are primarily of Diictodon and also fall outside the immediate area of the sections presented here. We are thus presenting a subset of the basin dataset that can be most reliably tied to the lithostratigraphic sequence along the escarpment, where continuous exposures are most readily found (Supplementary Table S1). Several specimen identifications and stratigraphic constraints have been updated in light of recent work.
STRATIGRAPHIC SECTIONS
Puntkraal, Sutherland, Northern Cape
Puntkraal is situated at the western end of the Nuweveld mountains and has good outcrops of the upper Abrahamskraal and lower Teekloof formations. Exposures occur widely on the slopes between terraces, particularly the lower Poortjie Member. Large dinocephalian fossils were abundant in several horizons within the upper Moordenaars Member and within the lower Poortjie Member, where a titanosuchid, a tentative anteosaurid, and two tapinocephalid fossils were recovered (Figure 3; see Supplementary Table S2). The Poortjie dinocephalians all occur within the 30 m interval above a tuff horizon that has produced a CA-TIMS age of 260.26 Ma, which constrains them to the late Capitanian (Day et al., 2015a). The upper Poortjie Member produced few identifiable fossils but two specimens of Endothiodon indicate the presence of the Lycosuchus-Eunotosaurus Subzone of the Endothiodon AZ in the middle part of the member. Helical vertebrate burrows similar to those attributed to small dicynodonts from sites in the upper Poortjie and lower Hoedemaker members (Smith, 1987) are present in the upper part of the Poortjie Member at this locality.
The stratigraphic thickness between the last occurrence of dinocephalians and Endothiodon, which constrains the low diversity interval at the top of the Tapinocephalus AZ in the immediate aftermath of the Capitanian mass extinction (Day and Rubidge, 2020), is less at Puntkraal than any other locality (20 m; Figure 3). At this locality there is a noticeable abundance in the lower Poortjie Member of the small dicynodonts Diictodon and Pristerodon. Sampling of the upper Poortjie Member was low and those specimens that were recovered from above 210 m were not identifiable to a biostratigraphically meaningful level.
Muggefontein, Beaufort West, Western Cape
Muggefontein is situated south of Teekloof Pass and provides excellent and wide exposures of the Teekloof Formation, particularly the Poortjie Member. Outcrop of the Abrahamskraal Formation is more limited to the southern part of the farm, where its lateral extent is constrained by a large dolerite sill. Few fossils were found in the Abrahamskraal Formation and although large bones were evident in places, these were all too scrappy to be collected. A small therapsid skeleton identified as a basal anomodont similar to Galechirus (BP/1/7553) was discovered in the basal sandstone of the Poortjie Member, which established the presence of the Tapinocephalus AZ there.
In the Abrahamskraal Formation and lower Poortjie Member the majority of fossils recovered belong to small dicynodonts such as Diictodon and Pristerodon. The appearance of Endothiodon about 1/3 of the way up the Poortjie Member establishes the base of the Lycosuchus-Eunotosaurus Subzone of the Endothiodon AZ, which at this locality produced the snout of the baurioid therocephalian Ictidosuchoides (BP/1/7492; Figure 3). The base of the Endothiodon AZ also coincides with the first occurrence of a helical burrow, and a straight vertebrate burrow was found in the upper Poortjie Member (at about 257 m). The base of the Tropidostoma-Gorgonops Subzone of the Endothiodon AZ is clearly defined by the appearance of Tropidostoma close to the contact of the Poortjie and Hoedemaker members, above which Tropidostoma becomes abundant. The kingoriid dicynodont Dicynodontoides occurs 17 m above the base of Hoedemaker. Diictodon is extremely abundant in the Teekloof Formation.
‘Vanvuurenskop’, Beaufort West, Western Cape
This locality is spread across three farms whose boundaries meet at the summit of a small mountain called Vanvuurenskop, situated on a spur of the Nuweveld Escarpment. To the south, the upper Abrahamskraal Formation and lowermost Teekloof Formation crop out on the farms Wolwehoek and Brakleegte, with the upper Abrahamskraal Formation being well-exposed on the flats and on the lower slopes of the spur. To the north, surrounding Vanvuurenskop itself, are good outcrops of the upper Poortjie Member on the farm Losberg (part of cadastral farm Balaauwkrans 216). The section presented is a composite as the two farms are separated by a dolerite dyke, though the base of the lower Poortjie does occur on the Losberg side of the dyke (though did not produce fossils) so thicknesses were used to correlate the major sandstone bodies.
On Wolwehoek and Brakleegte, the upper Abrahamskraal Formation produced a diverse fauna of Tapinocephalus AZ forms. These occurred into the upper part of the Karelskraal Member, above a thick terrace-forming sandstone, where a small dinocephalian snout was found (BP/1/7255) along with a therocephalian cf. Lycosuchidae. Small dicynodonts increased in abundance at this horizon and were the only fossils found in the lower Poortjie Member. Endothiodon fossils were found in the middle part of the Poortjie Member up to the base of the Hoedemaker, which was not collected. A specimen of the gorgonopsian Eriphostoma was found close to the top of the Poortjie Member (Kammerer et al., 2015).
DISCUSSION
Stratigraphy and Extinction Patterns
The existence of unusually high turnover of fossil tetrapod species between the Tapinocephalus AZ and succeeding Endothiodon AZ had become increasingly apparent by the early 20th Century (e.g., Watson, 1914) but the first quantitative work on the horizon later connected with the Capitanian extinction appeared only after the Geological Survey of South Africa mapped the Merweville area during the 1940s. The subsequent report by Rossouw and De Villiers (1953) revealed that the relative abundance of pareiasaur and dinocephalian fossils decreased in the uppermost part of the Tapinocephalus AZ whereas dicynodonts became more abundant. Boonstra (1969) went further and suggested that very few species were present in the uppermost part of the Tapinocephalus AZ and that pareiasaurs and dinocephalians were not present at all. In their stratigraphic review of the Beaufort Group, Keyser and Smith (1978) detached these uppermost strata and recognized the extinction of the dinocephalians as the upper boundary of their Dinocephalian AZ, which they correlated with a chert horizon about 120 m below the base of the Poortjie Member (Teekloof Formation).
Smith and Keyser (1995) considered the top of the Dinocephalian AZ, then renamed the Tapinocephalus AZ, to occur closer to the base of the Poortjie Member, and it was this horizon that was first linked with Capitanian mass extinction (Retallack et al., 2006). In this scenario, the extinction of the majority of Tapinocephalus AZ taxa was assumed to be mostly contemporaneous in a catastrophic event, although the exact ranges of the constituent taxa were poorly understood. The presence of dinocephalians in the basal strata of the Poortjie Member was first reported by Day et al. (2015b) and, together with the data from the Puntkraal locality presented here, suggests that three dinocephalian genera survived beyond this horizon (Anteosaurus, Criocephalosaurus, and Titanosuchus; Figure 4B). Dinocephalians are not observed at this level at Muggefontein or at Vanvuurenskop but at the latter locality the base of the Poortjie Member was not clearly defined and its lower strata difficult to access. While it remains a possibility that the base of the Poortjie Member is not isochronous, we suspect that the absence of dinocephalian fossils from the lower Poortjie at some localities is likely to be an artifact of poor sampling.
[image: Figure 4]FIGURE 4 | Illustrative section through the Abrahamskraal-Teekloof Formation boundary showing (A) the relative abundances of selected taxa, corresponding to numbers of specimens (see Appendix 2), and (B) a summary of the stratigraphic ranges for individual genera. Genera shown in (B) taken from Day and Rubidge (2020) and Day and Smith (2020) but excludes range-through taxa (Diictodon feliceps, Pristerodon mackayi, Emydops arctatus, Rhinesuchus whaitsi, Rhinesuchoides tenuiceps) and taxa with single occurrences of uncertain position (Nycteroleters indet., Australothyris smithi, Hipposaurus brinki, Agnosaurus pienaari, Moschognathus whaitsi, Galepus jouberti). Abbreviations: Ho, Hoedemaker; Karelsk, Karelskraal; Mo, Moordenaars.
The increasing resolution of fossil occurrences across the Abrahamskraal/Teekloof Formation transition and taxonomic clarification of many tetrapod groups have demonstrated that the highest occurrences of taxa associated with the main extinction pulse are staggered between the base of the Karelskraal Member and the lower Poortjie Member (Day et al., 2015a; Day and Rubidge, 2020; Figure 4B). This pattern can be explained by the Signor-Lipps effect (Signor and Lipps, 1982), especially given the relatively small proportion of fossils of most taxa that can be identified to genus or species level (only around 20% for dinocephalians). Quantitative analysis using both constrained optimization (CONOP) and gap-filler (GF) methods on occurrence data at the resolution of approximately 50 m intervals has suggested that the extinction rates peaked in the uppermost Abrahamskraal Formation, within the Karelskraal Member (Day et al., 2015a; Day et al., 2018a). A slightly drawn-out extinction may therefore have been the case, with the extinction of the last surviving dinocephalians occurring as extinction rates were returning to normal. Nevertheless, the actual extinction interval is likely more restricted than that depicted in Figure 4B.
Above the last occurrence of dinocephalians, there is an interval of varying thickness in which the only taxa present are a few survivors of the main extinction pulse (Figure 3). This interval corresponds best with the uppermost Tapinocephalus AZ as presented by Boonstra (1969). Although the number of therocephalian species is reduced, the abundance of fossils attributable to therocephalians does not decline rapidly, suggesting that at least one of the surviving taxa (Glanosuchus, Lycosuchus or Pristerognathus) may in fact increase in abundance compared to before the extinction event (Figure 4). The dicynodont Diictodon feliceps is particularly abundant in this interval, having become increasingly so from the onset of the extinctions in the lower Karelskraal Member. The first appearance of a new genus after this is Endothiodon, although an indeterminate burnetiamorph (BP/1/7555) was recovered from this interval at Muggefontein (Figure 3). This marks the beginning of the recovery and base of the overlying Endothiodon AZ (Day and Rubidge, 2020).
The upper part of the Poortjie Member produces mostly fossils of dicynodonts, primarily Diictodon and Endothiodon with lesser numbers of the survivor taxa Pristerodon and Emydops, but some typically Lopingian taxa also occur. These are mostly carnivores such as the small therocephalians (Ictidosuchoides and Ictidostoma) and the moderately large gorgonopsian Gorgonops. The appearance near the base of the overlying Hoedemaker Member of the cryptodont dicynodont Tropidostoma coincides with the appearance of a cohort of early Lopingian taxa and the extinction of the surviving large therocephalians, the reptile Eunotosaurus and the small gorgonopsian Eriphostoma.
The sequence of events comprising the Capitanian mass extinction in the Karoo can be summarized as a series of phases:
Primary extinction phase. The main clustering of extinctions eliminating the majority of species present in the upper Tapinocephalus AZ occurs through the Karelskraal Member of the Abrahamskraal Formation and into the lowermost part of the Poortjie Member. Although most clades are affected, the biggest losses are among those that achieved large body size (>2.5 m total body length): dinocephalians became altogether extinct and pareiasaurs were extirpated from the basin with the extinction of the three genera of the Bradysauria (Bradysaurus, Embrithosaurs and Nochelesaurus; see Van Den Brandt et al., 2020). Varanopids and basal anomodonts also disappeared. Throughout this phase, the dicynodont Diictodon became increasingly common (Figure 4A).
Low diversity interval. This is characterized by only by a few survivor taxa. The assemblage primarily comprises small herbivorous dicynodonts, with Emydops arctatus and Pristerodon mackayi being greatly outnumbered by Diictodon feliceps. The carnivore guild consists of three genera of medium-large basal therocephalians and the small gorgonopsian Eriphostoma. This interval varies between 20 m at Puntkraal in the west and 90 m at Vanvuurenskop in the east (Figure 3), though at Muggefontein and Vanvuurenskop this may be exaggerated by low sampling.
Primary recovery phase. The first new genus to appear in the primary recovery phase is Endothiodon, followed by a several small carnivorous therocephalians, the first large gorgonopsian and the kingoriid dicynodont Dicynodontoides. This phase remains low in taxic diversity and like the preceding interval displays high unevenness in the relative distribution of taxa (Day et al., 2018a).
Secondary recovery phase. The appearance of cryptodont dicynodonts characterizes the beginning of the secondary recovery, along with at least two species of burnetiamorph and several more species of therocephalians and gorgonopsians. Pareiasaurs also reappear in the basin at this time. These appearances coincide closely with the extinction of the survivor taxa: the reptile Eunotosaurus and the basal therocephalian families Scylacosauridae and Lycosuchidae. The dicynodont Brachyprosopus may also have survived to this point based on two specimens from the very top of the Poortjie Member at two separate localities (BP/1/7803, a small skull and lower jaw from Spinnekopkraal, Fraserburg, and BP/1/7590, a small skull mixed in with an assemblage on medium-sized postcranial bones belonging to a different animal); however, for the time being it has not been ruled out that they are in fact juvenile specimens of Endothiodon. Diictodon becomes even more abundant and overwhelmingly dominates the assemblage. Three species of dicynodont (Diictodon feliceps, Pristerodon mackayi, Emydops arctatus) and two species of temnospondyl (Rhinesuchus whaitsi, Rhinesuchoides tenuiceps) range through to this assemblage from before the primary extinction phase.
The above pattern of faunal turnover during the Capitanian mass extinction displays several similarities to the phased extinction proposed by Smith and Botha-Brink (2014) for the end-Permian mass extinction higher in the Karoo sequence. In both cases, an initial period of extinction removes the majority of species from the pre-existing ecosystem (Figure 4). This is followed by a recovery period in which the first taxa characteristic of the next assemblage appear, including opportunistic taxa that capitalized on vacant ecospace and thus became at least initially common. For the Capitanian extinction, this is the dicynodont Endothiodon, whereas for the end-Permian extinction, these are two species of the dicynodont Lystrosaurus: L. murrayi and L. declivis.
Both extinction events are also characterized by the survival of a few species that became extinct at the same time shortly after the recovery had begun. The secondary extinction of these ‘dead clades walking’ (Jablonski, 2002) define the end of the initial recovery phase and, in the case of the end-Permian mass extinction, represent the final extirpation of species-level taxa present prior to the extinction event. This contrasts with the Capitanian extinction, where several dicynodont genera and two temnospondyl genera range through. One of these species, Diictodon feliceps, increases in abundance during the primary extinction phase to become the dominant taxon of the ecosystem (Figure 4A; see also Day et al., 2018a) and remains so throughout the recovery. Diictodon is therefore more comparable with Lystrosaurus after the end-Permian mass extinction than is Endothiodon.
Because several taxa range through the Capitanian mass extinction in the Karoo, the relative species extinction rate is lower than that for the end-Permian mass extinction (perhaps 84% as opposed to 100% across both primary and secondary extinctions). Yet it is worth noting that species richness may have been greater in the upper Tapinocephalus AZ than it was in the upper Daptocephalus AZ at the onset of the end-Permian mass extinction, given the uncertain presence of many species in the latter biozone (17 out of 33; Viglietti, 2020).
Ecological Change
In the Karoo Basin, the Capitanian mass extinction is characterized by a change from a dinocephalian-to a dicynodont-dominated tetrapod fauna. The primary extinction phase reduces diversity across most tetrapod clades except rhinesuchid temnospondyls but it is the larger components of the ecosystem that are worst affected: the only taxa that became completely extinct were dinocephalians and bradysaurian pareiasaurs, of which all species from the Tapinocephalus AZ grew to over 2.5 m and may have weighed between 700 to 1100 Kg (Lee, 1997; Romano and Rubidge, 2019). The vastly different dental adaptations of pareiasaurs and herbivorous dinocephalians suggests they had different diets, so body size remains the main common attribute. The fauna immediately succeeding the primary extinction phase displays the characteristics of low diversity, small mean body size, and high unevenness (species abundance distribution) when compared with that preceding the extinction phase, which are consistent with a post-extinction fauna experiencing one form of the Lilliput effect (Urbanek, 1993; Harries and Knorr, 2009).
Within the carnivore guild of the Tapinocephalus AZ, the only gorgonopsian species currently recognised is the relatively small-bodied Eriphostoma microdon (Kammerer et al., 2015), compared to eight therocephalian species (Day and Rubidge, 2020). During the primary recovery, large species of gorgonopsians appeared for the first time in the form of Gorgonops torvus, and by the upper part of the Tropidostoma-Gorgonops Subzone there were seven gorgonopsian genera of which several were large, namely the rubidgeines Aelurognathus and Smilesaurus (Day and Smith, 2020). At the same time, the therocephalians that appear within the Endothiodon AZ are all relatively small, especially compared to the lycosuchids. The taxic diversity of therocephalians is initially higher than gorgonopsians during the recovery up to the mid-Tropidostoma-Gorgonops Subzone, but thereafter gorgonopsians are the more speciose clade (Day and Smith, 2020). The Capitanian mass extinction thus caused a shift in the body size distributions and relative diversity of the predatory theriodonts, whereby therocephalians came to dominate the small carnivore niches and gorgonopsians diversified into the ecospace vacated by the large/medium-sized predators Anteosaurus and basal therocephalians.
Prior to the to the mass extinction, dicynodonts in the Tapinocephalus AZ all have relatively small body sizes. Endothiodon bathystoma could achieve moderately large size (e.g., in excess of 100 Kg with skull length over 50 cm; Araújo et al., 2018; Maharaj et al., 2019) and it remained the only large dicynodont until the appearance of Rhachiocephalus in the Tropidostoma-Gorgonops Subzone; the other dicynodonts that appear as part of the secondary recovery in the lower part of this subzone are mostly medium-sized. The genus Endothiodon possessed a complex masticatory system (see Cox and Angielczyk, 2015) that has been linked to various forms of specialised feeding and that may have played a role in its success in the aftermath of the Capitanian mass extinction. This was discussed by Rey et al. (2020), who determined that Endothiodon bathystoma probably did not consume significant quantities of seeds or roots, but rather fed on riparian vegetation. They postulated Endothiodon bathystoma may have colonised the Karoo Basin as riparian woodland was re-established there following a period of aridity, which was associated with a reduction in water-dependent plant species and the tetrapod mass extinction event (Barbolini, 2014; Rey et al., 2018). Current evidence is consistent with Endothiodon bathystoma capitalizing on ecospace vacated by large herbivorous dinocephalians and pareiasaurs, though it remains tempting to ascribe its success, at least partially, to the specifics of its masticatory adaptations.
A short-lived increase in aridity at the time of the primary extinction interval (Rey et al., 2018) may have played a role in the early success of Diictodon, and to a lesser extent Pristerodon, if, for instance, riparian woodland was replaced by an expansion of groundcover vegetation along watercourses. Diictodon survived up until shortly before the P-T boundary, where its extinction has been linked to the loss of such vegetation during the severe droughts associated with that mass extinction (Smith and Botha-Brink, 2014). Although Diictodon has been found associated with vertebrate burrows, no such burrows have yet been found stratigraphically lower than the base of the Lycosuchus-Eunotosaurus Subzone of the Endothiodon AZ (Figure 3). This suggests that such behaviour was a novel adaptation to the new landscape rather than a characteristic that enabled it to survive the Capitanian mass extinction.
A predator-prey relationship between the predatory scylacosaurid and lycosuchid therocephalians and the gorgonopsian Eriphostoma on the one hand, and small dicynodonts like Diictodon and Pristerodon on the other, is implied by their survival through the primary extinction phase. Lycosuchids and the larger scylacosaurids were large enough to prey on animals such as juvenile dinocephalians and Endothiodon. The continued abundance of Diictodon, Pristerodon and Endothiodon into the Tropidostoma-Gorgonops Subzone suggests that a reduction in food availability was not a likely contributor to the disappearance of large predatory therocephalians during the secondary extinction.
Dating
The application of U-Pb geochronology in the south African Karoo sequence over the last decade has greatly improved age constraints on the tetrapod biostratigraphy. U-Pb CA-TIMS analysis of zircon from tuffaceous horizons has consistently supported a Guadalupian-Lopingian age for the lower Beaufort Group, incorporating the Eodicynodon to Daptocephalus assemblage zones (Rubidge et al., 2013; Day et al., 2015a; Gastaldo et al., 2015; Gastaldo et al., 2020). An age of 260.259 ± 0.081 Ma was reported by Day et al. (2015a) from the base of the Teekloof Formation at Puntkraal in the Northern Cape Province, close to the top of the Tapinocephalus AZ. This age was better constrained biostratigraphically and clarified the position of the oldest three ages reported by Rubidge et al. (2013) from the Eastern Cape Province, where such constraints were poorer due to a paucity of index fossils surrounding the lower horizons. At Puntkraal, the dated horizon occurs 29 m below the highest occurrence of a dinocephalian and 49 m below the lowest occurrence (LO) of Endothiodon (Figure 3).
The age of the Guadalupian/Lopingian boundary currently accepted by the International Commission for Stratigraphy is 259.1 ± 0.5 Ma (Zhong et al., 2014; Schneider et al., 2020), thus being approximately 1 m.y. younger than the dated horizon at Puntkraal. This is slightly younger than an age of 259.26 Ma for a tuffaceous horizon in the lower Middleton Formation (=Teekloof Formation) in the Eastern Cape (Rubidge et al., 2013). This horizon is constrained only by the close occurrence of Endothiodon, which is most abundant in the Lycosuchus-Eunotosaurus Subzone of the Endothiodon Assemblage Zone (formerly the Pristerognathus AZ; Day and Smith, 2020), and led Day et al. (2015a) to conclude that the Guadalupian/Lopingian boundary most likely lay in the upper part of this assemblage zone. The mass extinction at the top of the Tapinocephalus AZ is thus a late Capitanian mass event.
Capitanian Tetrapod Extinctions Outside South Africa
Laurasia
Tetrapod body fossils of late Guadalupian or early Lopingian age are known from France, Germany, Kazakhstan, and possibly China (Olroyd and Sidor, 2017; Lucas, 2018) but these are either too depauperate, isolated or poorly constrained temporally to provide much information on nature of the Capitanian mass extinction. The exception is the west Urals region of Russia, where three tetrapod assemblages (Isheevo, Sundyr, and Kotelnich) record faunal changes surrounding the dinocephalian mass extinction (Sennikov and Golubev, 2017). The recently discovered Sundyr assemblage partially fills a stratigraphic gap between the Isheevo and Kotelnich assemblages that had been postulated in light of discrepancies in independent dating (Day et al., 2015a; Lucas, 2017; Lucas, 2018), and this elucidates the progression of the dinocephalian extinctions in Russia; however, the distinction between these faunas and the absence of well-sampled localities of more than one within the same section means that the sequence of events is not as clear as in South Africa. Absolute age constraints on this part of the Russian sequence are also less secure.
In Russia, the Isheevo fauna has been widely correlated with the Tapinocephalus AZ because of the shared presence of tapinocephalid and anteosaurid dinocephalians, biarmosuchians, basal anomodonts and the possible scylacosaurid therocephalian Porosteognathus (Rubidge, 2005; Lucas, 2006; Lucas, 2018; Kammerer and Masyutin, 2018a), although the oldest part of the Isheevo assemblage appears to be Wordian and may therefore slightly older than the estimated base of the Tapinocephalus AZ (Schneider et al., 2020). Significant turnover occurred between the Isheevo assemblage and the succeeding (until recently) Kotelnich subassemblage with the loss of numerous clades including dinocephalians, lanthanosuchid and bolosaurid parareptiles, archegosaurid temnospondyls, and enosuchid anthracosaurs (Sennikov and Golubev, 2017). The intervening Sundyr assemblage indicates that extinctions and recovery began in aquatic communities first, with the replacement of typically Guadalupian genera of temnospondyls and anthracosaurs by late Permian forms, while terrestrial faunas still resembled Guadalupian ecosystems and included dinocephalians (Golubev, 2015; Sennikov and Golubev, 2017).
The true diversity represented by collections from the Sundyr assemblage is far from established. So far two large therocephalians assigned to the genera Julognathus and Gorynychus have been described (Suchkova and Golubev, 2019a; Suchkova and Golubev, 2019b). The descriptions suggest these genera belong to the two Guadalupian families of therocephalians, Lycosuchidae and Scylacosauridae, respectively, although Gorynychus was originally considered eutherocephalian by Kammerer and Masyutin (2018a). The diversity of other taxa potentially comparable with South Africa remains unclear, especially the dinocephalians.
The Kotelnich subassemblage is the next major assemblage and is devoid of dinocephalians, being instead most clearly characterized by the appearance of Gondwanan clades such as pareiasaurs, dicynodonts and possibly gorgonopsians (depending on the identity of Kamagorgon ulanovi;Kammerer et al., 2015), as well as the diversification of theriodontian therapsids (Sennikov and Golubev, 2017). Among the latter, the presence of small gorgonopsians and a number of eutherocephalian taxa, including baurioids, suggests similarities with the early recovery faunas in the Karoo (Kammerer and Masyutin, 2018a; Kammerer and Masyutin, 2018b). Guadalupian clades such as nycteroleter parareptiles and basal anomodonts of the Russian clade Venyukovioidea are still present but became extinct within this or the succeeding Ilinskoe subassemblage (Benton et al., 2012; Tsuji et al., 2012; Sennikov and Golubev, 2017), perhaps representing ‘dead clades walking’ in the Russian post-extinction fauna similar to the scylacosaurid and lycosuchid therocephalians or Eunotosaurus in the Karoo. These similarities support the correlation between the Kotelnich subassemblage (as it occurs in the lower Vanyushonki Member) and the early recovery fauna of the lower Endothiodon AZ (previously the Pristerognathus AZ) (Golubev, 2005; Benton et al., 2012; Day et al., 2018b; Kammerer and Masyutin, 2018b). This is further reinforced by the appearance of cryptodont dicynodonts (Australobarbarus) in the upper part of the assemblage at Port Kotelnich, which suggests a correlation with the Tropidostoma-Gorgonops Subzone. The Russian record thus indicates a stepped extinction pattern, but without better temporal constraints it is not possible to tell if this occurred over a comparable period of time to that in the Karoo.
In the low latitude basins of Europe the tetrapod body fossil record is poor around the Capitanian-Lopingian boundary but the ichnological record suggests the presence of dinocephalians in the Guadalupian of France (La Lieude Formation) and their absence in early Lopingian formations of Scotland and Germany (Cornockle and Cornberg formations; Marchetti et al., 2019). The Cornockle and Cornberg formations contain the earliest record of tracks attributed to dicynodonts and pareiasaurs, which matches the appearance of these clades in the assemblages immediately succeeding the last occurrence of dinocephalians in European Russia (Sennikov and Golubev, 2017; Marchetti et al., 2019). This appearance of Gondwanan taxa may have been related to low eustatic sea levels opening dispersal routes along coastlines (e.g., Kemp, 2006). Although Diictodon also penetrated into Laurasia, it is currently only known from the late Permian Junggur Basin of China (Lucas, 2005) and so its dispersal does not appear to have been closely related to the Capitanian mass extinction.
Gondwana
Outside of South Africa, tetrapod assemblages surrounding the dinocephalian extinction are known from Brazil, Tanzania, Zambia, Zimbabwe, and possibly Niger (Olroyd and Sidor, 2017; Lucas, 2018). The Rio do Rasto Formation of Brazil has produced fossils of typically Guadalupian taxa, such as archegosaurid temnospondyls and tapinocephalid and anteosaurid dinocephalians, but also Endothiodon. The fossils come from localities across the outcrop of the Rio do Rasto Formation but primarily from three areas: Posto Queimado, Aceguà, and Serra do Cadeado. The latter site, from which Endothiodon is known, was for some time thought to expose a younger horizon than those that produced dinocephalians further south (see Boos et al., 2013); however, the discovery of a tapinocephalid dinocephalian in the Serra do Cadeado area suggests that either the dinocephalians and Endothiodon co-occur or that stratigraphic horizons are so thin that the assemblages from each of the localities may comprise non-contemporaneous taxa (Boos et al., 2015).
Closer to the Karoo, both the Madumabisa Mudstone Formation of Zambia and the Ruhuhu Formation of Tanzania record older assemblages that include dinocephalians and younger assemblages that lack dinocephalians and include Endothiodon (Olroyd et al., 2017; Olroyd and Sidor, 2017). The temporal gap between these assemblages is not well understood, but in the Ruhuhu Formation two assemblages within the calcareous beds that were informally referred to as R1 and R2 by Angielczyk et al. (2014) may lie close to the extinction. The lowest horizon (R1) contains tapinocephalid dinocephalians, fragmentary temnospondyls, and at least one basal endothiodont dicynodont, Abajudon kaayai, and was thus correlated broadly with the Tapinocephalus AZ (Simon et al., 2010; Angielczyk et al., 2014; Sidor et al., 2014; Olroyd et al., 2018). The middle horizon (R2) contains a tusked species of Endothiodon, E. tolani, and at least one other indeterminate small dicynodont but no dinocephalians, which led Angielczyk et al. (2014) to propose it that it was likely late Capitanian and correlated with the former Pristerognathus AZ (lower subzone of the new Endothiodon AZ), post-dating the extinction of dinocephalians. The third and youngest horizon of the Ruhuhu Formation contains occurrences of Dicynodont huenei, Rhachiocephalus and Endothodon cf. bathystoma and is posited to correlate with the Cistecephalus AZ in the Karoo (Angielczyk et al., 2014; Cox and Angielczyk, 2015), thus postdating the recovery discussed here.
Without independent means of constraining the age of the East African tetrapod faunas, it is difficult to comment on the patterns of extinction there and to disentangle them from biogeographic shifts in the range of individual species or genera (Olroyd and Sidor, 2017). Nevertheless, at least one species of Endothiodon co-occurs with dinocephalians in Tanzania and possibly Brazil, whereas at least one other is present in post-dinocephalian faunas from across Gondwana, indicating that the genus expanded its range sometime after the extinction of dinocephalians. The occurrence of the endothiodont Abajudon with dinocephalians in both Tanzania and Zambia, and of E. tolani in Tanzania suggests that Endothiodon had evolved in lower latitude and dispersed from there (Olroyd et al., 2017). The data from South Africa shows that Endothiodon arrived in the Karoo not long after the primary extinction phase there.
The most successful benefactor of the mass extinction in the Karoo, Diictodon feliceps, is by contrast rare outside of South Africa. We have mentioned that it occurs in the latest Permian of China but in Gondwana (outside of South Africa) it is known only from the Luangwa Basin of Zambia, where it is found in the upper Madumabisa Mudstone Formation (Angielczyk and Sullivan, 2008). Angielczyk et al. (2014) have suggested that the fauna known from this formation correlates best with the Cistecephalus AZ, implying a gap in the Zambian record that includes the recovery phase. Thus, there is no evidence that Diictodon was able to enlarge its range outside of the Karoo Basin in the immediate aftermath of the Capitanian mass extinction.
Causes
What were the proximal causes of vertebrate extinctions in the late Capitanian?. Most work on potential mechanisms has come from studies of marine sections, where ocean acidification, anoxia, cooling, particularly low eustatic sea level, and photosynthetic shutdown from volcanic activity have all been implicated (Bond et al., 2010; McGhee et al., 2013; Bond et al., 2015; Bond and Grasby, 2017). The coincidence of volcanism in the Emeishan Large Igneous Province (ELIP) of southern China with the marine extinctions in nearby sections, as well as correlated sections elsewhere, has led to suspicion that this was a likely ultimate cause (e.g., Wignall et al., 2009; Bond and Wignall, 2014). The timing of marine extinctions varies depending on the section and taxa in question (e.g., Shen and Shi, 2009; Bond et al., 2010) but new U-Pb geochronology from the base of the Yinping Formation near Chaohu in the Yangtze region of south China, which lies outside the ELIP, suggests that most marine extinctions occurred before 261.6 ± 1.6 Ma (Zhang et al., 2019). The ELIP itself is thought to have been active between ∼263 Ma and 259.1 ± 0.5 Ma (Sun et al., 2010; Zhong et al., 2014), which would constrain most marine extinctions to the earlier part of its activity. There is thus the possibility that the marine extinctions occurred earlier than the tetrapod extinctions, of which at least some post-date 260.26 Ma (Day et al., 2015a), although the age from Chaohu does fall within error of the date from the base of the Poortjie Member. Both marine and terrestrial extinctions nevertheless occur within the window of ELIP volcanism.
How volcanism can lead to extinction is mostly discussed in terms of global temperature changes related to the release of CO2, that causes warming, and SO2, that forms sulfate aerosols that cause cooling (Bond and Grasby, 2017). The ratio of stable isotopes of carbon through the geological past record changes in the carbon cycle and can thus provide evidence for large-scale phenomena such as ELIP volcanism. A positive shift in δ13C has been reported in the mid Capitanian, which was initially associated with a period of global cooling and subsequent eutrophication called the ‘Kamura event’ (Isozaki et al., 2007; Bond et al., 2015), though recently this has become controversial and may in fact be a result of global warning (Cao et al., 2018; Zhang et al., 2020). Small positive δ13C shifts have been recorded in the latest Capitanian (Chen et al., 2011; Nishikane et al., 2014; Wei et al., 2018) but the marine extinctions, at least in some sections, are associated with a negative excursion in the mid-late Capitanian (e.g., Bond et al., 2010; Bond et al., 2015). Although volcanic outgassing of CO2 would be expected to introduce light carbon into the atmosphere, the long duration and the inconsistency in the magnitude, or indeed, presence of this negative excursion in some sections, including the Capitanian-Wuchiapingian boundary GSSP at Penglaitan, suggests that it was not related to volcanogenic CO2 (Jost et al., 2014; Zhang et al., 2020). Instead, the negative excursion may more likely record the local influence of an increased input of terrestrial organic material resulting from regression (Zhang et al., 2020).
Another geochemical variable that has become increasingly used as a proxy for volcanic activity is the concentration of mercury in geological sections (e.g., Sial et al., 2016; Grasby et al., 2016; Grasby et al., 2017; Percival et al., 2017; Thibodeau and Bergquist, 2017; Kwon et al., 2019). This also provides an additional extinction mechanism for several mass extinctions including the Capitanian (Grasby et al., 2016). However, mercury is also found in organic material and so its increased abundance in association with negative carbon may simply reflect the increased terrestrial weathering (Bergquist, 2017; Grasby et al., 2017; Thibodeau and Bergquist, 2017). Although these same authors show that Hg isotopes can be useful in disentangling organic from volcanogenic mercury, this has not yet been done for the Capitanian. Direct evidence for the role of ELIP volcanism in the marine Capitanian mass extinction outside of the ELIP itself is thus lacking at present.
In terrestrial environments, volcanism could drive extinctions through temperature change, or defoliation resulting from acid rain, toxicity, or suppressed photosynthesis due to particulate matter in the atmosphere (Bond and Grasby, 2017). However, evidence linking ELIP volcanism to the terrestrial extinctions is similarly lacking for this as in the marine realm. In South Africa, stable isotope geochemistry of vertebrate tissues has demonstrated a positive shift in δ13C across the extinction interval in lowest Poortjie Member (uppermost Tapinocephalus AZ), which was interpreted to represent an increase in aridity resulting from regional tectonics (Rey et al., 2018). Importantly, Rey et al. (2018) did not find a noticeable change in relative abundance of oxygen isotopes, suggesting that there was no significant change in temperature during the extinction interval. A period of increased aridity in the uppermost Karelskraal Member and lowermost Poortjie may be supported by a particularly low (<1) chemical index of alteration (CIA) value from the upper Karelskraal Member compared to surrounding horizons sampled by Paiva (2016), although this author concludes only that weathering rates and semi-arid conditions appear mostly consistent between the upper Abrahamskraal Formation and lower Teekloof Formation in the southwestern Karoo. It is also uncertain if the Karoo mudstones sample meet the criteria for the reliable use of CIA presented by Goldberg and Humayun (2010).
In terms of sedimentology, the deposition of the Poortjie Member has been linked to aridification and the reduction of vegetation cover in the source area for the southwestern Karoo, resulting in greater erosion and a consequent influx of arenaceous sediment to the basin (Turner, 1985; Cole and Wipplinger, 2001), or alternatively to tectonic activity in the source area (Paiva, 2016). In the southeastern Karoo, Catuneanu and Bowker (2001) determined tectonic influences were predominantly responsible for the arenaceous packages in the Koonap (=Abrahamskraal) and overlying Middleton formations in that area, and that sedimentological evidence suggested a consistent palaeoclimatic through the whole sequence that was temperate to humid, in contrast to the southwest.
Palynology from the Abrahamskraal and Teekloof formations in the southwestern Karoo suggests the extinction of some hydrophytic and mesophytic plant species (Barbolini, 2014) but the plant macrofossil record through the Abrahamskraal-Teekloof transition is poor. Extinctions of plant species are reported from the mid-late Permian of northern China, one of which may be contemporaneous with the Capitanian mass extinction in the Karoo (Stevens et al., 2011) but little other data is available on palaeobotanical change during this time.
In summary, the causes of the Capitanian mass extinction of vertebrates remain unclear. In the Main Karoo Basin of South Africa, vertebrate extinctions may have been partly driven by aridification resulting from regional tectonics; however, evidence for a tectonic cause for this aridification is mostly circumstantial and does not provide an explanation for terrestrial extinctions outside of southern Gondwana. Volcanism in the ELIP is still a candidate, and chemical signals of volcanism such as mercury that can be traced to that province may yet be found. Another cause could be a changed weather patterns associated with the late Capitanian eustatic lowstand, which was the most pronounced of the late Palaeozoic (Haq and Schutter, 2008; Zhang et al., 2019). Assessing the role of climate change in the Capitanian tetrapod extinctions will require higher resolution sampling for geochemical climate proxies across the extinction interval. Biotic factors such as competition can be ruled out on the basis that new taxa do not begin to appear in the Karoo until after the primary extinction phase.
CONCLUSION

The Capitanian mass extinction was significant global event in tetrapod evolutionary history with global effects, most clearly evident in high latitude basins like the Karoo Basin of South Africa.
In the Karoo, it displays a similar phased pattern to the end-Permian mass extinction, with a primary extinction phase through the Karelskraal Member and lower Poortjie Member, followed by a low diversity interval, then an early recovery phase in the upper Poortjie Member, and ending with a second set of extinctions associated with the appearance of more recovery taxa at the base of the Hoedemaker Member. Despite potentially greater absolute numbers of species extinctions, the Capitanian mass extinction did not lead to complete species-level turnover and had less of an impact at higher taxonomic levels.
The primary extinction phase can be tightly constrained to around 260.26 Ma, although the age of the secondary extinctions remains uncertain.
Dinocephalian therapsids, varanopids, the Gondwanan basal anomodonts and bradysaurian pareiasaurs became extinct during the main phase of extinctions, along with many species of dicynodonts and therocephalians. The therocephalian families Scylacosauridae and Lycosuchidae, and the reptile Eunotosaurus africanus became extinct during the secondary extinction, along with the small gorgonopsian genus Eriphostoma. The recovery begins before the secondary extinction pulse.
In Russia, a phased extinction is also evident but appears more complex. Lanthanosuchid and bolosaurid parareptiles, archegosaurid temnospondyls, and enosuchid anthracosaurs became extinct first, followed by dinocephalians. The recovery began first in the aquatic part of the ecosystem. Venyukovioid anomodonts and nycteroleter parareptiles survived for a short time into the terrestrial recovery fauna, typified by gorgonopsians, therocephalians and derived pareiasaurs.
The biogeographic effects of the Capitanian mass extinction are partly obscured by uneven and geographically limited sampling, particularly at lower latitudes, but it is clear that following the dinocephalian extinction in Laurasia there was an influx of tetrapod taxa previously limited to Gondwana (e.g. pareiasaurs and dicynodonts). In Gondwana, the dicynodont genus Endothiodon became widespread.
A mechanism driving the tetrapod extinctions at a global level has not yet been clearly identified. The temporal coincidence of volcanism in the Emeishan LIP and global regression may suggest a causal relationship, but further work is required to identify climate change or the direct volcanic influences, such as mercury, in the extinction interval. Currently, geological data from the Karoo suggests only minor climatic differences between the time of deposition of the Abrahamskraal and Teekloof formations, though a short-lived period of aridification may have played a role in driving the tetrapod extinctions locally.
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Throughout their 420-Ma-long history, Lycopodiopsida have played a subordinate role at the landscape level with very few exceptions. One being the arborescent Lepidodendrales that dominated Pennsylvanian peat swamps in equatorial regions. Another is the enigmatic world-wide proliferation of sub-arborescent Isoëtales during, and in the aftermath of the Permo-Triassic terrestrial biosphere crisis that extended deep into the Triassic. Palynological as well as megafossil data shows that in a great proportion of locations around the globe that produced a fossil record, the provincial floras characteristic for the latest Permian were replaced by communities dominated by Isoëtales such as Pleuromeia and its allies. Our analysis of the isoëtalean biology, especially of the genus Pleuromeia, reveals an unusual suite of physiological and life-history traits, all indicating that it was an excellent stress-tolerator, but also a slow-growing weak competitor. This enabled Pleuromeia to thrive during environmental crises and occupy diverse habitats following the decline of other plants groups. Given their unusual biology, Isoëtales’ repeated ubiquity throughout the Early Triassic implies prolonged and repeated environmental stress in localities worldwide. Additionally, it demonstrates that the cosmopolitan isoëtalean-dominated systems produced a low-productivity, low-diversity terrestrial trophic base of the food web that no longer provided the same level of ecological and evolutionary goods and services (energy source, niche construction, ecosystem engineering, etc.) as the communities they replaced.
Keywords: Permo-Triassic, Isoëtales, Pleuromeia, life history, stress tolerator, ecology, mass extinction, ecophysiology
1 INTRODUCTION
Traditionally, paleobotanists study plant fossil morphology to retrieve information regarding the fossils’ botanical affinity, to build more comprehensive phylogenies, to record changes in their communities, or use plant remains as biostratigraphic markers. In the last few decades, also the value of plant fossils as a proxy for palaeoenvironmental conditions has become widely recognized (e.g., Royer et al., 2005; Lomax et al., 2008; Peppe et al., 2018). Few studies, however, utilize the plant fossil record as a source of information for the functioning and dynamics of entire biotic systems, and to understand the macroecological and macroevolutionary force they represent. This is despite the fact that plants form the trophic basis of all terrestrial ecosystems, are prominent niche constructors, and generally comprise critical ecosystem engineers (Lawton, 1994). Understanding the processes and ultimate causes of periods of mass extinction is such a matter of macroevolutionary and macroecological importance and of great interest to the scientific community at large and beyond. To achieve this understanding, patterns of extinction—as recorded in the fossil record—are studied to give us clues about the actual nature and sequence of such events. However, many of the lineages that are disappearing are victims of secondary extinction as a result of collapsing ecosystem structure and functioning. It seems safe to assume that, the greater the dependence of a species on layer upon layer of lower trophic levels, the smaller the change that its proximal cause of extinction is relatable to the ultimate cause(s) of the crisis. For this reason alone, autotrophs—which per definition lack the same level of trophic dependence on other ecosystem members—constitute a much better model for the exploration of terrestrial crises and mechanisms for heightened extinction rates than other biota.
Terrestrial ecosystems were profoundly altered by the end-Permian biotic crisis (e.g., Grauvogel-Stamm and Ash, 2005; Roopnarine et al., 2019; Mays et al., 2020). Other than the rapid mass extinction in the marine realm, the destabilization of plant communities was less detrimental in terms of taxonomic loss (Nowak et al., 2019), and extended well into the Triassic (for overview, see: Schneebeli-Hermann et al., 2015). However, because of the temporal, spatial, geographical and environmental incompleteness of the terrestrial fossil records, most aspects of the environmental, ecological and phylogenetic dimensions and the dynamics during these times of terrestrial turmoil remain unclear. Consequently, consensus of scientific interpretations seems far beyond the horizon, and is mired in contention and controversy. This leads to seemingly diametrically opposite conclusions, for example illustrated by the following two publication titles—recently published in the same issue of Nature Communications: “No mass extinction for land plants at the Permian–Triassic transition” (Nowak et al., 2019) and “Age and pattern of the southern high-latitude continental end-Permian extinction constrained by multiproxy analysis” (Fielding et al., 2019). Such paradoxes often go beyond the semantics of what exactly constitutes a “mass extinction” or the possibility that described extinctions may be merely regional extirpations in a world with latitudinally shifting biomes. Nevertheless, many of the existing, seemingly contradictory interpretations may hold true, as they speak of slightly different or non-overlapping aspects of the events, or incongruently apply to different temporal or spatial scales.
One of confounding factors is that there are many ways to measure or express the impact of diversity decline during times of biosphere crisis, e.g., as illustrated in Erwin's metrics for the loss of evolutionary history (Erwin, 2008). When it comes to the dieback of land plants during the terrestrial Permo-Triassic crisis, it may be true that taxonomic and phylogenetic diversity decline was less severe compared to that of the marine invertebrates (Nowak et al., 2019). However, as we hope to show here, the loss of functional diversity (niches) and architectural diversity (ecospace) must have been severe. This becomes evident when we zoom out for a minute, and forget about all the precise temporal, taxonomic, or geographic details. In all floral provinces around the globe (Utting and Piasecki, 1995) (sub)dominant clades of autogenic ecosystem engineers—which formed the very structure and the trophic base of their biomes—went extinct sometime around or after the Permo-Triassic transition. In equatorial Euramerica, evidence for walchian conifers was last recorded in late Permian sediments (e.g., Poort et al., 1997). In Cathaysia, the seed fern order Gigantopteridales and the arborescent lycophytes (Lepidodendrales) had their last fossil appearances (Zhang et al., 2016; Feng et al., 2020). In the mid to high northern latitudes of (Sub)Angara, the coniferophyte Cordaitales went extinct (e.g., Dobruskina, 1994). And finally, the ecologically most successful Gondwanan seedfern order Glossopteridales, which dominated large parts of the mid-to-high latitudes in the southern hemisphere, disappeared (e.g., Retallack, 1997; Michaelsen, 2002; for an overview of these plant groups, see: Taylor et al., 2009). From this alone it is clear that—irrespective of extinction semantics and details of when exactly what transpired—the impact on the terrestrial biosphere must have been great.
Remarkably, across the planet micro- and megafossil records show that during pulses of environmental perturbation, when dominance of the taxa mentioned above declined, the isoëtalean lycophytes flourished (e.g., Ouyang and Utting, 1990; Wang, 1996; Looy et al., 2001; Lindström and McLoughlin, 2007; Grauvogel-Stamm and Ash, 2005; McLoughlin et al., 2015; Hermann et al., 2012). One of the best-known regions with early Mesozoic’s isoëtalean-dominated floras is the European Zechstein Basin. There, many Early Triassic macrofossil floras were swamped by a single species: Pleuromeia sternbergii (Münster) Corda. P. sternbergii was a sub-arborescent cormose lycophyte with an elongated unbranched stem (up to 2-m long) with helically arranged leaves, and a terminal heterosporous strobilus (Figure 1; Grauvogel-Stamm, 1999). In the last two centuries, many paleobotanical studies have featured morphological aspects of P. sternbergii fossils from the European Buntsandstein (e.g., Spieker, 1854; Solms-Laubach, 1899; Potonié, 1904; Mader, 1990; Grauvogel-Stamm, 1993; Grauvogel-Stamm, 1999; Fuchs et al., 1991, Grauvogel-Stamm and Lugardon, 2001; Grauvogel-Stamm and Lugardon, 2004). In an attempt to characterize the ecological success of this genus, Pleuromeia has previously been characterized as having a “weedy” lifestyle (e.g., Retallack, 1997; Erwin, 1998). However, this seems inconsistent with the very inconspicuous role that isoëtalean lycophytes played before the crisis or ever since. It is also inconsistent with the biology of extant isoëtalean lycophytes, which may share some life-history aspects with opportunists, but the rather informal characterization “weedy” offers little insight into the mechanics of their success. Here we will use P. sternbergii as a case study to better understand the significance of the world-wide presence of isoëtaleans. We tried to achieve this goal by aiming to answer the following consecutive questions: 1) Is the prevalence of isoëtaleans real? 2) What can we infer about the biology and ecology of these isoëtaleans and 3) what does this mean for the locations that documented such prevalence? Finally, 4) what clues does this provide for what may have happened during the terrestrial Permo-Triassic biosphere crisis?
[image: Figure 1]FIGURE 1 | Stem and leaf fossils of Pleuromeia sternbergii. Scale bars are 10 cm in (A), and 1 cm in (B–H). (A): Typical sandstone cast of a stem segment with the position of leaf traces preserved as depressions. (B,C): Compression fossil (part and counterpart) of the lowest portion of a strobilus with obovate sporophylls. (D): Sandstone cast of rhizomorph and stem revealing rare external leaf scar features. Visible as double vertical lines in each leaf scar are pairs of sclerenchymatous lamellae that accompany the vascular bundle inside the cortex. The white square highlights the part of the stem shown in (E,F). (E): Polymer cast of the same individual as in (D) but based on its fossil counterpart; PA is parichnos/aerenchyma, LC is leaf cushion. (F): Shape of the leaf base, as revealed by the leaf scars in (E); the position of the vascular bundle and accompanying sclerenchymatous lamellae (VB; visible in the specimen in (D)) is shown as overlay. (G): Leaf compression fossil with a clear rhomboid abscission surface. (H): Leaf fragment in which the position of collapsed air channels is visible as vertical furrows on either side of the leaf axis. See Material and Methods for museum specimen numbers.
2 MATERIAL AND METHODS
2.1 Taxonomic Remarks on the Order Isoëtales
In 2016, the Pteridophyte Phylogeny Group (PPG I, 2016) placed all extant lycophytes into the class Lycopodiopsida, which includes the orders Lycopodiales, Isoëtales and Selaginellales. This replaced classification schemes employing three classes (Lycopodiopsida, Isoëtopsida and Selaginellopsida) or two classes (Lycopodiopsida and Isoëtopsida—the latter including both Isoëtales and Selaginellales). The new single-class classification removed the necessity for a higher ranked taxon to contain the old classes. Extrapolating the new classification to the late Paleozoic, and in accordance with Pigg's classification of isoëtaleans (Pigg, 1992), we consider Pleuromeia to be a genus within the order Isoëtales in the class Lycopodiopsida, rather than a lineage in an order of its own, the Pleuromeiales, within the class Isoëtopsida. We interpret the Isoëtales sensu PPG I to contain the families Isoëtaceae (e.g., including the genera Lepacyclotes (=Annalepis), Isoëtes, Isoetites, Skilliostrobus, Tomiostrobus), the Pleuromeiaceae (holding the genera Cylomeia, Cylostrobus, Lycomeia, Lycostrobus, Mesenteriophyllum, Pleurocaulus, Pleuromeia and Takhtajanodoxa—among others) and the basal, sub-arborescent Chaloneriaceae (such as Chaloneria, Polysporia and Sporangiostrobus). Further support for this interpretation is lent by recently described finds of a new, well-preserved Pleuromeia species from Northeast China (P. shaolinii, Zhang et al., 2020) that confirmed the close relation of the genera Pleuromeia and Isoëtes earlier inferred by Pigg (1992).
The taxonomic division of Early Triassic isoëtaleans into genera is based on variations in stem shape and length, strobilus characteristics, and morphology of sporophylls, leaves, microspores and megaspores. Their size ranged from very small herbaceous species to subarborescent ones (e.g., Retallack, 1997; Grauvogel-Stamm and Lugardon, 2001; Kustatscher et al., 2015; Feng et al., 2020). What all isoëtaleans have in common is their spirally arranged succulent leaves, sporophylls, and roots on a corm or elongated trunk.
2.2 Nowak et al. (2019) Data Compilation
In the supplementary material of their publication on the quantitative analysis of the micro- and megafossil floras across the Permo-Triassic boundary, Nowak et al. (2019) included their extensive compilation of published fossil occurrences. We further explored these data sets in this study. First, in the microfossil data set, all known non-embryophytic palynomorphs (e.g., acritarchs, algal and fungal remains, foraminiferal linings, etc.) were removed. Next, for a detailed chronological analysis, we filtered both micro- and megafossil data sets for occurrences for which geochronological ages could be assigned (Wuchiapingian–Norian). For an epoch-level, paleogeographic comparison, we filtered the data for records, assignable to the Lopingian or Early Triassic, and binned data entries according to their paleogeographic floral province of origin (sensuUtting and Piasecki, 1995). In both analyses, we counted occurrences of isoëtaleans as a fraction of all recorded taxa for each stage or epoch×province.
To single out Isoëtales in the megafossil data compilation we filtered based on the following identifiers of isoëtalean taxa: Annalepis (= Lepacyclotes, see Kustatscher et al., 2015), Araucarias tomiensis (Meyen, 1982), Cidarophyton, Cyclodendron (when marked as Pleuromeiaceae), Cylomeia/Cyclomeia (invalidly published, see Cantrill and Webb, 1998), Cylostrobus (potentially misspelled as Cyclostrobus), Duckworthia, Helicorhiza, Isoëtes, Isoetites, Lepacyclotes (potentially misspelled as Lepacyclothes), Lepidanthium (when marked as Pleuromeiaceae), Leptocyclotes americana (= Lepacyclotes circularis, see Retallack, 1997), Lycomeia, Lycostrobus, Mesenteriophyllum (originally thought to be a gymnosperm leaf; see Bomfleur et al., 2011), Pleurocaulis, Pleuromeia, Skilliostrobus, Takhtajanodoxa, Tomiostrobus, Pleuromeiales and Isoëtales (for overview: Pigg, 1992; Skog and Hill, 1992; Retallack, 1997; Grauvogel-Stamm and Lugardon, 2001).
Micro- and megaspores filtered from the microfossil dataset are taxa that either have been found in situ in the sporangia of Pleuromeia (e.g., see Lugardon et al., 1999; Lugardon et al., 2000; Grauvogel-Stamm and Lugardon, 2004), other isoëtaleans, or have a wall ultrastructure that is comparable to those produced by isoëtalean or other rhizomorphic taxa. Selected microspores include Aratrisporites, Endosporites, Densoisporites, Lundbladispora, Uvaesporites and “cavate forms”, “trilete spores (cavate)”, and “spore tetrads” (Wang, 1991; Retallack, 1997; Cantrill and Webb, 1998; Lugardon et al., 1999; Grauvogel-Stamm and Lugardon, 2001, 2004; Naugolnykh and Zavialova, 2004; Looy et al., 2005; Kustatscher et al., 2010; Naugolnykh, 2012). Selected megaspores are Banksisporites, Dijkstraisporites, Horstisporites, Maiturisporites, Biharisporites, Cristatisporites, Nathorstisporites, Tenellisporites, Trileites and Zonalasporites (Wang, 1991; Skog and Hill, 1992; Balme, 1995; Retallack, 1997; Cantrill and Webb, 1998; Lugardon et al., 2000; Grauvogel-Stamm and Lugardon, 2004; Kustatscher et al., 2010; Kustatscher et al., 2015).
2.3 Plant Fossils
2.3.1 Whole Plant Reconstruction
The studied and imaged material comprised a large collection sandstone casts of Pleuromeia sternbergii stems, compression fossils of strobili, sporangia and leaves (e.g., the specimens used for Figure 1 and Supplementary Figure S1). Most specimens are housed at the Museum für Naturkunde, Humboldt-University, Berlin, and several stem casts are housed at the Naturalis Biodiversity Center, Leiden. The specimens from Thuringia and Saxony-Anhalt in Germany originate from Middle Buntsandstein localities at Singen and Gösselborn, and Upper Buntsandstein localities at Bernburg an der Saale. Museum specimens were photographed using a Canon EOS 20D digital camera and a Canon EOS 28–70 2.8L lens. Images were stored as JPEG and RAW files. The Pleuromeia specimens imaged in Figure 1 are from the paleobotanical collections of the Museum für Naturkunde, Berlin (specimen numbers: A: MB. Pb. 1980/426; B: MB. Pb. 1980/429; C: MB. Pb. 1980/428; D-F: MB. Pb. 1984/307; G: MB. Pb. 2013/1849; H: MB. Pb. 2013/1763). The taxon P. sternbergii is conceptually reconstructed sensuBateman et al. (1992) on the basis of the descriptions of the studied specimens and published photographs (Mägdefrau, 1931; Mader, 1990; Fuchs et al., 1991; Grauvogel-Stamm, 1993; Grauvogel-Stamm, 1999). The internal structure is based on descriptions by Karl Mägdefrau (1931) and anatomically preserved stems of the Pleuromeia segregate Pleurocaulis rewanense Cantrill & Webb from the Bowen Basin, Australia (Cantrill and Webb, 1998).
2.3.2 Growth Rate Analysis
Of the specimens in the museum collections and photographs in published Pleuromeia sternbergii studies, thirteen sandstone stem casts and two strobilus compressions were selected for growth rate analysis because they had clearly distinguishable sporophylls or leaf scars/-traces along large segments of the stem surface. The stems fossilized during various stages of decortication, resulting in a variation of parastichy surface patterns associated with the leaf scars and traces on the casts. Images of these specimens were used to count the cumulative number of leaf-/sporophyll scars and leaf traces vs. their height along the vertical axis of the stem segments. Since these scars and traces are often only visible on one side of the specimens, we counted one side and doubled their numbers as an approximation for the phyllotaxis of the full circumference. The ratio of the length of stem height intervals over the number of leaves in that interval (see Supplementary Figure S1) is a measure for vertical growth rate over that interval, expressed in mm growth per plastochron. A plastochron (Thomas, 1975) is the amount of time between successive moments of leaf or sporophyll initiation, thus the total number of plastochrons represents the functional age of a plant, based on morphological criteria. This works well in Pleuromeia, since it had a monojugate phyllotaxis—so all leaves and sporophylls were produced successively by the apical meristem in one generative spiral with an angle between successive leaves in apical view close to (3–√5)π (i.e., the golden angle).
Fifteen P. sternbergii specimens used for the line tracings and measurements shown in Supplementary Figure S1 (identified by lower case letters a–o) are based on published plates (a: Grauvogel-Stamm, 1999, Abb. 9; d: Mägdefrau, 1931, Tafel III-4; g: Mägdefrau, 1931, Tafel VI-4; m: Fuchs et al., 1991, Plate 3–4), specimens housed at the Museum für Naturkunde, Berlin (the museum specimen identifiers are as follows: b: MB. Pb. 1980/426; c: MB. Pb. 1980/428 and 429; e: MB. Pb. 2013/2,730; f: MB. Pb. 2014/0,477; h: MB. Pb. 2014/0,478; i: MB. Pb. 2002/1,064; k: MB. Pb. 2003/792; l: MB. Pb. 2013/2,728; n: MB. Pb. 1984/307; o: MB. Pb. 1983/429), and the Naturalis Biodiversity Center in Leiden (j: Naturalis RGM 13742).
3 RESULTS
3.1 The Late Permian and Triassic Isoëtalean Fossil Record
Moving away from anecdotal evidence for the increased presence of isoëtaleans, we set out to quantify the proportion of isoëtalean taxonomic occurrences at stage level, based on fossil identifications in the literature as compiled by Nowak et al. (2019). They published two extensive literature based data compilations of published taxonomic occurrences that respectively included palynological records and plant megafossil records from around the world. Within the subset of all counted taxonomic occurrences in these data matrices (i.e., individual rows) that were also associated with stage-level chronostratigraphic information (∼10,000 megafloral taxonomic identifications and ∼45,000 plant palynomorph occurrences), we counted how many likely represented isoëtaleans (see Supplementary Table S1). Despite a likely over-representation of isoëtalean taxa in the window of preservation (see Section 4.5), their prevalence in the last two stages of the Paleozoic (Figure 2) was low (respectively 0.0% and 0.4% for the stage-level megafloral data; 0.8% and 2.5% in the microfloral record). As expected, isoëtalean taxonomic contribution was highest in the first two of the Mesozoic stages (respectively 16.5% and 12.5% for the megafloral data; 22.1 and 24.0% for the microfossil data). At the stage level, the frequency of isoëtaleans stayed relatively high throughout the Triassic in the microfossil data, but declined rapidly in the case of the megafossil record, in which they were no longer detected by the Norian. The Late Triassic observations come with the caveat that the paleofloral coverage with age-level dates in the younger part of the data sets is much lower. It drops to a total of 102 Norian and 0 Rhaetian embryophytic palynomorphs, and 116 Norian and 181 Rhaetian megafossil occurrences, compared with 4,090–13,599 microfossil and 607–2,892 megafossil occurrences for Early–Middle Triassic ages (Nowak et al., 2019).
[image: Figure 2]FIGURE 2 | Prevalence (in black) of isoëtalean taxa in micro- and megafossil records (from Lopingian and Triassic Stages until the Rhaetian) in the fossil data compilation by Nowak et al. (2019). The occurrence per Stage of isoëtalean taxa was counted among ∼45,000 published identifications of palynomorph in the data set (brown cubes) and in ∼10,000 recorded megafossil taxa (green cubes).
As can be suspected from merely glancing the Permo-Triassic plant literature, the signal described above—isoëtaleans occurring at inconspicuous back-ground levels in plant fossil records of later Permian, then rising to become important constituents in the Triassic—was a global phenomenon (Figure 3, Supplementary Table S2). The pattern holds whether we compare northern high latitudes with equatorial regions and the southern high latitude, whether we look at the disparate late Paleozoic phytogeographic floral provinces (as recognized by many authors, e.g., Utting and Piasecki, 1995; Cleal, 2016), or whether we compare the micro- and megafossil records. Moreover, Figure 3 confirms that—albeit at a coarse geographic scale—the Nowak et al. (2019) data compilation covers the various regions of Pangea quite evenly in the Lopingian and Early Triassic.
[image: Figure 3]FIGURE 3 | Paleogeographic view of isoëtalean prevalence among identified plant fossil taxa in the data set compiled by Nowak et al. (2019). Shown here is the data from the final epoch of the Paleozoic (Lopingian) and the first of the Mesozoic (Early Triassic) for the plant megafossil record (A) and the palynological microfossil record (B), divided in the four main floral provinces (Sub)Angara, Euramerica, Cathaysia and Gondwana (see map at the bottom; modified after the floral provinces in Utting and Piasecki (1995); paleogeography after Scotese (1997)).
3.2 Case Study Pleuromeia
In an attempt to better understand pleuromeiacean life-history, ecophysiology and ecology (see Section 4.2–4.5), we quantified aspects of their (functional) morphology, ontogeny and ecology based on European fossil occurrences, in addition to various traits already described in the literature.
3.2.1 Whole Plant Reconstruction
Pleuromeia sternbergii is a medium-sized cormose lycopod (see our reconstruction in Figure 4A; details in Figure 5, Supplementary Figure S2) with an elongated unbranched stem and a terminal bisporangiate (heterosporous) strobilus (Figures 4A,B). The stem of P. sternbergii could reach a height of up to 2 m, but it is generally shorter. The thickness of stems is variable (Figure 4B); observed are specimens with a diameter of the basal zone of 22 cm (Mägdefrau, 1931). In specimens from the Museum für Naturkunde in Berlin, we observed the stems of Pleuromeia and its allies (e.g., Pleurocaulis; Cantrill and Webb, 1998) have a central exarch ribbed protostele in which the primary xylem is surrounded by a ring of metaxylem. Secondary xylem has not been observed, but it is possible that small amounts were deposited on the inside of the vascular cambium that surrounds the stele. A thick three-layered cortex surrounded the stele and cambium (Cantrill and Webb, 1998). It consists of an inner narrow parenchymatous layer (inner cortex), an aerenchymatous middle cortex and more dense parenchymatous outer cortex. In the vegetative region, single vascular bundles originated from the protoxylem, passed through the cortex zones—initially at a high angle—to extend into the leaves (Mägdefrau, 1931). Each vascular bundle is surrounded by parenchymatous cells, and supported by radially orientated aerenchymatous parichnos strands. The outer cortex was surrounded by a second meristematic layer; the cork cambium. This meristematic layer is the main one responsible for secondary growth of Pleuromeia stems by the production of “secondary” cortex (a somewhat imprecize term since ‘cortex’ is a zone, not a tissue type) on the inside, and cork cells on the outside.
[image: Figure 4]FIGURE 4 | Pleuromeia growth habit. (A): Whole plant reconstruction of an adult Pleuromeia sternbergii with terminal strobilus (by Ivo Duijnstee and Hannah Bonner). (B): Distribution of leaf scars and traces (lower-case letters correspond to curves in Supplementary Figure S1; see Material and Methods for plate numbers in published material and specimen numbers for fossils in museum collections). (C): Frequency distribution of estimated inverse growth rates (i.e. the relative time it takes for a certain amount of vertical growth) for basal, intermediate and apical stem segments as labeled in (B). Data is based on the vertical distance represented by 10 consecutive leaves along the stem (i.e., 10 plastochrons; the amount of time between successive leaf initiation moments; shown as green rectangles shown in Supplementary Figure S1. Numbers in parentheses indicate the number of 10-plastochron intervals used in this frequency data summary). Minimum and maximum values are shown; the boxes indicate the median and interquartile range and the green circle give the position of the mean. Intermediate segments show a wide range of growth rates, reflecting growth spurts in some segments.
[image: Figure 5]FIGURE 5 | Comparison of phyllotaxis in the lower basal (left) and intermediate to apical (right) part of our Pleuromeia sternbergii whole plant reconstruction in Figure 4A.
The young stem surface was covered with broad helically arranged rhomboidal leaf cushions (Figures 1D–F), the density of which varied greatly along the stem (Figure 5). Succulent leaves that were triangular at the base, and became more linear distally (Figures 1G,H), clasped the stem (Figures 1E,F). Depressions visible on both sides of, and parallel to the central vascular bundle (Figures 1G,H), represent the interaxial parichnos strands. When abscized, the elongated rhomboid leaf scars had long wavy lateral extensions, where the “wings” of the delta-shaped base of the leaf were attached to the stem (Figure 1F) and that interlocked in the densely foliated regions of the basal part of the stem (Figures 1F, 5). Well-preserved fossil specimens may have leaf scars that show scars of the centrally located vascular bundle and ligule groove, flanked by large scars of the two parichnos channels (Figures 1E,F). Pleuromeia did not have a leaf base retention mechanism. When the stem diameter increased due to extensive periderm production, the outermost corky layer ruptured and sloughed off the stem (decortication). Stems of larger specimens show leaf abscission zones with variations in leaf scar densities, and stem thickness (Figure 4B; e.g., Mader, 1990).
At the reproductive stage, a bisporangiate cone was borne terminally on the unbranched stem; oval to obovate sporophylls with small, narrow bases, were helically arranged around the axis (Figures 1B,C). Pleuromeia sternbergii’s megaspores and microspores have been found in situ and can be assigned to the dispersed micro- and megaspore taxa Densoisporites nejburgii and Trileites polonicus, respectively (Grauvogel-Stamm and Lugardon, 2004). The sporoderm ultrastructure of these in situ spores strongly resembles those of extant Isoëtes.
3.2.2 Growth Rate Estimates of Pleuromeia sternbergii
Since Pleuromeia sternbergii had a monojugate phyllotaxis, the apical meristem produced one leaf-/sporophyll primordium at a time. As such, the consecutive leaf scars on stem fossils can be read as a developmental clock, with plastochrons as the unit of time—being the time between development of successive leaf primordia (Thomas, 1975). Reconstructing the leaf density in different vertical intervals along the stem (illustrated in Figure 5), allowed us to measure relative vertical growth rates, expressed as height increase per plastochron, or—inversely—how much time a specimen spent in various life stages. Although the variation of growth rates varies between specimens (Figures 4B,C), typically P. sternbergii individuals spent a long time as a short, foliated corm. On average in our set of fossil specimens, the lower basal part (the first 10 cm of growth) lasted just over 108 plastochrons (Figure 4C); however, at the lowest recorded growth rate a mere cm of growth took as much as 35 plastochrons. After this stage, growth accelerated and was highest as P. sternbergii approached the reproductive life stage, after which it slowed down once again during formation of the terminal strobilus. The specimens we studied demonstrated capacity for short bursts of rapid pre-reproductive growth—in its extremest form gaining more than 20 cm within 10 plastochrons (specimen ‘e’ in Figure 4B and Supplementary Figure S1).
3.2.3 Synecology of Pleuromeia sternbergii in the Central European Buntsandstein
In a compilation of 65 megafossil floras from the Early Triassic part (∼252–247 million years ago; see Bourquin et al., 2006) of the Middle Buntsandstein in Germany made by Mader (1990), almost two-thirds of the floras contained remains of Pleuromeia sternbergii (from 93% of the floras in the lowest Lower Triassic unit, gradually declining to 27% in the upper unit; Figure 6A). Of the Pleuromeia-bearing floras, 78% consisted of Pleuromeia remains only (Figure 6C). Furthermore, while most of the common taxa in these floras within the Buntsandstein data set occurred in assemblages with an average of 2-5 accompanying taxa (on average 3.2), the mean number of associates for Pleuromeia was about 0.6 (Figure 6B).
[image: Figure 6]FIGURE 6 | Composition of 65 Early Triassic megafossil floras from the Buntsandstein (mottled sandstones) of Western Europe (data compiled by Mader (1990)). (A): Presence of four major plant groups in floras in four consecutive middle Buntsandstein units (B1-B4, from older to younger), covering the Early Triassic (∼252–247 million years ago; see Bourquin et al., 2006). (B): Mean number of associates of each of the nine most prominent Buntsandstein taxa (i.e., the average of species diversities of each megafossil assemblages that contained the indicated species minus one). The numbers inside the bars indicate the number of localities in the data set in which the species was present. (C): The percentage of all fossil assemblages with the indicated species in the data set that were monotypic floras.
4 DISCUSSION
4.1 Setting the Stage
Latest Permian and Early Triassic palynological assemblages from around the world record the pulsed collapse of gymnosperm-dominated plant communities and concomitant increases of isoëtalean spores (e.g., Looy et al., 2001; Lindström and McLoughlin, 2007; Hermann et al., 2012; Schneebeli-Hermann et al., 2015). These palynological records indicate that in many places in the Early-Middle Triassic lycophyte-dominated communities existed, sometimes lasting for millions of years. They ranged from (sub)tropical Euramerica (Europe; e.g., Orłowska-Zwolińska, 1984; Looy et al., 1999) and Cathaysia (southern Tibet, Liu et al., 2020), and northern high-latitude Subangara (Barents Sea; Hochuli and Vigran, 2010), to southern mid-latitude Gondwana (Pakistan, Hermann et al., 2011; India, Tewari et al., 2015; Mishra et al., 2018), to high latitude, southernmost Gondwana (Prince Charles Mountains, Antarctica; Lindström and McLoughlin, 2007; East Australia, Mays et al., 2020). In the lower temporal resolution typical for the discontinuous megafossil record, a megafloral analysis by Grauvogel-Stamm and Ash (2005) revealed a similar pattern. Early-Middle Triassic macrofossil assemblages include the sub-arborescent Pleuromeia (Figure 2A) and its segregates, and the more Isoëtes-like, short-statured Tomiostrobus, Lepacyclotes (=Annalepis), Skilliostrobus and Isoetites (e.g., Retallack, 1997; Grauvogel-Stamm and Ash, 2005; Vajda and McLoughlin, 2007; Kustatcher et al., 2010; Hermann et al., 2011; Feng et al., 2020; Zhang et al., 2020). The partial, sometimes temporary, replacement of dominant flora province endemics with more cosmopolitan taxa resulted in a loss of floral provinciality—at the very least in the range of environments that is preserved in the fossil record. The long reign of isoëtalean lycophytes such as Pleuromeia (sensu lato) is remarkable, if only for the modest role they played in pre-crisis plant communities (Figures 2, 3).
4.2 Functional Traits of Isoëtales
4.2.1 Isoetid Functional Morphology and Ecophysiology
The fossils of Pleuromeia and segregates such as Pleurocaulis and Mesenteriophyllum, as well as the more Isoëtes-like Isoëtales such as Tomiostrobus and Lepacyclotes, reveal a particular syndrome of morphological traits associated with well-studied (semi-)aquatic extant plants with a so-called isoetid growth form (Den Hartog and Segal, 1964; Raven et al., 1988). “Isoetids” are slow-growing perennial plants with thick leaves or sporophylls (generally with low epidermal gas permeability), arranged in a rosette around a reduced stem or corm, and with comparatively large root systems. They have an interconnected network of gas-filled channels and/or aerenchymatous tissues throughout their leaves, stem/corm and root system (for an overview, see Keeley, 1998; Madsen et al., 2002). Stem, root and leaf fossils of the Early Triassic Pleuromeiaceae and Isoëtaceae, as well as other Paleozoic and Mesozoic Isoëtales, shared these characteristics with modern isoetids (Grauvogel-Stamm, 1993; Keeley, 1998; McLoughlin et al., 2015).
The isoetid growth form arose homoplastically across many plant lineages, including lycophytes (e.g., Isoëtes spp.), monocot (e.g., Eriocaulon aquaticum) and dicot angiosperms (e.g., Littorella uniflora, Lobelia dortmanna) (e.g., see Madsen et al., 2002). The unusual suite of morphological traits is so consistent across such distantly related clades because it is the functional morphological manifestation of a particular ecophysiological strategy that enables plants to live potentially submerged, and in nutrient- and/or carbon-limited wetland environments. When submerged (and in quite a few cases even when growing terrestrially), they rely on hydrosoil CO2 taken up by roots for primary production, as well as internally recycled CO2 (Nygaard, 1958; Richardson et al., 1984; Raven et al., 1988; Madsen et al., 2002; Smolders et al., 2002; Green, 2010). Conversely, O2 produced by their photosynthetic organs diffuses downward and leaves the plant via the root system, where it helps to oxidize and detoxify the rhizospheric sediment, and remineralize organic matter.
4.2.2 Carbon Concentrating Mechanisms
Isoetid plant species can (in many cases facultatively) sequester and concentrate inorganic carbon—taken up by leaves and/or roots to be used in daytime photosynthesis—by temporarily converting it into organic acids and store it in large vacuoles. This metabolic pathway is the aquatic version of the carbon-concentrating mechanism known as Crassulacean Acid Metabolism (a.k.a. aquatic CAM, or aquatic acid metabolism (AAM); for overview, e.g., see: Raven et al., 1988; Raven et al., 2008; Keeley, 1998). Just like the isoetid growth form, CAM has evolved independently in many tracheophyte clades. Much of the isoetid functional morphology (e.g., succulent, aerenchymatous leaves) has evolved in interdependent conjunction with the CAM capability. In general, when mapping CAM in plants beyond isoetids alone, we see that it is especially prevalent among succulent, xerophytic plants (opening stomata only at night to take in, and store carbon—thus limiting daytime water loss) and in submerged aquatic plants (where overnight carbon sequestration helps with carbon starvation due to low diffusion rates in water). CAM thus enables plants to grow in stressful (i.e., biomass-formation constraining; Grime, 1979) habitats such as carbon-starved, flooded, or extremely dry environments. The flipside, however, is that employing CAM is energetically costly and severely curtails maximum photosynthetic rates—irrespective of the already lower productivity caused by the environmental stress (and thus even when environmental stressors are removed). As such, utilization of CAM implies poor competitiveness. This is illustrated by extant aquatic CAM plants in oligotrophic lakes, whose combined above-ground standing biomass is on average three orders of magnitude smaller than that of non-CAM aquatics in eutrophic lakes (Sculthorpe, 1967; Wetzel, 1975; see; Keeley, 1998).
Thinking of inorganic carbon budgets in arborescent lycophytes, Green (2010) proposed to differentiate between the contributions of carbon stored as organic acids in CAM, and gaseous CO2 accumulated in their extended internal lacunal systems. The latter he dubbed Lycopod Photosynthetic Pathway, or LPP. Although one may wonder to what extent LPP contributed to the biomass of giant arborescent lycophytes in Carboniferous peat swamps, LPP can be a significant contributor to the growth of small, slow-growing plant taxa. We would argue that specifically the few extant isoetid species in which CAM has not been demonstrated, may rely on LPP for daytime photosynthesis, utilizing recycled and hydrosoil CO2 taken up by roots 24 h a day.
4.2.3 Dependence on (hydro)Soil CO2
Supporting evidence that—just as in their extant counterparts—the isoetid morphological syndrome of Mesozoic isoëtaleans was associated with root-uptake of CO2 and CAM and/or LPP physiology, came from exceptionally well-preserved pleuromeian leaves, Mesenteriophyllum, from the Upper Triassic of the Transantarctic Mountains (Bomfleur et al., 2011), and the Middle to Upper Triassic Madygen Lagerstätte from Kyrgyzstan in central Asia (Moisan and Voigt, 2013). It is quite common for isoetid macrophytes using CAM to lack functional stomata when completely submerged (e.g., Rascio, 2002). This is generally not the case when they live terrestrially, though: then they tend to change from CAM to C3 photosynthesis and develop leaves with normal, functioning stomata. However, in some cases—notably all within Isoëtes—plant species rarely produce stomata, even under aerial conditions (e.g., Isoëtes palmeri, I. lechleri and I. karsteni; Keeley, 1998), or have never shown to produce stomata at all (e.g., I. triquetra and I. andina; Keeley et al., 1984; Raven and Spicer, 1996). All of these taxa commonly live in submerged habitats, so one may argue that the absent capability of stomata production is merely a lack of adaptation to emergence. However, the fully terrestrial Isoëtes andicola also lacks stomata, irrespective of environmental conditions (Keeley et al., 1984). Not surprisingly, physiological experiments with terrestrial I. andicola specimens have shown that more than 95% of inorganic carbon used in photosynthesis was taken up via the roots (Keeley et al., 1984).
In the only two instances that we are aware of that Mesenteriophyllum leaves were preserved with epidermal features intact (M. serratum, Bomfleur et al., 2011 and M. kotschnevii, Moisan and Voigt, 2013), both lacked stomata altogether, just like Isoëtes andicola. This demonstrates that at least some of the terrestrial, or at best littoral Mesenteriophyllum-bearing Pleuromeiaceae, effectively lacked direct atmospheric gas exchange. These plants therefore must have relied on internal CO2 for photosynthesis, taken up from the groundwater by their rootlets—just as suggested by their isoetid-like functional morphology.
Given the low diffusion rates of dissolved inorganic carbon in groundwater compared to CO2 from the atmosphere, the lack of stomata and below-ground carbon use confirms low rates of primary productivity, while it does not necessarily indicate that the leaves were formed under water. Just as in modern isoetids, this suite of productivity-curtailing ecophysiological adaptations comes at the price—again—of abominably low competitiveness. This may sound like a doomed strategy, but it is actually an exaptive, stress-tolerating superpower when facing conditions that don’t allow for high primary productivity in the first place.
Besides from the Middle-Upper Triassic, Mesenteriophyllum is also known from the Lower Triassic of Taimyr in north-central Russia (Sadovnikov, 2008). There the specimens are found in association with other fossil lycophyte organs (i.e., Pleuromeia and Tundrodenron), but unfortunately epidermal features were not observed. In addition to the observed astomatousness of pleuromeians, this unusual trait was also found in the leaves of closely related isoëtalean fossils, e.g., Paurodendron (McLoughlin et al., 2015), Isoetites madygensis and Isoetites sixteliae (Moisan and Voigt, 2013), although in these short-statured Isoëtes-like taxa a fully aquatic lifestyle cannot be ruled out.
4.3 Pleuromeian Life History
Stems of (semi-)adult Pleuromeia sternbergii specimens show variations in thickness and leaf scar density (Figure 4B). Their roots were durable and firmly rooted in the substrate, as shown by in situ findings (Fuchs et al., 1991; Grauvogel-Stamm, 1993). Evidently, these plants were able to withstand severe environmental changes. The robust construction and signs of resilience, as well as their considerable size while being slow growing, are evidence of their longevity. It is hard to estimate an average reproductive age for P. sternbergii, but it is clear the plants were perennials and, given their inferred low productivity (see Section 4.2), their longevity may have been quite considerable, and the duration of an average plastochron much longer than in most other embryophytes. Their terminal strobilus is indicative of semelparity: one single reproductive event, followed by death of the plant.
Earlier we concluded that pleuromeian isoëtaleans were slow growing plants. Yet, our leaf scar analysis (Figure 4C and Supplementary Figure S1, specimen ‘e’) indicated a capability of bursts of (relatively) rapid growth close to the end of their life span. This paradox is solved in the light of a facultative “bolt and reproduce” strategy in the last stage of Pleuromeia’s life cycle. After a long life of limited growth, slowly saved-up resources are expended in one well-timed reproductive effort. This strategy exists in several extant plant taxa, for instance in the silversword Argyroxiphium sandwicense, a specialist of habitats that rival those of Pleuromeia in terms of extreme stress and lack of competition (Robichaux et al., 1990). A. sandwicense is endemic to the barren alpine deserts of the Haleakalā and Mauna Kea volcanoes, on the islands of Maui and Hawai'i respectively. Rosettes of these monocarpic plants are generally long-lived (up to 50 years), and, prior to reproduction, they grow slowly (Walker and Powell, 1999) up to a diameter of 75 cm (U.S. Fish and Wildlife Service, 1993). At some point, within just a few weeks, A. sandwicense is capable of producing a sometimes meters-long inflorescence for reproduction, after which the plant dies. Pleuromeia also seems to have had the capability to modify its vertical growth rate prior to reproduction. This suggests some degree of control (i.e., postponement or expedition) over the moment of reproduction. This life-history strategy would have given Pleuromeia an edge over many other Paleozoic plants (particularly large arborescent ones that must survive through programmed adolescence), especially in pulsed stress scenarios that may have contributed to the ecological disasters starting at the end of the Permian.
Spores can be divided into those with, and those without chloroplasts (Dyer, 1994; Gabriel y Galán and Prada, 2010). Chlorophyllous spores have a high water content, are not capable of anabiosis, and lose their viability within a short period of time (e.g., for Equisetum within weeks; Lloyd and Klekowski, 1970; Dyer, 1994; Lebkuecher, 1997). Non-chlorophyllous spores tend to have a low water content, are rich in carbohydrates and lipids and are photodormant (Gabriel y Galán and Prada, 2010). Spores of lycophytes belong to the last group. It is quite normal for Lycopodium spores, for instance, to not germinate within the first 6 or 7 years of shedding (Whittier, 1998). Spores of extant isoëtaleans have been shown to stay viable for at least 100 years in lake beds (J. G. M. Roelofs, pers. comm.). A consequence of these persistent spore banks is that long-dead plants can still produce offspring (Dyer, 1994). Given that all three extant orders in the class Lycopodiopsida have spores capable of long lasting dormancy (Whittier, 1998; Oh et al., 2013), it is highly probable that early Triassic Pleuromeia and other coeval Isoëtales also formed persistent spore banks. Moreover, a strong resemblance between micro- and macrospore ultrastructure of Pleuromeia and extant Isoëtes confirms the taxonomic kinship between the two genera (Lugardon et al., 1999, 2000; Grauvogel-Stamm and Lugardon, 2004; Looy et al., 2005). If Pleuromeia and its allies indeed would have lacked the necessity to continuously go through the sporophyte or gametophyte stages, this would have lent their populations a profoundly increased chance of survival during periods with very stressful conditions, even if these periods lasted for many consecutive years or even decades.
4.4 Synecology
In addition to our inferences based on plant functional morphology and comparative ecophysiology, the depositional environments in which Pleuromeia species are preserved (eg, Mader, 1990; Grauvogel-Stamm and Ash, 2005)—along with observations from the range of habitats of their living relatives (mostly seasonal pools; inorganic-carbon-poor, oligotrophic, softwater lakes at high latitudes or, at high elevation in lower latitudes; infertile acidic tropical lakes; e.g., Keeley, 1998)—all indicates that these Isoëtales had poor competitive abilities, but a high stress-tolerance capacity. It has been noted that other isoëtalean lycophytes with growth habits similar to Pleuromeia, such as the Carboniferous Chaloneria, also lived in habitats characterized by abiotic stress, such as oligotrophy, acidity and periodic floodings (Pigg, 1992). Occupation of such niches probably dates back to the Upper Devonian (Chitaley and Pigg, 1996).
Based on field studies and experiments, also modern isoetids such as Isoëtes are thought to be restricted to mostly oligotrophic environments because of competitive displacement, and are outcompeted and disappear during eutrophication (Keeley, 1998). In the marginalized environments they occupy, they may reach very high densities, but always with low standing biomass and low productivity rates (Madsen et al., 2002; see Keeley, 1998 for overview). In accordance with this competition-avoiding, stress-tolerating lifestyle, as shown in autochthonous fossil assemblages and in situ preservations, Pleuromeia and its allies often formed monotypic or monogeneric stands (e.g., Pleuromeia rossica (Naugolnykh, 2013); Tomiostrobus sinensis (Feng et al., 2020); P. jiaochengensis (Wang, 1996); monogeneric association of three Pleuromeia species, Meng, 1996; monogeneric association of three Annalepis (=Lepacyclotes) species, Meng, 1996; Figure 6), or were only accompanied by one or two other taxa (e.g., Pleuromeia sternbergii, Fuchs et al., 1991; Moisan and Voigt, 2013 and P. epicharis (Wang, 1996)). Extant Isoëtes may also cover three-fourth or more of shallow lake-bottoms (Keeley, 1998).
4.5 Isoëtales and Global Permo-Triassic Stress
Paleoecological, sedimentological and marine biogeochemical lines of evidence show strong evidence for widespread and increased soil erosion following the end-Permian biotic crisis (Newell et al., 1999; Sephton et al., 2005). The floral turn-over may have been partly responsible for this change in sedimentary regime. Based on the sedimentary setting their fossils were found in, and based on homology with extant Isoëtes species, Pleuromeia and its allies were capable of growing in nutrient-poor, largely inorganic sediments. This would have facilitated colonization of erosional landscapes, while the lack of soils likely slowed down recolonization by more competitive taxa with greater nutrient demands.
The environmental stress(es) that triggered the end-Permian biotic crisis is frequently hypothesized to have had a significant atmospheric component (Visscher et al., 2004; Black et al., 2012). Hence, the capability of above-ground parts to be isolated from the atmosphere may have played a role in elevating the chance of survival of end-Permian and Early Triassic isoëtalean vegetation. Moreover, as we discussed earlier, it is likely that they used CAM and/or LPP just as their modern relatives do. This means that, in contrast with ‘normal’ C3 plants, their primary productivity would not have suffered from temperature-induced elevation of photorespiration (Pedersen et al., 2011) due to the global warming that started at the end of the Permian (Cui and Kump, 2015).
Interestingly, some adaptations of the isoetid growth form to cope with flooding may have doubled as exaptations for Isoëtales to survive severe water stress during periods of drought (i.e., virtually no transpiration due to a lack of stomata, CAM/LPP, extensive root system). In fact, many cases of the homoplastic occurrence of CAM in the plant world emerged in xeric plant lineages, most notably its namesake the Crassulaceae. Provided that there is little competition, Pleuromeia and allies might thus have been exapted for habitat crossing-over to the other end of the hydrologic spectrum (see Figures 7E,F). This was also suggested, for instance, by Pleuromeia remains in China that are believed to have grown in xeric instead of semi-aquatic localities (Wang and Wang, 1982; Wang, 1996). The reverse is known to have happened in some members of the succulent crassulacean plant lineage. Crassula aquatica, for example, utilizes its capacity for CAM to lead a newly adopted submerged aquatic lifestyle, instead of the xerophytic lifestyle in drought-prone habitats in which most of its close relatives live (Keeley and Morton, 1982).
[image: Figure 7]FIGURE 7 | Hypothetical niche space partitioning among vascular plants before and after abiotic and biotic environmental change (inspired by Jackson and Overpeck (2000)) and how it may be represented in the fossil record. (A–C): Gray shaded area is the theoretical environmental space—the hyperspace of all potential interactions between environmental factors, here simplified to two dimensions, defined by gradients along two environmental axes. Dotted lines indicate the fundamental niches of isoëtalean and other vascular plant groups (mostly euphyllophytes) within the full potential environmental space. The dark-grey-outlined rectangles are the subset of environmental combinations that are present in a region at a certain moment (i.e., the realized environmental space). Within the realized environmental space, we see the blue and green shaded areas that indicate the realized niches of isoëtaleans and other tracheophytes, respectively. Note that, because of their abysmal competitive abilities, in this model isoëtaleans do not occur where other plants flourish. Environments where fossilization occurs (mostly wet areas with active sedimentation; here the black-outlined rectangles) offer a geographically, environmentally and taxonomically very biased view of what must have been present. Due to their common association with wetlands, isoëtaleans are likely to be over-represented in the fossil record. (B): Abiotic perturbation: environmental change has altered the realized environmental space, and hence also the extent of the realized niches. The change in this example caused isoëtaleans to become more common on the landscape. Moreover, since areas of fossil preservation are to some extent geographically locked in place (e.g., in basinal areas), environmental conditions in the window of preservation have changed as well (which means this window moved to a different position in the environmental space, compared to its position in (A)), and therefore the fossil record is sampling a different set of plant individuals. (C): Biotic change: extirpation or shrinking populations of other tracheophytes opens up new realized niche space for isoëtaleans. As a result, they expand on the landscape, which is recorded as an increase of isoëtalean fossils by the window of preservation. Because of the feedback between the biosphere and abiotic environment, a combination of scenarios such as in (B,C) is unavoidable. (D): zooming in on the changing contribution of both plant groups to the fossil record under the different scenarios in (A–C). Besides competitive marginalization of isoëtaleans to opposite corners of the realized environmental space (see the isoëtalean realized niche in (A)), due to their peculiar functional morphology and physiology (e.g., isoetid growth form and CAM) they may also have been exapted for an existence in diametrically opposite environments (e.g., flooding-prone and drought-prone realized niches of Triassic isoëtaleans). Accordingly, the shape of their fundamental niche in environmental (hyper)space may well look (hyper)dumbbell-shaped (F), rather than the ellipsoid (E), predicted by uni-modal optimum curves of plant abundances along environmental gradients.
The physiological and morphological adaptations of the isoetid growth form facilitate a life in stressed environments (e.g., being periodically submerged; lacking nutrients and/or inorganic carbon) where the competitive pressure is low. As a result of this rather specialized lifestyle, their growth rates are very low (e.g., Smolders et al., 2002), or, as Boston et al. (1989) conclude: “The stress-tolerant growth strategy of the plants in these carbon-poor, nutrient-poor habitats dictates low annual production”. At the same time, the reverse is probably also true. Isoetids can live in stressful conditions (i.e., that constrain biomass production—which is not much of a problem if your natural rate of primary productivity is low to begin with), but consequently they are poor competitors in less stressed environments (sensuGrime, 1979). The morphology of Pleuromeia and its allies is consistent with the isoetid adaptations of slow growing stress-tolerating competition-avoiders. Combining substantial dormancy capabilities to survive ephemeral bad times (Section 4.3), with uniquely being able to afford a lifestyle of very low productivity for prolonged periods (Section 4.2)—lasting many generations without a severe drop in population fitness—may be the main secret to isoëtalean success during the Permo-Triassic. This produces the somewhat paradoxical situation that some of the traits that make isoëtaleans poor competitors and that condemns them to marginalized habitats are also the very traits that help explain their success during environmental crises, and even lent them the qualification by some of being “weedy”. Perhaps confusingly, the different contexts may introduce seemingly contradictory terminologies for essentially the same traits: e.g., “poor growth rates” may be a “major disadvantage” in times of plenty when competing taxa thrive, while at the same time a “capability for slowed or postponed growth” may be an “advantageous adaptation” to survive environmental stress—a capability that the competition may lack.
In the previous sections we have highlighted the stress-tolerating abilities of Pleuromeia and its allies. In the wake of the end-Permian mass extinction, the prolonged phases of worldwide success of these isoëtalean stress tolerators suggest that the same high level of global stress persisted throughout these phases of isoëtalean fossil proliferation. However, palynological records across the Permo-Triassic transition show a more differentiated picture. The pulsed terrestrial ecosystem collapse was characterized by dominance of isoëtalean microspores (i.e., Densoisporites and Lundbladispora; e.g., see Looy et al., 2001; Lindström and McLoughlin, 2007; Liu et al., 2020), but in many cases the observed peaks in lycophyte spore abundance were unusual in that the spores predominantly occurred as unseparated tetrads instead of single spores. These tetrads are interpreted as deviations in sporogenesis, triggered by high levels of environmental stress (Visscher et al., 2004; Looy et al., 2005), and are thus considered a proxy for the peak-levels of environmental stress which caused the pulsed collapse of terrestrial ecosystems. Since the duration of the spore-tetrad events is much shorter than the prolonged successive phases of isoëtalen proliferation, we think that global environmental stress levels throughout much of the Triassic may have been substantially less radical than during confined tetrad peak events. Nevertheless, they may have been high enough to frustrate recovery and re-radiation of more competitive plant clades into the environments in which the Isoëtales thrived.
Adopting a life-history strategy as stress tolerator by no means indicates that a species prefers or even requires stressful conditions. In fact, ecological experiments have shown that many stress tolerators under-perform in their natural habitat and would thrive in stress-free environments if they were not excluded from those habitats because of biotic interactions—most notably competition (Figures 7A,C). As a result, stress tolerators’ realized niches are confined to sub-optimal, yet available margins of their fundamental niche (Figure 7A; Jackson and Overpeck, 2000). We attribute the ubiquitousness of isoëtaleans in the Early Triassic mainly to the expansion of their realized niche, made possible by the prolonged absence of stronger competitors (Figure 7C), as well as the new global abiotic reality (Figure 7B), rather than to adaptive radiation of the clade, as previously suggested (e.g., Retallack, 1997). Their invasion into new environments without obvious new adaptations—including expansion into habitats with a higher productivity potential—thus provides indirect evidence of the absence of competitors. We conclude that the dominance of isoëtaleans such as Pleuromeia reflects a widespread and lasting lack in the recovery potential of more competitive plant clades that were dominant before the crisis. The associated lack of plant diversity in the many isoëtalean-dominated landscapes, combined with the inherent low isoëtalen productivity must have had serious ecological implications up the food chain (see Section 4.7).
4.6 Plant Taphonomy and Other Biases
4.6.1 Preservation Bias
For a meaningful interpretation of the results in our study, we must address some prominent taphonomic biases, as they shape the data that were used in our analyses. Fossilization of plant parts predominantly takes place in perhumid to wet sub-humid climates (sensuCecil, 2003) in depositional environments such as lakes, rivers, shallow marine basins, or soils with high water tables such as peats or flood plains (Figure 7A; Gastaldo and Demko, 2011). Fossil plant assemblages will only be conserved if the sediments they are part of are not eroded away over time. Because of this, the chance of retrieving fossil evidence from other environments than lowland deposits is much smaller. As such, plants that grow in, upstream from, or close to these basinal environments, have a much greater chance of being preserved in the sedimentary record (Burnham et al., 1992; Figure 7D). As a result, we have a good idea how plant communities changed over time in the wetter parts of the late Paleozoic and early Mesozoic landscape—and by proxy the environmental conditions they represent—but less information from the local drier habitats, and very little information on the communities of plants and their evolution in the extra-basinal environments, although, unfortunately, that is where many major evolutionary innovations took place (Looy et al., 2014). In addition to habitat filtering, the chance of plant structures being incorporated in the fossil record is also largely dependent on life-history aspects of the plant as well as morphological and chemical aspects of the various plant parts. Larger plants that produce and shed copious amounts of biomass, e.g., in the form of leaves and spores, or that produce decay-resistant structures, stand a better chance of being preserved in high enough numbers to eventually become detected and recorded by paleobotanists (e.g., Spicer, 1989; Greenwood, 1991).
Changes in taphonomic regimes in the Early Triassic may well have preferentially aided the preservation of isoëtaleans in the megafossil record. Although this might be true, in itself this cannot explain the unusual worldwide ecological occurrence of isoëtaleans, which is a prerequisite for their global fossil prevalence. In other words, before isoëtaleans can be preserved (preferentially) in sediments around the world, they must first have occurred in such environments—and therefore also the exceptional ecological conditions that allow for their abundant presence. Furthermore, the fact that we observe the same pattern in different biomes worldwide and in both megafossil and microfossil records, lends confidence to the conclusion that the isoëtalean prevalence, although potentially taphonomically amplified, in itself is not a preservational artifact and that the associated inferred biotic crisis extended well outside the window of megafossil preservation.
4.6.2 Time Averaged Data
Epoch-level data compilations, such as presented in Figure 3, convincingly demonstrate worldwide isoëtalean proliferation in the Early Triassic (at the very least within the environmental window of fossil preservation). However, the observed 18.2% isoëtaleans among all recorded megafossil taxa—25.1% even for microfossil record—still only offers a watered-down, time-averaged signal of the heydays of global isoëtalean success. The reason is that the Early Triassic lasted just over 4.7 Ma, while we know from detailed palynological data from stratigraphic (composite) sections, that the greatest lycophyte proliferation occurred during much shorter intervals (e.g., Schneebeli-Hermann et al., 2015). Therefore, the ecological importance conveyed by the isoëtalean dominance is far greater than the time-averaged percentages in Figures 2, 3 suggest.
4.7 Isoëtalean Proliferation and the Decline of Public Goods: Implications for Terrestrial Ecosystems
Over the last few decades, a body of literature has been published that addresses possible causes of the end-Permian terrestrial biotic crisis (for overview, see e.g., Erwin, 2006). In their search for mechanisms behind severe biosphere upheavals, paleoscientists all too often put emphasis on “kill mechanisms” in the most literal sense: causing mass-mortality among organisms (e.g., see Van de Schootbrugge and Wignall, 2016). However, mass extinctions do not concern themselves with longevity of individuals, but with the termination of evolutionary lineages at rates much higher than they originate. And although killing the majority of individuals in populations of many species could in theory be a mechanism of achieving anomalously high extinction rates, we would argue that in practice it never really is. Such scale dissonance (in the case of the example individual-level causes of lineage-level problems) is a pervasive problem in deep-time paleosciences. The temporal and spatial scales at which we observe the results of Earth system phenomena in the fossil record, tend to be out of tune with the unknown processes that drive them. As a result, it is difficult for us to find the right scale at which to study what explains our observations. Similarly, because the basis for extinction-type biotic crises is inherently ecological, we aim to study their intricacies at the ecosystem level. However, the outcome we might call a mass extinction is an evolutionary biological crisis, so instead of just studying disruption of ecological interactions using methods from neo-ecology, we need research tools that additionally fit the longer, multiple-generation timescales.
A way of looking at the isoëtalean prevalence (and what it may imply for the state of the terrestrial biosphere) that goes beyond neo-ecological scales, is through the concept of Biological Common Goods. This concept, borrowed from economic theory, was adapted by Erwin and collaborators (Erwin and Valentine, 2013; Erwin, 2015; McInerney and Erwin, 2017) to explain economic principles in paleobiology; e.g., of ecological services such as niche construction and ecosystem engineering, which affect rate and scale of evolutionary paleobiological events. This conceptual model ordinates different kinds of “goods” along two axes that determine the availability of goods: one axis of increasing excludability of the goods, and the other of increasing rivalry in the competition for the goods (see Figure 8A for examples). Public goods are those that are both non-excludable and non-rivalrous, and therefore always available to all. Analogous to economic public goods, McInerney and Erwin (2017) argue that public biological goods “are widespread in biology, including genes that are widely shared among ‘prokaryotes’, oxygen generated by oxygenic photosynthesis, transposable elements and the provision of ecological services via ecosystem engineering and niche construction”, and that public biological goods are the currency for the interactions between environmental, ecologic and genetic change, critical in the generation of major evolutionary transitions (Erwin, 2015).
[image: Figure 8]FIGURE 8 | The concept of economic goods applied to the Permo-Triassic terrestrial biosphere crisis. (A) different types of goods that play different roles in a system can be ordered based on their level of excludability and rivalrousness (examples are given of public goods, club goods and private goods). In economic systems, the role different goods play in a system, how much can be used and by whom changes depending on these two different availability modifiers. Similarly, in evolutionary biological systems, differently accessible types of biological goods and services shape major evolutionary transitions (see Erwin, 2015). (B) Land plants provide a host biological goods in evolving terrestrial biological systems (the center of gravity of this range in two contrasting scenarios is illustrated by the two white dots). Due to the Permo-Triassic biotic crisis and associated floristic change (which is the topic of this paper) the landscape of accessible biological goods for the evolving terrestrial biosphere changed drastically, especially the reduction of public biological goods (driving the center of gravity of goods toward private goods). See Section 4.7 for further discussion.
The importance of biological goods that vascular plants provide for the terrestrial ecosystems can hardly be overstated. Their primary productivity exclusively provides the energy that fuels all terrestrial life. As autogenic ecosystem engineers, their structural, physical and chemical alterations of the environment provide many services and creates, maintains or changes a myriad of habitats, occupied by other terrestrial organisms—from rhizosphere and soils to canopy, and from carbon sequestration to altered precipitation patterns.
In many latest Permian ecosystems, high, pre-crisis plant diversity would have allowed for a relatively high non-excludability of crucial goods such as niche construction, ecosystem engineering and organic energy sources—distributed directly or via many herbivorous and decompositional pathways. At the same time, the level of pre-crisis primary productivity and its spatial extent of vegetated landscapes, would have produced intermediate levels of rivalry for the services plants provide. In other words, most of the time the many evolutionary and ecosystem services that plants provide, are almost available like public goods, punctuated by the occasional Tragedy of the Commons (see in this context also Roopnarine and Angielczyk (2012) on the role of Tragedy of the Commons in explaining the rise and fall of species in their dynamic trophic model of various Permo-Triassic South African vertebrate communities). As argued earlier, the global proliferation of isoëtaleans implies both low primary productivity and a drop in a- and ß-diversity (at least within the window of preservation), and, as such, indicates a crash in the range and volume of biological goods, as well as a shift in availability. Lower diversity means fewer constructed niches, less ecosystem engineering and a narrowed trophic base—accessible to a smaller group of heterotrophs—resulting in increased excludability for the remaining set of goods (Figure 8B). Concomitantly, lowered primary productivity must have limited the supply of goods, thus increasing the rivalry for the few remaining services.
Based on the part of the terrestrial biosphere that can be observed in the plant fossil record, ecosystems at the end of the Permian and the beginning of the Triassic were characterized by a drastic shortage of biological goods, and especially public goods. As Erwin (2015) makes his conceptual case that abundant public biological goods is the driver of major evolutionary transitions, we would argue that the reverse is also true: a lack of public biological goods caused the major terrestrial evolutionary regression we observe at the beginning of the Mesozoic.
4.8 Concluding Remarks on the Permo-Triassic Biotic Crises Observed in Marine Invertebrate and Plant Fossil Records
In general, the plant fossil record is poorly suited for analysis of the Permo-Triassic crisis in the way mass extinctions are commonly studied since the advance of quantitative paleontology, i.e., estimating global taxonomic diversity change and the diverging origination and extinction rates that cause the change. The main caveats preventing this approach include:
The coverage of the plant megafossil record, and to a lesser extent the microfossil record, is spatially and temporally sparse, discontinuous and very biased—both environmentally and taxonomically—thus presenting a poor proxy for global plant diversity.
Taxa disappearing from such an imperfect fossil record may merely represent local or regional extirpation (especially during times of global environmental change, which results in latitudinal biome shifts).
Permanent disappearance of larger plant clades from the fossil record does likely represent actual extinctions, but because of the quality of the fossil record, the exact timing and location of extinction is usually impossible to ascertain.
In addition to the severe limitations of the plant fossil record listed above, there are other reasons why the biotic crisis on land may benefit from a different analytical approach than commonly used in quantitative paleontology covering the marine invertebrate record:
(4)As Al Traverse (1988) pointed out more than three decades ago: plant evolution dances to a different beat. Two important aspects of plant biology make Paleozoic plant taxa quite resilient to extinction and thus the termination of higher taxonomic groups generally more significant than that of animal clades. First, the lack of a dependence on ecosystem services compared to, e.g., animals (i.e., no dependence on food web integrity or architecture; little dependence (yet) on animal vectors for pollen, spore or seed dispersal). Second, the existence of common long- and short-term dormancy capability at multiple life cycle stages (e.g., persistent spore- or seed banks, retreat in corms and rhizomes, deciduousness) and capacity for regeneration and regrowth.
(5)The structure and composition of the entire web of heterotrophic life on land is completely dependent on plants as ecosystem engineers and energy providers. In the marine realm there is no equivalent of one taxonomic group with such a profound impact on all other lifeforms.
We hope to have demonstrated that trying to compare or equate the end-Permian marine invertebrate mass extinction in terms of taxonomic diversity dynamics with the Permo-Triassic plant biotic crisis is not feasible and ignores the profound differences between marine heterotrophs and terrestrial autotrophs. In contrast, a wealth of ecological information on various aspects of biosphere perturbation can be gleaned from detailed analyses of the available records, as biased and limited as they may be in geographic or taxonomic scope, for instance:
(6)As said, the plant fossil record generally does not allow to pinpoint the exact timing or location of extinction. Nevertheless, the permanent disappearance of major ecosystem engineers (e.g., glossopterids) and the ecosystems they shaped and fueled, cannot be denied its obvious and vast ecological significance.
(7)Despite the skewed representation of the global terrestrial environments (which is biased toward wetlands and riparian habitats with active sedimentation), understanding the ecological significance of the worldwide prevalence of isoëtaleans reveals a global pattern of ecological deterioration. This global signal cannot be simply explained by environmental disruption as a result of rapid latitudinal shifts of climate zones, causing latitudinal migration and thus local extirpations.
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Palaeo-wildfire, which had an important impact on the end Permian terrestrial ecosystems, became more intense in the latest Permian globally, evidenced by extensive occurrence of fossil charcoals. In this study, we report abundant charcoals from the upper part of the Xuanwei Formation and the Permian–Triassic transitional Kayitou Formation in the Lengqinggou section, western Guizhou Province, Southwest China. These charcoals are well-preserved with anatomical structures and can be classified into seven distinctive types according to their characteristics. Organic carbon isotopic analyses of both bulk rocks and charcoals show that the δ13Corg values in the Kayitou Formation are notably more negative than those in the Xuanwei Formation, with a negative excursion of 4.08‰ immediately above the volcanic ash bed in the middle of the uppermost coal bed of the Xuanwei Formation. Charcoals with high reflectance values (Romean = 2.38%) are discovered below the ash bed. By contrast, the reflectance values (Romean = 1.51%) of the charcoals in the Kayitou Formation are much lower than those of the Xuanwei Formation, indicating the palaeo-wildfire types have changed from crown fires to surface fires, which was probably due to the retrogression of vegetation systems during the extinction. Based on the above evidence, we suppose that palaeo-wildfires became more frequent and more severe since the climate became drier during the latest Permian in Southwest China, and the eventual vegetation changeover of the terrestrial ecosystems in Southwest China could be caused by volcanism.
Keywords: charcoal, δ13Corg, reflectance, volcanism, late Permian, Southwest China
1 INTRODUCTION
Fire is a considerable disturbance that influences the Earth’s ecosystems over both short and long timescales (e. g., Scott, 2000; Sugihara et al., 2006; Belcher et al., 2013). It has been demonstrated that wildfires have played a significant role in many environmental and evolutionary innovations in geological history (Wolbach et al., 1985; Bond and Scott, 2010). Fire activity is suggested to be very common during the Late Paleozoic according to palaeoatmospheric oxygen estimates (Bergman et al., 2004) and charcoal records from mire settings (Glasspool and Scott, 2010). As the direct evidence of palaeo-wildfire, charcoal particles in the sediments from the Late Paleozoic have been extensively reported all over the world, such as South China (Shen et al., 2011; Zhang et al., 2016; Feng et al., 2020a), North China (Wang and Chen, 2001; Yan et al., 2016; Lu et al., 2020), central Europe (Uhl and Kerp, 2003; Uhl et al., 2008, 2012), Canada (Grasby et al., 2011), Brazil (Manfroi et al., 2015; Kauffmann et al., 2016), India (Jasper et al., 2012; Jasper et al., 2013; Jasper et al., 2016a; Jasper et al., 2016b; Murthy et al., 2020), Australia (Glasspool, 2000; Vajda et al., 2020) and Antarctica (Tewari et al., 2015).
So far, more and more investigations indicate that wildfire, which had an important impact on terrestrial ecosystems, could have contributed to the end-Permian mass extinction (EPME): a change in the maceral composition from Australia indicates that a major fire event resulted in the destruction of vegetation, and increased run-off and erosion on land during the late Permian (Glasspool, 2000); Wang and Chen (2001) proposed that high-frequency wildfires and water-stress might be the main extinction mechanisms for the forest vegetation dieback at the EPME in North China; large-scale combustion of coals and organic-rich sediments induced by the Siberian Traps, was suggested to have affected the global climate change and carbon cycle during the latest Permian (Grasby et al., 2011). The published charcoal records from Permian and Triassic sediments were summarized by Abu Hamad et al. (2012), showing a “charcoal gap” in the Early Triassic.
The records of wildfire are quite abundant in many terrestrial Permian–Triassic (P–T) sequences in China, including the Sandaogou section in Gansu (Wang, 1993), the Dalongkou section in Xinjiang (Cao et al., 2008; Wan et al., 2016; Cai et al., 2019), the Baode section in Shanxi (Wang and Chen, 2001; Lu et al., 2020) and the Guanbachong, Taoshujing, Lubei and several other sections in Southwest China (Shen et al., 2011; Zhang et al., 2016; Yan et al., 2019; Feng et al., 2020a).
The joint area of western Guizhou and northeastern Yunnan provinces in Southwest China has been regarded as an ideal place to investigate the terrestrial EPME because it contains both well-developed marine and terrestrial continuous P–T transitional strata (Wang and Yin, 2001; Peng et al., 2006; Yu et al., 2015; Shen et al., 2011; Zhang et al., 2016). Though the exact P–T boundary in many sections is not precisely defined, the biostratigraphy, chemostratigraphy and geochronology have been investigated for decades in this region. The study of palaeo-wildfires during the P–T transition period in this area has also attracted much attention. Shen et al. (2011) and Zhang et al. (2016) have proposed that the deposition of the Kayitou Formation was dramatically arid, with evidence of abundant fossil charcoals in it. Yan et al. (2019) suggested that the increase of fire activity, evidenced by the increased inertinite in coals, may be a major factor to explain some local oxygen depletion in the marine realm as a result of increase of run-off and erosion after frequent fire activities. Chu et al. (2020) reported an increased abundance of fossil charcoal in the lower part of the Kayitou Formation, which was coincident with the loss of vegetation and the onset of a negative δ13Corg excursion. Among these investigations, little attention has been paid to the anatomical structure and detailed distribution of charcoals along the strata.
In this paper, we systematically analyzed the occurrences, random reflectance values of the charcoals, and the organic carbon isotopes (δ13Corg) data of both charcoal and bulk rock samples from the Lengqinggou section in western Guizhou, Southwest China. Our study shed new light on the fire dynamics and vegetation changeover in Southwest China during the P–T transition, and the relationships between palaeo-wildfire, volcanism and carbon cycling.
2 GEOLOGICAL SETTING
In the study area of western Guizhou and eastern Yunnan provinces (WGEY), Southwest China, the Permian–Triassic successive deposits extensively crop out, and have been regarded as a significant window for studying the terrestrial ecosystems at the time (Wang and Yin, 2001; Peng et al., 2006; Shen et al., 2011; Yu et al., 2015; Zhang et al., 2016; Feng et al., 2020b; Liu et al., 2020). During the Permian, this area was situated on the eastern margin of a landmass known as the Khangdian Oldland, which was located near the equatorial zone according to a palaeomagnetic study (Wang and Li, 1998), possessing the distinctive Cathaysian Gigantopteris flora of tropical peatlands (Zhao et al., 1980). The strata exposed in this region consist of the middle Permian Emeishan Basalt Formation, the upper Permian Xuanwei Formation, the Permian–Triassic transitional Kayitou Formation and the Lower Triassic Feixianguan Formation (marine)/Dongchuan Formation (terrestrial), in ascending order. Lithofacially, a transgression during the P–T transition is indicated by an upward succession change from terrestrial, to terrestrial–marine transitional, and to marine facies from west to east in WEGY (Yao et al., 1980; Wang, 2011). The Lengqinggou section (104° 20’ 13” E; 27° 15’ 46” N), is located in Hezhang County of Bijie City, western Guizhou Province (Figure 1), and includes terrestrial–marine transitional facies deposits during the Permian–Triassic transition. The strata spanning the P–T boundary in this section include the terrestrial Xuanwei Formation, the terrestrial–marine transitional Kayitou Formation and the marine Feixianguan Formation, in ascending order. The Xuanwei Formation is dominated by yellowish green and greyish green clastic sediments, with intercalations of organic-rich mudstones and coals. Plants of the Gigantopteris flora are commonly found in the Xuanwei Formation (Hilton et al., 2004; Yu et al., 2015; Chu et al., 2016; Zhang et al., 2016; Feng et al., 2020b), and include diverse Lepidodendron, Lobatannularia, Annularia, Calamites, pecopterids, gigantopterids, cycads and ginkgophytes. The Kayitou Formation mainly comprises mudstones, shales and siltstones, but without coals. Bivalves, gastropods and some plant fragments are commonly observed in the lower part of the formation. This formation is supposed to encompass the terrestrial EPME (Zhang et al., 2016). In this section, the last appearances of Lepidodendron and Gigantopteris are in the lowermost Kayitou Formation, the roof shale of the uppermost coal bed of the Xuanwei Formation. Abundant Tomiostrobus sinensis were found in a thin bed some 1.2–1.6 m above the uppermost coal bed (Feng et al., 2020b). A mixed marine–non-marine biota appears about 5 m above the uppermost coal bed, and contains fragments of plants, a few brachiopods and bivalves. The Lower Triassic Feixianguan Formation is composed of marine siliciclastic sandstones, mudstones and limestones. It exhibits pure steel gray siltstones in the lower part, and gradually changed to maroon–reddish sandstones and siltstones upward. Fossils are rare in the Feixianguan Formation.
[image: Figure 1]FIGURE 1 | The Lopingian (late Permian) maps, phytogeoprovinces and the location of the studied section. (A) Palaeogeographic map of the Lopingian showing the study area (asterisk) (Modified from Scotese, 2001). (B) Map showing the location (asterisk) of the study area and late Permian phytogeoprovinces in China (Modified from Shen, 1995). (C) Map showing the location of the Lengqinggou section (asterisk). (D) Outcrop photo of the Lengqinggou section. (E) Photo of the uppermost coal with an ash bed at the top part of the Xuanwei Formation, labeled with sample positions. I- Angara province in Junggar–Hinggan Region; II- Cathaysisa–Euramerica–Angara mixed province; III- Cathaysia province; IV- Gondwana province; V-Angara province in Tarim Plate.
3 MATERIAL AND METHODS
In total, 92 samples (nine from the coal beds and 83 from the clasolite), as fresh as possible, were excavated at the outcrops. The bulk rock samples were crushed into some centimetre-sized pieces, washed with pure water and immersed in hydrochloric acid (10%) for at least 24 h. Then they were neutralized with distilled water, and soaked in hydrofluoric acid for a further week to dissolve the matrix. The remaining matrix was rinsed again, gently washed with distilled water using a 30 μm sieve. After that, the samples were boiled with hydrochloric acid (35%) for 30 min to remove calcium fluoride precipitation, rinsed and dried on a hotplate at about 70°C.
Charcoals showing characteristics such as black colour and streak, silky luster, homogenized cell walls, and well-preserved with anatomical details were picked out from the acid-treated residue under binoculars with the aid of preparation needles, lancets, script liner and tweezers. Selected charcoal samples were investigated using a LEO1530VP scanning electron microscope after gold-coating. All samples were using the same amount throughout the treatment procedure, and charcoals were also calculated quantitatively in detail for statistical analysis.
The charcoal abundance in clastics was quantified by counting the numbers of particles in each single sample, and calibrated to the number per 100 g of sediments. This method was not suitable for coal sample because coal contains large amount of charcoals with much compaction. Instead, the quantification of charcoals in coal samples is represented by a rough percentage of the amount of charcoals in the residues after acid treatment.
Extra residues and some charcoal pieces were analyzed for δ13C values using a Thermo Fisher Delta V plus + Flash EA HT at the Nanjing Institute of Geology and Palaeontology, Chinese Academy of Sciences. Reproducibility was better than 0.2‰. Organic carbon isotope values are given in per mil (‰) relative to Vienna Peedee Belemnite (VPDB). Reflectance values of charcoals were measured using a Zeiss Axioskop 40 Pol microscope in Nanjing University.
4 RESULTS
4.1 Charcoal Distribution and Preservation
In the Lengqinggou section, there are 50 horizons containing charcoal fragments, with four intervals displaying high concentration of charcoals. The sample from −25.5 m has the largest amount of charcoals among the clastic samples of the Xuanwei Formation. These charcoals are granulous or blocky, mainly 0.5–1.5 mm in dimension, with limited abraded edges, indicating a low-energy transport. In the interval around −17.8 m, there are three coal beds, in which charcoals are very abundant. The charcoal specimens in this interval are blocky, acicular or flaky, and up to 15 mm in dimension. Another charcoal-rich interval is around −5.7 m, containing several thin coal seams. Charcoals in this interval are mainly blocky and flaky, measuring 1–2 mm in diametre. Considering the non-equidimensional fragmentary nature, sharp edges and the presence of charred cuticles, most of the charcoals in this interval likely experienced a low-energy transport, pointing to parautochthonous deposition. The uppermost charcoal-rich interval is around 8.8 m. The sample residues consist of limited organic matter, but the charcoal particles commonly have well-preserved anatomical structures. They show various sizes, but are generally less than 1.5 mm in dimension, blocky or acicular, representing allochthonous characteristics.
4.2 Description of the Charcoals
Charcoal fragments are very common in the Lengqinggou section, especially in the plant-bearing layers and the coal beds. Although most of the charcoal samples are too small to precisely assess their taxonomy, some charcoals show very distinctive anatomical characteristics, and provide critical information on their affinities. We ascribe the current charcoal samples to seven types based on their gross morphologies and anatomies. These charcoal morphotypes do not necessarily belong to an individual biological species, but may represent different parts/tissues, or the natural variations of various taxa.
Type 1: This type of charcoal is commonly plate-like shaped (Figure 2A). The tracheids are long and straight, 10–30 μm wide. Radial tracheid pits are not observed (Figure 2A,B). The walls of the tracheids are conspicuously homogenized, 3–5 μm in thickness, and commonly arranged in straight lines forming a flatbed-like structure in cross-section (Figure 2C). Sometimes radial rows of holes on tracheids are observed (Figure 2D). Rays are not observed.
[image: Figure 2]FIGURE 2 | SEM images of charcoal Type 1 (A–D) and Type 2 (E–H) from the Lengqinggou section in Guizhou Province, Southwest China. (A) General appearance of type 1, showing plate-like shape. (B) Tracheids show smooth, homogenized walls, without pits. (C) Cross section, showing the radial tracheid walls formed straight and continuous lines (arrows). (D) Images show radial rows of holes (arrows) on the tracheids. (E) Xylem fragment of type 2. (F–G) Images showing numerous irregularly distributed pits on the radial tracheid walls. (H) Showing axial parenchyma cells. (I) Image show charcoal with shot-like holes.
Type 2: The charcoal particles are irregular shaped and brittle along the tracheids (Figure 2E). The tracheids are 20–30 μm wide, exhibiting numerous irregularly distributed pits in the radial walls (Figure 2F,G). Pits are 2–3 μm in diametre, and circular or elliptical, with slight borders. Axial parenchyma is sometimes observed (Figure 2H).
Remarks: This type is sometimes confused with charcoals that showing shot-like holes in the tracheids cell walls (Figure 2I), which produced by fungal hyphae during wood decomposition (El Atfy et al., 2019). However, differences are present. The pits distinguished here are round to elliptical, slightly bordered or embossly lipped (Figure 2F,G); while holes produced by brown-rot fungi are all round with sunken edge or not.
Type 3: Charcoals of this type show both primary and secondary xylems (Figure 3A). Tracheids of the primary xylem are 15–30 μm wide, with annular and scalariform thickenings (Figure 3B). Secondary xylem tracheids are much wider, commonly 60–100 μm wide. Radial tracheid walls show multiseriate (up to 10), alternately arranged, and transversely elongated pits (6–10 μm in diametre) (Figure 3C,D). The pits are regularly arranged, showing a mesh-like appearance (Figure 3C–E). Araucarioid cross-field pitting is observed, showing three to six pits (3–5 μm in diametre) in each cross-field unit (Figure 3E). Uniseriate pits are occasionally observed on the tangential tracheid walls (Figure 3F).
[image: Figure 3]FIGURE 3 | SEM images of charcoal Type 3 (A–F) and Type 4 (G–I) from the Lengqinggou section in Guizhou Province, Southwest China. (A) Primary xylem tracheid with annular wall thickenings (white arrow) and secondary xylem tracheid with multiseriate pits (black arrow). (B) Primary xylem tracheids exhibit scalariform thickenings. (C) Image of secondary xylem tracheids, showing multiseriate pits on the radial walls. (D) Secondary xylem tracheid shows multiseriate, alternately arranged, and transversely elongated radial pits. (E) Higher magnification image of Fig. C, showing 36 pits in cross-fields (arrows). (F) Tangential view of tracheids, showing distinct pit cavities (lower arrow), bend radial wall with bordered pit (upper arrow) and smooth tangential wall. (G) Charcoal of type 4. (H) Radial view, showing uniseriate, discontiguous pits on the radial tracheid walls. (I) Cross-fields with 1–4 pits (arrows).
Type 4: This type of charcoal is commonly isodiametric or cuboid in shape. Tracheids are 20–30 μm in width, with walls of 3–5 μm thickness (Figure 3G). In radial view, they exhibit uniseriate bordered pits on the radial tracheid walls. Pits are commonly in spindle-shapes (5–10 μm in diametre) with oblique apertures, and are discontinuously arranged (Figure 3H). The cross-field is araucarioid, showing one to four pits (6–8 μm in diametre) in each cross-field unit (Figure 3I).
Type 5: This type commonly is preserved as thin plates (Figure 4A). Tracheids are 40–60 μm in width with smooth walls and bent ends. Rays are commonly indicated but usually lost, leaving the cavity in tangential view. The radial tracheid walls exhibit biseriate or triseriate bordered pits (Figure 4B,C). The circular pits are about 8 μm in diametre, and alternately, contiguously arranged (Figure 4C).
[image: Figure 4]FIGURE 4 | SEM images of charcoal Type 5 (A–C), Type 6 (D–F) and Type 7 (G–I) from the Lengqinggou section in Guizhou Province, Southwest China. (A) Tangential view, showing the common occurrences of rays. (B) Oblique radial view of tracheids, showing uni- and biseriate bordered pits on the radial walls (arrows). (C) Detail image of radial walls, exhibiting biseriate, alternate pits. (D) Xylem fragment of Type 6. (E) Radial view of tracheids, showing mainly uniseriate, discontiguous bordered pits (arrows). (F) Cross-fields, showing 2–4 pits per field. (G) Xylem fragment of Type 7. (H) Radial view of tracheids, showing uniseriate, discontiguous pits that separated by crassulae (white arrow); and occasional occurrence of alternately arranged biseriate pits (back arrow). (I) Cross-fields, showing numerous pits in each cross-field unit.
Type 6: The charcoal particles are mainly in regular, quadrilateral tabular or blocky forms. The tracheids are 25–35 μm wide, consisting of 5 μm thick walls (Figure 4D). They usually exhibit uniseriate bordered pits, or very rarely biseriate pits on the radial walls. Pits are circular, 12–15 μm in diametre, with circular or elliptical apertures (about 5 μm in diametre), and are mostly separate from each other (Figure 4E). The cross-field shows two to four pits (6–8 μm in diametre) with wide, elliptical apertures in each cross-field unit (Figure 4F).
Type 7: Charcoals of this type usually exhibit as short columns or strips. The tracheids are approximately 25 μm wide (Figure 4G). Bordered pits on the radial tracheid walls are mainly uniseriate, but alternately arranged biseriate pits are very rarely observed. Pits are separated by crassulae (Figure 4H). The pits are oval (6–8 μm in diametre) with elliptical apertures. The cross-field is araucarioid, possessing 8–12 pits (4–7 μm in diametre) in each cross-field unit (Figure 4I).
4.3 Organic Carbon Isotopes
In the Lengqinggou section, 78 samples (including bulk, coal and charcoal fragments) spanning an 80 m interval from the upper part of the Xuanwei Formation to the upper Kayitou Formation were analyzed. Most of the δ13Corg values in the coal-bearing strata below −0.35 m vary between −23‰ and −24‰, with a mean value of −23.8‰. Samples from −13.69 m and −16.05 m show slightly negative values, −24.18‰ and −24.70‰, respectively. An abrupt negative excursion occurred immediately above the ash bed in the middle of the uppermost coal, with a decrease of 4.08‰. Samples from the overlying Kayitou Formation exhibit δ13Corg values fluctuating around −28‰, with a mean value of −28.2‰, which notably differs from the mean value (−23.8‰) in the Xuanwei Formation. A negative spike with the δ13Corg value of −30.24‰ appears at 10.7 m. The anomalous isotopic interval continued throughout the remaining parts of the Kayitou Formation, and gradually recovered to the value of about −25‰.
The δ13Corg data of charcoal fragments show that 62.5% values are more positive than those of the bulk rock or coal samples from the same horizon, whereas 37.5% values are more negative. In general, the δ13Corg values between charcoal and bulk samples show a difference from 0.13 to 2.72‰. Only one charcoal exhibits a larger excursion of 9.15‰ in δ13Corg value than that of the coal sample from the same horizon. Detailed organic carbon isotopic data are shown in Table 1 and Figure 5.
TABLE 1 | δ13Corg data of bulk rocks, coals and charcoals from the Lengqinggou section in Guizhou Province, Southwest China.
[image: Table 1][image: Figure 5]FIGURE 5 | Stratigraphic column and the organic carbon isotopes (δ13Corg), charcoal abundance and types of fossil charcoals in the Lengqinggou section, Guizhou Province, Southwest China. The diagram shows sediment logs and thickness in meters. δ13Corg of charcoals are represented by red squares, whereas δ13Corg of coals or bulk rocks are represented by blue rhombuses. The red line represents the position of ash bed in the last coal. Charcoal abundance is counted by numbers in per 100 g samples (clastic rocks) and percentage in residues after acid treatment (coals).
4.4 Charcoal Reflectance
Fifteen pieces of charcoals from two horizons, at −0.35 and 8.8 m, were measured for random reflectance, and results are listed in Table 2. Among the charcoals from −0.35 m, Ro values varied from 1.625 to 3.579%, mostly being larger than 2%, with the Romean = 2.379%. By contrast, the samples from 8.8 m show much lower random reflectance values, mainly fluctuating around 1.0–1.6%, with a mean value of 1.509%. Only two pieces of charcoal show higher Ro values that are larger than 2%, and the largest Ro value is 2.67%.
TABLE 2 | Reflectance data of the charcoals from the horizons of −0.35 m and 8.8 m of the Lengqinggou section in Guizhou Province, Southwest China.
[image: Table 2]5 DISCUSSION
5.1 Taphonomy of the Charcoals
Geochemical and mineralogical studies have indicated a stable sediment source between the upper Permian and the lower Triassic formations in SW China (He et al., 2007; Zhou et al., 2014). At outcrop section, the Xuanwei Formation and the Kayitou Formation exhibit similar lithologic character except for the presence of coals (Bureau of Geology and Mineral Resources of Guizhou Province, 1987). The clastic rocks of the two formations are about the same mineral composition and granularity, indicating a similar sedimentary environment and stable accumulation rate. Thus, all the charcoals from the same host sediments experienced similar compaction and fragmentation during transport and deposit, with limited taphonomic biases.
Experimental analyses have been carried on to assess the impact of post-depositional processes on charcoal preservation (Lancelotti et al., 2010; Chrzazvez et al., 2014), which shows that charcoals are resistant to pressure (up to 22.5 MPa), dimension and number of small fragments are mainly dependent on the charring temperature and the species. Therefore, the charcoal abundance of certain size and variation of different types in a certain depositional condition of the host sediments can be indicators of fire activity and vegetation (Mahesh et al., 2015).
In natural wildfires, microscopic charcoal (<180 μm) can float and transport by wind in long distance (Clark and Patterson, 1997), while mesoscopic (180 μm–1 mm) and macroscopic (>1 mm) charcoals are usually carried by water and deposit near the area of wildfire (Peters and Higuera, 2007; Favilli et al., 2010). Charcoal assemblages comprising variable size and organs may imply minimal transport and local fires (Scott, 2010). Materials in this study are mainly mesoscopic and macroscopic charcoals, and that from Xuanwei Formation are commonly accompanied by other charred plant remains like leaf fragment, megaspore and twig (Figure 6), indicating autochthonous or parautochthonous depositions. For morphology, charcoals from clastic rocks in the Xuanwei Formation, as mentioned in results, are mostly granulous or blocky with slightly sorted dimension and limited abraded edges, indicating a parautochthonous deposition; that from coal beds are blocky, acicular or flaky with varied size (up to 15 mm), implying autochthonous deposition. Charcoals from the Kayitou Formation mainly exhibit less variable size with minimized abrasion, also implying allochthonous deposition after short transport by fluvial processes (Nichols et al., 2000).
[image: Figure 6]FIGURE 6 | SEM images of charred plant remains from clastic rocks of the Xuanwei Formation. (A) Charred leaf fragment shows serrated edge. (B) Charred epidermis of plants with molten cuticle and vascular tissue. (C) Accompanying megaspore acquired from clastic rocks of the Xuanwei Formation. (D) Charred twig with a branch.
There is a remarkable taphonomic phenomenon that sample −0.35 m exhibited the greatest charcoal concentration, while sample −0.15 m above an ash contained few charcoals. The macroscopic charcoal assemblage showed varied size and no abrasion, indicating an autochthonous deposition with minimal transport rather than taphonomic bias. Similar pattern represented by the highest reflecting inertinite right under a tonstein layer have been reported nearby (Yan et al., 2019). Volcanism is one of the most common reasons that trigger wildfires in geological history (Scott, 2000), which lead to charcoal accumulation along with pyroclastics. A volcanic-derived cause is speculated here based on the distribution of charcoals and ash in the last coal.
5.2 Wildfire Implications
Fossil charcoals in sediments, as well as inertinite in coal beds, are widely accepted as a key index of palaeo-wildfires in deep time (Scott, 1989, Scott, 2000; Scott and Glasspool, 2007). Wang (2015) and Yan et al. (2019) have reported that the inertinite content in the coals from the Xuanwei Formation display a steady increase in ascending stratigraphic sequence. Abundant charcoal materials have been previously recognized in the Kayitou Formation at Guanbachong, Longmendong, Lubei and several other sections in Southwest China (Shen et al., 2011; Zhang et al., 2016; Feng et al., 2020a). In this study, we report more than 50 horizons in the Lengqinggou section containing charcoal fragments from the upper Xuanwei and the Kayitou formations, indicating that palaeo-wildfires are common and frequent phenomena during the latest Permian in Southwest China.
Wildfire dynamics during the P−T transition in the Lengqinggou section are represented by the change of charcoal abundance (Figure 5). Below the horizon of −15 m, charcoals are mainly collected from coals, except for the specimen from −25.5 m. The samples from coal seams contain a high content of charcoal, mostly higher than 30%, suggesting that wildfires commonly occur in the ever-wet tropical peatland vegetation system. These high contents of charcoal are consistent with the previously documented inertinite content data from the coals in the upper Xuanwei Formation (Yan et al., 2019) and other comparable Changhsingian-aged coals (Glasspool and Scott, 2010). Samples from −20 and −28.2 m show notable charcoal content of about 75%, indicating more frequent and intense wildfires during the peat-forming period. In general, charcoal tends to be more abundantly concentrated in coals compared with the rapid deposits of clastic sediments. The occurrence of abundant charcoal recovered from the clastic rock sample at the horizon of −25.5 m is more likely to indicate an intense fire activity. In the interval between −15 and −2.36 m, charcoals in the clastic rocks are increasing in abundance, from about 10 to 20 particles in each 100 g samples to a peak of about 50 particles per sample. Coals, however, become thinner upward in this interval. It is probably because the climate began drying out during this time, and the aridic tendency led to frequent and widespread, intense wildfires.
The uppermost coal bed at the Lengqinggou section comprises a thick volcanic ash layer in the middle of the coal (Figure 1E). Two coal samples below and above the ash layer have been analyzed for charcoal contents, but show completely adverse results. The sample (−0.35 m) below the ash shows the highest charcoal content among the coal samples. By contrast, the sample (−0.15 m) above the ash contains very few charcoals. We speculate that volcanism is the main dynamic causing extensive wildfires and leading to the retrogression of vegetation, so that charcoals were abundantly formed below the ash layer, but very rare above the ash layer.
Above the uppermost coal bed, charcoals are rarely observed until about 8 m. This phenomenon suggests that wildfires were rare during this period, or fuels were rare at the time. Another charcoal abundance peak appeared in the interval from 8 to 11.5 m, which indicates that wildfires reemerged in the terrestrial ecosystems, with sufficient fuel.
5.3 The Turnover of Vegetation
Combined with previous researches about plant succession (Peng et al., 2006; Feng et al., 2020b), the distribution and abundance changes of charcoal types are most likely to support a vegetation turnover from the upper Xuanwei Formation to the lower Kayitou Formation (Figure 5). Charcoal types 1, 2 and 3 are mainly distributed in coals of the Xuanwei Formation. In the clastic rocks of the Xuanwei Formation they also account for more than 50% of the total charcoals, but in the Kayitou Formation they became very few. Types 4 and 6 exhibit an opposite characteristic, occupying only a small proportion in the samples from the Xuanwei Formation, but increased substantially in the samples from the Kayitou Formation. Types 5 and 7 are only observed in the Xuanwei Formation.
The reflectance values of the charcoals also indicated a retrogression of the plant community, as the Ro values remarkably declined from the top of the Xuanwei Formation to the lower–middle Kayitou Formation. It has been demonstrated that charcoal reflectance increases with charring temperature (Scott and Glasspool, 2007; McParland et al., 2009; Scott, 2010). Thus, the Romean (2.379%) and Romax (3.579%) from −0.35 m represent a much higher fire temperature formed during crown fires. On the contrary, Romean (1.509%) and Romax (2.670%) from 8.8 m indicate the charcoals were formed at a lower fire temperature during brief surface fires. This phenomenon is consistent with the turnover of vegetation from rainforest to herblands in the lower Kayitou Formation (Feng et al., 2020a, b).
A similar pattern of biological evolution has been reported in several sections in WEGY (Zhang et al., 2016). The highly diversified Gigantopteris flora disappears in the lower parts of the Kayitou Formation, followed by the occurrence of a few opportunistic plant elements, a conchostracan fauna and mixed terrestrial–marine biota (Chu et al., 2016; Scholze et al., 2020). In the coal sample (−0.35 m) below the ash bed, charcoals are extremely abundant, with a large proportion of charcoal Type 1, which is different from other coal samples that contain diverse charcoal types. In general, sediment accumulation in peats is much slower than in fluvial environments. Thus, the charcoals deposited in coals could come from different habitats like highland or shoreside and show a high diversity of the plant resource. However, the coal sample from −0.35 m consists almost entirely of charcoal Type 1. One possibility could be that the plant community in the peat represents a monospecific vegetation, but abundant megafossil plant specimens, including Lepidodendron and gigantopterids in the roofshale of the coal bed, do not support this assumption. Another possibility could be that the charcoals were formed and accumulated in a very short time, representing the predominant plant species that produced charcoal Type 1.
In addition to the occurrences of extensive wildfires, prevalent drought climate conditions (Shen et al., 2011; Zhang et al., 2016) and a series of volcanisms (Fang et al., 2017; Xu et al., 2017; Hong et al., 2019) were previously documented in Southwest China during the latest Permian. Therefore, the rainforest ecosystems formed by the Gigantopteris flora could be severely affected. We speculate that an extreme large volcanic eruption, which formed the thick ash bed, induced extensive wildfires, and destroyed the plant community and buried plenty of charcoal. The Gigantopteris flora suffered a devastating strike and disappeared after this event, leaving the last appearance of its fossil record in the lowermost part of the Kayitou Formation. Shortly afterward, opportunistic elements, including the lycopod Tomiostrobus sinensis and seed-fern Germaropteris martinsii, occupied the niche quickly and formed unique monospecific vegetation in the shoreline environments and the upland environments, respectively (Feng et al., 2020a; Feng et al., 2020b).
5.4 δ13Corg Excursion and Volcanism
Previous studies indicated that carbon isotopes from both marine and terrestrial sections exhibit significant and fast negative excursions around the P–T boundary (Cao et al., 2002, 2008; Xie et al., 2007; Shen et al., 2011, 2013; Zhang et al., 2016; Cui et al., 2017). However, the trigger of this global excursion is still under debate, though several mechanisms have been proposed up to now, such as Siberian Traps volcanism (Korte et al., 2010; Burgess and Bowring, 2015; Cui and Kump, 2015), methane eruptions from thermal destabilization of high-latitude clathrate deposits (Krull et al., 2004; Retallack and Jahren, 2008), the oxidation of organic matter caused by a massive regression (Heydari et al., 2003) and combinations of multiple processes (Zhong et al., 2018).
Organic carbon isotopes of the terrestrial P–T sections in WEGY have been intensively investigated in recent years. Zhang et al. (2016) reported δ13Corg from four terrestrial sections in Southwest China, revealing that the coal-bearing Xuanwei Formation and the lower part of the Kayitou Formation have generally stable organic isotope values about −24.12‰, while a 5–8‰ depletion occurred in the middle part of the Kayitou Formation. Cui et al. (2017) also analyzed δ13Corg from four sections representing terrestrial to marine transitional settings, characterizing a negative shift of 2–3‰ at the top of the Xuanwei Formation. In the Lengqinggou section, the stable organic carbon isotope values do not extend to the Kayitou Formation, the rapid negative excursion begins at the uppermost coal bed and reached a maximal δ13Corg value of −30.237‰ in the lower part of the Kayitou Formation.
Many factors could influence the δ13Corg value in terrestrial environments because of the diverse contributing sources and fractionation (Tieszen and Boutton, 1989), such as variations of plant type (Diefendorf et al., 2010), climate change (Wang et al., 2003), methanotrophic activity (Krull and Retallack, 2000) and other environmental factors affecting the photosynthetic pathways, like atmospheric CO2 concentration (Schubert and Jahren, 2012), and δ13C value of the atmosphere (Arens et al., 2000).
In our study, the 4.08‰ negative carbon isotope excursion (NCIE) is not likely caused by long-term processes, such as climate change, vegetational changeover and alternation of sedimentary facies. By contrast, some transient incidents, such as rapid change of atmospheric δ13C and atmospheric pCO2 level, and/or massive oxidation of 12C enriched organic material, are more likely the causal mechanism. Recent investigations suggested that volcanism is an adequate explanation for the short-term geochemical changes that caused the negative excursion of δ13Corg, as well as other short-lived events like a breakdown of the terrestrial ecosystem could control the rapid latest Permian NCIE (Korte et al., 2010; Chu et al., 2016; Dal Corso et al., 2020). Our data indicate that volcanism was likely the primary cause of the sudden NCIE in the Lengqinggou section, for a 4.08‰ negative excursion occurred just below (−24.26‰) and above (−28.34‰) the ash bed in the last coal. Extensive volcanism was coincident with the EPME (Erwin, 1994; Jin et al., 2000), and the PTB sequences in southwestern China contain numerous ash beds (Fang et al., 2017; Xu et al., 2017; Hong et al., 2019). According to trace elements and Hf-isotope analyses, these ash beds were mainly deposited locally around the Tethys region (Wang et al., 2019). The volcanism derived from a continental volcanic arc could release a massive amount of CO2 and lead to rapid changes of atmospheric pCO2 level and δ13C. The magma or falling spark would induce widespread wildfires on land, and 13C-depleted CO2 can be generated by interactions between volcanic material and organic-rich sediments (Svensen et al., 2009; Korte et al., 2010; Grasby et al., 2011; Black et al., 2012). The perturbations in atmospheric and carbon-cycle systems would then result in the negative shift of δ13C values. In the Lengqinggou section, the abrupt negative excursion of δ13Corg above the ash bed and the high concentration of charcoals below the ash bed reinforce our explanation. The massive release of 13C-depleted volcanogenic carbon and associated oxidation of organic matter are therefore suspected to be the direct causes of the negative shift of δ13Corg in this region.
The fluctuations of δ13Corg values in the Kayitou Formation are probably not restricted to the influence of marine organic matter, but also to the influence of terrigenous materials like charcoal. This is evidenced by the apparent correlation between the charcoal abundance and the δ13Corg data in the Kayitou Formation (Figure 5). δ13Corg analysis of single charcoal particles showed that most of the charcoal fragments have more positive δ13Corg values, though varying a little in amplitude. δ13Corg values of charcoal are influenced by many factors like material and combustion temperature (Turekian et al., 1998; Poole et al., 2002, Poole et al., 2004; Turney et al., 2006; Hall et al., 2008). Charcoals are derived from plants, as a significant component of organic carbon burial, so their carbon isotope values should mainly respond to the change of atmospheric composition. We believe that the massive volcanic activities and turnover of vegetation altered the atmospheric pCO2 level and δ13C, which significantly impacted δ13C of plants, and resulted in 12C-enriched organic carbon burial and then contributed to marine ecosystems through erosion and runoff.
6 CONCLUSION
Charcoals obtained from the upper part of Xuanwei and the Kayitou formations in the Lengqinggou section indicate that wildfire was a prevalent phenomenon during the late Permian, and became more frequent and intensified at the end of the Permian. According to the morphological and anatomical characteristics, the charcoals from the Lengqinggou section were divided into seven types. The abundance of different charcoal types supported the turnover of vegetation type occurring in the lower part of the Kayitou Formation, which is also supported by the charcoal reflectance analysis. δ13Corg analysis of bulk rock, coal and charcoal samples exhibits a sudden 4.08‰ negative excursion at the top of the Xuanwei Formation, and a general 4–6‰ negative excursion in the lower part of the Kayitou Formation. The 4.08‰ negative excursion occurred across the ash bed in the middle of the uppermost coal of the Xuanwei Formation and demonstrates that an intense volcanic activity could be the primary cause for the negative δ13Corg. The devastating wildfires that occurred in the latest Permian, evidenced by the extreme charcoal enrichment below the ash bed, promoted the turnover of vegetation. The massive releases of 13C-depleted CO2 from massive volcanic activities, quick oxidation of organic matter and other associated reactions could lead to rapid changes of atmospheric pCO2 level and δ13C values, and caused the negative δ13Corg excursion in the Kayitou Formation.
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Bennettitaleans are an extinct group of gymnosperms that are among the most iconic plants of Earth’s vegetation during the Mesozoic Era. The sudden appearance and rise to dominance of the Bennettitales during the Triassic remains a mystery. Leaf fossils similar to typical bennettitalean foliage occur in late Paleozoic deposits worldwide, but bennettitalean foliage can be identified with certainty only in case the fossils are sufficiently well-preserved to show epidermal features. So far, the characteristic stomatal architecture of the group has never been systematically documented in these putative Paleozoic remains. Here, we present well-preserved bennettitalean leaves from Permian deposits in two widely separated regions of equatorial Pangea. Two species of cuticle-bearing leaf compressions from the late Permian Umm Irna Formation, Jordan, are here formally described as Pterophyllum pottii Bomfleur et Kerp sp. nov. and Nilssoniopteris jogiana Blomenkemper et Abu Hamad sp. nov. Moreover, bulk maceration of samples from the Umm Irna Formation yielded six additional types of dispersed bennettitalean cuticles that are here informally described. In addition, the Cisuralian (early Permian) uppermost part of the Upper Shihhotse Formation exposed at the Palougou section in Shanxi Province, China, has yielded the oldest unambiguous bennettitalean fossils known to date; they consist of fragments of entire-margined leaves with well-preserved cuticles that we assign to Nilssoniopteris shanxiensis Bäumer, Backer et Wang sp. nov. Unlike the characteristic puzzle-patterned cuticles typical of many Jurassic and Cretaceous bennettites, the cuticles of these Permian bennettitalean remains show non-sinuous anticlinal walls, greater variety in stomatal orientation, and rare occurrence of transversely divided subsidiary cells—features that have until now almost exclusively been documented from the hitherto oldest cuticle-bearing Triassic bennettitalean material. Finally, the taxonomic richness, disjunct distribution, and broad variety in macro- and micromorphological features in these Permian bennettitalean remains lead us to suspect that the origin of the group will date back still further in time, and might in fact coincide with very early occurrences of Bennettitales-like foliage from the Pennsylvanian and Cisuralian, such as Pterophyllum cottaeanum, P. eratum, or P. grandeuryi.
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INTRODUCTION

The end-Permian biotic crisis is the largest of the five Phanerozoic mass extinctions (e.g., Erwin, 1993) and the oldest that also affected terrestrial biotas. Detailed assessment of the degree and abruptness of species turnover during this critical time interval, however, requires robust knowledge of the pre-extinction diversity and community composition. This poses several problems considering the plant-fossil record in particular. Late Permian macrofloras are rare (Bernardi et al., 2017) and most records spanning the P-T boundary are based on microfloras from marine deposits (e.g., Hochuli et al., 2010; Nowak et al., 2019). The Permian, particularly the late Permian, is marked by a very distinct floral provincialism, which is now commonly regarded as an expression of a climate-related global floral zonation, making direct comparisons between different provinces extremely difficult. Moreover, at least in Europe, most floras are allochthonous and we have no idea what the actual vegetation looked like; pteridophytes, for instance, are extremely rare in macrofloral associations that are dominated by xerophilous elements, but their presence, even though as minor constituents, is evidenced by the palynological record (e.g., Grebe, 1956; Grebe and Schweitzer, 1962; Schneebeli-Hermann et al., 2015, 2017). By contrast, in China hygrophilous elements usually prevail (Ouyang and Utting, 1990; Peng et al., 2006; Yin et al., 2007).

Over the last 20 years a series of localities in the late Permian Umm Irna Formation of Jordan has yielded very rich and diverse macrofloral associations, varying from ones from humid settings with calamitaleans and pecopterids to others with taxa adapted to drier conditions, like conifers. Most remarkable is that taxa considered to be typical for different floral provinces are found in the different facies of the same formation, and—in some localities—even within the same bed. Taken together, the flora comprises taxa typical for Cathaysia, Gondwana, and Euramerica. Moreover, some taxa appear to have persisted much longer than originally thought, such as the walchian conifer Otovicia hypnoides, a very long-ranging species that has its last appearance in the upper Permian of Jordan. The first occurrences of at least three major lineages of gymnospermous plants that were traditionally regarded as typically Mesozoic were reported from the upper Permian of Jordan (Kerp et al., 2006; Abu Hamad et al., 2008, 2017; Blomenkemper et al., 2018, 2020). Most common are corystosperms of which first foliage assignable to Dicroidium was described (Kerp et al., 2006; Abu Hamad et al., 2008, 2017), and recently also fertile organs (Blomenkemper et al., 2020). Dicroidium is a genus that is traditionally regarded as a marker for the Triassic of Gondwana (Anderson et al., 1996). In addition, Blomenkemper et al. (2018) briefly reported two other groups of plants from the Umm Irna Formation that appear much earlier than previously thought, i.e., podocarpacean conifers and bennettitaleans.

Bennettitales are a peculiar group of extinct gymnosperms with a growth habit and foliage closely resembling that of cycads. However, the reproductive organs are very different. Cycadaleans have either simple megasporophylls with ovules attached to the lower part and a distal foliar blade in the Cycadaceae, or ovule-bearing woody cones in the Zamiaceae. The pollen organs consist of small cones. All modern cycadaleans are dioecious. By contrast, bennettitaleans had very complex flower-like reproductive organs; some were bisexual, whereas others had separate ovule-bearing and pollen organs, but it is not known whether these were borne on the same plant. Unfortunately, foliage–by far the most common fossil of the Bennettitales–resembles that of the Cycadales so closely that tracking their evolutionary history through space and time is only viable when epidermal details are preserved. Whereas cycads have haplocheilic stomata consisting of two guard cells surrounded by a ring of subsidiary cells like in most pteridosperms and conifers, the syndetocheilic stomata of the bennettitaleans and the guard and subsidiary cells all developed from a single initial cell, giving the stomatal apparati a completely different appearance (Thomas and Bancroft, 1913; Florin, 1933). The oldest bennettitaleans were reported from the Middle Triassic (Wachtler and Van Konijnenburg-van Cittert, 2000; Kustatscher and Van Konijnenburg-van Cittert, 2005; McLoughlin et al., 2018) but these records are all based on macromorphological characters only. Although Cycadales and Bennettitales are usually classified within the Cycadophytes, their relationship is still unclear and little is known about the early history of these two groups.

In addition to two new species from the late Permian Umm Irna Formation of Jordan, we here describe a third new, even older species of entire-margined bennettitalean leaf from the lower Permian of Shanxi, China. All three species are based on macrofossils with preserved epidermal details. Apart from these, bulk macerations of sediments of the Umm Irna Formation revealed several types of dispersed cuticles showing typical bennettitalean stomata. The here described finds from China and Jordan are the oldest bona fide records of the Bennettitales known so far. They show that this group of “typical Mesozoic” gymnosperms was already well-diversified and widespread during the latest Paleozoic.



MATERIALS AND METHODS

The studied material consists of cuticle-bearing compression fossils and dispersed cuticles of bennettitalean leaves from the Changhsingian (latest Permian; see Powell et al., 2016, 2019). Umm Irna Formation, Dead Sea region, Jordan, and from the Cisuralian (early Permian; see Wu et al., 2021) upper part of the Upper Shihhotse Formation, Shanxi Province, China.

The Umm Irna Formation is an up to 85 m-thick succession of Permian alluvial deposits exposed along the northeastern shore of the Dead Sea, Jordan. It overlies the Cambrian Umm Ishrin Sandstone Formation and is itself overlain by the basal Triassic Ma’in Formation (Powell et al., 2016, 2019). Sediments of the Umm Irna Formation were deposited in a fluviolacustrine lowland setting under strongly seasonal conditions (e.g., Bandel and Khoury, 1981; Stephenson and Powell, 2013). The formation has yielded a peculiar admixture of plant taxa, including typical late Paleozoic and Mesozoic taxa as well as typical representatives from different floral provinces of Pangea (Mustafa, 2003; Kerp et al., 2006; Abu Hamad et al., 2008, 2017; Blomenkemper et al., 2018, 2019, 2020; Zavialova et al., 2021). Bennettitalean fossils have been recovered from three fossil localities in particular: (1) site “JO5,” a N-S-trending cliff outcrop informally referred to as “Dyke Plateau main locality” (N31°32′3″, E35°33′27″; locality 7 of Stephenson and Powell, 2013), ∼15 km south of the mouth of Wadi Zarqa Ma’in along eastern shore of the Dead Sea; (2) site “JO4,” a roadcut outcrop immediately opposite to the entrance road to the “Dyke Plateau”; and (3) site “JO5a,” a natural exposure along the southern flank of a small E-W-trending gully at the northern part of the “Dyke Plateau” (31°32′7″N, 35°33′31″E; locality 123 of Abu Hamad et al., 2016), about 200 m west of Highway 65 and approximately 100 m northeast of the central Dyke Plateau outcrop.

Material from the Upper Shihhotse Formation was collected in 2018 from one particular bed (bed 137 of Liu et al., 2015) near the top of the formation exposed in the Palougou section along Xiaohegou River, Shanxi Province, China, where the upper part of the Upper Shihhotse Formation consists of an alternating succession of barren red beds with intercalations of reddish-brown, locally fossil-rich mudstone and thick, lenticular stacks of coarse-grained sandstones (Liu et al., 2015).


Chemical Preparation

Bulk macerated material and in situ samples were treated following standard methods detailed in Kerp (1990) and Krings and Kerp (1997) using hydrofluoric acid (HF 40%) to dissolve the rock matrix or remove remaining sediment particles from in situ samples. Cuticles were treated afterward with Schulze’s reagent [nitric acid (15–30% HNO3) and a little potassium chlorate (KClO3)], neutralized, treated with potassium hydroxide (4% KOH) and rinsed in distilled water. If necessary, specimens still too dark for light microscopy analysis were carefully treated with standard household bleach (4% sodium hypochlorite solution NaHClO2).



Photography

Hand specimens were photographed using a Canon EOS 5D Mark VI digital camera following the methods detailed in Kerp and Bomfleur (2011). Cuticle specimens were photographed using a Leica DM5500B microscope equipped with epifluorescence and a Leica DFC450 digital camera head. If necessary, small adjustments, e.g., in brightness and contrast, were carried out in standard imaging software (Adobe Photoshop CC; Affinity Photo).



SYSTEMATIC PALEONTOLOGY

GymnospermatophytaOrder Bennettitales Engler, 1892Family incertae sedis


Genus Pterophyllum Brongniart, 1825 nom. cons.


Type Species

Pterophyllum filicoides (Schlotheim, 1822) Zeiller, 1906 typ. cons.



Pterophyllum pottii Bomfleur et Kerp sp. nov.

Figures 1A–K
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FIGURE 1. Pterophyllum pottii Bomfleur et Kerp sp. nov. from the upper Permian of Jordan (A–K). (A) Designated holotype of P. potti (JO15-5-115) showing the leaf morphology. (B,C) Isolated leaf fragment of P. pottii. (B) Leaf fragment with well-preserved cuticles loosely adhering to the matrix. (C) Counterpart of (B) showing the dense parallel venation. (D) Epifluorescence picture of a typical stoma of the holotype. Note the typical striate ledge of P. pottii (white arrow), palisade like subdivision (black arrow) and fragmentary preservation of the cuticle compared to (E–J). (E) Typical stoma in transmitted light from (B). (F) Lower (right) and upper (left) surface of P. pottii. Note the difference in stomatal density. (G) Upper leaf surface of P. pottii. (H) Detail of (G) showing the distinct striation on the periclinal walls. (H) Detail of (G) showing the longitudinal striae on periclinal walls and slightly undulating anticlinal walls. (I) Lower leaf surface of P. pottii. Note the difference in epidermal cell sizes. (J,K) Enlarged stomata of the lower leaf surface. Note the strongly thickened, overhanging polar ledges. Scale bars for (A,B) = 1 cm; (C) = 5 mm; (D) = 50 μm; (E) = 20 μm; (F) 200 μm; (G) = 100 μm; (H) = 50 μm; (I) = 100 μm; (J,K) = 20 μm.



Diagnosis

Leaves evenly divided into large, laterally inserted, parallel-margined and parallel-veined segments with expanded bases. Leaves amphistomatic with well-defined costal and intercostal fields; stomatal density lower on upper surfaces. Stomata syndetocheilic; in rare cases subsidiary cells transversely divided. Stomatal pores predominantly transversely aligned, with a distinct ledge covering each pole. Epidermal cells with distinct, longitudinal striae; anticlinal walls overall straight but in many cases minutely sinuous.



Holotype (Hic Designatus)

Cuticle-bearing compression fossil of a leaf fragment (JO15-5-115) with a cuticle fragment mounted on permanent slide JO15-5-115-SL#001) for transmitted-light microscopy.



Additional Material

Four cuticle-bearing compression fossils (JO17-4B-92, JO17-4B-94, JO15-4-33, JO15-4-24) and 25 permanent slides with mounted cuticle fragments extracted either in situ or via bulk maceration of selected hand samples (JO15-5-115#SL001; BULK_JO15-4-43SL#001–002, 004–005, 007–010; BULK_JO17-4B-47SL#001–008; JO17-4B-SL#001–005; BULK_JO15-4-43SL#003, 006; BULK_JO15-4-53SL#004).



Type Locality

Natural exposure of the Umm Irna Formation informally referred to as “Dyke Plateau” (N31°32′3″, E35°33′27″; locality 7 of Stephenson and Powell, 2013), ∼15 km south of the mouth of Wadi Zarqa Ma’in, along eastern shore of the Dead Sea, Jordan.



Type Stratum and Age

Umm Irna Formation; Changhsingian (late Lopingian, late Permian).



Etymology

The specific epithet is chosen in honor of our friend and colleague Christian Pott (Münster, Germany) for his substantial contributions to our knowledge of the Bennettitales.



Description

The holotype (JO15-5-115) is a 5 cm long and 6 cm wide leaf fragment (Figure 1A) with preserved epidermal details. Rachis 5–6 mm wide with laterally inserted segments. Individual segments about 15–20 mm wide. Venation dense, veins running parallel to the segment margin; about 42–48 veins per transversal 10 mm. Additional specimens (Figures 1B,C) up to 11 cm long and 3 cm wide. Apices of individual segments not preserved. Leaf is amphistomatic, thin. Cuticles of upper and lower leaf surfaces with distinctive costal and intercostal fields (Figures 1F–H). Additional specimens (Figures 1B,C) demonstrate that individual segments reach up to 40 mm in width.

Cuticles of upper leaf surfaces thinner. Intercostal fields up to 130 μm wide; costal fields up to about 80 μm wide. Stomatal complexes syndetocheilic, confined to intercostal fields; closely spaced on lower leaf surfaces (Figures 1F,G), loosely spaced on upper leaf surfaces (Figures 1F,I). Most stomatal complexes with two, some with up to four subsidiary cells (Figures 1D,E,J,K); anti- and periclinal walls smooth. Stomatal pores predominantly transversely oriented, occasionally oriented obliquely or perpendicular; both poles of stomatal pores commonly covered by a striated ledge (Figures 1D,E,J,K). Ordinary epidermal cells of costal fields rectangular, elongate, up to twice as long as wide; anticlinal walls slightly undulating (Figure 1H). Epidermal cells of the intercostal fields (Figures 1G,H) predominantly isodiametric rectangular. All periclinal walls of ordinary epidermal cells with distinct, longitudinal striae (Figure 1H). Trichome bases are absent.



Comparisons and Remarks

Co-occurring cycadalean leaves with superficially similar architecture (e.g., Pseudoctenis) are readily distinguished by their haplocheilic stomata. Compared to other species of Pterophyllum with known epidermal details, P. pottii is delimited by its amphistomatic leaf (Harris, 1969; Pott et al., 2007c, 2016). Pterophyllum pottii differs from P. fontarium (Watson and Sincock, 1992) in having distinct ledges covering the poles of the stomatal pore, in having longitudinal striae on the epidermal cells, and in showing only finely sinuous anticlinal walls.

The most prominent feature of Pterophyllum pottii is the well-developed striation of the ordinary epidermal cells (Figure 1H) and some of the polar thickenings of the stomatal complexes (Figures 1D,E,J,K). Similar structures have been reported previously, e.g., from Glossophyllum florinii, a putative ginkgophyte from the Upper Triassic (Pott et al., 2007a).



Genus Nilssoniopteris Nathorst, 1909, emend. Pott et al., 2007b


Type Species

Nilssoniopteris solitaria (Phillips, 1829) Cleal and Rees, 2003



Nilssoniopteris jogiana Blomenkemper et Abu Hamad sp. nov.

Figures 2A–G
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FIGURE 2. Nilssoniopteris jogiana Blomenkemper et Abu Hamad sp. nov from the upper Permian of Jordan (A–G) and Nilssoniopteris shanxiensis Bäumer, Backer et Wang sp. nov. from the lower Permian of China (H–Q). (A) Holotype of N. jogiana (Jo15-5-62) showing the partially preserved lamina and rachis. (B) Detail of (A) showing the striate rachis. (C) Lower leaf surface showing the costal field and unidentified organic particles. (D) Same section as C in transmitted light. (E) Upper surface of N. jogiana. Note the stoma (white arrow). (F,G) Epifluorescence image of typical stomata of N. jogiana from the lower leaf surface. (H) Typical stomata of N. jogiana in transmitted light. (I) Holotype of N. shanxiensis (PLG 137B-001). (J) In situ epifluorescence picture of the lower leaf surface (H). (K) Light microscopic image of the lower leaf surface. (L) Epidermal architecture of the rachis. Note the strongly elongate epidermal cells. (M) Detail of (K) showing a typical stoma of the lower leaf surface. (N,O) Lower (N) and upper (O) leaf surface. Note the difference in stomatal density. (P–R) Typical stomata of N. shanxiensis. Scale bars for (A) = 1 cm; (B) = 5 mm; (C,D) = 100 μm; (E) = 200 μm; (F–H) = 20 μm; (J) = 50 μm; (K) = 100 μm; (L) = 50 μm; (M) = 20 μm; (N,O) = 200 μm; (P–R) = 20 μm.



Diagnosis

Leaf simple, elongate, entire-margined; rachis straight, with longitudinally striations; lamina laterally attached to rachis. Leaf imperfectly amphistomatic with most stomata on lower surface; lower lamina with distinct costal and intercostal fields. Stomatal complexes syndetocheilic, confined to intercostal fields, evenly spaced, with transversely oriented pores. Anticlinal walls of subsidiary and epidermal cells smooth, straight to slightly curved.



Holotype (Hic Designatus)

Cuticle-bearing compression fossil of a leaf fragment (JO15-5-62), with cuticle fragments mounted on four permanent slides (JO15-5-62SL#001–004) for transmitted-light microscopy.



Type Locality

Natural exposure of the Umm Irna Formation informally referred to as “Dyke Plateau” (N31°32′3″, E35°33′27″; locality 7 of Stephenson and Powell, 2013), ∼15 km south of the mouth of Wadi Zarqa Ma’in, along eastern shore of the Dead Sea, Jordan.



Type Stratum and Age

Umm Irna Formation; Changhsingian (late Lopingian, late Permian).



Etymology

The specific epithet is chosen in honor of our friend and colleague Jörg “Jogi” Schneider (Freiberg, Germany) for his manifold contributions to our knowledge of late Paleozoic fossils and biostratigraphy.



Description

The holotype (Figures 2A–H) is a partially preserved, relatively large leaf fragment, about 17 cm long and 5 cm wide; leaf lamina attached laterally at the longitudinally striate rachis (Figure 2B). Width of the rachis close to the presumed basal portion about 3 mm, increasing to about 4–5 mm at the apical portion; widest preserved lamina portion is 3 cm in width close to the presumed leaf base. Marginal areas of the leaf lamina not preserved.

The leaf is imperfectly amphistomatic. Lower leaf surfaces are divided into distinct costal and intercostal fields (Figures 2C,D); stomata on the lower leaf surfaces are evenly spaced, confined to the intercostal fields. Stomatal complexes syndetocheilic with two lateral subsidiary cells (Figures 2C,E–H); nearly all stomatal pores transversely aligned, rarely deviating at slight angles (Figure 2C). Guard cells more strongly cutinized than surrounding epidermal and subsidiary cells (Figure 2H). Anticlinal and periclinal walls of the subsidiary cells smooth. Ordinary epidermal cells in intercostal fields of the lower surface rectangular isodiametric; those in costal fields rectangular, slightly elongate, up to twice as long as wide (Figure 2G), some with faintly visible longitudinal striae on periclinal walls. All anticlinal walls of epidermal cells of the lower leaf surface smooth. Trichome bases are absent.

Upper surfaces nearly devoid of stomatal complexes (Figure 2E). Epidermal cells commonly strongly elongate, up to four times longer than wide, some with slightly undulating anticlinal walls.

Numerous organic particles present on all in situ cuticles of the lower surface (Figure 2C). These are of round to slightly ellipsoid shape, small, less than 10 μm in diameter, occasionally with faintly visible dent in central position.



Remarks and Comparisons

As there is no indication of a division of the leaf lamina, we presume it to be fully entire-margined similar to, e.g., Nilssoniopteris angustior (Pott et al., 2007b; Plate 3) or N. vittata (Harris, 1969; Figure 32A). Nilssoniopteris jogiana is easily delimited from most other species of Nilssoniopteris in having amphistomatic leaves (cf. Ray et al., 2014). Nilssoniopteris jogiana can easily be distinguished from species showing a similar leaf gross morphology, such as N. vittata, N. major, N. pristis (Harris, 1969), in having smooth anticlinal walls of the subsidiary and epidermal cells. From species showing similar smooth anticlinal walls, such as N. haidingeri (Pott et al., 2007b, Plate 2, Figures 1–7), it is delimited in being imperfectly amphistomatic and in lacking papillae, and from N. angustior (Pott et al., 2007b, Plate 4) in showing distinct costal and intercostal fields and in lacking papillae.

N. jogiana is delimited from the similarly amphistomatic N. shanxiensis (see below) by the presence of longitudinal striae on epidermal cells.



Nilssoniopteris shanxiensis Bäumer, Backer et Wang sp. nov.

Figures 2I–R


Diagnosis

Leaves large, simple, lamina entire-margined or irregularly divided into segments of unequal width. Insertion of lamina to rachis lateral; rachis prominent, lateral veins obliquely emerging from rachis, bifurcating basally. Leaf amphistomatic, with well-defined costal and intercostal fields on both surfaces; stomatal density lower on upper leaf surface. Stomata syndetocheilic, predominantly transversely oriented; epidermal cells with short papillae on the upper leaf surface; periclinal walls thickened or papillate on the lower leaf surface.



Holotype (Hic Designatus)

Partially preserved leaf (PLG 137B-001).



Additional Material

PC13701, PC13703–PC13714, PC13716, PC13718–PC13720, PC13724, PC13725, PC13802, PC13941, PC13942, PC13944, PC14194, PC14195 (in situ); PC13715, PC13721, PC13723, PC13726, PC13727, PC13803, PC14166 (bulk).



Type Locality

Palougou Section, Xiaohegou River valley, Shanxi Province, North China.



Type Stratum and Age

Uppermost part of Upper Shihhotse Formation Cisuralian (early Permian).



Etymology

The specific epithet is chosen in reference to the geographic occurrence of the type material.



Description

Leaves relatively large, at least 15 cm long by 4 cm wide (Figure 2I), simple. Leaf only partially preserved, presumably lanceolate. Leaf base and apex unknown, preserved leaf lamina entire-margined or irregularly subdivided into segments of unequal width, laterally inserted to rachis. Rachis prominent, longitudinally striated, up to 1.5 cm wide. Veins obliquely emerging from rachis at angles of 40° to 50°, bifurcating basally.

Leaf amphistomatic, costal, and intercostal fields well-developed on upper and lower leaf surfaces (Figures 2J,K,N,O), stomata confined to intercostal fields, trichome bases absent. Upper and lower leaf surfaces more or less similar, except for higher stomata density on the lower surface. Costal fields 140–190 μm, intercostal fields 180–260 μm wide on the lower leaf surface. Stomata randomly distributed, syndetocheilic, predominantly transversely oriented. Stomatal complexes up to 85 μm long, and 60 μm wide. Guard cells well cutinized. Subsidiary cells weakly cutinized (Figure 2M), frequently flanked by encircling cells (Figures 2K,O) and occasionally divided transversely. Ordinary cells in intercostal fields randomly oriented, polygonal-isodiametric, up to 45 μm in diameter. Epidermal cells in costal fields longitudinally oriented, rectangular, elongate to trapezoidal, up to 100 μm long and 35 μm wide. Anticlinal walls smooth and moderately thick. Periclinal walls papillate or thickened (Figure 2N).

Costal fields 130–180 μm wide, intercostal fields 160–240 μm wide on the upper leaf surface. Stomata confined to intercostal fields; density slightly lower than on lower leaf surface. Ordinary epidermial cells in intercostal fields polygonal-isodiametric up to 40 μm wide, ordinary epidermal cells in costal fields longitudinally oriented, polygonal-elongate or polygonal-isodiametric. Ordinary epidermal cells commonly with a central papilla. Anticlinal walls smooth, moderately thick.

Rachial areas distinct (Figure 2L), devoid of stomata and characterized by polygonal-elongate epidermal cells, up to 120 μm long, up to 30 μm wide. Anticlinal walls smooth and thin. Periclinal walls occasionally thickened.



Comparisons and Remarks

Nilssoniopteris shanxiensis is easily delimited from most other species of Nilssoniopteris in having amphistomatic leaves (cf. Ray et al., 2014). Nilssoniopteris shanxiensis is delimited from the similarly amphistomatic N. jogiana by its smooth periclinal walls of ordinary epidermal cells.

The stomatal architecture of this type is strikingly similar to that of Nilssoniopteris angustior illustrated by Pott et al. (2007b). However, the overall epidermal anatomy shows distinct differences: (1) costal fields and intercostal fields are much more differentiated in the here described specimens, (2) unlike in N. shanxiensis, the upper leaf surface of N. angustior bears stomata only close to the rachis, (3) costal fields in Nilssoniopteris angustior have polygonal-elongate cells, similar to cells in intercostal fields.

Dispersed cuticles recovered from bulk material can be correlated with in situ cuticles by their epidermal anatomy and occur only in Bed 138 of the Upper Shihhotse Formation in the Palougou section. In a single specimen, epidermal cells and subsidiary cells are slightly more contracted.



Dispersed Bennettitalean Cuticles Recovered by Bulk Maceration

In addition to the hand specimens containing bennettitalean foliage remains described above, bulk maceration of samples from different localities of the Umm Irna Formation yielded six different types of bennettitalean cuticle fragments. We recognize that due to the fragmentary preservation of these dispersed cuticles information is limited, and we therefore refrain from a formal systematic treatment. However, since all fragments do show epidermal architecture that is diagnostic for the Bennettitales, including syndetocheilic stomata, they are informally described below in order to document the taxonomic diversity and variability in epidermal features among these Paleozoic members of the group.



Cuticle Type A

Figures 3A–C
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FIGURE 3. Dispersed bennettitalean cuticles recovered by bulk maceration from the upper Permian of Jordan. Type A (A–C); Type B (D–F); Type C (G–I); Type D (J–L); Type E (M–O); Type F (P–R). (A) Presumed lower leaf surface. (B) Detail of (A) showing the costal field. (C) Typical stomata. (D) Presumed lower leaf surface. (E) Detail of (D) showing the costal field. (F) Typical stoma. (G) Presumed upper surface. Note the comparatively strongly sinuous anticlinal walls. (H) Detail of (G). (I) Typical stoma. (J) Presumed lower leaf surface. (K) Detail of (J) showing a costal field. (L) Typical stoma. (M) Presumed lower leaf surface. Note the comparatively strongly elongate epidermal cells in intercostal fields and sinuate anticlinal walls. (N) Detail of (M) showing the costal field. (O) Typical stoma. (P) Presumed lower leaf surface. (Q) Detail of (P) showing the costal field. Note the slightly sinuate epidermal cells within the costal field. (R) Typical stoma. Scale bars for (A,D,G,J,M,P) = 100 μm; (B,E,H,K,N,Q) = 50 μm; (C,F,I,L,O,R) = 20 μm.



Material

Three cuticle fragments (slides PaleoxyrisSiteBULKSL#011, #013–#014) from the Dyke Plateau, ∼15 km south of the mouth of Wadi Zarqa Ma’in, along the eastern shore of the Dead Sea, Jordan.



Description

Lamina divided into costal and intercostal fields. Intercostal fields up to 300 μm wide; costal fields up 100 μm wide. Ordinary epidermal cells within intercostal fields rectangular to polygonal, isodiametric with smooth anticlinal walls. Those in costal fields rectangular, slightly elongated but rarely being twice as long as wide. Stomatal complexes confined to the intercostal fields, here evenly spaced; comparatively small, not exceeding 60 μm in length and 40 μm in width. Stomatal pores narrow, predominantly transversely aligned; occasionally oriented longitudinally or obliquely. Lateral ledges of pores strongly cutinized.



Cuticle Type B

Figures 3D–F


Material

A single cuticle fragment (slide Roadcut4BSL#001) from the Dyke Plateau roadcut ∼15 km south of the mouth of Wadi Zarqa Ma’in, along the eastern shore of the Dead Sea, Jordan.



Description

Lamina divided into costal and intercostal fields. Intercostal fields up to 300 μm wide; costal fields up to 80 μm wide. Ordinary epidermal cells within intercostal fields rectangular, isodiametric with smooth anticlinal walls. Those in costal fields elongate, up to three times as long as wide. Stomatal complexes evenly spaced, about up to 120 μm long and 40 μm, confined to the intercostal fields. Stomatal pores with strongly cutinized lateral ledges, oriented transversely.



Cuticle Type C

Figures 3G–I


Material

A single cuticle fragment (slide Roadcut4BSL#002) from the Dyke Plateau roadcut ∼15 km south of the mouth of Wadi Zarqa Ma’in, along the eastern shore of the Dead Sea, Jordan.



Description

Lamina indistinctively divided into costal and intercostal fields. Epidermal cells in costal fields slightly more elongate, up to two times as long as wide, than those in costal fields. Ordinary epidermal cells in intercostal fields, isodiametric and, by contrast, with distinct sinuous anticlinal walls. Stomatal complexes confined to intercostal fields, stomatal pores transversely oriented, with strongly cutinized lateral ledges. Subsidiary cells stronger cutinized than surrounding epidermal cells and with smooth anticlinal walls.



Remarks

Due to low density of stomatal complexes and indistinctive costal and intercostal fields we interpret this fragment to likely represent the upper surface.



Cuticle Type D

Figures 3J–L


Material

A single cuticle fragment (slide Roadcut4BSL#004) from the Dyke Plateau roadcut ∼15 km south of the mouth of Wadi Zarqa Ma’in, along the eastern shore of the Dead Sea, Jordan.



Description

Lamina divided into costal and intercostal fields. Intercostal fields up to 250 μm wide; costal fields up to 50 μm wide. Ordinary epidermal cells in intercostal fields isodiametric to elongate, up to twice as long as wide; anticlinal walls sinuous, periclinal walls commonly with distinct, randomly oriented striae. Costal fields consisting of ordinary, rectangular, elongate epidermal cells, up to four times long as wide; anticlinal walls sinuous, periclinal walls smooth. Stomatal complexes up to 90 μm long and 30 μm wide, confined to intercostal fields, loosely spaced. Stomatal pores with strongly cutinized lateral ledges, predominantly transversely aligned, rarely oriented longitudinally or obliquely; occasionally with four subsidiary cells resulting from further transverse division of subsidiary cells. Anticlinal walls of subsidiary cells smooth.



Cuticle Type E

Figures 3M–O


Material

A single cuticle fragment (slide PaleoxyrisSiteSL#015) from the Dyke Plateau ∼15 km south of the mouth of Wadi Zarqa Ma’in, along the eastern shore of the Dead Sea, Jordan.



Description

Lamina divided into distinct costal and intercostal fields. Intercostal fields up to 300 μm wide; costal fields up to 100 μm wide. Ordinary epidermal cells in intercostal fields polygonal isodiametric to slightly elongate, up to twice as long as wide, longitudinally or rarely transversely oriented. Costal fields consisting of isodiametric to rectangular-elongate epidermal cells, the latter being up to three times as long as wide. Anticlinal walls slightly undulate. Stomatal complexes about up to 130 μm long and 50 μm wide, confined to the intercostal fields, closely spaced, some sharing subsidiary cells, or with much smaller subsidiary cells between closely spaced complexes. Stomatal pores oriented transversely with strongly cutinized lateral ledges and polar knobs.



Cuticle Type F

Figures 3P–R


Material

A single cuticle fragment (slide Roadcut4BSL#003) from the Dyke Plateau roadcut ∼15 km south of the mouth of Wadi Zarqa Ma’in, along the eastern shore of the Dead Sea, Jordan.



Description

Lamina divided into costal and intercostal fields. Intercostal fields imperfectly preserved; costal fields up to 50 μm wide. Ordinary epidermal cells within intercostal fields rectangular, isodiametric with smooth anticlinal cell walls. Those in costal fields elongate, up to three times long as wide, anticlinal walls smooth; some periclinal walls with faintly visible, longitudinal striae. Stomatal complexes about up to 100 μm long and 40 μm wide, confined to intercostal fields, evenly spaced. Stomatal pores with small, strongly cutinized ledges and knobs, mostly oriented transversely, rarely perpendicularly or obliquely.



DISCUSSION

The here described material represents the oldest bennettitalean foliage that can be unambiguously identified based on diagnostic epidermal features. Tracking the evolutionary history of the Bennettitales and other gymnosperm groups through Earth’s history is hampered by the incompleteness of the fossil record, particularly the rareness of floras from extrabasinal environments where these groups apparently appeared first (e.g., Falcon-Lang et al., 2009; Looy et al., 2014; Blomenkemper et al., 2018). Especially for Bennettitales, cuticle preservation is crucial. Bennettitalean and cycadalean leaves can be very similar and can often only be distinguished on the basis of their epidermal architecture, notably the morphology of the stomatal complexes (Florin, 1933).

Several cycad-like leaf types have been reported from uppermost Carboniferous and Permian strata of Euramerica, Angara, and Cathaysia and some have even been assigned to fossil genera for bennettitalean foliage, such as Pterophyllum. For a comprehensive, critical review of 21 late Paleozoic species assigned to Pterophyllum we refer to Pott et al. (2009), although a few remarks should be made. Pterophyllum gonorrhachis (Göppert, 1844) does not show the typical segmented leaf architecture; the irregular appearance and the scars on the surface of the axis suggest that it is a root. Although Zeiller (1906) cites de Saporta and Marion (1885) as the authors of Pterophyllum grandeuryi, the specimen he described from Blanzy (France) has long, broadly attached, decurrent leaf segments, whereas Pterophyllum grandeuryanum illustrated by Saporta and Marion has rather short, obovate, basally constricted leaf segments. The age of the material from the Commentry and Blanzy basins is Stephanian, late Carboniferous.

Cuticles from foliage from Shanxi, China, originally assigned to Pterophyllum samchokense (Kawasaki, 1934), revealed that these leaves were of cycadalean rather than of bennettitalean affinity (Pott et al., 2009); consequently, the species was transferred to Pseudoctenis. Similarly, several species from the Upper Triassic of Lunz (Austria), originally assigned to Pterophyllum, appeared to be of cycadalean instead of bennettitalean affinity (Pott et al., 2007a,b). These examples illustrate how difficult it is to classify cycad-like leaves without having information on the epidermal anatomy.

Careful analysis of the cuticles of cycad-like leaves from the Permian of China and Jordan resulted in the recognition of three new species of early Bennettitales, a group of which the oldest putative representatives have so far been reported from the Middle Triassic (Wachtler and Van Konijnenburg-van Cittert, 2000; Kustatscher and Van Konijnenburg-van Cittert, 2005; McLoughlin et al., 2018). Nilssoniopteris shanxiensis from the Cisuralian of Shanxi is the oldest known bona fide bennettitalean. The genus Nilssoniopteris (Nathorst, 1909) is used for simple taeniopterid to irregularly lobed foliage with bennettitalean epidermal architecture (e.g., Harris, 1969; Boyd, 2000; Pott et al., 2007b). The somewhat younger Nilssoniopteris jogiana from the uppermost Permian of Jordan is another late Paleozoic species assignable to this genus. The third species is Pterophyllum pottii, also from the uppermost Permian of Jordan. Bulk macerations of samples from Jordan revealed no less than six different types of bennettitalean cuticles. These cannot be assigned to any known genus due to the lack of information on the leaf morphology. Nevertheless, the morphology of the stomata leaves no doubt that they are of bennettitalean affinity. Together, the material from China and Jordan demonstrates that the Bennettitales, although never really common, were already widely distributed within the paleoequatorial belt by the end of the Permian (see Figure 4; see Torsvik and Cocks, 2016).


[image: image]

FIGURE 4. Paleogeographic map of the late Permian with positions of the floras from Jordan and China described herein. Map modified after Ziegler et al. (1997).


In addition to the above-mentioned Pterophyllum species, there is a whole array of species of cycad-like foliage that are all based on compressions without cuticle from the uppermost Carboniferous and Permian of the Northern Hemisphere, notably from China. These have been assigned to genera like Plagiozamites (Zeiller, 1894; Bassler, 1916; Halle, 1927) and Nilssonia (Yang et al., 2006). With the exception of Pseudoctenis samchokense (Kawasaki) (Pott et al., 2009) from the lower Permian of South Korea, Shanxi and Guangdong (China), and Plagiozamites oblongifolius (Halle, 1927) from the lower Permian of Shanxi and Yunnan, which both appeared to be of cycadalean affinity (Pott et al., 2009; Feng et al., 2017), the natural relationships of the remaining foliage types are still unclear and can only be clarified when specimens with cuticle preservation become available. It can even not be excluded that some of these leaf types belong to the Noeggerathiales, a peculiar group of Carboniferous–Permian pteridophytes with a very disjunct distribution, geographically as well as stratigraphically. This group has superficially similar leaves (e.g., Wang et al., 2020), with very simple stomata (Liu et al., 1998; Šimůnek and Bek, 2003).

It may safely be assumed that apart from Pseudoctenis samchokense and Plagiozamites oblongifolius more of such leaf species belong to the Cycadales, regarding the fact that quite a number of typical cycadalean megasporophylls have been described from the lower Permian of China (Gao and Thomas, 1989; Yang et al., 2006). Four species showing a remarkable similarity to sporophylls of modern cycads were assigned to Crossozamia (Gao and Thomas, 1989), and two others were described as Primozamia and Liella (Yang et al., 2006). However, it should be considered that some early cycads had taeniopterid leaves (Florin, 1933). The natural affinities of the presumed early cycads from the lower Permian of Texas described by Mamay (1976) remain unclear; Phasmatocycas appears to be a Spermopteris-like pteridosperm (Axsmith et al., 2003). The most convincing early cycad fossil from Euramerica is Dioonitocarpidium from the lower Permian of Texas (DiMichele et al., 2001).

Although their natural relationship is still unclear, Cycadales and Bennettitales both evolved around the same time and first appeared in seasonally dry environments in paleoequatorial regions. Cycads and many Bennettitales have the same growth form, a trunk-like, rarely branched or unbranched stem bearing a crown of stiff, leather-like leaves. This growth habit was highly successful as both were among the dominant plant groups during most of the Mesozoic.

The here described late Paleozoic Bennettitales of China and Jordan apparently preferred similar habitats. The material from China was collected from fluvial deposits intercalated into otherwise barren redbeds (e.g., Liu et al., 2015) and that from Jordan from similar, fluviatile environments that were influenced by seasonal drought in a monsoonal climate (Kerp et al., 2006; Abu Hamad et al., 2008; Stephenson and Powell, 2013). Adaptation to these disturbance-prone environments may have played a key role in the ability of the plants to cope with the dramatic changes in the course of the Permian–Triassic transition and their success during the Triassic and Jurassic. Unlike highly competitive groups preferring stable humid conditions, such as gigantopterids and glossopterids that vanish from the fossil record at or shortly after the P/T boundary, Bennettitales thrived throughout the Triassic reaching a global distribution during the Late Triassic, similar to other groups whose earliest bona fide records, i.e., the Corystospermales and podocarpacean conifers, have been documented from these environments (Abu Hamad et al., 2008; Blomenkemper et al., 2018, 2020). The Bennettitales and other plants growing in periodically drier environments show a remarkable resilience toward the dramatic turnovers (Bomfleur et al., 2018) that affected the terrestrial and marine fauna so strongly (e.g., Erwin, 1999; Sahney and Benton, 2008).

The cuticles of here described early Bennettitales and their Mesozoic relatives both show a clear differentiation into costal and intercostal fields with syndetocheilic stomata. Anticlinal walls of late Paleozoic Bennettitales, however, are mostly straight or finely sinuous, whereas those of Mesozoic forms often are strongly undulating. A similar pattern can be seen in some members of the genus Dicroidium (cf. Townrow, 1957; Anderson and Anderson, 1983; Abu Hamad et al., 2008; Bomfleur and Kerp, 2010). Whether this was an adaptation to changing environmental conditions, an evolutionary trend, or a combination of both is still unclear.

Taking the wide distribution of late Paleozoic Bennettitales and their diversity, including the variety of cuticle types from bulk macerations, into account, it is obvious that this group must have evolved much earlier. Also, here we see a striking parallel with the Corystospermales, which already show a great diversity during the late Permian, albeit not in their “classical” Triassic distribution range in southern Gondwana. For plants growing outside peat-forming environments, the Permian can be seen as the dawn of the Mesozoic rather than the end of an era.
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The end-Permian extinction event (EPEE) considered to have been caused by the eruption of the Siberian Large Igneous Province (SLIP), the age of which is critical for extinction-SLIP model evaluation. The Tunguska Basin flora during this time, in accordance with the EPEE model, supposed to have been killed by the massive injection into the atmosphere of poisonous substances such as methane, sulfates, mercury and massive combastion of coals. In addition, supposed numerous fires presumably devastated the regional flora. However, the diversity of the Tunguska Basin flora drasticly increased at the beginning of Induan or slightly earlier and become diverse at the species level in the Olenekian and Anisian, when the main phase of basalt eruption and associated intrusive activity occurred. The overall magmatic activity during the latest Permian and Early Triassic did not kill the flora, but rather stimulate their diversity. The geomagnetic secular variations from the intrusions revealed the similarity of paleomagnetic directions of the Norilsk group layered intrusions with those of the upper Olenekian and lower Anisian Mokulaev and Kharaelakh volcanic formations and intrusions of the Talnakh group with the Olenekian Moronga-Mokulaev formations. The U-Pb dates and the geomagnetic secular variations data expose the obvious discrepancy between these two datasets. The paleomagnetic data suggest that the Norilsk-1 intrusion is younger than the Talnakn and Kharaelakh intrusions, but the U-Pb dates indicate the opposite. The data from layered intrusions in Norilsk and the other regions suggest their prolonged duration and multi-stadial formation. The U-Pb dates from the intrusions of the Norilsk region roughly constrain the onset of the SLIP and generally postdate the end-Permian extinction.
Keywords: Permian-Triassic transition, Norilsk Russia, radioisotopic ages, geomagnetic secular variartion, multi-stadial intrusions, floral diversity and dynamics
INTRODUCTION
Recent advances in zircon CA-IDTIMS dating resolve many important geological problems especially those dealing with the rates of different geological and biological processes. One such problem is the end-Permian extinction event (EPEE) that has been widely debated since the recognition of this event (Newell, 1963). Myriad hypotheses regarding the scale and causes of the extinction have been and continue to be suggested e.g. (Hallam and Wignall, 1997; Bond and Grasby, 2017 and references therein). The current commonly accepted model links the EPEE to the magmatic activity that produced the Siberian Large Igneous Province (SLIP), because of the its enormous scale and supposed coincidence of the SLIP magmatism with the extinction in South China (Campbell et al., 1992; Svensen et al., 2009; Shen et al., 2011; Ernst and Youbi, 2017). The model become even more popular when CA-IDTIMS (Chemical Abrasion Isotope Dilution Ionization Mass Spectrometry) dates were obtained from the intrusions and sills in the SLIP region (Burgess and Bowring, 2015). These dates suggested to confirm the coincidence of the SLIP magmatism in the Tunguska Basin with the onset of the marine extinction in South China (Burgess and Bowring, 2015). The latest Permian-Early Triassic magmatism that created the Siberian traps, including the products of the explosion and interaction of the magmas with regional volcanic and sedimentary rocks (coal, evaporite and sulfates), is now considered by many authors to be the main driving force of the EPEE (Hoenisch et al., 2012; Bond and Wignall, 2014; Sobolev et al., 2015; Bond and Grasby, 2017; Burgess et al., 2017; Rothman 2017; Ernst et al., 2021, in press). This extinction model suggests that the large scale of the SLIP volcanic explosions and intrusive/sill emplacement within the Tunguska Basin released large volumes of CO2, but also induced metamorphism of the sedimentary succession surrounding the intrusive and sills, that released sediment-derived hazardous volatiles into the atmosphere through the numerous pipe and vent structures throughout the basin (Svensen et al., 2009; Black et al., 2021, in press). According to recent investigations the intrusive/sills contact metamorphism generated 4.0–9.2 times more CO2 compared with the expected normal degassing of sills (mantle CO2) (Retallack and Jahren, 2008; Svensen et al., 2018). Therefore, the time frame of the SLIP intrusive magmatism relative to the age of the EPEE is very critical for this model evaluation. At the same time the assessment of the impact of the SLIP on the environments and biota mostly focused on the geochemical proxies (Black et al., 2021, in press; Mather and Schmidt 2021, in press). The radioisotopic dates from the Permian-Triassic transition in the Tunguska Basin have never been integrated with the palaeontologic, biostratigraphic, and lithostratigraphic data. The existing sources (published and unpublished) are reviewed and analyzed in this paper to investigate the claims that the Siberian Traps are contemporaneous with the end-Permian extinction. In this paper we are assessing and analyzing paleontological, biostratigraphic, lithostratigraphic and magnetostratigraphic data within a framework of the intrusive/sill emplacement in the entire Tunguska Basin. The floral richness and dynamics of origination and extinction were obtained and analyzed to understand the regional floral evolutionary processes and the relationship of these processes with Siberian Traps magmatism during the Permian-Triassic transition in the Tunguska Basin.
GEOLOGICAL SETTING
Tunguska Basin occupied the central and western parts of Siberian Platform and consists of Norilsk through, Tunguska syneclise and western part of the Angara anteclise. The basin bounded in east with the Anabar anteclise and with Baikit and Nepsko-Botuoba anteclises in the south. The Tunguska Basin is one of the largest reserves of coal in the world. It is filled with Upper Proterozoic, and Phanerozoic sediments of total thickness 3.5–8.5 km (Kontorovich et al., 1994). The late Paleozoic Siberian coal-bearing deposits unconformably overlie the marine to marginal marine sabkha evaporates, carbonate and siliciclastic sediments of lower-middle Paleozoic and Mississippian age. Most of the Tunguska Basin coal-bearing strata are unconformably overlain by the Triassic volcanics. In some areas, the Triassic rocks variably overlie Ordovician, Pennsylvanian, Lower, Middle and Upper Permian deposits. Only to the northeast and in central parts of the basin (Norilsk and Tura in Nizhnyaya Tunguska areas) the Triassic rocks resting on the Upper Permian with minimal unconformity (Kovrigina, 2000; Cherepovskiy, 2001).
The Norilsk region, where the Permian-Triassic transition is essentially complete (Kazakov, 2002), occurs on the northern edge of the Siberian Platform (Figure 1A). It is bounded on the west and north by the Yenisei–Khatanga troughs. This trough is characterized by the increased mobility throughout the history of development with a deep structure characteristic of riftogenic systems. The trough is separated by mantle faults from the Tunguska and Taymir blocks, which have a common platform structure (Afanasenkov et al., 2016). This individualized tectonic continental crustal block of lower thickness consists of a crystalline basement and sedimentary–volcanic cover (Figure 1B). A series of positive and negative structures and major fault zones dominate in the Norilsk region (Figures 1B,C). Important from the point of view of mineralization are the Norilsk- Kharaelakh and Imangda faults, which both are NNE-trending, and the North Kharaelakh fault, which forms the southern boundary of the Yenisei–Khatanga trough. Seismic evidence indicates that these major faults extend to the base of the crust (Krivolutskaya 2016).
[image: Figure 1]FIGURE 1 | Location and position of the Norilsk region within the geologic, stratigraphic and structural content. (1) - Geologic map of the north-western corner of Siberian Platform (from Petrov, 2016). (2) - Cross-section of the northern Siberian Platform along the line Dikson city (A) – Khantai lake (B) - white dashed line on Figure 1A [modified from Afanasenkov et al. (2016)]; (3) - Simplified geologic map of Norilsk region with main layered intrusions, from which Burgess and Bowring (2015) obtained the U-Pb ages [modified from Krivolutskaya (2016), Rad’ko (2016) Dark blue boxes - samples of Latyshev et al., 2020].
STRATIGRAPHY AND BIOSTRATIGRAPHY
The uppermost Permian in the Norilsk region (Ivakinian Regional Stage [RS] of Siberia) is assigned to the Ivakin Formation (Figure 2) (Budnikov et al., 2020). The formation includes titanium-augite trachybasalts, trachy-andesite basalts, labrador porphyrite, tuffs, tuffites, agglomerate tuffs and tuff breccias. Sandstones, gravel conglomerates, and carbonaceous siltstone occur in subordinate quantities within basaltic trachy-andesites. Basalts form several lava flows within the formation. The total thickness of the Ivakin Formation varies from 30 up to 350 m (Kovrigina 2000; Paderin et al., 2016). The plants Todites evenkensis Radczenko, Cordaites insignis (Radczenko) S. Meyen, Javorskia mungatica Radczenko, Сarpolithus candalepensis (Zalessky), S. Meyen, Pecopteria tajmyrensis Schwedov, and Paracalamites sp. suggest the Permian age of this formation (Meyen, 1966; Sadovnikov, 1987b; Mogucheva and Naugolnykh, 2010). The Ivakin Formation correlates with the upper Tailugan and lower Maltsev formations of the Kuznetsk Basin the late Permian ages of which recently were established with CA-IDTIMS dates (Davydov et al., 2021). The Ergalakh intrusive sill complex (Figure 3) has been proposed to be a feeder of the volcanism of the Ivakin Formation (Ryabov et al., 2001; Rad'ko, 2016; Latyshev et al., 2019).
[image: Figure 2]FIGURE 2 | Correlation of Permian-Triassic transition of Norilsk region with the International Geologic Time Scale (IGTS) (Henderson et al., 2012). White dashed lines - correlation according to regional flora and fauna. The data on the paleomagnetic (P/M) analysis of the geomagnetic secular variations recorded in the intrusions and their correlation with the Siberian Traps volcanic sequences in Norilsk region is modified from Latyshev et al. (2020); the paleomagnetic data combined with the CA-IDTIMS U-Pb dates obtained from Norilsk group intrusions (Norilsk-1, and Chernogorsky-1) and from Talnakh and Kharaelakh intrusions are from Burgess and Bowring (2015). Distribution of coals from Cherepovskiy (2001); distribution of traps and their thickness and the chroniostratigraphic position of sills and intrusions in left column (1) according to Krivolutskaya (2016), Rad’ko (2016), Ryabov et al. (2014) and in right column (2) by Burgess and Bowring (2015).
[image: Figure 3]FIGURE 3 | Chronostratigraphic summary of high-precision U–Pb dating results of zircon from intrusive rocks of the mixed superposition (cross-cutting intrusive layers) at Norilsk-1 intrusion and Neoarchean Stillwater Complex of Montana. (A), distribution of U–Pb ages in well G22, (Distler et al., 1999) Norilsk-1 intrusion [data from Burgess and Bowring (2015)] (B), Stillwater Complex (Wall et al., 2018); (C), the relationship of Norilsk and Ergalakh intrusive complexes in Kuramakit area (modified from Sereda et al., 2020), where the younger Norilsk intrusive complex intruded within and underneath the older Ergalakh complex.
In the Tunguska Basin, the Lower Triassic volcanic and volcaniclastic successions known as Tutonchana Fm in most cases unconformably overlies units of the uppermost Permian Ivakinian RS and the older sediments (Kazakov, 2002; Paderin et al., 2016). The chronostratigraphic Tutonchanian RS, correlates with the Induan of the International Geologic Time Scale (Figure 2). A significant turnover in the biota (flora, bivalves, conchostracans, ostracods, fishes) occurs at the boundary between the Ivakinian and Tutonchanian RS (Ragozin, 1958; Betekhtina et al., 1988; Sadovnikov, 2008; Mogucheva and Naugolnykh, 2010). The wet-dominated cordaites forest disappeared across this boundary and was replaced by dry-dominated conifer-fern flora. The turnover is interpreted as a climate shift from the cool and wet into warmer and drier (Dobruskina, 1994; Meyen, 1997). In the Norilsk region the lower Tutonchanian RS (Syvermin Formation) contains only the fern Cladophlebis sp., but biota in the middle and upper Tutonchanian is more abundant and includes the plantsPecopteris julii Radczenko, Cladophlebis kirjamkensis Prynada, Cladophlebis adnata (Goeppеrt), Cladophlebis denticulata Brongniart, Cladophlebis gorbiatchiana Mogutcheva, Cladophlebis dogaldensis Mogutcheva, Neokoretrophyllites linearis (Prynada), Schizoneura altaica Vladimirovich et Radczenko, Paracalamites triassica Radczenko, Pecopteris pseudotchichatchevii Vladimirovich, Tungussopteris sphenopteroides Vladimirovich, Katasiopteris oblongata Vladimirovich, and Taeniopteris prynadae Mogutchev; the non-marine ostracodsDarwinula regia Mischina, D. postparallela Mischina); the conchostracansRohdendorfium (Bipemphigus) gennisi (Novozhilov), Cyclotunguzites gutta (Lutkevich), Concherisma tomiensis Novojilov, Estherites evenkensis Lutkevich, E. tungussensis Lutkevich, and Lioestheria aequele (Lutkevich); and the non-marine bivalvesUtschamiella tungussica Ragozin, U. babikamensis Ragozin, and U. obrutschevi Ragozin (Ragozin, 1958; Mogucheva, 1973; Kazakov, 2002; Sadovnikov, 2008, Sadovnikov, 2016). Conchostracan Cyclotunguzites gutta is the most diagnostic species in this assemblage as it is found in many regions in the lowermost Triassic, i.e., in the Induan Calvörde Formation, Lower Buntsandstein, Germanic basin, in the lower Vokhmian RS of the East European Paltform (slightly above Induan tetrapod Tupilakosaurus), in the upper Kayitou Formation in South Chin and Sunjiagou Formation in North China (Chu et al., 2019; Davydov et al., 2020; Scholze et al., 2020). This taxon is considered as the index of the Induan Stage in continental facies (Schneider et al., 2019). The Tutonchanian RS in the Central Tunguska Basin and Kuznetsk Basin is characterized by a similar flora and fauna and directly correlates with the Tutonchanian of the Norilsk region (Vladimirovich, 1967; Betekhtina et al., 1986; Dobruskina, 1994; Sadovnikov, 2008; Mogucheva, 2016; Davydov et al., 2021).
We compiled the data on the floral distribution within the Norilsk and Nizhnyaya Tunguska areas from numerous sources, including publications by the specialists on flora working in Siberia (Radchenko and Schwedov, 1940; Schwedov, 1961, Schwedov, 1963; Meyen, 1966; Sadovnikov, 1967; Prinada, 1970; Mogucheva, 1973; Sadovnikov, 1987a, Sadovnikov, 1987b; Porokhovichenko, 2006; Sadovnikov, 2008; Mogucheva and Krugovykh, 2009; Mogucheva and Naugolnykh, 2010; Mogucheva, 2016) and adjust taxonomy towards the recent systematics. Besides, we analyzed and unified the occurrences of flora in different stratigraphic units (formations) with respect to the detailed local stratigraphy and chronostratigraphy. The obtained floral richness in comparison with trap thickness is illustrated in Figure 4. The recent secular variation of paleomagnetic data from the Permian and Triassic for the first time suggested the direct correlation of intrusive and extrusive rocks in the Tunguska Basin (Latyshev et al., 2020).
[image: Figure 4]FIGURE 4 | The taxonomic richness and dynamics of the extinction and origination of flora in Norilsk and Kuznetsk Basins calculated using functions implemented in the R-package divDyn (Kocsis et al., 2019). A similar pattern of these parameters is observed in both regions. The floral richness and species origination in the Tunguska and Kuznetsk basins roughly correpsponds with the onset of the mafic magmatism (Late Permian) and climatic optimum in both regions.
DISCUSSION
CA-IDTIMS Dates and Magnetic Secular Variation
Traditionally, the Permian-Triassic boundary in the Tunguska Basin has been placed at the base of the Tutonchanian RS because of the most drastic sedimentologic and biotic change in the Permian-Triassic of Siberia (Vladimirovich, 1967; Prinada, 1970; Betekhtina et al., 1984; Betekhtina et al., 1986; Dobruskina, 1994; Sadovnikov, 2008; Mogucheva, 2016). This position of the boundary was utilized in the all of the official geologic maps in the Tunguska Basin of Russia (Kovrigina, 2000; Permyakov et al., 2012; Paderin et al., 2016; Lipenkov et al., 2018; Varganov et al., 2018).
The CA-IDTIMS U-Pb dates were obtained from the layered intrusions and sills in Tunguska Basin and Taymir (Figures 1–3). Seventeen sill/intrusion samples within the Tunguska Basin yielded dates ranging from 251.813 ± 0.065 to 251.354 ± 0.088 Ma (Burgess and Bowring, 2015). Although Burgess and Bowring (2015) claimed that the eruptions were before and during the mass extinction, most of the obtained ages with the uncertainties postdate the onset of the extinction at 251.941 Ma established in South China (Burgess et al., 2014). The oldest range of the uncertainty from the sample G22-63 from the Norilsk intrusion 251.907 ± 0.067 Ma slightly overlaps the onset of the extinction determined in South China (Burgess 2014). Two U-Pb dates, sample KZ1799-1195, 251.801 ± 0.088 Ma from the Talnakh intrusion and sample G22-65, 251.813 ± 0.065 Ma from the Norilsk intrusion, (Distler et al., 1999) slightly overlap the cessation of the extinction as determined in South China (Burgess et al., 2014). In addition to the lack of the Permian radioisotopic ages for the Tunguska Basin sills and intrusions, the relationship of the intrusive rock with the Triassic volcano-sedimentary succession in the region was assumed but has never been precisely constrained. (Paderin et al., 2016; Rad'ko, 2016). According to the data of Burgess and Bowring (2015), most of the studied sills and intrusions are of Induan (Early Triassic) in age, whereas all traps were placed in the Permian (Figure 2, column 2, see also Figure 3 in Burgess and Bowring, 2015). The latter would mean that an extensive pre-extrusive feeder intrusive-sills system of the of Permian age must be existed in the region, but that one is unknown. Only the small Ergalakh intrusive complex, which is developed around the Norilsk area, has been proposed to be a potential feeder for the latest Permian Ivakin Fm, because of the cross-cutting relationship with the Paleozoic rocks only (Kovrigina, 2000; Ryabov et al., 2001). The scale of the Ergalakh intrusive complex within the entire Tunguska Basin is minimal.
The cross-cutting relationships, petrology, and geochemistry of most of the intrusions in the Norilsk region suggest co-magmatic relationships of the intrusive and extrusive rocks (Zolotukhin et al., 1986; Zolotukhin and Al'Mukhamedov, 1991; Ryabov et al., 2014; Krivolutskaya, 2016). Therefore, according to these data most of the traps are supposed to be Triassic in age. A recent study of the mean geomagnetic directions of the Norilsk group layered intrusions (Norilsk 1, Norilsk 2, and Chernogorsky; Figures 1–3) and Talnakh group of layered intrusions (Talnakh, Oganer, and Zayachiy Creek) disclose their similarity to the geomagnetic signature of the upper Olenekian – lower Anisian Mokulaev (4.3°–5.9°) and Kharaelakh formations (2.9°–4.9°) of Anisian age (Figure 2). At the same time paleomagnetic directions of the intrusions of the Talnakh group of layered intrusions (Talnakh, Oganer, and Zayachiy Creek) reveal the lowest angular differences with the Olenekian Moronga-Mokulaev formations (2.1°–3.5°) (Figure 2) (Latyshev et al., 2020). This difference between formations and intrusions suggest the comagmatic emplacement of these lavas and intrusions as previously suggested by the cross-cutting relationship and the geochemistry (Ryabov et al., 2014; Krivolutskaya, 2016) (Figure 2).
The U-Pb dates from the intrusions (Burgess and Bowring, 2015) integrated with the geomagnetic secular variation data (Figure 2, column 1), manifest the discrepancy between these two datasets especially with regards to the succession of the extrusive rocks and radioisotopically dated intrusives (Davydov, 2021 in press). The geomagnetic secular variation was measured in the open pit (Medvezhyi Creek), the underground Skalistyi and Oktyabrskyi mines and on several natural outcrops (Figure 1C) (Latyshev et al., 2020), whereas U-Pb dates were obtained from the wells at different location (Figure 1C) (Burgess 2014), and the correlation between these two datasets (geomagnetic secular variation and U-Pb dates), except when that they were collected from several multi-layered intrusive bodies, is not possible (Figure 1C).
Radioisotopic U-Pb ages in well G22 in the Norilsk-1 intrusion occur in the opposite direction of the supposed stratigraphy in the well, i.e. the oldest age from sample G22-63-5 occurs near the top and the youngest age from sample G22-105-2 is near the bottom (Davydov, 2021 in press). This suggests a complicated internal structure of the multilayers and their different origin during at least a half-million or more years (Figure 3A). A similar case was reported recently in the Norilsk region, where the Norilsk-type layered intrusive has been intruded into the Ergalakh intrusive complex (considered to be late Permian) and thus the latter is interlayered with the former timewise in an upside-down position (Figure 3C) (Sereda et al., 2020). All this suggests that to recognize the true age of the geomagnetic secular variation, their measurements and the radioisotopic dating must be obtained from the same samples.
The layered intrusions from the other regions are similar in their internal structure, i.e. Precambrian layered intrusions of southern Montana (Figure 3B), where some layers were constructed out of stratigraphic superposition (Wall et al., 2018). This is certainly similar to the 0.3–0.4 Myr case in the Norilsk-1 cross-cut layered intrusive, which was crystallized in multiple phases over a timeframe of about half a million years, and the timing and nature of interaction with the surrounding sedimentary rocks was much more complicated than proposed in recent models (Svensen et al., 2018). A comprehensive radioisotopic calibration in the main multi-layered intrusive complexes in Tunguska Basin is required to prove the link between intrusive magmatism in the region with the end-Permian mass extinction in South China and elsewhere.
Three more CA-ID-TIMS dates from the intrusions in the Taymir Peninsula, northern Siberia, were reported recently. All of them are yielded the Triassic ages: TP-55 - 251.64 ± 0.11; TP-42 - 251.46 ± 0.13 and TP-43 - 250.60 ± 0.22 (Augland et al., 2019). The latter sample reveals a non-overlapping clustering in the age distribution, whereas the older cluster possessing a large uncertainty 251.67 ± 0.41, the maximum age of which slightly overlapped with the end-Permian extinction. This cluster is interpreted to represent initial crystallization in the magma system and probably emplacement of an early pulse of magma. The younger cluster represent the final emplacement and crystallization of the monzonite-diorite horizon within the Dumtalei layered intrusive complex (Augland et al., 2019). These data are quite consistent with the data from the Tunguska Basin (Burgess and Bowring, 2015), but also suggest generally a post-extinction age of the intrusive magmatism in Taymir. Besides, at least two (or more) magmatic crystallization events (magma pulses) are proposed in the Dumtalei layered intrusive complex, like multiple crystallization events in the Norilsk-1 layered intrusion (see discussion regarding G-22 well, Figures 3A,C). The extrusive volcanism in Taymir also appears in the late Changhsingian Syradasai and Shaitan formations with the late Permian flora Cordaites candalepensis (Zalesskyi), Zamiopteris schmalhausenii Schwedov, Nephropsis ingenta Schwedov (Proskurin et al., 2015). This age is consistent with the Changhsingian volcanism in the Ivakin Fm of the Tunguska Basin.
Thus, although the U-Pb dates from the intrusions of the Norilsk and Taymir regions only roughly constrain the onset of the SLIP, what we can conclude at this point is that SLIP generally postdates the end-Permian extinction. Furthermore, inferences about the volcanic, biotic, environmental, and climatic events associated with SLIP need to be reconsidered and better and more directly documented. The layered intrusive rocks in the Tunguska Basin and Taymir regions represent a complex multi-stadial crystallization within an intrusive body and cannot be employed for the evaluation of the sedimentary, and biotic processes during Permian-Triassic transition until their crystallization history can be precisely calibrated with the CA-IDTIMS method. The minimal influence of the intrusive rocks on the surrounding pre-Triassic sedimentary succession and especially on the Carboniferous-Permian coals in the Tunguska Basin is documented in the recent review paper (Davydov, 2021 in press).
The only coal gap in the Earth history lasted from approximately 252.94 (the extinction event in South China) through the late Anisian-Ladinian and is known to be of global scale (Retallack et al., 1996). The very last coal in the Permian of the Norilsk region is documented in the upper Ivakin Fm (Paderin et al., 2016; Rad'ko, 2016). No coals are known or ever been documented in the Tutonchanian, Dvurogian and Putoranian RS in the entire Tunguska Basin (Cherepovskiy, 2001). The first thin, cm-scale coal layers are documented in the volcaniclastic upper Anisian and Ladinian. The coals are getting more frequent in the Upper Triassic (Kazakov, 2002). This coal record in the Tunguska Basin is consistent with the Triassic age of the trap’s succession in the Tunguska Basin.
Trap Volcanism in the Tunguska Basin Throughout the Permian-Triassic Transition
According to the Burgess and Bowring (2015) model, the pyroclastic eruption started sometime around 255.58 Ma or even earlier, but this hypothesis requires additional confirmation. Only acidic volcanism has been documented in the coal-bearing successions of the Tunguska Basin (Cherepovskiy, 2001; Paderin et al., 2016). Burgess and Bowring (2015) suggested that almost the entire sedimentary-traps succession, except the Samoed Formation in the Norilsk region is Permian in age (Figure 2, column 2, see Figure 3 in Burgess and Bowring, 2015), although none of the Permian plant fossils ever been found in the traps (Radchenko and Schwedov, 1940; Mogucheva, 1973; Gor, 1985; Mogucheva and Krugovykh, 2009).
Flora is one of the most sensitive indicators of environments and hence of climate change (Taylor et al., 2009). The abnormally large Siberian LIP volcanism at the Permian-Triassic transition that caused, as proposed, the most severe of global extinctions (Svensen et al., 2009; Hinojosa et al., 2012; Clapham, 2013; Retallack, 2013; Black et al., 2014; Bond and Wignall 2014; Burgess et al., 2014; Chu et al., 2016; Svensen et al., 2018; Clapham and Renne, 2019; Shen et al., 2019; Feng et al., 2020; Vajda et al., 2020) is supposed to have caused even stronger extinction in the region of this LIP, i.e. in Tunguska Basin (Jones, 2015; Black et al., 2021, in press; Mather and Schmidt 2021, in press). The reality, at least with the flora in the Tunguska Basin, is the opposite of what most people proposed.
The Permian and Triassic flora record in the Tunguska Basin and surrounding regions (Kuznetsk Basin, East Kazakhstan, Taymir, Verkhoyanie) and has been well studied for more than 100 years, because it is the primary correlation tool in these commercially important regions (coal, oil, gas, diamonds) (Zalessky, 1912, Zalessky, 1918; Zalessky and Tchirkova, 1935; Radchenko and Schwedov, 1940; Neiburg, 1948; Andreeva et al., 1956; Neiburg, 1958; Meyen, 1966; Sadovnikov, 1967; Vladimirovich, 1967; Radchenko, 1969; Mogucheva, 1973; Radchenko, 1973; Orlova and Sadovnikov, 1974; Vladimirovich, 1980, Vladimirovich, 1981; Meyen, 1982; Betekhtina et al., 1984; Betekhtina et al., 1986; Sadovnikov, 1987b; Dobruskina, 1994; Dobruskina and Durante, 2004; Sadovnikov, 2008; Mogucheva and Krugovykh, 2009; Mogucheva, 2016; Sadovnikov, 2016).
The biostratigraphic and paleomagnetic data suggests that the Tutonchanian and lower Dvurogian RS belongs to the Induan and that the rest of the Dvurogian and lower Putoranian RS correlates with Olenekian, while the rest of the Putoranian and Uskelterian RS correlates with the Anisian (Figure 2) (Kazakov, 2002; Mogucheva, 2016). This correlation is generally consistent with the Ivakinian-Tutonchanian co-magmatism of the Ergalakh intrusive system and with the Putoranian co-magmatism of the Norilsk, Talnakh, Kharaelakh and most other intrusions in the Norilsk regions (Zolotukhin et al., 1986; Ivanov et al., 2013; Ryabov et al., 2014; Krivolutskaya, 2016; Rad'ko, 2016; Latyshev et al., 2020).
FLORA IN THE PERMIAN-TRIASSIC TRANSITION IN THE TUNGUSKA BASIN AND COMPARISON WITH FLORA IN THE KUZNETSK BASINS
Paleophytogeography and Paleoclimate
Two provinces are recognized within the Angarian paleofloristic Realm -- Siberian and Sub-Angarian that are divided into several subprovinces: Verkhoyanian, Tunguska-Verkhoyanian and Taymir-Kuznetsk (Figure 5C) (Meyen, 1990; Krassilov, 2003; Dobruskina and Durante, 2004). The Tunguska Basin is a part of the Tunguska-Verkhoyanian province, except for the Norilsk region, which belongs to the Taymir-Kuznetsk subprovince. The distinctive feature of the Tunguska-Verkhoyanie subprovince during the late Permian is the occurrence of the pteridosperms Comia, Callipteris and Compsopteris along with numerous ferns. The Tunguska-Verkhoyanie “cordaites” dominate in almost all localities and horsetails are found in greater numbers. We suggest including those into the Vojnovskyales order as a group of enigmatic gymnosperms. This assumption came from the fact that these “cordaites” are often associated with generative organs of Vojnovskya (Neiburg, 1955; Meyen, 1990).
[image: Figure 5]FIGURE 5 | Phytogeographic maps of circumpolar Arctic area during the late Permian and Early Triassic compared with the recent phytogeography. The maps are compiled and modified from Krassilov (2003), Dobruskina and Durante (2004) and Elias (2020). The phytogeographic differentiation and the late Permian climate are quite similar with the current Arctic provincial differentiation and climate (A,C), although the recent provinces are latitudinally narrower than during the late Permian. The phytogeographic differentiation during the climatic optimum in the Early Triassic (B) was strongly reduced, and only Realms with no provinces are recognized at that time.
The flora of the Taymir-Kuznetsk subprovince during this time is characterized by the voinovskian-peltasperms assemblage (Kaierkan and Ambarnaya Fms in Norilsk region), which comprises numerous voinovskians, including Rufloria, and abundant seeds of the genus Tungussocarpus, and the appearance of Samaropsis and Condomajella seeds (Gor, 1965; Gor, 1985). The ferns are rare, poor in diversity and include Pecopteris, Prynadaeopteris или Todites. The occurrence of Psygmophyllum foliage suggests similarity of the late Permian flora of Taymir and Norilsk with that of the Preuralian and Pechora basins (Pukhonto et al., 1998; Naugolnykh, 2007).
The late Permian Euromerian flora in the Northern arid belt along the northern slope of the Variscan orogenic belt (Germany, France, Caucasus) was predominantly xerophytic suggesting relatively warm and dry climate with no coal accumulation (Chumakov and Zharkov, 2003; Roscher and Schneider, 2006; Naugolnykh, 2007). The climate in the Angaran Realm was temperate and very wet with abundant coals that occur up to the top of the middle Changhsingian (Figure 2) (Cherepovskiy, 2001; Dobruskina and Durante, 2004; Davydov, 2021; Davydov et al., 2021). The upper Permian in the Kuznetsk Basin possessed the thickest coals (wet environments) in the entire Siberia (Cherepovskiy, 2001). The occurrence of the number of a late Permian provinces and subprovinces in the Angara Realm, suggests that the climate in the realm was also quite differentiated, similar to the current climate with a comparable differentiation of recent terrestrial biomes (Figure 5) (Foley et al., 2005; Dinerstein et al., 2019). Both the Taymir and Norilsk regions during late Permian – Early Triassic were located approximately at the latitude of the Kuznetsk Basin (Figure 4) and the flora from the Taymir and Norilsk regions directly correlates with the late Permian flora of the Kuznetsk Basin (Gor, 1965; Porokhovichenko, 2006; Mogucheva and Naugolnykh, 2010).
The major climate change occurs in Tunguska and in the Kuznetsk Basin sometimes during the second half of the Changhsingian, around 252.75 Ma (Davydov et al., 2021). At this time, the biomes differentiation is sharply decreased and the Euramerian -- Angaran Realms boundary shifted northward approximately to 15°. No provinces or subprovinces are recognized in the Angaran Realm at this time (Figure 5B). The provinciality decrease is distinguished by the distribution of Early Triassic plant associations known in all paleofloristic realms-provinces. For example, the widely distributed Early Triassic genus Pleuromeia and lycopsids with Annalepis-like scales have been found in both tropical and temperate (Siberia) climatic zones (Dobruskina, 1994; Retallack, 1997; Grauvogel-Stamm and Lugardon, 2001; Grauvogel-Stamm and Ash, 2005). The taxonomic composition of the Triassic conifer-fern flora testifies to the widest migration of plants to the central regions of Angarida both from the peripheral parts of the Angara kingdom and from the tropical belt (Mogucheva, 1996, Mogucheva, 2016). Such a migration, obviously, indicates a sharp weakening of floristic differentiation, and elimination of most paleofloristic barriers between different paleofloristic realms and the provinces-subprovinces that existed in the Late Paleozoic (Dobruskina and Durante, 2004). The latest-Permian - Early Triassic in the Angaran realm is associated with the climatic optimum, i. e. warmer and drier climate that is similar to the mid-Holocene climatic optimum in the region (Monserud et al., 1998). The current global climate warming is also resulting in a shift of the current temperate forest and boreal biomes northwards (D'Orangeville et al., 2016).
Flora Richness and Dynamics of Extinction and Origination in the Tunguska and Kuznetsk Basins
Progressive decline of the floral richness is observed in both basins during the late Permian (Figure 4). In the Tunguska Basin, the Wuchiapingian flora is quite diverse (94 species and 41 genera), but drastically reduced in richness in the Changhsingian to 38 species and 24 genera (Figure 4). The chronostratigraphy in the Tunguska Basin is not as precise as in Kuznetsk Basin and the turnover in the region occurs somewhere within the Ivakinian - Early Tutonchanian time (Changhsingian-Early Induan) (Figure 4). The floral richness (over 100 species) that is observed in the middle-late Tutonchanian is highest within the late Permian and Triassic in the region (Figure 4). The origination rate there is quite high, and the extinction rate is very low. Since the early Olenekian the extinction predominates over the origination and floral richness progressively declined towards the end of the Anisian. In the late Anisian only origination is observed in Tunguska Basin (Figure 4).
In the Kuznetsk Basin the floral richness is also declines, but slower and progressively towards the early Changhsingian. The essential taxonomic floral turnover in Kuznetsk Basin occurs in the mid-Changhsingian at approximately 252.75 Ma and ∼800 kyr before the Permian-Triassic boundary in South China (Davydov et al., 2021) (Figure 4). This level coincides with the boundary between the Tailugan and Maltsev formations and this is the former position of the regional Permian-Triassic boundary in Siberia that was utilized for many years and distinguished by the extinction of one small group of the wet-preferrable Vojnovskyales (“cordaites”) and by the appearance of many new taxa of ferns, cicades, pteridosperms, lycopsids, sphenopsids and other (Vladimirovich, 1967; Mogucheva, 1973; Betekhtina et al., 1986), All Paleozoic “cordaitian” (Vojnovskyales) at this time disappear and were replaced by more diverse new conifer-fern flora (46 species and 34 genera). The flora richness and origination in the Kuznetsk Basin in the Triassic progressively increased in Induan and Olenekian and no other extinction observed there (Figure 4). In the Kuznetsk Basin the floral origination in the region strongly predominates over extinction during Early Triassic and util early Anisian. Accordingly, the floral richness in Kuznetsk Basin in Triassic progressively increased and reaches the maximum in the early-middle Anisian, when it is stabilized. The volcanic activity in the Tunguska Basin ceased in the latest Putoranian (Naldrett et al., 1996; Fedorenko et al., 2000; Krivolutskaya, 2016; Paderin et al., 2016). The Late Triassic floral record overall is poor for the Tunguska Basin and in all of Siberia (Mogucheva, 2005).
CONCLUSION

1) Abundant and rich biota in the Permian-Triassic transition in the Tunguska Basin suggests a Changhsingian and Early-Middle Triassic age of the Tunguska traps.
2) The layered intrusion in the Norilsk region possessed a complicated internal structure and a multi-timing origin of the layers during at least a half-million or more years. The co-magmatism of extrusive and intrusive rocks utilizing geomagnetic secular variation measurements would be reliable when the samples for the latter studies and radioisotopic dating are obtained from the same spots.
3) The discrepancy between paleomagnetic-geochemical and paleontological data from extrusive rocks on one side and radioisotopic U-Pb dates from intrusive ricks on the other, suggests that the problem with the Tunguska Basin magmatism and Permian-Triassic extinction in South China is still unresolved and more complicated than has been considered by many.
4) The very last coal in the Permian of the Norilsk region is documented in the upper Ivakin Fm (Changhsingian). No coals are known or have ever been documented in the Tutonchanian, Dvurogian and Putoranian RS in the entire Tunguska Basin. This interval (Tutonchanian-Putoranian Regional Stages) precisely coincides with coal gap documented in many regions globally.
5) The number of late Permian provinces and subprovinces in the Angara Realm suggests a latitudinally differentiated climate causing the differentiation of terrestrial biomes.
6) The major climate change from cool and wet into warmer and drier occurs in the Tunguska and in Kuznetsk basins sometimes during the second half of the Changhsingian around 252.75 Ma. The differentiation of biomes sharply decreased and the Euramerian -- Angaran Realms boundary shifted northward approximately to 15°. No provinces or subprovinces are recognized in the Angaran Realm during Triassic.
7) The floral richness in the Tunguska and Kuznetsk basins progressively declined starting from the Capitanian towards the mid-Changhsingian. At this level, only wet-dominated Vojnovskyales disappears, whereas the other (conifers, cycades, ferns, lycopsids, pteridosperms and sphenopsids) are diversified. Floral origination is greatly exceeds the extinction in the Tunguska Basin from about the late Changhsingian to Induan. In the Kuznetsk Basin this turnover occurs at the mid-Changhsingian and extended to the end of the Olenekian. A similar pattern of these parameters is observed in both regions.
8) The floral richness and origination in Tunguska and Kuznetsk basins roughly correpsponds with the onset of the mafic magmatism and climatic optimum in both regions.
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The end-Permian mass extinction was the most severe biotic crisis in Earth’s history. In its direct aftermath, microbial communities were abundant on shallow-marine shelves around the Tethys. They colonized the space left vacant after the dramatic decline of skeletal metazoans. The presence of sponges and sponge microbial bioherms has largely gone unnoticed due to the sponges’ size and the cryptic method of preservation. In addition to sponge dominated facies recently described in South Armenia and Northwestern Iran, we describe here sponge-microbial bioherms cropping out in two well-known Permian-Triassic boundary localities: the Kuh-e Hambast section, south-east of Abadeh city and the more distal Shahreza section, near Isfahan. In both sections, the extinction horizon is located at the top of an upper Changhsingian ammonoid-rich nodular limestone, called Paratirolites limestone. At Kuh-e Hambast, the overlying decimetric thick shale deposit called “boundary clay,” the latest Permian in age, is conformably overlain by well-dated transgressive basal Triassic platy limestone containing four successive levels of decimeter to meter scale, elongated to form cup-shaped mounds made of branching columnar stromatolites. Sponge fibers from possibly keratose demosponge, are widely present in the lime mudstone matrix. At the Shahreza section, above the extinction level, the boundary clay is much thicker (3 m), with thin platy limestone intervals, and contains two main levels of decimeter to meter scale mounds of digitate microbialite crossing the Permian-Triassic boundary with similar sponge fibers. Three levels rich in thrombolite domes can be seen in the overlying 20 m platy limestone of earliest Triassic age. Sponge fibers and rare spicules are present in their micritic matrix. These sponge fibers and spicules which are abundant in the latest Permian post-extinction boundary clay, followed microbial buildups during the Griesbachian time.

Keywords: keratose demosponge, carbonate mounds, end-permian mass extinction, metazoan bioherms, Induan


INTRODUCTION

During the end-Permian mass extinction (EPME) and during the repercussion of its aftermath, the carbon cycle experienced large-scale perturbations over the course of millions of years (Atudorei, 1999; Payne et al., 2004; Corsetti et al., 2005; Richoz, 2006; Horacek et al., 2007a,b,c, 2009; Richoz et al., 2010; Korte and Kozur, 2010, amongst others). This period was marked by a major crisis in carbonate systems: the skeletal carbonate factory was replaced by a non-skeletal carbonate factory (Baud et al., 1997, 2002, 2007; Baud, 1998; Kershaw et al., 1999, 2007; Leda et al., 2014; Woods, 2014). Along the southern margin of the Cimmerian terrane (Figure 1A), well-developed highly fossiliferous Late Permian giant carbonate platforms can be found. This prolific inter-tropical Late Paleozoic skeletal carbonate factory ceased abruptly and was replaced first by low-carbonate deposit (boundary clay), then by a non-skeletal carbonate factory.
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FIGURE 1. (A) 250 Ma paleogeographic map (Stampfli and Borel, 2002, modified) showing the Cimmerian margin (red line). (B) Map of Central Iran showing the main relevant localities and the examined sections.


In Central Iran, from Kuh-e Hambast near Abadeh to Shahreza section close to Isfahan (Figure 1), “unusual” fabrics of the basal Triassic carbonate sediments were controversially described to date as stromatolites, algal limestone, thrombolite zone or synsedimentary abiotic carbonate cement layers or crusts.

The first detailed description of the earliest Induan limestone of the Abadeh sections was focused on about 1.6 m thick interval of stromatolites and thrombolites within the Hindeodus parvus conodont Zone (Taraz et al., 1981). Gallet et al. (2000) confirmed the finding of H. parvus at the base of the Abadeh stromatolite unit (Korte et al., 2004a,b) and Kozur (2005, his Figure 3) otherwise, reported their first H. parvus at 1.2 m above the top level of the Paratirolites limestone and by ignoring Gallet et al. (2000) shifted the Permian-Triassic boundary above their reduced 0.5-m-thick stromatolite unit. Finally, Richoz et al. (2010) illustrated H. parvus at the base of the 1.6-m-thick Abadeh branching stromatolite unit thus confirmed the original boundary position as we use here (Figure 2).
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FIGURE 2. The Permian-Triassic transition at the Kuh-e Hambast C section. (A) Field view with 1- base of the pre-extinction C. hauschkei zone near the top of the Paratirolites limestone; 2- EPME level at the top of the Paratirolites limestone; 3- the 30 cm-thick boundary clay with the H. meishanensis–praeparvus conodont Zone; 4- H. parvus FO (4*) according to Taraz et al. (1981), Gallet et al. (2000), and Richoz et al. (2010) with the adopted Permian-Triassic boundary (PTB), and base of the H. parvus zone; 5- Kozur’s H. parvus FO finding (*5), 120 cm above EPME, Kozur’s PTB and base Kozur’s H. parvus zone; (Korte et al., 2004a) 6- base of the I. isarciaca zone. (B) Detailed lithology and a δ13Ccarb isotope curve (Richoz, 2006) and the SMB levels, numbered a to c2. In the middle, sketch of the bowl or pancake-like structure showing the radiating texture of the microbial laminated columns, typical of digitate stromatolite. On the right-hand side is part of the above (A) fieldview. Caption: thick horizontal red line = Permian-Triassic boundary, C., Clarkina; H., Hindeodus; I., Isarcicella; B.C., boundary clay; F., Formation; m-p, meishanensis–praeparvus conodont Zone; a, b, c1, and c2 represents the SMB levels explained in the text. EPME, End of Permian Mass Extinction horizon.


This earliest Triassic unit has also been referred to as the “Thrombolite zone” (Baghbani, 1993). Working on the same sections, Heydari et al. (2003) and Heydari and Hassanzadeh (2003) claimed to have found shallow water carbonate seafloor precipitates. This was disputed by Zong-jie (2005) who argued for a deeper microbialites. Richoz (2006) and Baud et al. (2007) later confirmed the first view of a microbial buildup succession. However, Leda et al. (2014) while discussing biotic and abiotic processes, without carrying out detailed studies on Abadeh section, aligned with abiotic calcite fan. To resolve the debated research assertions, interpretations and age of these carbonates, we studied extensively the 1.6 m thick carbonate unit above the extinction event in Abadeh area (Kuh-e Hambast C section) and a 20 m thick carbonate unit at Shahreza section. Looking at the macro- and micro-structures from outcrop to thin section scale, we found a great amount of microbial buildups and sponges, some with visible sponge tissue in the lime mud matrix. According to Luo and Reitner (2014) who studied the convergence evolution of microbialite and sponge in the Phanerozoic, this type of calcified spongin tissue possibly belongs to keratose demosponge.

Sponge microbial buildups (SMB) of Abadeh and Shahreza sections were found after fieldwork in 2011 and our new results were presented at the 20th International Sedimentological Congress (Baud, 2018). Comparative study of the Central Iran basal Triassic mounds revealed that they match with the newly published sponge-microbial buildups (SMB) of South Armenia (Sahakyan et al., 2017; Friesenbichler et al., 2018).



GEOLOGICAL SETTING

Between Gondwana and Eurasia, the Cimmerian microcontinent separate two oceans; the newly opened Permo-Triassic Neo-Tethys facing Gondwana and the old Paleo-Tethys to the North (Figure 1A).


The Gondwana Margin

Along the Zagros mountain range (S. Iran) from the Gondwana part or southern margin of the Neo-Tethys, stromatolites and thrombolites are present as microbial-metazoan bioherms at the basal Kangan Formation (Baghbani, 1993) and have been recently described in detail (Wei et al., 2005; Insalaco et al., 2006; Wang et al., 2007, 2020; Heindel et al., 2015, 2018; Foster et al., 2019, supplementary materials).



The Cimmerian Margins

Along the northern Cimmerian margin, Paleo-Tethys, stromatolites and thrombolites are widespread in the lower part of the Elika Formation (Induan) of the northern Iran Alborz mountain range (Altiner et al., 1980; Horacek et al., 2007b; Gaetani et al., 2009; Maaleki-Moghadam et al., 2019).

Along the southern Cimmerian margin of Neo-Tethys, new types of sponge-microbial buildups are found in the lower Induan (Baud and Richoz, 2019) limestone of Southern Armenia and of Central Iran (Figure 1B). On the southern margin along the Cimmerian block, some localities close to the present-day NW Iran border have a well-developed highly fossiliferous upper Permian succession. In the past, Russian paleontologists created new stage names such as Dzhulfian and Dorashamian in these localities. Between Southern Armenia and Central Iran, we observed the following succession from the latest Permian to the earliest Triassic time:

1- A pre-extinction red ammonoid limestone called Paratirolites limestone;

2- A latest Permian post-extinction “boundary clay” (BC), rich in limy clay;

3- A basal Triassic platy limestone (PL) with or without sponge-microbial buildups (SMB).



Kuh-e Hambast C Section, Abadeh Area

The Abadeh area is located in central southern Iran, about 150 km southeast of Isfahan (Figure 1B) and the Kuh-e Hambast C section (Coord.: 30°54’53.65”N, 53°13’3.94”E, altitude 2,000 m) is situated 80 km SE of Abadeh town (Taraz, 1969, 1971, 1973, 1974). This author separated the Permian and Triassic parts into well-defined lithostratigraphic units, numbered 1–7 for the Permian part, with Unit 7 consisting of the end-Permian red ammonoid limestone, and sections of the Hambast Formation, with red shale at the top [boundary clay (BC)]. The Lower Triassic section is subdivided into Units A to E, with Unit A composed of the basal Triassic platy limestone (Taraz, 1974). In later publications which focused on Shahreza, the boundary clay (BC) was merged with the Lower Triassic Elika Formation (also called Elikah in Taraz et al., 1981).

A very detailed description of more than five Kuh-e Hambast Permian to Lower Triassic sections have been done by the Iranian Japanese Research Group (Bando, 1981; Taraz et al., 1981). The Abadeh PT transition with bioturbated Lower Triassic succession was later interpreted by Wignall and Twitchett (2002) as a dysaerobic facies.

The magnetostratigraphy of the Permian-Triassic Boundary Interval (PTBI) was studied by Gallet et al. (2000) following the biochronology done by L. Krysyn on conodont and ammonoides composed of Earliest Induan Hindeodus parvus conodont Zone at the base of the microbialite interval. A sedimentological description of this interval was published, with the first ever carbon isotope curve highlighted (Heydari et al., 2000, 2001, 2003). This was followed by further detailed carbon isotope studies (Korte et al., 2004a,b; Richoz, 2006; Horacek et al., 2007a; Richoz et al., 2010). Carbon and strontium isotopic chemostratigraphy was the subject of discussion in other papers (Korte et al., 2010; Liu et al., 2013). The 87Sr/86Sr seawater curve across the PTBI, which focused on conodonts analysis of Abadeh and South China has been revised (Dudás et al., 2017). These authors estimated a depositional rate of the platy limestone to Kuh-e Hambast at around 16 m/My.

The latest Permian earliest Triassic conodont zonation for Abadeh, which has been a subject of debate, is presented in section “Introduction,” illustrated in Figures 2A,B, discussed in section “Biochronology.” A detailed evaluation of this PTB debate can be found in Horacek et al. (2021). In this study, we used the Lower Triassic biochronology of Richoz et al. (2010).



The Shahreza Section

The Shahreza section (Coordinates: N32°07’18”; E51°57’33”, Altitude: 1,820 m) lies 14.5 km NNE of Shahreza town and 3.8 km ESE of Shahzadeh Ali Akbar village, which is about 180 km NW of Abadeh (Figure 1). The Triassic section of the locality is generally more shaly compared to Abadeh, and it is situated in a more distal and deeper environmental setting (Richoz et al., 2010).

The first mention of the section was during the presentation of its upper Permian magnetostratigraphy, which was demonstrated without a lithology scheme (Besse et al., 1998). A short description with well-illustrated figures showing some basal Triassic microbialite mounds was done by Heydari et al. (2000), this was followed by a carbon isotope study (Heydari et al., 2001). A detailed description of sections with localization of some microbialite levels was later documented (Mohtat-Aghai and Vachard, 2003, 2005, Kozur, 2007). A Changhsingian conodont zonation extending to the early Induan was presented by Kozur (2004). Baud et al. (2007) gave a short account of two microbialite levels that aligned with the SMB2 and SMB3 of this study (Figures 3A–C). A further carbon isotope curve based on Kozur’s zonation and lithology was presented by Korte et al. (2004b).
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FIGURE 3. The Shahreza section, profile and upper views. (A) View from the SE with the position of the five SMB horizons starting from the post extinction latest Permian (SMB1) and extending to the lower Dienerian (SMB5). Red line, PTB; white line–lithological boundary. (B) Google Earth view of the Shahreza section; upper part of photo shows white dirt road to Shahreza (toward the left), white arrow to the north and a 30 m black scale in the lower right corner. 1: EPME -extinction horizon on the Paratirolites limestone, base of the Elika Formation. 2: PTB, Permian-Triassic boundary (thick red line). 3: Base of the platy limestone, Elika Formation. 4: Basalt sill, SMB1 to 5 are the sponge-microbial levels. The Heydari 3a is the section with yellow color. Thin red lines show faults. (C) Panoramic view of the rectangle in (B) with the Permian-Triassic transition levels. Scale bar = 1 m. Numbers 1–4: same as in (B). SMB1 and SMB2 belong to the lower sponge-microbial levels.


This was followed by new detailed carbon isotope curves and fine lithological surveys (Richoz, 2006; Heydari et al., 2008; Richoz et al., 2010; Shen et al., 2013). These studies all had results that were in consonance. Based on the feature of the PTBI at the Shahreza section and Sr content, Heydari et al. (2012, 2013) presented a new hypothesis on aragonite and calcite sea changes, as well as a new corrected carbon isotope curve based on Sr content, and in accordance with putative primary mineralogy (aragonite and calcite).

In comparison with the microbialites from Abadeh, which are restricted to the earliest Induan Hindeodus parvus conodont Zone, the Shahreza carbonate mounds are distributed over a longer period of time and consist of at least five sponge microbialite buildup horizons (SMB1 to SMB5, Figures 3A,B). Also, calcified sponge tissues and spicules were observed in the lime mud matrix.

It should be noted that the boundary clay unit (BC) have a greater thickness in Shahreza (about 3 m) than in Abadeh (0.3 m) and is subdivided into 3 parts, a lower BC that is correlated with the Abadeh BC (H. meishanenesis conodont Zone), a middle BC with papery limestone and an upper BC with platy limestone (Hindeodus parvus conodont Zone).



RESULTS: LITHOLOGY, FACIES, AND MICROFACIES DESCRIPTIONS

The results and illustrations presented below come from fieldwork and microscopic examination of collected samples.


The Kuh-e Hambast C Section of the Abadeh Area

The Permian-Triassic transition in the central Kuh-e Hambast mountain range of the Abadeh area shows a thin post-extinction interval of clayey marls (called boundary clay) capped by a 1.60 m thick layer of successive mounds with numerous arborescent structures.

This layer consists of decimetric buildups distributed within four successive levels (Figure 2B, level a, b. c1, and c2), and embedded in thin-bedded platy lime mudstone. They have been seen spread across the whole area, with a corresponding thickness of 1.6 m. The age of the earliest Induan Hindeodus parvus conodont Zone at their base is well recorded. The supposed Permian age is discussed and refuted in Horacek et al. (2021) and in section “Biochronology.”

The macrofacies consist of a decimeter to meter scale elongated to form a bowl or cup-shaped microbial buildups (Figures 4A,B) showing what we call here digitate stromatolite as published in Kershaw et al. (2007, their Figure 13A), or branching stromatolite in Baud et al. (2007, their Figures 3, 4) with clearly finely laminated branched columns producing smaller columns (Figure 4E). The term digitate stromatolite is discussed in detail in section “Crystal Fans, Carbonate Crust, Digitate Microbialite, or Digitate Stromatolites?”
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FIGURE 4. Outcrop views of the SMB levels a, b, c1, and c2 at the Kuh-e Hambast section. (A) Bowl-like structure with dark colored fan-shaped branches of columnar stromatolites (yellow field centimeter scale marked 20 cm). (B) Similar structure but more pancake-like. The vertical position of the dark colored columnar digitate stromatolites is showing finger-like structures with fine microfabric laminations. A closer field view of this type of laminations is shown in (E). (C) Levels a, b, and c1. The lower level a consists of branching columnar digitate stromatolite; the level b shows reworked clasts (white arrow, probably tempestite) cutting the level a, and is overlain by thicker thrombolite below the level c1. (D) Buildup made of microbial vertical columns (2) growing on a thrombolite core (1). Yellow field scale, 20 cm. (E) Detailed field view of dark laminated microbial branching columns in a light lime mud matrix. Yellow millimetric field scale, 20 cm. (F) Level b, c1, and c2. The level b shows a core structure (1), support of fine branching columnar stromatolite partly bent (2), or straight (3). Levels c1 and c2 are occupied by botryoidal fanning digitate stromatolite columns (4); some above the core structure (1). (B) Upper right yellow field centimetric scale, 20 cm.


As illustrated in the outcrop (Figure 4) and thin sections (Figure 5), these bioherms are composed of thinly laminated columns protruding from a common leiolitic base or core, and growing side by side as columnar stromatolite. From a distant view, they look like calcium carbonate crystal fans (CCFs) and were regarded as such by Heydari et al. (2003) and by Leda et al. (2014) with some reservations (“enigmatic calcite fan layers”). However, a close examination in the field and under microscope eliminates these doubts.
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FIGURE 5. Photomicrographs of thin sections from Abadeh, levels a to c. (A) Photomicrograph (sample Ha 6, level a) of digitate stromatolite columns (light) with local spray of calcite pseudomorph from aragonite crystal overgrowths in dark lime mudstone-fine packstone matrix with sponge fibers (arrow), scale bar–1 mm; (B) Enlarged view of the calcified keratose sponge fibers or spicules, scale bar = 200 μm (sample Ha 6, level a). (C) Enlarged rectangle from (A): part of laminated column of digitate stromatolite with dark lime mudstone-fine packstone matrix with sponge fibers) on the right, scale bar 200 μm (sample IKH 76, level c1). (D) Finely laminated stromatolite columns (light) with local spray on the side of the calcite pseudomorphs replacing aragonite needle crystal overgrowths in dark lime mudstone-fine packstone matrix with rare sponge fibers, scale bar = 1 mm (sample Ha8, level c2). (E) Stromatolite columns (light) with local spray on the side of the fine calcite pseudomorph from aragonite crystal overgrowths in dark lime mudstone-fine packstone matrix with sponge fibers, scale bar = 1 mm (sample Ha7, level b).


As shown by Figures 5A,D,E, crystals with fine acicular habit and square-tipped terminations, that are typical of early aragonite, grew on the side of the stromatolite columns. These last structures are probably abiotic in origin and should be the only structures referred to as CCFs. The lime mud matrix is usually rich in calcified sponge fibers or spicules (Figures 5A–C), which is similar to the sponge spike matrix described by Leda et al. (2014, Figures 9B–D). According to Luo and Reitner (2014), these types of spicules belong to putative calcified keratose demosponge tissue. Additionally, rare ostracods are also present. Asymmetric and bent digitate stromatolite branches are possible evidence of the occurrence of currents at the lower section (2 in Figure 4F). A unique tempestite deposit with reworking carbonate centimetric clasts has been observed, probably due to the occurrence of a distal storm event (lower b in Figure 4C). The growth of the bioherms were temporarily halted by this event but recovered soon after.

A description of the four successive levels a, b, c1, and c2 of the decimetric buildups (Figures 2, 4) is given below:

- Level a is about 40-cm-thick and holds bowl-shaped fanning “digitate stromatolite” bioherms up to 35-cm-high and 50 cm in diameter (Figure 4A), as well as single pancake-shaped bioherms composed of brush-like systems of branching vertical stromatolite columns, 10–20 cm high and 40 cm to 1 m in elongation (Figure 4B).

- Level b is characterized by more or less continuous sponge-microbialite distributing an in-stratal interval up to 30 m, with buildups thickness between 20 and 30 cm (Figures 2D, 4D,F). Interestingly, two parts are present in the second level b: the lower one showing reworked clasts (tempestite, Figure 4C) and the upper one, which is part of the sponge-microbial bioherm.

-Level c1 is discontinuous, about 35 cm thick and shows both elongated pancake-shaped bioherms up to 4 m in length of shrubby “stromatolite columns” and cup-shaped bioherms, about 50 cm in diameter (Figure 4F).

-The top level c2 is about 30 cm thick, and also holds pancake-shaped bioherms made of botryoidal fanning “digitate stromatolite” (4 in Figure 4F).

The calcium carbonate supersaturated seawater induced a very early diagenetic replacement of the former organic fragments of spongin tissue or sponge spicules within the lime-mudstone around to the sponge-microbial buildups, as shown in the microfacies of Figure 5. The surrounding platy limestone consists of a thinly bedded, partly bioturbated micritic lime-mudstone successions (in some parts, it was almost vermicular limestones) and peloidal packstone layers with intercalated marls.

Close to the base of the overlying unit, large oncoids (about 5 cm in diameter) have been found. Similar accumulation of small oncoids have also been reported in sediments of the same age (Isarcicella isarcica conodont Zone) from the Zal and Ali Bashi sections of Northwestern Iran (Richoz et al., 2010; Leda et al., 2014). This Griesbachian thin limestone succession (15–17 m) shows a low subsidence rate, which changes drastically during the Dienerian period to an about 500 m thick platy limestone succession (Horacek et al., 2007b).



The Shahreza Section: Sponge-Microbial Mounds and Aragonite Crystal Fan or Bundle Layers

The SMB succession of the Shahreza section is quite different from that of the Kuh-e Hambast sections. The mounds are not concentrated at the base but crop out over the first 20 m of the section within five main layers, SMB1 to SMB5 (Figures 3A,B, 6).
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FIGURE 6. Shahreza sections. (1) Composite section showing the position of the sponge-microbial buildup levels SMB1 to SMB5 and the samples Sh or Sha with thin sections illustrated in Figures 7–11; (2) Carbon isotope stratigraphy across the PTB (Richoz, 2006). The boundary clay (level A1, about 3 m thick) is subdivided into 3 parts (a = lower BC, b = middle, limy BC, c = upper BC), with the lower BC corresponding to the BC in Kuh-e Hambast. Ha. F.: Hambast Formation, Changhsing.: Changhsingian; C.: Carkina; H.: Hindeodus; m.p.- meishanensis-praeparvus; N.: Neospathodus (Kozur, 2005; Richoz et al., 2010).* :position of SMB4 and SMB5.


–The first one (SMB1, Figures 6.1, 7A) occurs in the lower boundary clay (level as in Figure 6A, Figure 7A-3), 0.6 m above his base, within the post-extinction interval of the upper Clarkina meishanensis conodont assemblage (latest Permian) and just below the earliest Induan Hindeodus parvus conodont Zone. Elongated crystal bundles (micro-calcite pseudomorphs of original aragonite crystals) were observed sprouting in a red, bioturbated mudstone matrix (Richoz et al., 2010). The microphotograph (Figure 7B) shows light gray microbial branching columns with aragonite crystal outgrowths replaced by calcite in a dark lime mudstone matrix containing spicules or sponge fibers. According to the microscopic views (Figure 7C), the finely recrystallized matrix of the surrounding lime mudstone is filled by a sponge fiber meshwork of possible keratose demosponge. This meshwork corresponds to the “sponge packstone” of Leda et al. (2014, their Figure 12B) at the same post-extinction level in Ali Bashi.
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FIGURE 7. Field view and photomicrographs, SMB 1 level at the Shahreza section. (A) Lower boundary clay field view (white field scale on SMB1 mound = 20 cm): 1- the top of the Paratirolites limestone corresponds to the end-Permian mass extinction (EPME); 2, Lower boundary clay, latest Permian in age (Figure 3C and level A1-a in Figure 6.1); 3, the first small mound (SMB1) within clay and marly limestone; the PTB is estimated chemostratigraphicaly to be at this level (see text); 4, papery limestone at the base of the upper boundary clay and close to the PTB (Figure 3C and level A1 -b in Figure 6.1). (B) Photomicrograph of the overgrown calcite pseudomorphs of aragonite crystal bundles in dark lime mudstone matrix with some sponge fibers (arrows; sample 11.4 in Figure 6.1). (C) Photomicrograph of a mesh of sponge fibers or spicules, possible keratose, with branching and fiber sections (sample ISH 50, laterally to SMB1 mound).


-The next higher sponge-microbialite layer SMB2 (Figures 6.1, 8A–C) occurs within the Hindeodus parvus conodont Zone and the next SMB3 level belongs to the Isarcicella isarcica conodont Zone (Richoz et al., 2010).
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FIGURE 8. Field view and photomicrographs, SMB 2 level at the Shahreza section. (A) General overview of the SMB2a within the upper boundary clay (level A1c in Figure 11) and the base of the platy limestone (2b is a loose block; yellow field centimeter scale: 1, 20 m). (B) Detailed view of the SMB2a with the fan-shaped digitate stromatolite columns. (C) Another detailed view of the basal part of a SMB showing the shrubby type of the light gray branching columnar stromatolite with visible fine laminae (white scale bar = 5 cm). These fine vertical growing stromatolites are very similar to those illustrated by Yang et al. (2019), Figures 4A–D. (D) Photomicrograph of light micro-laminated columns of digitate stromatolites above a leiolite type core in dark lime mudstone matrix with sponge fibers (white arrows, sample Sh 75 in Figure 6.1, white scale bar = 1 mm).


At 2.5 m above the base of the boundary clay, the SMB2a layer (Figure 8A) is about 10 cm thick and consists of open bowl-shaped fanning stromatolites columns. A detailed view is shown in Figures 8B,C. The microfacies of Figure 8D shows micro-laminated columns of digitate stromatolites lying above a leiolite type core (Sh 75 sample). This microfacies is similar to the lower SMB described and demonstrated in South Armenia (Sahakyan et al., 2017; Friesenbichler et al., 2018), and corresponds to the layer described by Baud et al. (2007, Figure 4A).

-Between 6.2 and 7.4 m above the base of the boundary clay, the SMB3 level (Figures 3B,C, 9, 10) consists of a string in the region of 12 mounds of various thickness and structures within a distance of 200 m (Figure 3B). The largest one (3a, in Figures 3C, 9A) that was illustrated earlier (Heydari et al., 2008) consists of well-preserved fans of elongated (10–15 cm) pseudomorphs of needle-like aragonite crystals, without visible laminations growing in free space and absence of surrounding sponge lime mud (Figures 9B,C). This abiotic mound type is unique (Baud et al., 2007, Figures 4D,E) and obviously does not exist in other central parts of Iran. A microphotograph of this lithoherm (Sha 10b, Figure 9D) shows only calcite microsparite of diagenetically altered fanning aragonite needle-like crystals.
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FIGURE 9. Three outcrop views and a photomicrograph of the lithoherm SMB3a within the SMB3 level at the Shahreza section. (A) General view of the crystal lithoherm mound (height-180 cm). (B,C) Outcrop surface details: decimetric long needle-like calcite crystal fans, possibly of aragonite origin (white scale bar = 1 cm). (D,E) Photomicrographs. (D) Is showing diagenetically altered micro-sparitic calcite crystals (sample Sha 10b, white scale bar = 1 mm) originally of fanning aragonite needle-like crystals. (E) Enlarged view of the micro-sparitic calcite crystals in polarized light (sample Sha 10b, white scale bar = 200 μm).
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FIGURE 10. Three outcrop views of a complex sponge-microbial buildup of the SMB3 level with photomicrographs in the Shahreza section. (A) Field view of the 50 cm thick complex layout of mounds within the platy limestone (white field, 80 cm scale). (B) Detailed view of mound fan-shaped digitate stromatolite columns (white field, 20 cm scale). (C) Photomicrograph of lath-shaped, finely laminated stromatolite columns, partly replaced by calcite mono-crystals in a dark lime mudstone to fine packstone matrix (sample Sh 77, white scale bar = 1 mm). (D) Outcrop view of the 1 m high (field scale) SMB3b mound, composed of five thrombolite plates (1–5, 40 cm in diameter at the top). (E) Photomicrograph of thrombolite mesoclots (light) in dark lime mudstone to fine packstone matrix with some sponge fibers (sample Sha 9, white scale bar = 1 mm).


This SMB was possibly a sponge microbial mound originally, as well as others in close proximity. The high, well-connected porosity, and hydrothermal fluids that occurred during the later basaltic intrusion could possibly have caused the observed special recrystallization in decametric long needle-like aragonite crystal fans, which is now regarded as calcite microsparite at photomicrograph scale. Further geochemical studies might provide a solution.

All other mounds of the SMB3 level originated from sponge-microbial with partly thrombolitic mesostructures exhibiting various shapes, as can be seen in Figures 10A,D. The largest one, 2.5 m in length and 0.8 m high, consists of about ten decimetric superposed mounds of partly thrombolite type, some with domal structure (Figure 10A). A detail view of one of these mounds shows a fanning structure of distinct lath shaped, finely laminated stromatolite columns (Figure 10B). Microfacies highlights the growth of encrusting calcite crystals directly on the laminated stromatolite columns (Figure 10C). Another, the SMB3b buildup of an inverted conical structure, is made of five vertically superposed thrombolite plates from 10 to 54 cm in diameter at the top and of 1 m total high (Figure 10D). The microfacies of the thrombolite shows mesoclots surrounded by a dark lime mud matrix with some sponge fibers as can be seen in Figure 10E.

-Between the range of 16 and 20 m above the boundary clay, there are at least two more microbial layers, SMB4 and SMB5. Similar to SMB5 the SMB4 is not illustrated here.

-A sponge-microbial mound of level SMB5 showing dark patches of spheroid clots on top of the outcrop domes is shown in Figure 11A. The microfacies consists of micro-sparitic patches of the leiolite type and coalescent spheroids in a dark lime mudstone matrix with sponge fibers (Figure 11B). Figure 11C shows an enlarged inverted gray view of a small part of a spheroid filament network (part underlined in red). This arrangement clearly looks like fibrous tissue of keratose demosponges, which is in consonance with Luo and Reitner findings Luo and Reitner (2014, Figure 4). Sponges and microbialite (leiolite) are both involved in the buildup growth.
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FIGURE 11. Outcrop view of the SMB5 level and photomicrographs in the Shahreza section. (A) Top of mound showing dark clots in light lime mud matrix (white field centimeter scale). (B) Photomicrograph showing light gray micro-sparitic patches of both thrombolite and coalescent spheroids (sponges?) within dark lime mudstone to fine packstone matrix with sponge fibers (arrows, sample Sha 37, white scale bar = 1 cm). (C) Enlarged inverted gray view (rectangle in B, upper left corner) showing a possibly calcified network of sponge fibers (underlined in red, sample Sha 37, black scale bar = 1 mm).




DISCUSSION

Three main debates are presented below, sponge takeover following EPME, biotic or abiotic carbonate mounds and biochronology of the Permian-Triassic boundary. Comparisons with the nearby Baghuk Mountain section and with the Ali Bashi and Zal sections (NW Iran) close this chapter.


A Sponge Takeover?

Shapiro and Awramik (2006) described Cambrian age sponge-microbial bioherms in New York State, United States and Coulson and Brand (2016) demonstrated Cambrian lithistid sponge-microbial reef-building communities in SW Utah, United States. For these authors, the sponge microbial bioherms have largely remained unnoticed due to the size of the sponges and the cryptic method of preservation.

Friesenbichler et al. (2018) described sponge microbial bioherms for the first time in South Armenia and differentiated four facies (Sponge Facies 1–4) based on the spicule isolate forms or the fibers forming network.

Here, the sponge fibers illustrated in Figures 5B,C, 7F,G, correspond to the “Sponge Facies” and “sponge spike” of Leda et al. (2014). Smaller spicules, as seen in the matrix of Figure 9E, can be compared to the Sponge Facies 2. The larger ones as seen in the dark matrix of Figure 10C, correspond to Sponge Facies 4. The texture of the coalescent spheroids illustrated in Figure 10C corresponds better to the young (Smithian) sponge facies described and illustrated by Brayard et al. (2011, supplementary information). Luo et al. (2014), Luo (2015), and Luo and Reitner (2016) identified these structures in tiny sections as potential remains of keratose sponge fibers. As shown by Lee and Hong (2019), the keratose-like sponges often/usually co-exist with microbialites and act as stabilizers of the reef framework.

Additionally, the presence of sponges in the basal Triassic has been identified outside the Cimmerian margin (South Armenia, Northwestern Iran, Central Iran) of the Neo-Tethys. On the Gondwana side of the Neo-Tethys, microbial-metazoan bioherms of the basal Triassic Kuh-e Surmeh section in the Zagros and the Cürück Dagh section in the Western Taurus (Turkey) showed significant contributions of possible keratose sponges (Heindel et al., 2018; Foster et al., 2019).

In the post-EPME successions of South China, sponge remains have been reported in only very few sections so far due to their cryptic preservation potential. One of these sections is the Langpai section (Guizou) where “sponge-like fabrics” were reported by Ezaki et al. (2008, Figure 8C), another is the Shanggan section (Guangxi) with stromatactis buildups that originated from sponge-microbial, as described by Baud et al. (2013).

In modern reef settings, it is not uncommon for sponges to initially colonize areas vacated by metazoans (Brunton and Dixon, 1994). According to Foster et al. (2019), the post-EPME keratose sponges recorded in South Armenia and Iran sections were interpreted as r-strategists. During “background times,” they also occur in association with microbialites and are limited to settings associated with less favorable environmental conditions.

Corsetti et al. (2015) also suggested a “sponge takeover” after the end-Triassic extinction period. We hypothesized here that the post-EPME “sponge takeover” resulted from the unique situation of environmental circumstances in the aftermath of the end-Permian mass-extinction and that the sponge event recorded along the Cimmerian margin and along the Gondwana margin of the Western Neo-Tethys appear to have been a response to both ecological and geochemical changes.

Sponge-rich bioherms, which developed first in the Western Neo-Tethys during early Induan time as shown here, became later widespread in the Western US Panthalassa margin during the Olenekian as demonstrated by Griffin et al. (2010) and by Marenco et al. (2012). Brayard et al. (2011) and Vennin et al. (2015) presented in Pahvent Range and Mineral Mountains (Utah) new evidence for large in situ early Smithian to middle Spathian metazoan bioaccumulations, and reefs formed by various sponges, as well as serpulids associated with different microbial carbonates and eukaryotic organisms with at least two different classes of sponges (Demospongiae and Calcarea) supporting a multi-species sponge community.

In Oman, lower Olenekian red microbial stromatactis limestone (Woods and Baud, 2008) that are rich in sponge spicules found around small cavities (Baud and Richoz, 2013) and a Smithian giant reef block with sponges is under investigation.

We also have to note that J. Szulc was the first to introduce the Lower Triassic sponge-microbial reef recovery concept (Szulc, 2003, 2007, 2010), even though he only presented short notes on shallow water carbonates from the Carpathian area.



Crystal Fans, Carbonate Crust, Digitate Microbialite, or Digitate Stromatolites?

Our illustrated sponge-microbial bioherms in Abadeh and/or Shahreza have been described in the past with a great variety of terminology such as laminated microbialite structures (Taraz et al., 1981; Figure 11 = algal biolithite), dendrolite (Richoz, 2006), digitate or branching stromatolites (Baud et al., 2007; Richoz et al., 2010), inorganic fan-shaped calcite crystals (Heydari et al., 2003; Horacek et al., 2007b) and carbonate crust (Mette, 2008).

Working on similar structures in the Chanakhchi section in South Armenia, Friesenbichler et al. (2018) clarified the microbial origin of the fine, regular and slightly wavy laminations. The origin was demonstrated by weak transmitted luminescence and UV light in Figures 6A,B of their research article. The cathodoluminescence study of Friesenbichler et al. (2016) shows a non-uniform bright orange and red luminescence illumination on the branches. Same observations were reported by Leda et al. (2014, p. 315) on laminated calcite “crystals” of Abadeh and Baghuk Mountain sections. This luminescence has its source in the organically formed, microbial part of the laminated branches. It is why the term of digitate stromatolite has been used by Friesenbichler et al. (2018).

On our side, we have identified in the field that the digitate structure predominantly shows a parallel (Figures 4B,E) or a fan-like arrangement (Figures 4A, 7B,C, 9B) and that branches or columns are showing a fine laminated texture (Figures 4B,E, 8C). A fine wavy stromatolitic fabric of the vertical branches is clear in the corresponding microphotographs (Figures 5A,D,E, 9C). Accordingly, we also use the descriptive digitate stromatolite term here.

The sprays of aragonite pseudomorph on the side of the stromatolitic branches did not show any fluorescence and were interpreted as abiotic overgrowth (Friesenbichler et al., 2018).

In this study, in agreement with Friesenbichler et al. (2018), we used the phrase “calcium carbonate crystal fans” in a descriptive sense to refer to the mesostructural scale and not as a genetic notion that implies an abiotic origin (e.g., Grotzinger and Knoll, 1995; Woods et al., 1999, 2007; Heydari et al., 2003; Pruss et al., 2006; Riding, 2008). The CCFs in Central Iran display mainly two components in a dark lime matrix:

(1) Elongated calcium carbonate aggregates mimicking a crystal shape with a high length-to-width ratio and almost straight but slightly wavy margins; referred to as digitate stromatolites in this study.

(2) A local spray of calcite pseudomorph from aragonite crystals growth on the side of the branches, confirmed as abiotic calcium carbonate crystal fans in this study.

But this phrase “calcium carbonate crystal fans” was used in a genetic and abiotic sense by Heydari et al. (2003) and Leda et al. (2014, p. 319). These last authors stated that “the internal lamination of the calcite fan branches is intriguing and cannot be explained easily by inorganic spontaneous calcite crystal growth on the sea floor.” It is important to note that what looks like pseudomorphs of elongated calcite crystals at first glance, and which was documented at the Baghuk Mountains (Leda et al., 2014; Figures 12E,F) corresponds exactly to our digitate stromatolites (Figures 5A,E) and the ones from the Chanakhchi section described by Baud et al. (2015) and Friesenbichler et al. (2018, Figures 5A,C), as well as the fanning structures, about 10 cm in height of the coalescent digitate stromatolites (Figure 12) from the Vedi sections (South Armenia, Sahakyan et al., 2017).
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FIGURE 12. The basal Triassic SMB of the Armenian Vedi section; thin section scan view. The vertical and the tilted structures of coalescent columnar stromatolites are replaced by a direct growth of encrusting calcite crystals with rare calcified acicular aragonite crystals at the side, in a dark lime mud matrix rich in calcified sponge fibers. Scale bar, 1 cm.


In the Shahreza section, we noted that Heydari et al. (2003) focused on the study of only one mound (indicated as 3a in Figures 3C, 8A) and apparently overlooked the microbial structure of other mounds in this section. The interpretation of this structure (Mound 3a) as carbonate seafloor precipitates made Heydari et al. (2003) to claim that they were formed from CaCO3 oversaturated seawater due to sea level fall in oxic environment. This interpretation was challenged by Wignall et al. (2005), who disproved the oxic environment interpretation, and Zong-jie (2005) who interpreted these structures as microbialite crusts produced in anoxic environment without evidence for a sea level change. Our results are at variance with Heydari et al. (2003) model and their contradictors as well as Foster et al. (2019), indicating, due to pyrite framboid arguments, that both Shahreza and Abadeh were deposited in an oxic environment. Even though abiotic precipitation of carbonate did occur, most of the carbonate precipitation was however microbial-mediated. Certainly, there was carbonate oversaturation at that time but not up to the amount proposed by Heydari et al. (2003). As stated before, further geochemical studies might provide a solution for the Mound 3a perhaps/probably due to a proximal basalt sill influence.

The fabric of digitate structures (Figures 4A,D, 7B,C, 9B,C), or mounds made of typical thrombolite plates (Figure 9D) and domes covered by microbial dark patches of spheroid clots as shown in Figure 10A have been previously ignored or misinterpreted. In all the corresponding microfacies, a lime mud matrix (lime-mudstone or fine wackestone) exposed calcified sponge fibers or spicules (Figures 5, 7E–G, 9C,E, 10B,C); all of which are typical of SMBs.

Looking in other areas, similar digitate structures of the same age and containing fine columnar laminations are described from Tieshikou in South China (Yang et al., 2019). The authors use the terms of digitate microbialites, of laminated columns and of microstromatolite grew. But in the Chongyang sections (South China) Wang et al. (2019) use the term of columnar stromatolite in their Figure 6 of laminated columns and wrote about digitate structure. Both sections belong to shallower depositional environment with smaller columnar sizes and apparently lack associated sponges.



Biochronology

An introduction to the biochronologic debate on the Permian-Triassic boundary is presented in section “Introduction.” (Korte et al., 2004a,b) and Kozur (2005, Figure 3), in contrary to previous work by Taraz et al. (1981) and Gallet et al. (2000), reported only 0.5 m of microbialite and the first occurrence of H. parvus 1.2 m above the Paratirolites limestone. This 1.2 m position is above the datum proposed earlier by Taraz et al. (1981) and Gallet et al. (2000) at 0.3 m above the Paratirolites limestone. The lower datum was confirmed later by Richoz et al. (2010, plate 2).

Successive studies by Shen and Mei (2010) and Chen et al. (2020) use the PTB-finding of Kozur (2005), whereas Shen et al. (2013) and Dudás et al. (2017) followed the scheme proposed by Taraz et al. (1981), Gallet et al. (2000), and Richoz et al. (2010). Here we also use the Permian-Triassic boundary defined by the latter group at the base of the microbialite in the Kuh e Hambast sections of Abadeh. For a full discussion of the PTB-problem at Abadeh please refer to Horacek et al., 2021.

At the Shahreza section, the boundary clay interval is thicker, about 4 m in the composite section (Figure 6.1), and 3 m in the sampled section (Figure 6.2), which is further subdivided into three parts, with papery limestone beds and small sponge-microbial mounds in between (Figures 6.1, 7A). Kozur (2005) demonstrated that the basal Triassic conodont assemblage starts from the lower part of the upper boundary clay, about 1.6 m above the base of the boundary clay. However, Richoz (2006) and Richoz et al. (2010) proposed moving the PTB, which was 0.6 m lower, to 1 m above the base of the boundary clay, based on chemostratigraphic evidence (δ13Ccarb curve). The boundary clay in Kuh-e Hambast correspond thus to the lower part of the boundary clay in Shahreza.

At the Kuh-e Hambast section, the first Dienerian conodont zone starts at the 17 m mark above the extinction level (Taraz et al., 1981, p. 91). Considering similar depositional rates in Baghuk, Shahreza and Abadeh sections, the upper SMB5 would likely occur around the early Dienerian time. In the Abadeh sections the microbialites are restricted to the early Griesbachian, whereas in Shahreza the SMBs are composed of some irregularly spaced sponge-microbial buildups with different sizes and various external morphologies and internal structures up to the early Dienerian. The Shahreza SMBs are very similar to the South Armenia SMBs succession published by Friesenbichler (2016); Friesenbichler et al. (2018).



Depositional Environment

According to Leda et al. (2014), the Changhsingian Paratirolites limestone and the overlying Induan platy limestone (Elika Formation) of Ali Bashi section were deposited in the open sea dysphotic zone below the storm wave base at a depth of about 100–200 m. The NW Iran sections (Zal, Ali Bashi) were estimated to have been deposited at distal ramp, about 250–500 m in depth for Paratirolites beds (Aghai et al., 2009). However, in Central Iran we saw evidence of a shallower depth, about 60 m, in a ramp environment close to storm wave base, due to the presence of distal tempestites in the SMBs of Abadeh (Figure 4C, level b).

The marly boundary clay still contains carbonate but greatly reduced with respect to the underlying and overlying limestone successions (Joachimski et al., 2020). This implies that the production of carbonate was drastically disrupted due to the EPME and massive fluctuations between carbonate undersaturation and supersaturation, as elucidated by Leda et al. (2014).



Comparison With the Close Baghuk Mountain Section

Situated 77 km SE of Shahreza section (Figure 1), section C of the Baghuk Mountains (Coord.: 31° 34’ 4.73” N, 52° 26’ 37.69” E) was recently described by Leda et al. (2014), Foster et al. (2019), and Heuer et al. (2017, Submitted). The first publication gave details mainly on the end-Permian Paratirolites limestone and the boundary clay units. The second article gave a short description of basal Triassic platy limestone and the discovered microbialite units. It is interesting to note that the microbial levels in the Baghuk section are found in the same position as the SMB in the Shahreza section (Figure 13). This is buttressed by the presence of a 1.6 m thick basalt sill level in this section.
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FIGURE 13. Correlation between the Shahreza and the Baghuk Mountain section based on thickness and SMB occurrences. (1) Stratigraphy of the Shahreza section showing the position of the sponge-microbial buildup levels SMB1 to SMB5 (see caption of Figure 6 for abbreviations and references). (2) A sketch of the Baghuk Mountain section showing the position of the four main mounds levels modified from Heuer et al. (2017).


As in the Shahreza section, the mesh of algal filaments in the matrix of the Baghuk section boundary shale has been interpreted as a remainder of sponge spicules by Leda et al. (2014, their Figure 12B), and by Heuer et al. (2017, Submitted). These authors also identified in Ali Bashi a sponge packstone called “sponge spike” at the top of the end-Permian Paratirolites limestone with predominant triaxon-like morphologies. However, due to the poor preservation of the sponge remains, detailed description could not be given. According to Luo and Reitner (2014), the so-called “mesh of filaments” consists of possible calcified keratose sponge organic fibers or tissues (spongin). Furthermore, similar pseudomorphs of elongated calcite crystals growing along branches in the Baghuk Mountain section (Leda et al., 2014, their Figures 12E,F) have been discussed in section “The Kuh-e Hambast C Section of the Abadeh Area.” The dome-shaped structures described by Leda et al. (2014 p. 315) have been interpreted as microbialites by Heuer et al. (2017, Submitted). In Figure 13, we correlated it with our Shahreza sponge-microbial buildups (SMB).



The NW Iran PTB Sections Near Julfa

The NW Iran Ali Bashi and Aras Valley sections have been described in great detail by Leda et al. (2014) and Gliwa et al. (2020) and compared with Abadeh and Bahguk Mountain sections. It is interesting to note the apparent absence of carbonate mounds and buildups in NW Iran platy limestone (called Claraia beds). Also, oncoidal facies have been identified in the Ali Bashi section, 2 m above the base of the Claraia beds (Leda et al., 2014), having the same age (Isarcicella isarcica conodont Zone) as the oncoids found in Abadeh.



The NW Iran PTB Zal Section

The Zal section is located about 23 km SSW of Julfa and in close proximity to the village of Zal (38° 43′ 59″ N, 45° 34′ 48″ E). Sedimentology and microfacies of the lower part of the section have been described in detail by Leda et al. (2014). Basal Triassic large oncoid bearing limestone was highlighted by Baud et al. (2007) and the litho-, bio- and chemostratigraphy of the entire Lower Triassic succession having a thickness of 750 m was published by Horacek et al. (2007a) with detailed information on the Sr isotope record described by Sedlacek et al. (2014), and the U isotope changes described by Zhang et al. (2018). A detailed description of the PTB interval relating to chemo- and biostratigraphy was published by Richoz (2006), Richoz et al. (2010), Schobben et al. (2014, 2015, 2016, 2017), and Wardlaw and Davydov (2005).

Unlike the mound or bioherm facies at the Shahreza and Abadeh sections, the Zal section (Figure 14) contains tens of decimetric thick bedded limestone (yellow colored portion in Figure 14A) and dark coalescent spheroids between oncoids (Figure 14B) located between 3 and 11 m above the boundary clay. The oncoids were well described by Leda et al. (2014, p. 313) in their study, where they described two varieties, R and C.
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FIGURE 14. The Zal section, modified from Richoz (2006). PTB = Permian-Triassic Boundary; MFS = Main Flooding Surface; decimeter thick bedded biostromes (yellow) and wrinkled stromatolite (blue color). (A) View of the boundary clay, 60 cm thick (white field, scale 40 cm). (B) Bed surface with 1–2 cm large spheroid sponges (white scale bar 40 cm). (C) Laminated gray limestone with “wrinkle”-structure (yellow field scale 1.5 cm).


The dark coalescent spheroids (Figure 14B) are very similar to the spheroid sponges (Figures 15A,B) from the Smithian of Mineral Mountains (Utah, United States) described by Brayard et al. (2011, Figure 5) and the possible spheroid sponges from the Griesbachian of the Zal section described in our study (Figures 15C,D). Arnaud Brayard (written communication) was convinced by our comparative study highlighted in Figure 15. In this study, we interpreted the dark coalescent spheroids of Zal as possible sponges and the deposit as biostrome due to the observed presence of sponge fibers around the spheroids. They are overlain by thick bedded wrinkled lime laminated mats (Figure 14C). This will be described in another article (Brandner et al., in prep.).
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FIGURE 15. Comparison between macroscopic view of spheroid sponges. (A,B) Smithian unit of Mineral Mountains (Utah, United States) illustrated by Brayard et al. (2011), in their Supplementary Figure 5. (C,D) Potential spheroid sponges from the Griesbachian of the Zal section. (A,C) Upper surface. (B,D) Transverse section, yellow field scale in upper right corner ca 1.5 cm.




CONCLUSION

A sponge takeover that started during the EPME in South Armenia and NW Iran has been confirmed in Central Iran sections and found to extend to the lower Griesbachian in the Kuh-e Hambast C sections and possibly up to Dienerian time in the Shahreza and Baghuk sections.

We argued that these permineralized remnants of keratose demosponges belong to a wide range of microbial mounds built in part by digitate stromatolite columns. With the same age, types and microfacies, these buildups correspond to those recently described in South Armenia (Sahakyan et al., 2017; Friesenbichler et al., 2018).

In the Kuh-e Hambast C section of the Abadeh area, these SMB are restricted to the 1.60 m thick interval of successive mounds showing numerous arborescent structures with decimeter-scale branching columnar stromatolites surrounded by lime mud rich in fibers of keratose-like sponges, and early Griesbachian in age (Hindeodus parvus conodont Zone). As asserted in the South Armenia studies, the calcium carbonate oversaturated seawater induced a very early diagenetic replacement of the previous digitate microbial organic tissue as of the demosponge fibers.

The Shahreza section showed five successively spaced SMB cropping out over the first 20 m of the section starting from the post-extinction latest Permian and ending at the early Dienerian thus spanning about 700-ky. The surrounding sediment and the thinly bedded platy lime mudstone characterizes an open marine distal ramp environment close to or below the storm wave base.

In this distal ramp environment, which is about 60 m deep, the SMB grew successfully with topographic reliefs above the seafloor. Therefore, an in-depth description of the post-EPME microbial-metazoan bioherms with branching and columnar stromatolite can be related to sponges cropping out along the Cimmerian margin of the Neo-Tethys in South Armenia and Central Iran.
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We report extensive major and trace element data for the Permian-Triassic boundary (PTB) at Meishan, China. Analyses of 64 samples from a 2.5 m section span the last 75 kyr of the Permian and the first 335 kyr of the Triassic, from beds 24 to 34. We also report data for 20 acetic acid extracts that characterize the carbonate fraction. Whole rock major element data reflect the change of lithology from carbonate in the Permian to mudstone and marl in the Triassic, indicate an increase of siliciclastic input and MgO in and above the extinction interval (beds 24f–28), and silica diagenesis in carbonates below the extinction horizon. Above bed 27, enrichment factors calculated with respect to Al and Post-Archean Australian Shale (PAAS) are ∼1 for most trace elements, confirming that siliciclastic input dominates trace element distributions in the Triassic. Within the extinction interval, beds 24f and 26 show increases in As, Mo, U and some transition metals. V, Cr, Co, Ni, Cu, Zn, Pb, and Ba are variably enriched, particularly in bed 26. Below the extinction interval, the top of bed 24d shows enrichment of V, Cr, Co, Ni, Cu, Zn, Pb, and Ba in a zone of diagenetic silicification. Trace elements thus reflect siliciclastic input, diagenetic redistribution, and responses to redox conditions. Trace element patterns suggest either a change in provenance of the detrital component, or a change in the proportion of mechanical to chemical weathering that is coincident with the beginning of the extinction in bed 24f. Ba, Zr, and Zn behave anomalously. Ba shows little variation, despite changes in biological activity and redox conditions. The enrichment factor for Zr is variable in the carbonates below bed 24f, suggesting diagenetic Zr mobility. Zn shows a sharp drop in the extinction horizon, suggesting that its distribution was related to phytoplankton productivity. Rare earth element content is controlled by the siliciclastic fraction, and carbonate extracts show middle rare earth enrichment due to diagenesis. Ce and Eu anomalies are not reliable indicators of the redox environment at Meishan.
Keywords: Meishan, Permian-Triassic boundary, rare earth elements, diagenesis, major and trace elements
INTRODUCTION
Virtually every aspect of the geology of the Global Stratotype Section and Point (GSSP) of the Permian-Triassic boundary (PTB) at Meishan, China (Yin et al., 2001), has been studied in detail. This intensive scrutiny reflects both the need for detailed documentation of the global reference section, and the expectation that such data can shed light on the mechanism(s) and rates of the earth’s most severe extinction. One aspect of the geochemistry of the Meishan section that has received relatively less attention is the extent of diagenetic modification in this dominantly carbonate sedimentary sequence. Interpretation of trace element distributions and isotopic compositions depends at least in part on an understanding of the extent of diagenetic overprinting.
Presently, there is a consensus that the eruption of the Siberian Large Igneous Province, because of its contemporaneity with the extinction, its sheer magnitude and its projected effects on the global atmosphere-ocean system, is the likeliest ultimate cause of the extinction. The Siberian eruptions are closely linked with the extinction in time (Renne et al., 1995; Kamo et al., 2003; Burgess et al., 2014; Burgess and Bowring, 2015; Burgess et al., 2017). Input of erosols, CO2, CH4, and possibly SO2 to the atmosphere from the Siberian eruptions (Ganino and Arndt, 2009; Saunders and Reichow, 2009; Svensen et al., 2009; Brand et al., 2012; Payne and Clapham, 2012) is proposed to have initiated a “volcanic winter” (Rampino et al., 1988; Saunders and Reichow, 2009) that manifested itself in a range of subsidiary mechanisms. Volcanic aerosol input to the atmosphere may be linked with lethally hot atmospheric temperatures (Sun et al., 2012), with increasing seawater temperature (Joachimski et al., 2012; Chen Z. Q. et al., 2015), with marine anoxia (Wignall and Twitchett, 1996; Meyer and Kump, 2008; Jenkyns, 2010), and with acidification of seawater (Hinojosa et al., 2012; Clarkson et al., 2015), all of which could contribute to extinction in the oceans. The timing of anoxia, acidification, and oceanic warming, with respect to the extinction, remains a matter of debate (Chen Z. Q. et al., 2015; Wang et al., 2019; Joachimski et al., 2020). Recent work suggests that different species retain different records, record diagenetic overprinting in addition to primordial seawater signals, and that global warming and sea surface temperature changes could post-date the extinction event by tens of thousands of years (Chen et al., 2016; Shen S. Z. et al., 2019; Joachimski et al., 2020). Acid rain (Black et al., 2014) and elevated atmospheric temperatures probably caused extinction on land (Fielding et al., 2019; Feng et al., 2020), and increased weathering and erosion (Algeo and Twitchett, 2010), because they represent increased nutrient input, likely contributed to a positive feedback on anoxia in at least the surface ocean (Wei et al., 2015; Zhang et al., 2018; Zhang et al., 2020). In Australia, the extinction or massive reorganization of ecosystems on land predates the extinction in the oceans (Fielding et al., 2019), but is coincident with inception of volcanism in Siberia. Increased weathering and erosion also impact the 87Sr/86Sr composition of the oceans, so that correlated isotopic and other chemical patterns constrain the timing and mechanisms of extinction.
The most direct evidence that has implicated the Siberian eruptions is the presence of elevated Ni and Hg in both terrigenous (Fielding et al., 2019; Shen J. et al., 2019) and marine sedimentary rocks (Rothman et al., 2014; Xiang et al., 2016; Grasby et al., 2017). Aerosolization of Ni and Hg during the eruptions would have allowed global transport of these tracers (Grasby et al., 2017; Rampino et al., 2020). Elevated Ni is also linked with marine anoxia (Rothman et al., 2014), and it is possible that Hg levels in the ocean may have reached lethal concentrations (Sanei et al., 2015). There are few data to evaluate whether other trace elements—Co, Cr, Cu, and V, for example, might correlate with Ni and Hg, and might also reflect global volcanogenic input.
In PTB sections in south China, multiple volcanic ash beds show that there was direct volcanic input from local sources. These claystones are not basaltic ashes (Shen et al., 2012; Gao et al., 2013; He et al., 2014), and are not derived from the Siberian magmatic event. Calc-alkaline, arc-related volcanism, centered apparently to the west and south of most Chinese PTB sections (Gao et al., 2013; He et al., 2014), was contemporaneous with the extinction event. This more local volcanism may have had greater impact on the PTB record in the eastern Paleotethys than the Siberian eruptions. Algeo et al. (2012) note that the collapse of organic carbon accumulation rates and primary oceanic productivity at the extinction horizon are unique to the South China sections, for which a local cause should be sought.
In the course of a detailed study of 87Sr/86Sr at the GSSP of the PTB at Meishan, China (Dudás et al., 2017), we also collected major and trace element data. These data provide a high-resolution geochemical record for a range of elements, help in assessing the extent and patterns of diagenesis, and in evaluating the relative contributions of local and Siberian volcanism to the trace element complement of the Meishan section.
GEOLOGICAL AND GEOCHEMICAL BACKGROUND
The GSSP of the PTB is in Meishan section D (Yin et al., 2001). The PTB is defined to be at the base of bed 27c (Yin et al., 2001), at the first appearance datum of the conodont Hindeodus parvus (Figure 1). Our sampling is from sections B and C (Supplementary Figures 1, 2), and includes parts of the Changhsing Formation of Lopingian (Changhsingian) age and the Yinkeng Formation of Early Triassic (Induan) age. The oldest samples for 87Sr/86Sr analyses, from bed 22 within the conodont Clarkina yini Zone (Yuan et al., 2014), are about 205 kyr older than the PTB based on the chronology of Burgess et al. (2014), whereas the youngest postdate the PTB by about 350 kyr (Supplementary Text, Supplementary Table 1; Dudás et al., 2017). This ∼500 kyr interval includes the earliest indications of stress on the late Permian biological system (the initial decrease of δ13C in bed 23-5; Cao et al., 2009), the extinction that began about 39 kyr before the PTB and is marked by bed 24f in our sampling, and extends above the extinction interval into bed 34. Our geochemical samples focus on carbonate strata and include only beds 24 and above, to the bottom of bed 34, a time range of 75 kyr prior to the PTB to 335 kyr after the PTB.
[image: Figure 1]FIGURE 1 | Meishan stratigraphic section, with the measurement datum set at the PTB at the top of bed 27b. U/Pb zircon dates are from Burgess et al. (2014). Conodont zones are from Yuan et al. (2014). Sampling for this study extends from bed 24a to bed 34, from -95 to 140 cm, with 63 of 64 samples being between −95 and 60 cm.
Beds 22, 23 and 24 are dominantly bioclastic packstones and wackestones (Cao and Zheng, 2009; Zheng et al., 2013), with minor admixture of siliciclastics, most of which are concentrated in thin cleats along bedding planes. The carbonates also contain silica-rich horizons that are interpreted to be spiculites (Zheng et al., 2013). Li G. et al. (2016) argue that the limestone beds below the extinction horizon represent two facies: finely laminated, micritic limestones that reflect primary depositional conditions, and turbidite beds that are allochthonous, and do not represent environmental conditions at the site where they are found. These facies persist up to the top of bed 24d. The uppermost bed of the Changhsing Formation, 24e, is a bioclastic wackestone that contains numerous fossils (Wang et al., 2019), and is topped by a ∼3 cm pyrite-rich horizon that is coincident with the onset of the major extinction at Meishan (Yin et al., 2001; Shen S. Z. et al., 2011). This sulfidic horizon is sometimes identified as bed 24e8 (Yuan et al., 2014), or as bed 25-1 (Chen Z. Q. et al., 2015); herein we call this bed 24f (Supplementary Figure 3).
There is a major change in lithology above bed 24, coincident with the boundary between the Changhsing and Yinkeng formations (Yin et al., 2001; Zheng et al., 2013). Below bed 24f, the dominant lithology is limestone, whereas the beds above 24f are dominantly mudstones and marls, with carbonate interbeds in beds 27, 29, 32 and 34. This change is coincident with a change in apparent depositional rate (Burgess et al., 2014; Supplementary Text).
The mineralogy of the sedimentary rocks of the Meishan section changes significantly upsection (Liang, 2002; French et al., 2012; Chen Z. Q. et al., 2015; Li and Jones, 2017). Below the extinction horizon, the carbonate fraction is dominated by calcite, and the siliciclastic fraction is characterized by quartz with a minor clay component. Above the extinction horizon, the carbonate fraction contains a large proportion of Fe- and Mg-bearing carbonates, and the siliciclastic fraction is more prominent and includes chlorite, mixed-layer illite-smectite, and smectite. In beds 24f, 25 and 26, gypsum constitutes up to 30% of the rock (Li and Jones, 2017). The abundance of pyrite, both as large grains and as framboidal aggregates, also varies with stratigraphy (Jiang et al., 2006; Shen et al., 2007; Chen Z. Q. et al., 2015; Li G. et al., 2016; Wei et al., 2020), and is a potential proxy for interpreting redox conditions.
In addition to a depositional hiatus at the top of bed 24d, there are at least two non-deposition surfaces in bed 27 that are not coincident with subdivisions of bed 27. Cao and Zheng (2009) and Li and Jones (2017) describe these hiatal surfaces. Thus, the Meishan section records shoaling, and not all of the section reflects deposition in a slope environment. These non-deposition surfaces are within the carbonate parts of the section, so that near-surface diagenetic modification of the carbonates in these intervals is likely. The U/Pb zircon data for ash beds 25 and 28 at Meishan bracket the extinction interval (Burgess et al., 2014), and show that the hiatus associated with non-deposition surfaces in bed 27 cannot exceed tens of kyr. Because beds 25 and 28 are predominantly volcanic ash beds, they are not included in our geochemical study. We rely on the data of Gao et al. (2013) and He et al. (2014) in evaluating the contribution of local volcanism to the overall geochemistry of the section.
Shen S. Z. et al. (2011) and Shen S. Z. et al. (2019) have argued that the end-Permian extinction, at Meishan, is a protracted event. Dating of the Meishan section (U/Pb on zircon from tuff horizons in beds 22, 25, 28, 31 and 34; Burgess et al., 2014; Shen S. Z. et al., 2011) suggests that the extinction interval was 61 ± 48 kyr, extending from the top of bed 24e to bed 28, although new data from Penglaitan (Guangxi province, South China) indicate a shorter extinction interval of <31 ± 31 kyr (Shen S. Z. et al., 2019). In this contribution, we consider the extinction interval to begin at the top of bed 24e. Other studies advocate a two-step extinction (Xie et al., 2007; Yin et al., 2012; Song et al., 2013; Chen Z. Q. et al., 2015), rather than a protracted single event. Astronomical tuning of the Meishan section (Wu et al., 2013; Li M. et al., 2016) suggests that the extinction interval may be up to 40% shorter than that indicated by the data of Burgess et al. (2014), a suggestion that is consistent with the data from Penglaitan.
The studies that explicitly address the nature and extent of diagenesis in the Meishan section are those of French et al. (2012), Li and Jones (2017), and Wang et al. (2019). French et al. focus on diagenesis as it affects the organic geochemistry of the Meishan section, and on links between clay mineralogy and diagenesis, but do not address diagenesis of major elements. Li and Jones discuss the impact of diagenesis on δ13Ccarb, and conclude that diagenesis by meteoric waters has enhanced the negative excursions of δ13Ccarb in the Meishan section. They present data on mineralogy, on bulk rock Mg, Ca, Fe, Mn and Sr, analyses of REE and Y, and detailed examinations of diagenetic features by cathodoluminescence and scanning electron microscope imaging. Wang et al. conclude, based on Ca, Mg, Sr, and Mn data, that the Meishan section shows both early diagenesis under fluid-buffered conditions, and late-stage diagenesis such that primary seawater signals in δ44/40Ca, δ88/86Sr, and 87Sr/86Sr, at least, are difficult to identify. Zhang et al. (2020), in a review of U-isotopes as a redox proxy in carbonates, discuss the effects of carbonate diagenesis in some detail, but this discussion is not specific to the Meishan section.
A general review of diagenesis and its impact on trace elements in carbonates (Smrzka et al., 2019) is fairly comprehensive, but excludes major and common elements (Ba, Ca, Fe, Mg, Mn, Sr). The discussion of As and Sb is helpful, as are observations on Cd, Re, and Se, which are not included in our dataset.
Rare earth element (REE) data potentially contribute to our understanding of geochemical systematics in four ways. Because marine carbonates have low overall REE content (Alibo and Nozaki, 1999; Nothdurft et al., 2004), REE data are sensitive to even small amounts of detrital input, and thus provide a constraint on the extent of mixing between carbonate and siliciclastic materials. REE in marine carbonates are subject to diagenetic modification (Li and Jones, 2014), and offer a way of assessing diagenetic effects. REE patterns can potentially distinguish between different volcanic sources; typically flat tholeiitic REE patterns contrast with light REE (LREE) enriched patterns of typical calc-alkaline volcanics. Finally, anomalies in Ce and Eu, which are redox-sensitive, have been proposed as redox proxies in marine carbonate rocks (Bolhar et al., 2004; Nothdurft et al., 2004; Bolhar and Van Kranendonk, 2007), though redox conditions in the water column can differ from those in sediment pore waters (Shields and Stille, 2001; Chen J. et al., 2015).
Other than isotopic data (δ7Li: Sun et al., 2018; δ13C: Cao et al., 2009, and many others; δ18O: Chen et al., 2016; clumped isotopes of O and C: Joachimski et al., 2012; δ34S: Kaiho et al., 2001; Jiang et al., 2006; Kaiho et al., 2006a; Kaiho et al., 2006b; Riccardi et al., 2006; Shen Y. et al., 2011; δ44/40Ca: Hinojosa et al., 2012; Wang et al., 2019; δ66Zn: Liu et al., 2107; 87Sr/86Sr: Cao et al., 2009; Song et al., 2015; Dudás et al., 2017; Wang et al., 2019; δ88/86Sr: Wang et al., 2019; δ202Hg and Δ199Hg: Grasby et al., 2017; Wang et al., 2018; Shen J. et al., 2019; Sial et al., 2020), there is a paucity of published geochemical data on the Meishan section. Most studies are narrowly focused, addressing organic geochemistry (Cao et al., 2009; French et al., 2012), platinoid-group elements (Xu et al., 2007; Xu and Lin, 2014) and specific redox markers (Song et al., 2012; Rothman et al., 2014; Xiang et al., 2020). Only Zhou and Kyte (1988), Kaiho et al. (2001), Xu et al. (2007), and Li and Jones (2017) present bulk rock trace element data. Wang et al. (2019) provide data for Ca, Mg, Mn and Sr, whereas Xiang et al. (2020) report data for Al, Fe, Mo, U, and V, in addition to Fe speciation measurements.
SAMPLES AND METHODS
The Supplementary Text describes sample locations and analytical methods. The samples for this study are from Meishan sections C and B (Supplementary Figure 2).
RESULTS
Whole-Rock Data: Major Element Stratigraphy
Table 1 and Figure 2 summarize the whole-rock major element data; the data are shown in Supplementary Table 2. Independently of the stratigraphic subdivisions of the Meishan section, the data justify division of the section into beds lying above 24e, those lying below 24e, and 24e separately (Figure 2). Overall, SiO2 content ranges up to 57 wt%, and is highly variable, especially in beds below 24e. Bed 24d has increased SiO2 compared with most of the stratigraphy below 24e. CaO ranges up to 55 wt%, and decreases upsection as SiO2 increases. Above bed 24e, Al2O3 ranges up to 20 wt%, while remaining below 9 and 0.8 wt% in beds below 24e and bed 24e, respectively. Except for anomalous concentrations of Fe2O3T in bed 24f (up to 30 wt%), Fe2O3T above Bed 24e is below 8 wt%, and below 2 wt% in all other samples. The section below bed 26 contains less than 2 wt% MgO; MgO increases upsection. Above bed 24e, K2O content ranges up to 5.1 wt%, but is below 0.2 and 2.5 wt% in bed 24e and beds below 24e, respectively.
TABLE 1 | Summary of whole rock major element data.
[image: Table 1][image: Figure 2]FIGURE 2 | Major element whole rock data, plotted stratigraphically. Two values of Fe2O3 in bed 24f (−21 cm) are off scale. Calculated proportions of calcite, dolomite, and rhodochrosite are plotted on a log scale. See text for limitations on the estimates of these mineralogical abundances.
Whole-Rock Data: Major Element Correlations
The major element data show correlations (Table 2; Supplementary Figure 5; Supplementary Table 4) that are consistent with dominantly carbonate and siliciclastic lithologies. We consider statistically significant correlations to have r2 > 0.5. In beds above 24e, where the section is dominated by mudstones and marls, SiO2 is correlated with Al, Na, K, and Ti; SiO2 is negatively correlated with Mn and Ca. Neither Fe nor Mg is correlated with other major elements. In bed 24e, SiO2 is correlated with Al, Na, K, Ti, and P, and is negatively correlated with Mg and Ca. Fe shows no correlation with other major elements, but Mg is strongly correlated with Ca, and negatively correlated with K and Ti. Below bed 24e, SiO2 is correlated with Al, Fe, Na, K, and Ti, and negatively correlated with Ca. Mg is correlated with K and Ti, whereas Ca is negatively correlated with Na, K, and Ti. The geochemical data thus reflect mixing between limestone and siliciclastic components. The absence of statistically significant major element correlations with Fe2O3T in bed 24e and those above 24e is unexpected, and suggests that Fe2O3T content is controlled by something other than detrital, siliciclastic input.
TABLE 2 | Summary of major element correlations.
[image: Table 2]Whole-Rock Data: Trace Element Stratigraphy
Table 3 and Figures 3 ,4 summarize the whole-rock trace element data; the complete data set is Supplementary Table 3. Elements analyzed but not reported in Table 3 are excluded because there are numerous missing values, or because other elements are adequate proxies (REE). Figure 3 shows the trace element data as a function of stratigraphy, whereas Figure 4 shows trace element data against Al2O3 content, the best indicator of siliciclastic input.
TABLE 3 | Summary of whole rock trace element data.
[image: Table 3][image: Figure 3]FIGURE 3 | Selected trace element data, plotted stratigraphically. All concentration data are on a log scale.
[image: Figure 4]FIGURE 4 | Bivariate plots of selected trace element data. Data are plotted against Al2O3 as an index of detrital input.
Trace element concentrations vary on the scale of individual sediment laminae. The data indicate that the units we sampled are best treated as groups: beds below 24d can be grouped, beds 24d, 24e, 24f, and 26, in some cases, need to be treated separately, and beds above 26 can be grouped. Most notably, bed 24f, the beginning of the extinction horizon, shows enrichments, compared with the other parts of the stratigraphy, in As, Cr, Mo, Pb, Sb, Th, Tl, U and W. The overlying black mudstone, bed 26, shows enrichments in As, Ba, Co, Ga, Mo, Pb, Rb, Sb, Th, Tl, and V. In contrast with bed 24f, bed 26 does not show enrichment in Cr, U or W. In both beds, there are individual samples with Ni up to 170 ppm, but there is no overall pattern of Ni enrichment. Two samples in bed 24f have V content of 109 ppm, but the other seven samples of 24f have V below 25 ppm. The majority of the trace elements that are enriched in beds 24f and 26 are redox sensitive, or have important metabolic pathways.
Al2O3, Sc, Th, and Zr best characterize the detrital component (Figure 4). In bed 24e and below, Zr content is variable, but always below 100 ppm. In beds 24f and 26, Zr is between 100 and 300 ppm, whereas the section above bed 26 contains between 100 and 200 ppm Zr. Similarly to Zr, Y shows an increase from bed 24e (always <20 ppm) to 20–60 ppm in beds 24f, 26, and 27, with a “baseline” of 10–30 ppm above bed 27. The distribution of Sc parallels that of Y. Ce (and other REE) content also follows a pattern similar to Zr, in that it is below 25 ppm and variable in beds below 24e; in beds 24f and 26, Ce is enriched (34–98 ppm), whereas in beds above 26, it has a range of 30–80 ppm.
Below bed 24e, V content is variable between 8 and 160 ppm, with four samples being below the limit of detection (BLOD) of 5 ppm. In bed 24e, V is below 32 ppm, with 5 of 10 samples being BLOD. Above 24e, two samples are BLOD, whereas the others range up to 210 ppm, with a median value of 65. For Cr, many samples are BLOD (detection limit, DL, is 20 ppm). The highest value, 280 ppm, is in bed 24f, and the “baseline” above bed 27 is around 50 ppm. For Co, also, there are numerous missing values with a DL of 1 ppm. Notably, all of bed 24e is BLOD, whereas bed 24d shows up to 16 ppm. Beds 24f and 26 range up to 35 ppm Co, whereas beds 27 and above mostly contain <10 ppm Co. The high DL of Ni, 20 ppm, limits our data. Below bed 24 d and in 24e, Ni is BLOD for most samples, whereas in bed 24d, Ni spikes to 170 ppm. There is a similar spike to 170 ppm in beds 24f and 26. Fewer than half of samples above bed 26 have detectable Ni. The highest Cu content, 100 ppm, is in bed 26. Most samples below 24f are BLOD, and the scattered data for beds above bed 26 suggest a “baseline” of about 30 ppm.
The distribution of Zn contrasts with that of the other transition metals. In beds above 24e, Zn content is below 200 ppm, and averages about 60 ppm, with 21 of 34 samples being BLOD (DL is 30 ppm). By comparison, 6 of 10 samples in bed 24e returned values with a median of 430 ppm. There is a distinct enrichment of Zn in bed 24d; 6 of 9 samples have reportable values with a median near 300 ppm and a high value of 1,180 ppm. In the beds below 24d, 6 of 11 samples are BLOD, but there is a single high value of 1,000 ppm. The pattern for Pb is similar to Zn: bed 24d is enriched (median value of ∼30 ppm), with spikes to 125 ppm in some beds below 24d. Pb is BLOD in most of bed 24e, but shows enrichment in beds 24f and 26. Above bed 26, Pb is mostly below 20 ppm, with a few values reaching 50 ppm. Th and U are above the DL in all samples. Below bed 24d, Th values are erratic, varying from 0.3 to 12 ppm; bed 24d is not distinct from the units below it. In bed 24e, Th is low (0.4–1.2 ppm). In bed 24f, Th is slightly higher, from 0.4 to 20 ppm, whereas in bed 26 it ranges from 15 to 38 ppm. Above bed 26, Th values are between 3 and 15 ppm. Beds below 24e are not distinct in their U contents, varying from 2.2 to 15 ppm. Bed 24e is also in this same range, with U between 2.1 and 4.8 ppm. There is a distinct spike in U content in bed 24f, with U ranging from 4.4 to 22 ppm. Bed 26 is also somewhat elevated, with U between 6 and 12 ppm. Above bed 26, U content is generally low, between 1.5 and 4.5 ppm, with the exception of two samples in bed 27, with 5.4 and 7.3 ppm.
In beds above 24e, REE patterns are almost flat when normalized to PAAS (Post-Archean Australian Shale; Taylor and McLennan, 1985), with some samples showing negative Ce anomalies and a slight enrichment in the MREE (Figure 5). Overall REE abundances vary by more than a factor of 10. In Bed 24e, the REE patterns show depletion of LREE, and generally low REE abundances. Beds below 24e show variable REE abundances, and all samples have patterns that are depleted in LREE. In the limestones of bed 24e and below, there is no distinct negative Ce anomaly. Several samples throughout the section show positive Y anomalies.
[image: Figure 5]FIGURE 5 | Selected whole rock rare earth element data, normalized to PAAS (Taylor and McLennan, 1985).
Whole-Rock Data: Trace Element Correlations
Because there are numerous missing values in the trace element matrix, the statistical significance of the correlation coefficient for trace elements varies more than it does for major elements. As a rough guide, we have chosen r2 > 0.5 to indicate correlation; the correlation data are shown in Supplementary Table 4. In beds below 24e, an expected suite of lithophile trace elements (Sc, Ga, Rb, Nb, Cs, Ba, Zr, Hf, Pb, Th) is strongly and positively correlated with Al2O3 (Figure 4), Fe2O3T, K2O, and TiO2, but is only moderately correlated with SiO2. This correlation is less pronounced in bed 24e and the beds above 24e. A second suite of elements, including V, Co, Mo, the REE, Ta, and 87Sr/86Sr, is less strongly correlated with the same suite of major elements, whereas a third suite of trace elements, including Cr, Cu, Tl, and U, has weak correlations with Al2O3, Fe2O3T, K2O, and TiO2. Sr is strongly to moderately anti-correlated with SiO2, Al2O3, Fe2O3T, K2O, and TiO2. CaO is moderately to strongly correlated with Sr, but is anti-correlated with the lithophile trace elements listed above, as well as with 87Sr/86Sr. There is a weak anti-correlation between CaO and Cr, Mo, Ta, and Tl. The same patterns generally hold in bed 24e, except that there is a weak to moderate anti-correlation between MgO and CaO and Cr, Zn, Sb, Th, Tl, MREE, and HREE. Above bed 24e, MnO, MgO, and CaO are anti-correlated with most of the lithophile elements. Also above bed 24e, there is a weak anti-correlation between Mo and SiO2, MnO, MgO, and P2O5.
Correlations among the trace elements are consistent with suites of trace elements that are controlled by siliciclastic or carbonate components. Thus, Sc, Ga, Rb, Zr, Nb, Cs, Ba, Pb, Th, and U are mutually and mostly strongly correlated, and are related to the siliciclastic component. Cr, Cu, Co, Ni, Sb, Mo, and W constitute a second suite that shows mutual correlations; this group is not distinctly associated with either lithological component. The REE are correlated within themselves, and with Zr, Ta, Hf, Pb, Th, and U. Sr is the only trace element that is negatively correlated with Sc, V, Cr, Ga, Rb, Y, Nb, Cs, Ta, Pb, Zr, Ba, Th, and the REE; it is not positively correlated with any other trace element.
Acetic Acid Extracts: Trace Element Data
Table 4 and Figures 6 ,7 present trace element data for the acetic acid extracts. Major elements were not analyzed in the acetic acid samples. The correlation matrix for the acetic acid extract data is Supplementary Table 5. The data are reported as ppb in solution, and are mostly from beds above 24e, where we expect the most pronounced signal of changes in environmental conditions. Because we have only poor constraints on the amount of sample dissolved during acetic acid leaching, conversion of these data to ppm in the solid introduces large uncertainties. Comparison of concentrations in the acid solution provides a qualitative measure of the trace element content of the carbonate fraction in each sample. The low Ga, Zr, and Th content in these solutions is consistent with our assumption that the siliciclastic component made little or no contribution to these data, though Rb and Cs data suggest that some exchange with phyllosilicates probably occurred. Elements that were sought but were below detection limits in more than 75% of samples include Cr, Ga, Ge, As, Zr, Nb, Mo, Ag, In, Sn, Sb, Hf, Ta, W, Tl, and Bi. The absence of reportable Cr, As, Zr, Mo, Sb, and W contrasts with data from the bulk rock samples.
TABLE 4 | Summary of acetic acid extract data.
[image: Table 4][image: Figure 6]FIGURE 6 | Trace element data for acetic acid extracts, plotted stratigraphically. Data for bed 24d are shown in red.
[image: Figure 7]FIGURE 7 | Rare earth element patterns of acetic acid extracts. All data have been multiplied by 1,000 to plot on a scale comparable to the whole rock data.
Of the transition metals that were above detection limits in these analyses (V, Co, Ni, Cu, Zn, Pb), all but Co show a distinct concentration peak in bed 24d, just below the extinction horizon in bed 24e (Figure 6). The high concentration of Zn continues into bed 24e, but not into bed 26. Ba is also elevated in bed 24d. U shows a similar distribution, with an additional peak in bed 24f. Some lithophile elements (V, Rb, Y, Th, Ce) show a slight increase upsection. By comparison with the top of bed 24d, the extinction horizon, bed 24f, is not particularly enriched in trace metals, despite the extreme enrichment of Fe, which is present as pyrite. U and Ba have elevated values in 24f. Throughout the section, Th is below detection limit in the carbonate-rich samples, whereas U is enriched in beds 24d, 24e, and 24f, compared with the extracts from beds above 24f. Despite obvious problems in quantitation of the HREE, REE patterns are distinguishable (Figure 7), with beds above 24e having higher REE concentrations and distinct MREE enrichment, whereas both 24e and the beds below 24e show LREE depletion. Negative Ce anomalies are present in most samples below bed 30, and negative Eu anomalies characterize most samples above bed 24e.
DISCUSSION
Geochemistry in Relation to Depositional Environments
Major and trace element data track the major change of lithology between the carbonate-dominated section in beds 24e and below to the siliciclastic-dominated section in beds 24f and above (Figure 2). There are variations on the scale of single laminae within the carbonate section, where SiO2 content can reach above 45 wt% (sample 24c6a) in individual samples. Elevated SiO2, when paired with elevated Al2O3, reflects detrital input deriving from turbidite events (Li G. et al., 2016). Detrital input appears to have SiO2/Al2O3 ∼ 5, the average value in beds above bed 26, and SiO2/Al2O3 above eight indicates SiO2 content independent of detrital input (Figure 2), either as sponge spicule accumulations (Zheng et al., 2013) or as diagenetic silicification. Whole rock compositions thus can be interpreted in terms of three components - carbonate, detrital siliciclastics, and biogenic silica. In the trace element data, the signature of biogenic silica cannot be separately identified, and only the carbonate and detrital components can be recognized. Because the siliciclastic section above bed 24e is dominated by detrital inputs, it is difficult to infer ambient seawater conditions from data in that part of the section.
The non-deposition of carbonates in the extinction horizon (beds 24f–26) may reflect an acidification event in the surface ocean. If the break in carbonate deposition in beds 24f–26 was due to acidification, it was a transient condition lasting less than about 15 kyr, which was followed by carbonate deposition for ∼26 kyr in beds 27–29. Evidence for acidification is tied to the latter part of the extinction interval in the Early Triassic (Clarkson et al., 2015), and not to the latest Permian, and is also presumed to be short-lived, not exceeding 10 kyr. Furthermore, the acidification event is modeled to have decreased oceanic pH from ∼8 to ∼7.3 (Clarkson et al., 2015), a pH at which there would not be extensive dissolution of existing carbonate sediments in marine settings. Alternately, the cessation of carbonate deposition in beds 24f–26 could be due to voluminous detrital input that suppressed carbonate deposition, input that is coincident with deposition of the volcanic ash in bed 25. Carbonate deposition depends on carbonate saturation, i.e., the extent to which the activity product of Ca2+ and CO32− exceeds the solubility product; detrital input that is rich in clays will drop the activity of Ca2+ by providing a large increase in adsorption sites, sequestering Ca2+ in smectite and montmorillonite. Increased detrital input could also reflect increased erosion, as suggested by δ7Li data (Sun et al., 2018), suggesting that the extinction on land was coincident with the marine extinction event (Sephton et al., 2005; Shen S. Z. et al., 2011; Zhang et al., 2015). Negative Δ199Hg in Meishan beds 25–26 is interpreted to indicate that the Hg budget was dominated by local terrigenous inputs (Grasby et al., 2017), also pointing to increased erosion contemporaneously with the extinction. Major and trace element data are insufficient to distinguish between these alternatives, but the absence of evidence for carbonate dissolution at the top of bed 24e is consistent with the latter interpretation.
The exceptional enrichment of Fe2O3T in samples 24f7 and 24f7b, to 30 wt%, signals the pyrite-rich layer in bed 24f. The continuity of this pyrite layer in several sections at Meishan indicates that it is a primary depositional feature, not a diagenetic feature. The pyritic horizon is thin, being <5 mm at the top of bed 24f (though all of bed 24f is pyrite-rich in comparison to the rest of the stratigraphy) that has a total thickness of 24 mm (Supplementary Figure 3), and represents initiation of an euxinic event. Fossils and burrows in bed 24e (Chen Z. Q. et al., 2015) show that bed 24e was deposited under suboxic conditions, so that the euxinic event associated with the end-Permian extinction post-dates bed 24e. Deposition of bed 24f occurred over less than 2 kyr, and the euxinic event could be restricted to a fraction of this interval. There is no clear evidence, in our data, of where termination of euxinic conditions might have occurred upsection. The deposition of the pyrite horizon requires not only the availability of sulfide, but also of Fe in a quantity that is not reflected in any other part of the Meishan section. We interpret the cessation of pyrite precipitation as reflecting the exhaustion of the Fe reservoir rather than the cessation of euxinic conditions: the data of Xiang et al. (2020) and Wei et al. (2020) both show the persistence of anoxia from bed 24f upward through at least bed 26, though euxinia in this interval may have been episodic. There is evidence for trace metal depletion in the water column by precipitation in euxinic waters (Takahashi et al., 2014), but the abundance of Fe in their samples does not show much change across the extinction interval; their data, from an open ocean setting in the Panthalassic Ocean, may not track Fe abundances in shallow water sections like Meishan. The source of Fe - from the overlying water column that includes fresh weathering inputs, or diagenetically mobilized Fe in pore waters - is unclear. Fe enrichment in bed 24f7 is accompanied by enrichments in As, Mo, and Tl, but not in Co, Cu, or Ni.
Previous studies have documented a change in mineralogy in the Meishan section, going from dominantly calcite in the limestones in bed 24e and below, to dominantly Fe- and Mg-bearing carbonates (ankerite or dolomite) in the carbonate beds above bed 24e (Liang, 2002; Li and Jones, 2017). Figure 2 shows the calculated carbonate mineralogy of the Meishan section. The extent of MgO, MnO, and Fe2+ partitioning into the carbonate component is not clear from geochemical data, so that the mineralogical proportions in Figure 2 are estimates, based on the assumption that all CaO is partitioned into calcite, all MgO is partitioned into dolomite (ignoring Mg in chlorite and smectite), and all MnO is present as rhodochrosite. In the absence of analytical data on Fe3+/Fe2+ and S2−, we assumed that Fe2+ is present as pyrite, and have excluded siderite from our calculations. Xiang et al. (2020) measured carbonate associated Fe but do not discuss these data separately. In their data, pyrite represents 0.4–0.8 of highly reactive Fe in the bed 24–28 interval, so that roughly half of the reactive Fe could be present as siderite. Analyses of dolomite grains in beds 25 and above show that Fe-rich zones occur as narrow (<5 µm) rims on some dolomite grains (Li and Jones, 2017).
Trace element data suggest that beds 24e and below have a different detrital component than those above 24e. Thus, for example, there are two different trends of Cr and V abundance with respect to Al2O3 (Figure 4), one trend for beds above 24e showing low Cr/Al and V/Al and a second trend for beds 24e and below with elevated Cr/Al and V/Al. Similar patterns are evident for Y and La (for the REE in general), where data for beds 24e and below show a trend with low Y and La abundance, with a second trend of higher Y and La abundance for beds above 24e.
Multiple factors could contribute to the change in trace element abundances between the section below bed 25 and that above bed 25. A change in the provenance of the sediments is possible, if there is a re-ordering of drainage patterns on land that is coincident with the extinction beginning at the top of bed 24e. A change in the bulk composition of material being transported into the marine environment is possible, if volcanic material deposited on, and subsequently eroded from land comes to comprise a sufficiently large proportion of the total detritus. A change in the proportion of mechanical to chemical weathering could produce different major and trace element patterns as a function of time. Finally, a change in patterns of winnowing of heavy minerals during transport could affect some element distributions, if there were a significant change in the volume of rainfall.
There is an up-section increase in trace element abundances. If, for beds 24e and below, the sediment source area was predominantly carbonates with low trace element content, a change in provenance to a dominantly siliciclastic source area for the beds above bed 24e could account for the increase in trace element abundances. Reconstruction of paleo-drainage patterns would be required to evaluate this possibility.
Numerous volcanic ashes were deposited across all of South China in the latest Permian and early Triassic. If the proportion of ash-derived detritus increased in going from bed 24e to the beds above 24e, and the detrital input in the lower part of the section had a low trace element inventory, this could account for increased trace element abundances up-section. Volcanic ash is relatively quickly eroded, and would produce a transient spike in trace element patterns, unlike the persistent increase in trace element abundances we observe in our data for beds 26–30. Elevated trace element abundances could persist if multiple ash events were involved in this erosional scenario. Because present models suggest global dispersion of some trace elements as aerosol (e.g., Ni and Hg) from the Siberian Traps, identifying those trace elements that were aerosolized and therefore should correlate with Ni and those that were dispersed mainly in the ash beds in South China would be a priority.
A progressive increase in atmospheric CO2 (Saunders and Reichow, 2009) characterized the Late Permian. Elevated atmospheric CO2 is implicated in acidification of rain and the surface ocean, in increasing atmospheric and surface ocean temperatures, and in the rate of silicate weathering (Broecker and Sanyal, 1998; Winnick and Maher, 2018). Compared to an early Changhsingian baseline, increases in acid rain, in atmospheric temperature, and in the rate of silicate weathering all point to an increase in the overall rate of chemical weathering (Algeo and Twitchett, 2010) in the late Changhsingian. The increase of chemical weathering will increase the dissolved load of rivers, and this ultimately will be reflected in increased trace element abundances in the strata above bed 24e. The timing of these effects is uncertain and is debated, but the change in trace element patterns in our data occurs at the very top of bed 24e, and into beds 24f and 26.
Abundances of trace elements with low solubility in aqueous systems (e.g., Ti and Zr) are tied to the abundances and distributions of accessory minerals (rutile, titanite, zircon). The change of Ti abundance from bed 24e to the strata above 24e potentially reflects a change in the winnowing of heavy minerals during riverine transport (c.f., Bennett and Canfield, 2020; Cole et al., 2017).
Li isotopic and abundance data (Sun et al., 2018) show a change between the section below bed 25 and that above, that Sun et al. interpret to indicate increased riverine flux of light 7Li into the oceans. Sun et al. point out the strong correlation of Li with Al, implying that Li is controlled by detrital input, but do not discuss the potential impact of diagenesis on either Li abundance or δ7Li. In Mg isotopic data (Chen et al., 2020), there is a signal of increased weathering starting in the mid-Dienerian, but mineralogical controls on Mg distribution obscure the weathering signal in the earliest Triassic, including the section covered by our sampling.
Post-Archean Australian Shale-Based Enrichment Factors
We have compared the Meishan section to other sedimentary rocks by calculating elemental enrichment factors (ef) with respect to PAAS (Taylor and McLennan, 1985). We use a clastic reference material for dominantly carbonate rocks because many trace elements in the Meishan section are controlled by the detrital, clastic fraction, as is evidenced by trace element correlations with Al. The ef is calculated as (element/Al)sample/(element/Al)PAAS. The most striking feature of ef values as a function of stratigraphy is that most elements have ef ∼1 above bed 27 (0 cm from PTB; Figure 8): the concentration of most elements above bed 27 is comparable to that in average shale. This underscores the observation that the detrital siliciclastic component controls trace element distributions in the upper part of the section.
[image: Figure 8]FIGURE 8 | Enrichment factors (ef) for whole rock trace elements calculated with respect to Al in PAAS. Samples containing less than 0.5 wt% Fe2O3T are shown in red. Concentration scales vary.
Because of low Al content in carbonate-rich strata, ef values in the carbonate beds are systematically high (c.f., Xiang et al., 2020), and ef calculated with respect to PAAS are potentially misleading. Of particular concern are ef for redox-sensitive trace elements like Ni, As, and Mo, and for Zn, none of which are correlated with Al. In our analyses, these elements have relatively high DL (20, 5, 2, and 30 ppm, respectively). Using the DL values to calculate ef (i.e., for samples with values below DL, substituting DL for the element value in the ef expression) shows interesting patterns that reveal the weakness of our data and of PAAS-based ef in carbonate strata. Above bed 24e, in the siliciclastic section, median ef calculated with DL values are 0.9, 8.6, 5.2, and 1.0 for Ni, As, Mo, and Zn, respectively. In bed 24e, the median ef are 12.5, 125, 75, and 14, respectively, for Ni, As, Mo, and Zn. In the carbonate-dominated beds below 24e, the median ef are 4.2, 42, 25, and 4.7. Because Fe is correlated with Al in beds below 24e, low Fe samples (Fe2O3T < 0.5%) below bed 24e (red points in Figure 8) show this tendency toward higher overall ef.
Sc, Ba, and Th show little variation of ef, regardless of stratigraphic position, suggesting that these elements, throughout the section, are controlled almost exclusively by the siliciclastic component. The apparent insensitivity of Ba to changing biological activity and redox conditions is unexpected. By contrast, the efZr is highly variable below bed 27. Though Zr is usually part of the detrital fraction, and is considered to be immobile in low-temperature environments, efZr variability implies that there has been post-depositional mobility. Zr can be mobilized as hydroxyl and fluoride complexes (Censi et al., 2015), can interact with phosphate binding sites on microbial cell surfaces (Censi et al., 2015), and potentially can also be mobilized as carbonate complexes (Kobayashi and Sasaki, 2017). Mobilization of Zr as hydroxyl or carbonate complexes would require neutral to alkaline pH in the pore water environment.
Other elements that show little variation of ef include Fe and Ti (Figure 8). There is a clear perturbation of efFe in the extinction horizon (24f), and a suggestion of increased efFe at low Fe concentrations in the beds below 24e. Variability of efFe potentially supports the argument of Fe depletion as the limitation on pyrite deposition at the top of 24f: the Fe-rich samples in beds 24d and 24f have efFe > 4, whereas efFe < 2 in beds 26 and above. There is a distinct break in efTi at the extinction horizon, suggesting again that there are different detrital sources, different extents of chemical weathering, or different conditions of winnowing during transport contributing to the weathering flux above and below bed 24e.
The elements that have ef > 1 above bed 27 are Sb, W, As, and U; for these, ef is even higher in beds below 27. Among these elements, only U is measurable in the acetic acid extracts, so that only U enrichment is tied to the carbonate fraction. The controls on Sb, W, and As abundances are unclear.
Zn shows a dramatic change of ef from bed 24e to 24f; in 24e and below, efZn ≥ 10, whereas in beds 24f and above, efZn < 2. Zn is an essential micronutrient for marine phytoplankton (Conway and John, 2014). The change in efZn is coincident with the extinction horizon, implying a collapse of phytoplankton-linked productivity (c.f., Algeo et al., 2012: this drop of productivity is unique to South China PTB sections). Elevated Zn concentration in bed 24 is interpreted, from Zn isotopic data, to be due to magmatic inputs (Liu et al., 2017); the change of efZn then implies that these external inputs were less important in the beds above 24f. But elevated Zn in bed 24e is not accompanied by enrichments in other “magmatically-derived” elements, an observation that calls into question the magmatic provenance of Zn. V, Cr, Ni, and, to some extent, U show similar patterns. Because Zn, V, Cr, and Ni show ef ∼ 1 above bed 27, there is no continued input of an “excess” of these elements above the PTB. If input by volatilization during continuing volcanism were a primary control on their abundances, we would expect ef > 1 for these elements in the strata above bed 27. Co and Cu (not shown in Figure 8) also show ef ∼ 1 in bed 27 and above, but, unlike Zn, V, Cr, and Ni, do not show high ef in the section below 24f. Co, Cu, Ni, and Zn have low solubility products with sulfide, and are rapidly precipitated from sulfide-bearing (euxinic) waters, unlike V and Cr, which do not easily form sulfide compounds; a single mechanism involving euxinic fluids is unlikely to account for the behavior of all these trace elements. A large fraction of V and Cr is tied to the detrital fraction in most sedimentary systems (Cole et al., 2017).
The REE and Y show peaks in ef in beds 24e–24f and 27, with lower values in bed 26. Relative enrichment in the carbonates reflects low Al in these beds, and diagenetic increase of REE without an increase in Al.
Diagenesis
Diagenesis is prevalent in carbonate rocks, making it difficult to extract information from them about primary depositional conditions. Bulk rock major and trace element data are insensitive to when changes in concentrations might have occurred: distinguishing stages or phases of diagenesis from bulk rock geochemical data alone is rarely possible.
Diagenesis in carbonates is usually evaluated by examining relations between CaO, MgO, MnO, and, to a lesser extent, FeO and Sr (e.g., Brand et al., 2012). At Meishan, the most sensitive indicator of diagenesis is 87Sr/86Sr (Dudás et al., 2017). The least altered samples are expected to have 87Sr/86Sr < 0.7071, based on the secular trend of seawater 87Sr/86Sr in the late Permian. These compositions are found primarily in bed 24e (Figure 9). Low values of MgO/CaO, MnO/CaO and FeO/CaO are not systematically linked with low 87Sr/86Sr, indicating that Sr is more susceptible to post-depositional modification than are Mg, Mn and Fe. In our data, MnO/CaO above ∼0.001 in carbonates is an indicator of diagenetic influence. In bed 26 and beds above 28, MnO/CaO is not an indicator of diagenesis.
[image: Figure 9]FIGURE 9 | Potential tracers of carbonate diagenesis: MnO/CaO vs MgO/CaO and MnO/CaO vs 87Sr/86Sr.
The estimated abundances of calcite, dolomite, and rhodochrosite throughout the section (Figure 2) show that dolomitization was an important process in the beds above 24e. The MgO/CaO of most analyses below bed 24f is below 0.02 (Figure 9), an indication that low-Mg calcite is the dominant phase in these beds. That, in itself, is diagnostic of early diagenesis in which low-Mg calcite replaces likely primary carbonate phases (aragonite, high-Mg calcite, proto-dolomite; Morse, 2003). Above bed 24e, especially in bed 27, there are calcite-rich horizons, and there may well be low-Mg calcite, but the median whole-rock MgO/CaO is higher in bed 27 (0.237 ± 0.231) than in beds 24e and below (0.017 ± 0.015). Li et al. (2018) interpret the global pattern of dolomitization across the PTB to reflect the activity of sulfate-reducing bacteria in an anoxic environment.
Below bed 24e, the other sign of diagenesis is the formation of chert lenses. Silicification is reflected by variation in SiO2/Al2O3 (Figure 2). The siliciclastic detrital component has SiO2/Al2O3 below 8, but numerous samples below bed 24e have SiO2/Al2O3 well above 10. From the geochemical data, it is not clear whether this increase in silica content is due to accumulation of sponge spicules (Zheng et al., 2013) or to addition of SiO2 during diagenesis. The occurrence of chert lenses in the beds below 24e suggests that some variation in SiO2 is due to diagenesis. Chert is underrepresented in our whole rock sampling because our primary target was to interpret the geochemistry of the carbonates. Additional insight into trace element distributions, particularly, could be gained by systematic sampling of cherts in the Meishan section.
Numerous studies have examined the character and distribution of pyrite in the Meishan section (Jiang et al., 2006; Shen et al., 2007; Chen Z. Q. et al., 2015; Li G. et al., 2016). Syngenetic, framboidal pyrite (diameter <5 µm), and presumably diagenetic, larger framboids and euhedral pyrite cubes occur at Meishan. The role of diagenesis in the cycling of S is clearly indicated by multiple S isotopic study (Shen Y. et al., 2011). The pyritization of carbonate fossils (Chen Z. Q. et al., 2015) also indicates diagenetic mobility of both S and Fe. Thus, the inference of redox conditions in the seawater column, based on the occurrence and character of pyrite, is confounded by the evidence that pyrite distribution is affected by diagenesis that proceeds under conditions in the sediment - pore water system.
Field observations indicate that there is a non-deposition surface (“hardground” or “firmground”) at the top of bed 24d (Cao and Zheng, 2009; Zheng et al., 2013). This is reflected in the geochemical data as a zone of silicification, with 5 samples from 24d5 to 24d6 containing 29–45 wt% SiO2 and having SiO2/Al2O3 between 10 and 20, well above the five to eight range that characterizes siliciclastic input. More importantly, these samples show an anomalous increase in V, Co, Ni, Cu, Zn and Pb in both the whole rock and the acetic acid extract data (Figures 3,6). In the whole rock data, Ba is not noticeably enriched in bed 24d, whereas the acetic acid extracts show elevated Ba, supporting a diagenetic process for a suite of elements that characterizes the carbonate-hosted “Mississippi Valley” type Pb-Zn deposits (Sverjensky, 1986; Paradis et al., 2007). Though the “hardground” surface at the top of bed 24d is a depositional feature reflecting sea level fluctuation, apparently diagenetic silicification produced a hydrological cap that trapped upwelling solutions carrying dissolved transition metals. These solutions are interpreted to be oxic because most transition metals cannot be transported in reduced solutions. Because the transition element enrichment in bed 24d does not continue upward into bed 24e, it is possible that diagenesis of 24d predated deposition of 24e, or that silicification at the top of 24d effectively restricted upward flow of diagenetic waters into 24e. We did not sample the “hardground” zones in bed 27 to determine whether similar features occur there.
The REE patterns of primary, marine carbonates are expected to show LREE depletion, with gradually increasing concentrations toward the HREE (Nothdurft et al., 2004). This pattern broadly reflects the abundances of REE in ocean water (Alibo and Nozaki, 1999). Particularly in the acetic acid extracts, the bulk of the samples from Meishan show a bell-shaped pattern with distinct enrichment of the MREE (Figure 7). This pattern is attributed to diagenetic redistribution of REE (Bright et al., 2009), and is particularly pronounced in marine phosphates, including conodonts (Chen J. et al., 2015).
Indicators of Volcanic Input
As discussed above, some trace element data suggest that the factors controlling trace element abundances were different for beds above 24e and those below 24e. The simplest interpretation of these data is that, in the 24f–26 interval, there was significantly increased input from local, arc-related volcanism. Bed 25 is a volcanic ash that is linked to silicic, arc-related, volcanism (Gao et al., 2013; He et al., 2014). Silicic arc volcanism typically has relatively low Cr and V, but elevated Zr, Y, and REE compared with basaltic volcanism. The trace element patterns of beds 24f–26 reflect this local volcanic input. By contrast, continental flood basalt volcanism, though highly variable in trace element content in detail, would have Cr/Al and V/Al higher than those of silicic volcanics, and lower Zr, Y, and LREE—a pattern that is exactly opposite to that observed in our data. Similar changes in trace element abundances are not evident in the beds on either side of bed 28, which has a trace element profile that is very different from bed 25 (He et al., 2014). Hg abundances and isotopic data (Shen et al., 2021) provide a more complex picture. Of the four Hg abundance spikes in the South Chinese sections near the end-Permian extinction, the oldest three occur only in South Chinese PTB sections and can be linked to regional magmatism, whereas the fourth spike, associated with the extinction interval itself, is widely distributed and appears to include inputs both from regional sources and from the Siberian eruptions. If the trace element complement associated with Siberian magmatism derives primarily from burning of coal, and not from the magma itself, we cannot use the trace element systematics of igneous rocks as an interpretive framework for trace element distributions at Meishan.
Interpretation of Redox Conditions
Xiang et al. (2020) provide a framework, based on Fe speciation, for interpreting redox conditions within the Meishan section. It is not clear whether Fe speciation is a primary depositional marker or has been impacted by diagenesis. Xiang et al. (2020) argue that most of the section below bed 24e was oxic, with only brief episodes of anoxic conditions, as suggested by multiple S isotopic data (Shen Y. et al., 2011); that there is evidence of anoxia, with occasional euxinia, from bed 24e or 24f upward through bed 28; and that conditions were ferruginous (anoxic, but with Fe2+ in excess of available sulfide) in the beds above bed 28.
Our data are compatible with those of Xiang et al. (2020), and supplement them by adding information on the distributions of a broader range of trace elements. Our data, however, are insensitive markers of redox conditions, because they are limited by three factors: small sample size (∼10 mg), so that many elements have values below the limit of detection; relatively high DL (e.g., 20 ppm for Cr and Ni, 30 ppm for Zn) for critical elements; and sampling on a scale that may not capture high-frequency changes in redox conditions. The combination of these leads to missing values and an incomplete picture of elemental variation. Thus, out of 64 whole rock powders, only 9 were above DL for As, 17 for Mo, and 24 for Ni. Among the 9 values reported for As, four are in beds 24f and 26, but eight samples in 24f and 26 are BLOD; among the 17 values reported for Mo, 7 are in beds 24f and 26, but there are 5 additional samples in beds 24f and 26 that are BLOD. For both As and Mo, there are samples in bed 24d that are above the detection limit. By contrast, only 3 of 30 reported Zn values are in beds 24f and 26. Overall, our data are consistent with those reported by Zhou and Kyte (1988) for As, Sb, Zn, Th and U, and by Kaiho et al. (2001) for Ni and Mn.
Our data suggest that at least three factors affect abundances of redox-sensitive trace elements. The first is detrital input, signaled by increased Sc, V, Cr, Y, Zr, Nb and Ba in 24f3 and 26, where Sc, Y, Zr, and probably Nb, are not affected by redox conditions. The elevated V, Cr and Ba in beds 24f and 26 is thus partly due to detrital input. The second is redox state at the time of deposition, indicated by increased As, Mo, Sb and Tl in 24f7 and the black claystone of bed 26, which likely signal anoxic and possibly euxinic conditions. It is not clear whether these elements reflect redox conditions in the water column (primary) or in sediment pore waters (diagenetic). The third factor is diagenetic mobility of some of the redox-sensitive elements. We interpret transition metal enrichments in bed 24d to reflect diagenesis rather than primary depositional conditions, and suggest that trace metal distributions of at least some elements, including Ni, in the stratigraphy at Meishan cannot be used to infer redox conditions without assessing the extent of diagenetic mobility. Bennett and Canfield (2020) note that the behavior, during diagenesis, of some redox-sensitive trace metals, like V, is poorly understood.
Rothman et al. (2014) argued that the distribution of Ni in the Meishan section reflected trace element input from the eruptions of the Siberian Traps, and that Ni availability was a key prerequisite to a microbial methanogenesis event that could explain global carbon isotopic variations near the PTB. Two observations temper this interpretation. First, because individual horizons with elevated Ni content occur well below the extinction horizon (80–170 ppm in individual samples from beds 24a–24d, extending to ∼75 kyr prior to the extinction), the extinction in bed 24f, with Ni up to 170 ppm, is not uniquely linked with an increase in Ni supply. Our data do not constrain when and if there might have been an increase in Ni supply below bed 24. Our data show that Ni levels above bed 28, after the extinction interval, were lower than those in the section below the extinction horizon, consistently with Rothman et al.’s (2014) data. The increase in Ni is not consistently reflected in our data, in that not all samples in and immediately above the extinction horizon show increased Ni. Second, it is not possible to explain the increase of all of the trace elements in bed 24d—V, Co, Ni, Cu, Zn, Pb, and Ba—by appealing to aerosol input from the Siberian eruptions. Their erratic abundance distributions above bed 24d, especially their absence in bed 24e, is not consistent with a model of global aerosol input. A local diagenetic model for transition metal distributions is more consistent with our data.
In our data, there are no consistent correlations between the redox-sensitive trace elements and either Mn or Fe, contrary to expected patterns (Tribovillard et al., 2006; Lyons et al., 2009). In samples 24f7 and 24f7b, we sampled the pyrite layer with its admixed siliciclastic component (SiO2 in both samples is ∼18 wt%); As and Mo are elevated in both samples, whereas V, Cr, Ni, and Zn are above detection limits in only one of these two samples—the trace element enrichment is not consistent at our level of sampling. Though U commonly accompanies elevated Mo (Algeo and Lyons, 2006), this association is only weakly reflected in our data. The range of Mo that we measured is below that usually encountered in euxinic strata (>30 ppm), but is within the range observed in suboxic sediments (Lyons et al., 2009).
The distribution of Th is controlled primarily by detrital input: Th is closely correlated with Al2O3 (Figure 4). The major change in the rate of siliciclastic input occurs at the top of bed 24e, concurrently with the development of euxinic conditions in beds 24f and 26 (c.f., Xiang et al., 2020). This change in redox conditions is reflected in an increase in the U content in beds 24f and 26. Thus, in our data, there are two populations of samples, based on Th/U: samples above bed 26, dominated by siliciclastic input, have Th/U 2.68 ± 0.74 (n = 20), and Th/U here is not indicative of redox conditions. Samples below bed 24f have Th/U 0.39 ± 0.25 (n = 30), reflecting both U enrichment and the lower input of Th in siliciclastic materials. This difference between the upper part of the stratigraphy and the lower part again suggests that there is either a change in the provenance of the siliciclastics, or a change in the proportion of mechanical to chemical weathering across the extinction horizon. The acetic acid extracts for samples above bed 26 consistently have lower U than those below bed 26. The carbonate fraction in beds above 26 is depleted in U, a pattern that is consistent with global U depletion in carbonates above the PTB (e.g., Ehrenberg et al., 2008), yet whole rock U enrichment factors compared to PAAS remain well above one in samples above bed 26. In our whole rock data, the median U content in beds above 26 is 2.4 ppm (±1.5, 1σ), whereas the median U content for beds 24e and below is 3.3 ppm (±2.8, 1σ), a difference that is not statistically significant.
The distributions of Sb, W, and Tl are difficult to interpret. All are redox-sensitive. All are above DL in most samples, with mild enrichment in beds 24d, 24e, 24f, and 26. With As, they are usually correlated in low-temperature hydrothermal systems (i.e., epithermal gold systems; Berger and Bagby, 1993). Little is known about their biological cycling. In the absence of systematic data about the distribution of Sb, W, and Tl in variously oxidized sedimentary systems, these data are suggestive but not definitive of suboxic to euxinic conditions. Zhou and Kyte (1988) also show elevated Sb in bed 24f2.
Rare Earth Elements as a Redox Proxy and a Source Indicator
The low REE content of marine carbonates makes their REE patterns susceptible to large changes with even small admixture of REE from other sources (Nothdurft et al., 2004). Clean marine carbonates have REE patterns with low total REE content and low LREE (chondrite-normalized La/Yb < 1; Li and Jones, 2014). Admixture of REE from other sources typically increases both REE abundances and La/Yb so that REE patterns approach that of standard shales (e.g., Post-Archean Australian Shale, PAAS, Taylor and McLennan, 1985). In our data, REE profiles of the acetic acid extracts, i.e., carbonate-associated REE, mostly have La/Yb < 1 and elevated MREE, resulting in REE patterns that are bowed upward (Figure 7; Supplementary Figure 6) and typical of carbonates showing diagenetic enrichment of MREE (Bright et al., 2009). Whole rock REE concentrations are 100–1,000 times higher than in the acetic acid extracts, approach concentrations in average shale, and are relatively flat when normalized to PAAS (Figure 5): REE from detrital sources are controlling REE distributions in the whole rocks.
A suggested measure of the seawater component in carbonates is Y/Ho, for which the chondritic and crustal average value is 25–30, and the Y/Ho in oceanic carbonates is usually >45 (Song et al., 2012). Using this criterion, many of our samples have a detectable seawater component, but few have a dominantly seawater REE complement (Supplementary Figure 6). More significantly, the acetic acid extracts, nominally tracking the carbonate component, do not show Y/Ho much above the expected terrigenous average, and acetic acid extracts do not show a positive Y anomaly. Though Li and Jones (2014) do not provide Ho data, their REE patterns show no positive Y anomaly in marine aragonite (matrix and corals), but do show Y anomalies in calcitized - diagenetically modified - carbonate. Thus, Y/Ho itself is potentially tracking diagenetic reactions, not a primary seawater signal.
Within the range of oxidation conditions that occur near the earth's surface, Ce and Eu can change oxidation state. In seawater, changes in oxidation state affect the behavior and relative abundances of Ce and Eu with respect to other REE: chemical sediments formed in oxidizing marine environments typically show negative Ce and slight positive Eu anomalies. In our assessment of the REE data, we have adopted the computational formalisms of Bolhar et al. (2004) that account for possible positive La anomalies in calculating Ce/Ce* (the Ce anomaly), and for possible positive Gd anomalies in calculating Eu/Eu*.
The control of REE abundances by the siliciclastic fraction, and the diagenetic modification of carbonate REE, imply that variations in Ce and Eu are unlikely to be useful markers of the redox condition of the seawater column. Ce/Ce* < 1 indicates oxic conditions, and most of our samples show negative Ce anomalies (Figure 10). It is only in beds 29 and above, deposited under ferruginous conditions (Xiang et al., 2020), that Ce/Ce* is consistently above 1. This may reflect the association of Ce with Fe-bearing particulates (Alibo and Nozaki, 1999). In samples 24f7 and 24f7b, from the pyrite bed, Ce/Ce* is 1.07 and 0.91, with a value of 0.80 in the acetic acid extract from 24f7. Thus, even in the horizon in which euxinic conditions are indisputable, Ce/Ce* is recording a mixed signal. Zhao et al. (2013) have documented the same pattern in conodont albid crowns that are more resistant to diagenetic modification.
[image: Figure 10]FIGURE 10 | Stratigraphic pattern of Ce/Ce* calculated by the method of Bolhar et al. (2004), with data from whole rocks and acetic acid extracts. Acetic acid extracts systematically have lower Ce/Ce* than the corresponding whole rocks.
At Meishan, REE data do not distinguish between inputs from the continental tholeiites of the Siberian volcanic event and more local, arc-related volcanism. The mechanism of REE delivery would be different—aerosolized trace elements would be associated with the Siberian Traps, whereas trace elements in volcanic ash would be the mechanism of input from more local sources. Both would result in an overall increase in REE content, and in an increase in La/Yb, as observed upward in the stratigraphy at Meishan. Abundances of other trace elements like Cr, V, and Ti are higher in continental tholeiites, whereas those of Zr and Y are lower in continental tholeiites compared with silicic arc volcanics. These systematics suggest that input from a continental tholeiite source would result in elevated Cr, V, and Ti, with concomitant relative depletion of Zr and Y. This is opposite the observed changes in beds 24f–26, suggesting that the better option is input from local, arc-related volcanic sources. The interpretation is complicated by the contrasting trace element distributions measured in beds 25 and 28 at Meishan (He et al., 2014).
CONCLUSION
We report a survey of major and trace elements in the PTB section at Meishan, China. Our data track lithological changes at Meishan. There is a transition from carbonate-dominated sedimentation in beds 24e and below, to siliciclastic-dominated sediments in beds above 24f. Major element data show that bed 24e is the purest limestone in the section. Major element data indicate a change in carbonate mineralogy from low-Mg calcite in beds 24e and below, to dolomite or ankerite in beds 24f and above. Trace elements strongly correlated with Al2O3 (Sc, Ga, Rb, Ba, Th) characterize the siliciclastic fraction of the Meishan rocks. Transition metals and some related elements behave as a coherent group, and reflect three factors: changes in detrital input, diagenetic mobility, and changing redox conditions. Enrichment factors (ef) calculated with respect to Al in Post-Archean Australian Shale for most trace elements are ∼1 in samples above bed 27, indicating trace element control by the siliciclastic fraction in the Triassic part of the section. In beds 24f and 26, variation in ef is related both to increased detrital input and to anoxia.
Trace element data suggest that there was a change in either the provenance of the detrital fraction, or in the proportion of mechanical to chemical weathering coincidentally with the extinction beginning at the top bed 24e. The changes in trace element distributions cannot be conclusively linked with volcanic inputs from either the Siberian Traps or the more local arc-related volcanism, though relative abundances of Cr, V, Y, Zr, and LREE are more consistent with distributions in silicic, arc-related volcanics. REE patterns are not diagnostic of the potential source.
Our data also track diagenetic processes in the Meishan section. SiO2 in part varies independently of Al2O3 in beds below 24e, and shows diagenetic mobility of silica, or accumulations of sponge spicules. Silicification of a hardground horizon at the top of bed 24d is associated with elevated concentrations of V, Co, Ni, Cu, Zn, Pb, and Ba, indicating diagenetic concentration of transition metals under what may have been a hydrological cap. Thus, transition metals reflect diagenetic processes in addition to detrital input, and redox conditions.
The distributions of Ba, Zr, and Zn are anomalous. The ef of Ba is virtually invariant throughout the section, despite the expected sensitivity of Ba to both biological activity and redox conditions. Zr, usually considered to be immobile and to be controlled by detrital inputs, shows highly variable ef in the beds below 24e, which we attribute to diagenetic mobility. Zn shows a dramatic drop in ef in the extinction interval, exhibiting a dependence on biological activity.
In beds 24f and 26, the extinction interval, there are anomalous concentrations of V, Cr, Ni, Cu, As, Mo, and U. This is the clearest evidence of the impact of reducing conditions on element distributions. Yet elemental distributions are not consistent from sample to sample. Small sample size, high detection limits, and limited sampling make interpretation of redox conditions from our data difficult. Elevated concentrations of Sb, W, and Tl occur throughout the section, for which we have no explanation.
Throughout the Meishan section, REE concentrations are controlled by the siliciclastic fraction, and REE in the carbonate fraction show diagenetic enrichment of MREE. REE control by the detrital fraction and evidence for diagenetic modification of REE vitiate the utility of conventionally accepted REE markers of redox conditions, Ce/Ce* and Eu/Eu*.
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The long-term trend in the Paleozoic seawater 87Sr/86Sr was punctuated by a unique episode called the “Capitanian minimum” at the end of the Guadalupian (Permian; ca. 260 Ma). This article reviews the nature and timing of this major turning point in seawater Sr isotope composition (87Sr/86Sr, δ88Sr) immediately before the Paleozoic-Mesozoic boundary (ca. 252 Ma). The lowest value of seawater 87Sr/86Sr (0.7068) in the Capitanian and the subsequent rapid increase at an unusually high rate likely originated from a significant change in continental flux with highly radiogenic Sr. The assembly of the supercontinent Pangea and its subsequent mantle plume-induced breakup were responsible for the overall secular change throughout the Phanerozoic; nonetheless, short-term fluctuations were superimposed by global climate changes. Regarding the unidirectional decrease in Sr isotope values during the early-middle Permian and the Capitanian minimum, the suppression of continental flux was driven by the assembly of Pangea and by climate change with glaciation. In contrast, the extremely rapid increase in Sr isotope values during the Lopingian-early Triassic was induced by global warming. The unique trend change in seawater Sr isotope signatures across the Guadalupian-Lopingian Boundary (GLB) needs to be explained in relation to the unusual climate change associated with a major extinction around the GLB.
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INTRODUCTION
The fluctuations in seawater 87Sr/86Sr values throughout Earth’s history are archived in ancient carbonates and have been strongly linked to global phenomena, such as changes in global tectonics and climate change (e.g., Veizer and Compston 1974; Burke et al., 1982; DePaolo and Ingram, 1985; Richter and Depaolo, 1988; Hess et al., 1986; Hess et al., 1989; Veizer, 1989; Richter et al., 1992; Holland, 2003; McArthur et al., 2012). The 87Sr/86Sr ratio of modern seawater is globally uniform, and the major fluxes driving the seawater ratio are threefold; 1) weathering of highly radiogenic silicates and less radiogenic carbonates on continents, 2) nonradiogenic submarine hydrothermal fluid from mid-oceanic ridges (MORs), and 3) weathering of less radiogenic basalts of island arcs and oceanic islands (e.g., Allègre et al., 2010). Continuous stratigraphic sequences of unaltered carbonates provide the best records of the Sr isotope compositions of ancient seawater and their secular changes, which have been controlled solely by nonbiological processes. This is a great advantage of Sr isotope data in paleoenvironmental research with respect to other isotopic proxies, such as δ13C, δ15N, and δ34S, which reflect mass-dependent isotope fractionation through various biological processes.
Overall, the seawater Sr isotope ratio during the Phanerozoic is characterized by two trends, i.e., the long-term decrease in the entire Paleozoic and the long-term increase in the Mesozoic-Cenozoic, with small scale fluctuations of ca. 100 m.y. cycles (e.g., McArthur et al., 2012; Figure 1). The most unique aspect of Phanerozoic Sr isotope values is the major trend change that occurred in the latest Paleozoic to early Mesozoic, which is marked by two episodes of the lowest Sr isotopic value: one in the Capitanian (late Guadalupian, Permian) and the other at the Middle-Late Jurassic transition. During these episodes, seawater 87Sr/86Sr values decreased to 0.7068, hitting their minimum in the Phanerozoic. These values clearly recorded the suppression of continental flux with highly radiogenic Sr with respect to the nonradiogenic hydrothermal flux from MORs. The Jurassic episode has been reasonably explained as a direct result of the opening of the Atlantic Ocean in the framework of the major breakup of the supercontinent Pangea with the generation of new continental margins. In contrast, the Permian case remains debatable because no apparent coincidence with major continental breakup is confirmed. This episode surely recorded a relatively small continental flux into the global seawater with respect to the hydrothermal flux from ocean floors; nonetheless, the driving factor of this decrease has not yet been identified.
[image: Figure 1]FIGURE 1 | Overview of Phanerozoic seawater 87Sr/86Sr and δ88Sr profiles with major extinction timings, secular changes in sea level, glacial episodes and the assembly and breakup of the supercontinent Pangea. 87Sr/86Sr and δ88Sr profiles are modified from McArthur et al. (2012) and Vollstaedt et al. (2014). The secular change in sea level is modified from Haq and Schutter (2008). Vertical light gray and blue bars represent are cold and glacial episodes, respectively (Dera et al., 2011; Friedrich et al., 2012; Montanez and Poulsen, 2013; Bodin et al., 2015; Montanez, 2016; Fielding et al., 2008; Metcalfe et al., 2015).
Notably, a major climate change and biodiversity crisis occurred near the end of the Guadalupian (ca. 260 Ma; e.g., Jin et al., 1994; Stanley and Yang, 1994; Isozaki and Ota, 2001; Bambach, 2002; Wang et al., 2004; Bond et al., 2010; Wignall et al., 2012; Rampino and Shen 2019; Lucas, 2021), ca. 8 m.y. before the well-known major extinction across the Permo-Triassic (Paleozoic-Mesozoic) boundary (ca. 252 Ma); however, the main cause of the end-Guadalupian extinction remains unidentified, although coeval geological phenomena are emphasized, including the significant change in seawater Sr isotopes and the lowest sea-level (e.g., Haq and Schutter, 2008; Isozaki, 2009; Kani et al., 2013; Kofukuda et al., 2014).
This review article documents the latest compilation of 87Sr/86Sr records of the Permian, particularly with the reappraisal of Sr isotopic data from Permian carbonates deposited in various settings in the world, especially with new data from South China, Japan, and Primorye (Far East Russia). 87Sr/86Sr isotope data from skeletal and bulk micritic carbonate samples are also comparatively evaluated. In addition, coeval Permian tectonic/climatic regimes are discussed in relation to their possible influences on secular changes in 87Sr/86Sr and δ88Sr isotopic systems.
V-SHAPED TREND CHANGE IN CAPITANIAN SEAWATER 87SR/86SR
Overall Aspect
The overall Permian profile of the seawater Sr isotope ratio is characterized by a sharp V-shaped pattern formed by a long-term decrease during the Cisuralian-Guadalupian and a rapid increase in the Lopingian-Early Triassic. The lowest value of 87Sr/86Sr occurred in the Capitanian (late Guadalupian; 265–260 Ma) (Figure 1), which recorded the major change in weathering related to climate change or global tectonics (e.g., Veizer, 1989; Veizer et al., 1999; Korte et al., 2003; Banner, 2004; Korte et al., 2003; Kani et al., 2008; McArthur et al., 2012; Kani et al., 2013).
The entire Permian best-fit curve was demonstrated by Korte and Ullman (2016), on the basis of the data from well-preserved brachiopod shells and biostratigraphically well-defined conodonts data from Korte et al. (2006), which are regarded to represent the most reliable Sr isotope recorder of ancient seawater. The 87Sr/86Sr values of conodonts during the late Permian were updated by those of biostratigraphically re-defined conodonts reported by Song et al. (2015). Almost all the data from Capitanian brachiopods show extremely low 87Sr/86Sr values less than 0.7070 down to 0.7068. In contrast, the 87Sr/86Sr values of Wuchiapingian brachiopods show a rapid increase up to 0.7072. The coeval 87Sr/86Sr values measured for whole-rock samples of fine-grained limestone (micrite) generally agree with those of brachiopods. Figure 2 (upper) displays the 87Sr/86Sr curve compiled from previous data (Supplementary Table S1; references in Korte and Ullman 2016; Kani et al., 2008; Kani et al., 2013; Song et al., 2015; Kani et al., 2018; Wang et al., 2018; Li et al., 2020; Shen et al., 2020) from samples of biostratigraphically dated and well-preserved (diagenetically screened) brachiopod shells, conodonts and micrite samples. When Burke et al. (1982) first reported the Phanerozoic Sr isotope curve as a global seawater signal, nonmetamorphosed micrite samples were regarded to be promising for high-resolution Sr isotope stratigraphic correlation because a good correlation was confirmed between the brachiopod shell and associated micrites. As whole-rock analysis of micrite samples potentially has uncertainty, careful treatments are needed before dissolving in dilute suprapure acetic acid, e.g. hand-picking of millimeter-sized grains of micrite under a microscope for screening dolomitized and/or other diagenetic products; nonetheless, this approach is still practical for nonfossiliferous limestone intervals and/or horizons.
[image: Figure 2]FIGURE 2 | A schematic correlation diagram showing an updated secular change in seawater Sr isotope values across the GLB, together with coeval global environmental changes, sea-level changes, and extinctions. 87Sr/86Sr curve (Upper): Values adopted from Veizer and Compston (1974), Denison et al. (1994), Martin and Macdougall (1995), Morante (1996), Korte et al. (2003), Korte et al. (2004), Korte et al. (2006), Kani et al. (2013), Sedlacek et al. (2014), Vollstaedt et al. (2014), Song et al. (2015), Wang et al. (2018), Kani et al. (2018), Li et al. (2020), Li et al. (2021). All data were adjusted to NIST SRM 987 = 0.710248 (McArthur et al., 2001) and recalculated according to the Geologic Time Scale 2012 (Gradstein et al., 2012). The black line is the running average of biostratigraphically well-defined (conodont biozonation) and well-preserved (diagenetically screened) brachiopod and conodont and well-defined (conodont or fusuline biozonation) whole rock (micritic carbonate) data with 2 m.y. time steps and a 3 m.y. window. 87Sr/86Sr curve (Lower): modified from Figure 2 in Korte and Ullmann (2016).
Decrease in the Cisuralian-Guadalupian
According to the compilation of Permian 87Sr/86Sr secular evolution by Korte and Ullmann (2016), the Late Carboniferous–middle Permian trend is represented by an unidirectional decrease in 87Sr/86Sr that stops in the Capitanian (late middle Permian) (Burke et al., 1982; Denison et al., 1994; Morante 1996; Korte et al., 2006; Kani et al., 2008; Wignall et al., 2009; Shen and Mei, 2010; Tierney 2010; Kani et al., 2013; Liu et al., 2013). The Asselian-Capitanian 87Sr/86Sr decrease is characterized by a rapid rate of approximately 0.0003/10 m.y.(from 0.7080 to 0.7069 in 35 m.y.), and the curve displays a stepwise-shape; the Asselian–Sakmarian and Wordian–Capitanian are the two steep stages (Korte et al., 2006; McArthur et al., 2012). The Capitanian minimum (∼0.7069) marks the termination of the decrease, and the extremely low value lasted the entire Capitanian (ca. 5 m.y.) (Kani et al., 2008; Kani et al., 2013). The average of reliable brachiopods was 0.70684 ± 0.00015 [standard deviation (SD), n = 6] (data from Korte et al., 2006) and the average of all types of carbonates was 0.70694 ± 0.00012 (SD, n = 147; data from Denison et al., 1994; Martin and Macdougall, 1995; Morante, 1996; Korte et al., 2006; Wang et al., 2018; Kani et al., 2008; Kani et al., 2013; Kani et al., 2018) in the Capitanian, equal to the minimum values in the Mesozoic curve (0.70683, the early-middle Oxfordian transition, Late Jurassic) (Wierzbowski et al., 2017) as the lowest 87Sr/86Sr ratios in the Phanerozoic.
Increase in the Late Lopingian to Early Triassic
The seawater 87Sr/86Sr rapidly increased across the GLB (Figure 2). In the early Wuchiapingian, the 87Sr/86Sr value started to increase after the remarkable trend change from the long-term decrease via the transitional phase during the Capitanian. The values decrease again in the mid-Wuchiapingian. The sharp increase of 0.0017 during ca. 5 m.y. from the end of the Changhsingian to the late Early Triassic. This sharp increase is noteworthy because its slope is much steeper than that in the Late Jurassic, which is 0.0003 during ca. 12 m.y. from the late Oxfordian to early Volgian, marking the most rapid increase in the Phanerozoic.
Capitanian Minimum
The overall trend in seawater 87Sr/86Sr ratios during the Paleozoic recorded the long-term unidirectional decline superimposed with short-term fluctuations. In contrast, the Mesozoic-Cenozoic trend is almost the opposite, i.e., unidirectionally increasing. In the Paleozoic, the short-term fluctuation in Sr record repeated 4 times with 4 minima, and the magnitudes of all shifts were more or less the same, except for the Capitanian minimum which is much larger than others (Figure 1). We infer that this anomalous signal may have been caused not by common reciprocal process worked throughout the Paleozoic but was amplified by another unique agent. A negative shift in δ13C immediately before the GLB indicates that a major perturbation has occurred in the global carbon cycle (e.g., Wang et al., 2004; Kaiho et al., 2005; Isozaki et al., 2007; Saitoh et al., 2013). Several possible mechanisms for causing this perturbation were proposed; e.g., sea-level change (Wang et al., 2004), ocean stratification and anoxia (Isozaki et al., 2007; Tierney, 2010), methane release (Retallack et al., 2006; Retallack and Jahren, 2008; Bond et al., 2010), or Emeishan volcanism (Wei et al., 2012). Nonetheless, judging from less co-variation of carbon and calcium stable isotopes of carbonates and conodonts in China (Penglaitan and Chaotian), and Turky (Köserelik Tepe), Jost et al. (2014) concluded that the perturbation in the global carbon and calcium cycles across the GLB were less intense than those across the PTB, emphasizing the GLB event was less significant than PTB event. Nonetheless, Sr isotope records indicate the opposite, as marked by the most remarkable isotopic signature in the Paleozoic, i.e., the Capitanian minimum. Further analyses with multiple geochemical proxies in high resolution across the GLB are definitely needed to constrain extinction-relevant changes in seawater composition on a global scale.
PALEOGEOGRAPHY OF SR ISOTOPE RECORDS
Since pioneering studies in the SW United States (Denison et al., 1994; Martin and Macdougall, 1995), many attempts at seawater 87Sr/86Sr analyses for the Permian have been conducted mostly on carbonate sections, of which the distribution covers various regions in the world; i.e., North America, the Mid-East, Europe, Australia, and Asia (South China, Japan, and Far East Russia). From the perspective of paleogeography, the previously studied sections are widespread across the supercontinent Pangea as well as throughout the superocean Panthalassa (Figure 3). Their depositional settings are highly variable; i.e., continental shelf, intracontinental shallow sea, and mid-oceanic atoll. In addition, more differences exist among shelf sections in terms of paleolatitude (from low to high), ocean (Panthalassa, Tethys, or others), and longitudinal distribution of continental margins.
[image: Figure 3]FIGURE 3 | Sr isotope stratigraphy of late middle Permian to early late Permian carbonates at various localities in the world. Middle Permian paleogeographic map of the world modified from Scotese (2008), Kofukuda et al. (2014), Isozaki et al. (2017). Data sources: Iwaizaki (Kani et al., 2018), Senkina Shapka (Kani et al., 2018), Australia (Morante, 1996), Akasaka (Kani et al., 2013), Kamura (Kani et al., 2008), New Mexico (Denison et al., 1994), Texas (Denison et al., 1994; Martin and Macdougall, 1995; Korte et al., 2006), Utah (Denison et al., 1994), South China block (Denison et al., 1994; Korte et al., 2003; Korte et al., 2004; Korte et al., 2006; Song et al., 2015; Wang et al., 2018; Li et al., 2020; Li et al., 2021), Iran (Denison et al., 1994; Korte et al., 2003; Korte et al., 2004; Korte et al., 2006; Sedlacek et al., 2014), and European Zechstein (Korte et al., 2006). All data were adjusted to NIST SRM 987 = 0.710248 (McArthur et al., 2001) and recalculated according to the Geologic Time Scale 2012 (Gradstein et al., 2012).
Regarding stratigraphic correlation and biostratigraphical dating, conodont fossils perform best with an average age resolution of approximately 1.3 m.y. (Korte et al., 2006; Henderson et al., 2012), although unavoidable problems relevant to faunal provincialism remain (Henderson and Mei, 2007). Among all sections, the Guadalupian sections in western Texas/New Mexico (United States) and the Penglaitan/Shanxi sections in South China with numerous fossil data and geochemical analyses are regarded as the most reliable reference sections for correlation (Shen et al., 2020). We also emphasize the significance of the unique records from mid-Panthalassa because they archive globally-averaged isotopic signatures of seawater without any influence from local tectonic disturbances in continental (Pangean) margins/interiors. This section briefly reviews the distribution of representative Capitanian sections with Sr isotope analyses, particularly those with newly added data.
Low-Latitude Shelf Along Eastern Panthalassa
The Permian marine sequences are exposed in the Permian Basin in west Texas and southern New Mexico, United States (Glenister et al., 1992), which include the Global Boundary Stratotype Section and Points (GSSPs) for the Rodian, Wordian and Capitanian Stages. These sequences represent low-latitude carbonate facies deposited along an embayment (Delaware Basin) on the western coast of Pangea (Figure 3). Sr records were reported by Denison et al. (1994), Martin and Macdougall (1995), and Korte et al. (2006).
Low-Latitude Shelf Along Paleo-Tethys
Thick fossiliferous shallow marine Permian carbonates are widely distributed in the northwestern part of South China. The South China (or Greater South China) was located in the low-latitude domain during the Permian between the Paleo-Tethys to the west and the Panthalassa to the east (Figure 3). The Guadalupian-Lopingian shallow marine carbonates, including the GSSP of the GLB at Penglaitan, have been analyzed by many researchers (e.g., Jin et al., 1994; Jin et al., 2006a). The Shansi section in Sichuan Province represents carbonates deposited on the Paleo-Tethys side, whereas those in Guanxi Province represents carbonates deposited on the Panthalassa side. In addition to classic datasets (Denison et al., 1994; Korte et al., 2003; Korte et al., 2004; Korte et al., 2006), detailed Sr isotope data were recently added by Song et al., 2015, Wang et al. (2018), Li et al. (2020), Li et al. (2021).
In addition, Capitanian carbonate-bearing sequences occur at Abadeh and Jolfa in Central Iran, Mid-East. These sections were deposited somewhere in the middle of the low-latitude Paleo-Tethys (Figure 3). The Guadalupian Abadeh Formation, and the overlying Lopingian Hambast Formation were analyzed for Sr isotopes by Denison et al. (1994), Korte et al. (2003), Korte et al. (2004), Korte et al. (2006), and Sedlacek et al. (2014).
Inland Sea in North-Central Pangea
The middle to late Permian sequence of inland-sea facies with evaporites is exposed in northern Germany and Poland. The depositional site (Zechstein Basin) was located in a low-latitude inland domain within the northern part of Pangea with a seaway connection to the Boreal Sea to the north (Figure 3). This basin was unique in depositing evaporites, such as bedded halite and anhydrites; however, carbonates are limited. Sr analyses were reported by Korte et al. (2006).
High-to Mid-Latitude Shelf Along the Western Panthalassa Margin
Capitanian shallow marine carbonate sequences of continental shelf facies are exposed in NE Japan and Far East Russia; e.g., at the Iwaizaki and Senkina Shapka, Primorye. Despite their current positions at mid-latitudes, these sections were primarily deposited at relatively low latitudes along Greater South China (Figure 3), as evidenced by fossils of warm water-adapted Tethyan biota (Zakharov et al., 1992; Kawamura and Machiyama, 1995; Shen and Kawamura, 2001; Kossovaya and Kropatcheva, 2013; Tobita et al., 2018). Sr isotope records from both sections were reported by Kani et al. (2018).
Low-Latitude Mid-Panthalassan Atoll
Numerous large and small Permian limestone blocks currently occur as exotic blocks within the Jurassic accretionary complexes in Japan (Isozaki et al., 1990). They were primarily deposited on seamount tops as atoll complexes in the low-latitude mid-ocean of Panthalassa (Figure 3), as evidenced by abundant fossils of warm water-adapted biota, and secondarily transported by plate motion until their arrival at the active continental margin of Jurassic Japan (Pacific margin of Greater South China) (Isozaki, 1997; Sano and Nakashima, 1997). Some limestone blocks preserve continuous stratigraphic sections of Capitanian limestone and G-LB intervals, such as the Kamura and Akasaka limestones in SW Japan (Ota and Isozaki, 2006; Kasuya et al., 2012; Kofukuda et al., 2014). Sr isotope records from these two sections were reported by Kani et al. (2008) and Kani et al. (2013).
On the basis of these data from various parts of Pangea and Panthalassa/Paleo-Terthys, all reported Sr isotope data from the Capitanian and neighboring intervals are compiled in Figure 3. The overall trend of Permian seawater Sr isotope composition was confirmed and integrated by the present compilation with the latest data from South China, Japan, and Far East Russia. In short, we can conclude that the Permian seawater indeed shared the same Sr isotope composition worldwide, including the unique period around the GLB, regardless of paleogeographic positions, i.e., low-vs. high-latitude, Panthalassa vs. Paleo-Tethys, west (dry) side vs. east (wet) side of Pangea, mid-ocean vs. continental margin, etc.
SR BUDGET OF PERMIAN SEAWATER
According to Allègre et al. (2010), highly radiogenic Sr (87Sr/86Sr ratio of 0.7136) from continental weathering of carbonate (0.708) and silicate (0.721) contributes 34 and 25% of the Sr to modern seawater, respectively, whereas mantle-like nonradiogenic Sr (0.703) from submarine hydrothermal input and weathering of island arc or oceanic island basalts (0.7035) contributes 11 and 30%, respectively. The 87Sr/86Sr ratio in a river could have been controlled by the age of the rocks in its drainage basin (Goldstein and Jacobsen, 1987). The current flux of continental Sr to the ocean is quantified as a mixture of younger bedrock and older exorheic (ocean-connected) land area (Peucker-Ehrenbrinkand Fiske, 2019). However, the controlling factor of considerable changes in seawater 87Sr/86Sr compositions was weathering, especially age-integrated radiogenic silicate throughout the Permian because submarine hydrothermal activity could have remained at a constant low during the stable supercontinent period (Henderson et al., 2012).
It has been emphasized that the Capitanian minimum is particularly noteworthy because this episode recorded an extreme case in the seawater Sr budget during the last 500 m.y. with a possible connection to one of the large-scale mass extinctions. Nevertheless, the ultimate cause of this extreme condition at the end of the Paleozoic has not been identified, although some possible scenarios have been proposed, e.g., global tectonics with respect to continent configuration, global cooling with sea-level regression, and plume-related volcanism (e.g., Korte et al., 2006; Kani et al., 2008; Isozaki, 2009; Wang et al., 2018; Huang et al., 2019; Li et al., 2020). The decrease in the portion of time-integrated highly radiogenic crustal silicate in rivers and then the “continental Sr flux” to the ocean could have been attributed to bias from less radiogenic carbonate and younger silicate on the peripheral side of the continent through the early-middle Permian (Figure 4). Given that the hydrothermal flux from the mid-ocean hydrothermal system is relatively constant, a decrease in seawater 87Sr/86Sr values is attributed to the suppression of flux from continental crust via the reduction in carbonate/silicate weathering and/or the preservation of weathered products in the interiors of continents far from ocean margins; vice versa, an increase in seawater 87Sr/86Sr values is attributed to the accelerated release of continental material into oceans.
[image: Figure 4]FIGURE 4 | Box model for the Sr budget of the global ocean, 87Sr/86Sr and δ88Sr values of natural samples. The model scheme for the oceanic Sr budget was modified from Vollstaedt et al. (2014). 87Sr/86Sr and δ88Sr values of modern seawater, modern oceanic carbonates (EN-1: modern giant clam shell, and JCp-1: coral), a granite rock standard sample (G-3), continental crust, modern rivers, hydrothermal water, and the Phanerozoic mean of marine carbonates are from Krabbenhöft et al. (2010), Moynier et al. (2010), Charlier et al. (2012), Neymark et al. (2014), Vollstaedt et al. (2014), and Pearce et al. (2015).
Regarding the significant mode change in continental flux from the suppression to the recurrence on a large scale, during the early-middle Permian, a unidirectional decrease in seawater 87Sr/86Sr values occurred (Figure 2), probably by the gradual shutdown of riverine transport of weathered material derived from continental crust of the supercontinent Pangea at its maximum size. After reaching the minimum for ca. 5 m.y. in the Capitanian, seawater 87Sr/86Sr values started to increase from the beginning of the Wuchiapingian. The trend decreases again during mid-Wuchiapingian to the end of the Changsingian. The major change in the 87Sr/86Sr trend since the end of the Lopingian is characterized by an unusually high increasing rate. This probably reflected the extremely rapid release of weathered materials derived from continental crust, after their long-term storage in the interior of the continents during the earlier half of the Permian.
In general, tectonics and climate change on a global scale have traditionally been regarded as the main drivers of seawater Sr composition (e.g., Veizer et al., 1999; McArthur et al., 2012). This is because the two processes can considerably change the continental flux of radiogenic Sr to a certain degree. In the following, we briefly review major interpretations and discussions on these two aspects.
PANGEAN TECTONICS
It has been frequently pointed out that the secular changes in Proterozoic-Phanerozoic seawater Sr isotope compositions faithfully reflect changes in configurations of continents over time, particularly the formation and breakup of supercontinents (e.g. Halverson et al., 2007; Condie and Aster, 2013). Pangea’s history from its assembly in the Carboniferous to its breakup in the Jurassic apparently coincides not only with the Phanerozoic sea-level changes (Schopf, 1970) but also with the long-term profile of seawater Sr records, which are characterized by a unidirectional decrease during most of the Paleozoic, and, subsequently, a unidirectional increase during the post-Jurassic Mesozoic and Cenozoic (e.g., Veizer et al., 1999). The gathering of various continental blocks could prevent the release of highly radiogenic silicate from the interior of the supercontinent to the ocean by closing intercontinental seaways, and vice versa, the post-Pangean opening of the Atlantic Ocean, coupled with the dispersal of continental blocks could elevate the continental flux by creating new passages to oceans.
Although the overall picture appears reasonable, it seems difficult to explain the details, such as the Capitanian minimum and subsequent extremely rapid increase after the GLB (Kani et al., 2008). The timing was too early for the main continental breakup, which indeed occurred in the Jurassic, more than 60 m.y. later. The uplifted intracontinental silicate weathering area had grown extensively by continental doming due to mantle plume impingement (Kani et al., 2013) and by the reduced weight of the ice sheets on continents under a warm climate. Some troughs in the seawater 87Sr/86Sr curve in the Mesozoic appear to coincide with the emplacement of large igneous provinces (LIPs) (Taylor and Lasaga, 1999; Cohen and Coe 2007; Callegaro et al., 2012; Kristall et al., 2017), which might temporarily contribute to the decline in 87Sr/86Sr in seawater. In the Capitanian, submarine hydrothermal activity associated with the opening of Neotethys and the erosion of the Emeishan basaltic rocks might have provided a large flux of nonradiogenic Sr into the oceans (Korte et al., 2006; Huang et al., 2019; Li et al., 2020). Although these apparently contradict with expected constant submarine hydrothermal activity under a stable supercontinent during Permian and increasing continental weathering the Emeishan LIP activity (Henderson et al., 2012), the period of the opening of Neotethys and the period and rate of the erosion of the Emeishan basalts and their quantitative contributions may be worthy considerations as the short-term contributions. After the Capitanian minimum, the cessation of basaltic volcanism with the decline of hydrothermal activity was suggested (Korte et al., 2006; Wignall et al., 2009). Bagherpour et al. (2018) explained that the temporary decline in seawater 87Sr/86Sr during the Wuchiapingian may have reflected an increase in nonradiogenic flux from enhanced continental erosion related to LIP activity. Some minor fluctuations in the whole Phanerozoic curve possibly reflected pulses of nonradiogenic Sr input related to LIP activities.
At present we still need better explanations for shorter-term changes in global seawater Sr profile. Although smaller in magnitude, several pairs of rapid increases/decreases are identified during the Paleozoic, in which the Capitanian minimum is included. These short-term signals superimposed onto the long-term change are likely related to another essential mechanism, which is totally distinct from the overall supercontinent-relevant scenario. In this regard, large-scale sea-level change coupled with the short-term climate change appears promising, on which we will discuss next.
PERMIAN GLOBAL CLIMATE
Climate changes on a global scale may affect considerably the seawater 87Sr/86Sr ratio because global cooling/warming can cause sea-level drop/rise and sometimes glaciation/deglaciation. Sea-level change and continental ice coverage are critical to continental flux of radiogenic Sr into the oceans, whereas nonradiogenic mid-oceanic ridge flux is not related to climate change. Global cooling may cause sea-level to decrease, which can drive more surface exposure of less radiogenic peripheral continental crusts to enhance less radiogenic flux to ocean. Furthermore, when global cooling involves major glaciation, the ice coverage over extensive intracontinental crusts may suppress more effectively the highly radiogenic continental Sr flux.
The late Paleozoic ice age (LPIA) was identified on the basis of glacial deposits formed at high to mid-paleolatitudes (e.g., Fielding et al., 2008). Although intermittently truncated by short-lived deglaciations, the glacial condition of the LPIA essentially continued for over 50 m.y., i.e., from the Early Pennsylvanian (late Carboniferous) (∼320 Ma) to the late Wuchiapingian (ca. 255 Ma) (Montañez and Poulsen, 2013; Frank et al., 2015). At the beginning of the early Cisuralian (early Permian), seawater Sr isotope values started to decrease rapidly, in good accordance with the apex timing of the LPIA with extensive continental glaciation (Figure 2). On the other hand, the onset of the Capitanian Sr minimum was during a cold climate with the lowest Phanerozoic sea level, and it continued until the GLB, which roughly corresponded to the termination, rather than in the middle, of the LPIA (Figure 2). As to the coeval global cooling/sea-level decrease and Sr isotope minimum, a similar observation was confirmed also for the end-Ordovician timing (Isozaki and Servais, 2018).
In response to a global cooling in the interval, aridity and the post-main Gondwanan glaciation were presumed as possible causes of the decreasing of 87Sr/86Sr (Korte et al., 2006; Henderson et al., 2012), rather than local/regional tectonism. In general, glaciation is regarded as an effective agent to increase continental weathering/erosion. For the Capitanian case during the assembly of Pangea, however, the expansion of continental glaciers might have suppressed continental weathering. Kani et al. (2013) explained the decrease in 87Sr/86Sr had been derived possibly from the regional ice cover over vast continents under a cool climate. In contrast, as to the increase in 87Sr/86Sr during the end of the Lopingian to Early Triassic, the warmer climate associated with sea-level rise might have enhanced the weathering of older intracontinental silicate-dominant crustal rocks, reducing the weathering of younger rocks along ocean margins. The transient increase in 87Sr/86Sr at the beginning of the Lopingian likewise possibly resulted from a short-lived warmer climate (Chen et al., 2013). Currently popular scenarios prefer the rapid continental weathering by assuming a global warming triggered by the vast CO2 emission from the Emeishan LIP volcanism (Henderson et al., 2012), humidification (Korte et al., 2006; Wignall et al., 2009), acid rain (Huang et al., 2008; Song et al., 2015), and resultant loss of land vegetation. Nevertheless, the emerging δ88Sr data, as introduced in the following section, provide an alternate explanation.
UTILITY OF Δ88SR ISOTOPIC SYSTEM
Stable Sr isotope {δ88Sr = [(88Sr/86Sr)carbonate/(88Sr/86Sr)standard – 1] x 103} has been recently recognized as a useful proxy for monitoring past burial/dissolution of oceanic carbonates (Vollstaedt et al., 2014). The δ88Sr value of marine carbonate is lighter than that of coeval seawater because carbonate preferentially incorporates lighter 86Sr (Figure 4, e.g., Bohm et al., 2012). As confirmed in modern oceans, the degree of burial/dissolution of oceanic carbonate is essential to determine δ88Sr value of seawater. (Krabbenhöft et al., 2010; Vollstaedt et al., 2014). In general, the rate of preservation/dissolution of oceanic carbonate is attributed to environmental changes, such as seawater temperature, pH, and sea-level change (Riebesell et al., 1993; Knoll et al., 1996; Woods et al., 1999; Payne et al., 2010). During sea-level low stands, in particular, the regional exposure of ancient marine carbonates along continental shelf margins may increase carbonate-derived Sr flux (Stoll and Schrag, 1998; Krabbenhöft et al., 2010), which is characterized by low δ88Sr (Vollstaedt et al., 2014).
To date, δ88Sr analysis for ancient marine carbonates has not yet covered the entire Paleozoic (Vollstaedt et al., 2014; Figure 1). As to the Permian (Vollstaedt et al., 2014; Figure 1), nevertheless, the secular trend of seawater δ88Sr was preliminarily shown, in which δ88Sr values started to decrease in the early Permian and kept decreasing till the end of the Capitanian when the lowest value of the Phanerozoic was marked. The minimum of δ88Sr values strictly during the Capitanian essentially suggest the unique dominance of carbonate weathering/erosion. The carbonate dissolution and associated discharge of less radiogenic Sr likely occurred on continental margins with ample archives of past carbonates, mostly along the Tethyan and low-latitude Panthalassan peripheries during the Permian.
In the Capitanian, the carbonate production declined globally in high latitudes, with the significant shrinkage of reef ecosystems (e.g., Beauchamp and Grasby, 2012; Blomeier et al., 2013). For the cause of this temporary shutdown of bio-carbonate factory, possible candidates include global cooling, anoxia, or acidification (Bond et al., 2015). Temperature drop in seawater, in particular, promotes the dissolution of carbonate, as the increase of pCO2 in seawater leads higher solubility (Freeman and Hays, 1992) to move the carbonate lysocline to shallower levels, and to limit consequently the depositional area on seafloor for carbonates.
The overall correlation between δ88Sr and 87Sr/86Sr throughout the Phanerozoic has not been examined owing to the incomplete dataset; however, the secular change in seawater δ88Sr did not apparently synchronize with that of 87Sr/86Sr (Vollstaedt et al., 2014; Figure 1); i.e., these two curves often deviate from each other with remarkable off-sets in timing of inflection points. Nevertheless, for the Middle-Late Permian interval, an intimate correlation is observed between δ88Sr and 87Sr/86Sr (Figure 1); i.e., the shape of the δ88Sr trend during the Permian in the vertex of the parabola centered in the Capitanian is almost identical to that of coeval 87Sr/86Sr. The synchronized decreases in the seawater 87Sr/86Sr and δ88Sr values are likely caused by the elevated input of less radiogenic and 86Sr-enriched carbonate-derived flux through intense weathering/dissolution along continental margins. Although the causes of changes in preservation/dissolution were differently each changes in δ88Sr curve through Phanerozoic, the dual isotopic systems i.e., δ88Sr and 87Sr/86Sr provide a further information to understand global Sr budget changes. By analyzing secular changes in seawater δ88Sr, we can reconstruct the history of preservation/dissolution of carbonates at continental margin as a global average.
Vollstaedt et al. (2014) also pointed out that the long-term trends of δ44/40Ca and δ88Sr resemble each other throughout the Phanerozoic, which reflect variations in carbonate fluxes in global Ca and Sr cycles. The changes in δ88Sr likely synchronized with carbon isotope excursions, as well as that of Ca stable isotope, because the carbon and calcium cycles are generally coupled via CaCO3 preservation/dissolution processes. The post-Kamura negative shift in δ13C in the Capitanian may have reflected an enhanced marine carbonate dissolution. As to the PTB, the δ13C negative shift from +3 to −1 permil (Korte and Kozur, 2010) and Ca isotope negative shift were explained by the dissolution of 13C-depleted carbonate, which was triggered likely by oceanic acidification (Hinojosa et al., 2012). The expected co-variation of δ44/40Ca and δ88Sr in seawater is not clear for the GLB interval. The δ88Sr may have been dependent only on changes in carbonate flux (Vollstaedt et al., 2014), whereas δ44/40Ca was influenced probably by different fractionation factors between calcite and aragonite (Farkas et al., 2007; Blattler et al., 2012). There is no δ13C negative excursion nor consistent pattern in δ44/40Ca confirmed in three distinct sections across GLB in the southern Tethyan domain (Penglaitan and Chaotian section in China, and in Köserelik Tepe in Turkey), which may reflect local effects or diagenetic alteration (Jost et al., 2014). For establishing a quantitative model, it is required that investigations of the magnitude and timing of variations of δ88Sr and other geochemical proxies as indicators of the ocean chemical condition during the Capitanian-Wuchiapingian interval, on continuous sequences of carbonates without local effects or alteration.
CAPITANIAN ENVIRONMENTAL CHANGES WITH EXTINCTION
Besides the above-discussed beacon in the Sr isotope episode, other geological records, such as the lowest sea-level of the Phanerozoic (Haq and Schutter, 2008; Kofukuda et al., 2014), C-isotope anomaly called the Kamura event (Isozaki et al., 2007; Isozaki et al., 2011), and the major geomagnetic excursion called the Illawara Reversal (Isozaki, 2009a), altogether indicate that major global environmental changes surely appeared in the Capitanian and across the GLB. The uniqueness of this interval has been focused also in view of biodiversity crisis with the Capitanian extinction (Jin et al., 1994, Jin et al., 2006b; Stanley and Yang, 1994; Bambach, 2002; Isozaki, 2009; Bond et al., 2010 etc.), which is rated high in the ranking of the extinction magnitude (McGhee and Mukhopadhyay, 2013; Stanley, 2016). The main cause and processes of this global scale episode were not yet fully revealed, although various possible scenarios were proposed; e.g., the Emeishan Trap volcanism (Chung et al., 1998; Ali et al., 2002; Wignall et al., 2009), the onset of global anoxia (Isozaki, 1997; Saitoh et al., 2014); non-bolide extraterrestrial effect (Isozaki, 2019). The coeval unique signals in C, S, and N isotope records across the GLB (e.g., Isozaki et al., 2007; Saitoh et al., 2013; Yan et al., 2013; Bond et al., 2015; Zhang et al., 2015; Maruoka and Isozaki, 2020) further imply strong links to the major environmental changes with extinction.
As to the Sr behavior in the Permian ocean, sea-level change and relevant development/retreat of reef carbonates appear more critical than the rest. The Permian reef ecosystems were severely destructed during the Capitanian, and their recovery was extremely slow afterwards until the late Wuchiapingian (e.g., Weidlich, 2002). In addition to the low-latitude reef complexes, high-latitude carbonates also disappeared quickly, e.g. in Greenland and Spitsbergen, during the Capitanian (e.g., Beauchamp and Grasby, 2012; Blomeier et al., 2013). This profound collapse of carbonate factory was likely caused by the claimed global cooling associated with the remarkable sea-level drop (Haq and Schutter, 2008; Kofukuda et al., 2014), which is supported also by the selective extinction of warm-water adapted biota and the end of gigantism among symbiotic biota (Isozaki and Aljinovic, 2009; Feng et al., 2020), and also the migration of mid-latitude fauna to low latitude domains (Shen and Shi, 2002).
It seems difficult to specify any direct cause-effect relationship between the nonbiological Sr episodes and extinction; however, both phenomena were caused by a large-scale agent of global context that appeared during the Capitanian. The ultimate driver of such global change is not yet identified; nevertheless, global cooling and carbonate dissolution appear as the most significant explanation for the Sr records and other lines of geological evidence at present. The seawater 87Sr/86Sr changes, the minimum or the maximum, seem to coincide with several extinction events, e.g., the end-Ordovician, the end-Guadalupian, and the end-Permian (Figure 1). Recently, various similarities were recognized between two major extinction-related episodes in the Paleozoic; i.e., the Hirnantian (end-Ordovician) and Capitanian (end-Permian) events, because both episodes commonly recorded the preferential removal of sessile biota in the tropics, global sea-level drop, negative excursion of carbon isotopes, and end of long-term geomagnetic polarity interval (Isozaki and Servais, 2018; Isozaki, 2019). This may promote further research on other cooling-relevant extinction events and coeval changes in Sr isotope signatures in global oceans.
SUMMARY
The “Capitanian minimum” episode of Sr isotope records is reviewed, particularly in terms of dual Sr isotopic systems; i.e., 87Sr/86Sr ratio and δ88Sr value. The long-term trend of the Paleozoic seawater 87Sr/86Sr was punctuated by the Capitanian minimum at the end of the Guadalupian (Permian). The lowest value of seawater 87Sr/86Sr (0.7068) in the Capitanian and subsequent rapid increase at an unusually high rate likely originated from a significant change in continental flux with highly radiogenic Sr with respect to relatively stable hydrothermal flux from MORs. The assembly of the supercontinent Pangea and subsequent mantle plume-induced breakup were responsible for the overall secular change throughout the Phanerozoic; nonetheless, short-term fluctuations were superimposed by global climate changes. The unidirectional decrease in Sr isotope values during the early-middle Permian and the Capitanian minimum was driven by the suppression of continental flux with time-integrated highly radiogenic silicates and also by the extensive dissolution of carbonates with less radiogenic Sr along continental margins. During the existence of Pangea, a cold climate appeared to develop extensive ice covers over continents, as well as the lowest sea-level. In contrast, the extremely rapid increase in Sr isotope values during the end of the Lopingian-Early Triassic was induced by global warming, during which all processes worked in the opposite manner. Major changes in the Capitanian surface environments, including the significant sea-level drop, system disturbance in Sr and other isotope, decline in carbonate formation, and large-scale biodiversity crisis called the end-Guadalupian extinction, were all consequences of a rare and large-scale agent that appeared not only during the Capitanian but also in other cooling/extinction relevant timings.
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B20

B10
B3

A1
Dalong49
Dalong48
Dalong47
Dalong46
Dalong45
Dalong44
Dalong43
Dalong42
Dalong41
Dalong40
Dalong39
Dalong38
Dalong37
Dalong36
Dalong34
Dalong33
Dalong31
Dalong30

Dalong29
Dalong28
Dalong27
Dalong26

Dalong25

Dalong23
Dalong21
Dalong20
Dalong18
Dalong17
Dalong14

Dalong13
Dalong12

Dalong11
Dalong10
Dalongd
Dalong8
Dalong6
Dalongs
Dalong3
Dalong2
Dalong1
Wujiaping20
Wujiaping19
Wujaping18
Wujaping17
Wujiaping16
Wujaping15
Wuijaping14
Wujiaping13
Wujaping12
Wujiaping1
Wujiaping10
Wujapingd
Wujiaping8
Wujiaping?
Wuiiaping®
Wujiapings
Wuiiaping4

Lithology

dark gray limestone
dark gray limestone
gray limestone
dark gray limestone
gray limestone
dark gray limestone
gray marl

gray limestone

gray limestone
gray marl

gray marl

gray marl

gray limestone
gray limestone
gray limestone

gray limestone
gray limestone
black mudstone
black mudstone
black mudstone
black mudstone
dark gray muddy
limestone

dark gray muddy
limestone

dark gray muddy
limestone

black mudstone
black mudstone
black mudstone
black mudstone
black mudstone
black mudstone
black mudstone
black mudstone
black mudstone
black mudstone
black mudstone
black mudstone
black mudstone
black mudstone
black mudstone
black mudstone
black mudstone
black mudstone
dark gray muddy
limestone

black mudstone
black mudstone
black mudstone
dark gray muddy
limestone

dark gray muddy
limestone

black mudstone
black mudstone
black mudstone
black mudstone
black mudstone
dark gray muddy
limestone

black mudstone
dark gray muddy
limestone

black mudstone
black mudstone
black mudstone
black mudstone
black mudstone
black mudstone
black mudstone
black mudstone
gray mudstone
dark gray limestone
dark gray limestone
dark gray limestone
dark gray limestone
dark gray limestone
dark gray limestone
dark gray limestone
dark gray limestone
dark gray limestone
dark gray limestone
dark gray limestone
dark gray limestone
dark gray limestone
dark gray limestone
dark gray limestone
dark gray limestone
dark gray limestone

Thickness
(m)

383
380
377
373
368
365
36.3
36.0
357
35.1
348
34.4
337
333
33.1
328
322
316
312
303
297
292

285
280

274
255
25.1
246
240
23.1
229
224
219
203
200
198
193
19.0
185
182
179
177
176

172
166
16.3
161

156

155
152
148
143
14.0
136

134
132

130
128
125
120
"7
12
108
29
94
9.0
86
82
76
72
6.6
6.0
52
4.6
4.1
36
3.1
26
20
13
08
00

§Cany

-16
-0.7
0.0
-0.1
06
-0.1
12
19
24
29
25
35
39
42
34
34
43
4.1
42
37
42
39
4.1
38
39
41

§%0.am
vs.
VPDB
(%o)

55
-6
59
57
-59
-49
-55
-6.0
-69
58
-44
-44
-57
-70
-5
-57
-40
-0
72
71
=71
-67

-7
-7.2
-7
-47
-6.6
-6.9
-7.0
-6.9
-50
-63
-78
7.2
-7.2
-6.0
-7.0
-73
-7.4
-29

-7
-5
-7.0
4.7

-6.9
-75
-6.9
T8
-7.2
-3.8

-6.5
-38

72
71
=71
58
6.4
-59
73
-63
-57
-42
-60
-47
-41
-33
-40
70
-30
-35
-32
6.4
34
-50
-45
52
44
39

55C
vs.

VPDB
(%)

-206
-313
-314
-31.8
-316
-31.7
-282
-30.8
-30.1

-25.6
-25.0
-282
-25.6
-252
-25.2
-257
-26.0
-26.7
-271
=272
-26.0

=272
-26.5

-26.6
-26.8
-26.8
-26.6
-26.7
-26.6
-26.8
-26.7
-26.2
~27a
=272
=271
270
~271
=273
-27.0
-27.3
278
-28.5

-27.2
=272
-27.4
-27.8

-27.3

-26.8
-27.1
-27.4
-27.0
=272
-27.8

-27.0
-282

272
-27.0
264
264
-263
-26.2
-26.2
248
-24.9
268
-251
249
246
226
249
-245
-24.7
247
-250
-250
247
-233
243
-24.3
-25.1
248

A%
vs.
VPDB
(%e)

279
295
29.7
30.0
209
20.8
26.7
295
29.2

255
25.0
29.2
26.0
238
25.8
27.6
26.6
26.4
273
27.4
26.7

238

20.6

242
26.4
246
27
26.9
273
26.1
26.7
24.0
236
259
256
26.9
25.7
26.3
259
27.2
216

25.6
25.0
25.6
21.8

253

245
25.8
25.8
26.5
26.6
27.4

25.6
27.4

257
26.4
26.4
26.2
26.9
26.1
27.4
26.7
27.3
207
27.6
28.4
285
26.7
28.2
27.8
20.1
28.8
202
28.7
289
27.2
28.4
282
29.0
28.9

TOC
(%)

0.0
0.0
0.1
0.1
0.1
0.1
0.0
0.0
01

0.1
0.1
0.0
0.1
02
0.1
0.0
09
20
16
15
0.7

0.7
07

48
1041
10.4
10.0
8.1

10.0
9.9
123
9.0
75
92
132
94
8.7

123
9.4
1.3
59
25

100
39
83
14

58

151
103
19
124
116
341

134
02

8.7
39
1.9
56
1
36
4.1
08
0.4
0.1
01
0.1
03
0.1
0.0
0.1
0.1
02
0.1
0.1
0.0
03
a2
04
02
0.8
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Sample

GA2167010

GA3081568

GA2167007

GA2777055

GA2777054
GA2777053

GA3081569

GA2127413

GA3081568

GA2152420

GA2152418

GA2055445

GA2666255

GA2666257

GA2666258

Geographic source

Coal Cif outcrop.

Snapper Point outcrop.

From under the Sea Ciff Bridge
near the old mine entrance at
Coalcif

Under the Sea Cliff Bridge near the
old mine entrance at Coalif

Under the Sea Clif Bridge near the
old mine entrance at Coaliif
Under the Sea Cliff Bridge near the
old mine entrance at Coalif
Frazer Beach

Underground exposures of the
Metropoitan Colliery near Buli
Snapper Point

Ghosties Beach

Ghosties Beach outcrop

Myuna DDH 45 wel at
0.70-1.70 m in the Centenrial
Coal

Myuna coal mine, panel 511
easting 368388, northing
6340445

Myuna coal mine, pane 511
easting 368388, northing
6340445

Myuna coal mine, panel 511
easting 368388, northing
6340445

Stratigraphic source

Tulf o tuffaceous sitstone at 97-105 cm above the
base of the Coal Ciff Sandstone (or 150-158 cm
above the top of the Buli coal)

1.5m above the Vales Point coal seam in the basal
Dooralong Shale.

Bulk sitstone sample of the Frazer Beach Mermber
from 0 1o 53 am above the Buli Coal

Sitstone at the top of the Frazer Beach Member at
36-53 cm above the Buli Coal

Sitstoneinthemiddle ofthe Frazer Beach Member at
13-36 om above the Buli Coal

Sitstone at the base of the Frazer Beach Member at
0-13 om above the Buli Coal

Miorobreccia bed, 010 cm above base of Frazer
Beach Member

1-2-cm-thick tufflocated 0.61 m above the base of
the 3.25-m-thick Buli Coal
Directly above the Vales Point coal seam

Tuffaceous sitstone just below the Vales Point coal
seam

Cowper Tuff

Above the base of the Mannering Park Tuff

Booragu tuff, 0-20 cm above Great Northem coal

seam

Awaba Tuff (uppermost 10 cm)

Awaba Tuf (10-40 om below top of unit)

Age (CA-IDTIMS, unless
otherwise stated)

Ages of 251.60 + 019 and 251.38 + 022 Ma
‘obtained from two halves of a single grain (mean =
25151 £ 0.14 Ma)

‘Three grains yielded equivalent dates with a weighted
mean of 253.12 + 0.05 Ma

252.31+0.07 Ma (based on aweighted mean of nine
CAIDTIMS analyses

252,54 + 0.08 Ma, based on a weighted mean of
three of five CA-IDTIMS analyses. One of the others
provided a younger age of 25217 + 0.13 Ma
252.47 +.0.06 Ma (based on a weighted mean o four
CAIDTIMS analyses)

252.45 + 0.03 Ma foased on a weighted mean of
seven GA-IDTIMS analyses)

Ages of 252.11 + 0.08 and 252.08 + 009 Ma
‘obtained ffom two haives of a single grain, with a
‘weighted mean of 252.10 + 0.06 Ma.

252,60 + 0.04 Ma

‘Three whole grains with a weighted mean age of
253,12 + 0.05 Ma

252.83:+0.07 Mabased on a weighted mean of sixof
the nine analyzed grains

252,64 +.0.07 Mabased onthe weighted mean of six

of seven analyses

252.70 + 0.05 Ma

25291 + 0.07 Ma

253,12 + 0.07 Ma

253,10 + 0.07 Ma

References and comments

Fielding et . (2020). This zircon is interpreted as being
deiital based on morphology. The dating is considered to
provide a maximum depositional age

Fielding et al. (2020). Grains interpreted as being detrital
given their rounding

Fielding et i, (2019) and Fielding et al. (2020). This sample
represents a composite of the more narrowly delimitedt
samples GA2777053-GA2777055

Fielding et a. (2020)

Fieiding et al. (2020)
Fielding et al. (2020).

Fielding et al. (2020),
Grainisinterpreted as detrital given ts morphology, hence its
dating is considered to represent a maximum depositional
age

Metcalfe et al. (2015), Fielding et al. (2019)

Fiecing et a. (2020). Because this age s greater thanthat o
GA3081569 located in a simiar straligraptic position, and
greater than sampes from the stratigraphically lower units,
we suggest that the dated zicons from this sample are
reworked

Filcing et al. 2020). One of the grains yieded an outier age
01251.44 0,16 Ma, a result considered to be nfluenced by
Poloss

Metcale et al. (2015). One younger date of 251.76

0.16 Ma derives from a zicon grain that was probably
subject to some Po loss

Metcalfe et al. 2015). The age represents a weighted mean
of the eight youngest dates. One older date of 340.10 +
1.14 Ma was recovered for a recycled zicon grain
Lowermost sample dated from Moon Isiand Beach
Formation; The age isikely very close to the ime of eruption
and emplacement of the Booragul tuff

The Awaba Tuf potentially represents a composite erupive
phase. The obtained age is ikely very cose to the time of
euption

As above
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Plant taxon

Unidentifd lycopsid leaves (Figure 14D)
soeties sp. (Figure 14E)

Cyclomeia unduata (Burges) White (1981)
Figures 14A-C)

Neocalanites sp. (Figure 14G)

Schizoneura gondwanensis Feistmantel
(1876) (Figure 14F)

Claciophiebis sp. A (Figure 141
Cladophiebis sp. B/Sphenopteris sp.
Figure 14H)

Lepidopters calioteroides (Carpentier)
Retallack (2002) (Figures 14N,M)
Hoegia antevsiana Townrow (1957)
Pettaspermum sp. (Figure 14K)

Rhipidopsis/Fochipteris sp. (Figure 14J)
Voltziopsis/Rissiia apiculata Townrow
(1967) (Figures 140,R)

Voliziopsis aficana Seward (1934)
Figure 14Q)

Vertebraria austras (7) McCoy (1847)
Figure 14L)

Dispersed seed or bract (Figure 14P)

Higher taxon

Lycopsida
Isoetales/Pleuromeiales.
Pleuromeiales
Equisstales
Equisetales

Osmundales
Osmundales

Peltaspermales

Peltaspermales
Peltaspermales

Ginkgoales or petrellales
Voltzales

Voltziales
Glossopteridales

(Oictyopteridales)
Incertae sedis

Plant habit

Herbaceous.
Herbaceous.

Herbaceous to monopodial
shib

Rhizomatous reed-fke
herbaceous

Rhizomatous climbing or
scrambing herbaceous
Herbaceous.

Herbaceous.

Woody shrub to tree

Woody shvub to tree
Woody shrub to tree

‘Small woody shrub?
Smal woody ree?

‘Small woody tree?

Roots of woody tree.

H

Leaf form

Spine-like
Needle-fke or scale-fke
Needle-like

Spine-like
Paired broad laminae of fused
neede-ke leaves

Bipinnate, large.

Bipinnate, large.

Forked, multipinnate, smal
leafets.

Broad, flabelate
‘Smal, awhshaped

Small eliptical
NA

NA

Special adaptations.

Basal comvrhizomorph
Basal comvrhizomorph

Rhizomatous, photosyntheic stems?
Potential cimber on other plants

Understorey plant
Understorey plant

‘Thick cutcles, papilae-protected stomata. Some

preserved as seedings with cotyledons?

‘Seads protected on underside of petiate
megasporopyl

Leaf bases locall appressed to axis. Thick cuticle

Thick cuticle

‘Segmented into air chambers for growth in waterioggedt

sois

Relative
‘abundance

High
Moderate
Moderate
Low

Moderate

Low
Low

High

Low
Low

Low
Moderate

Moderate

Low
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Horizons(m)

-0.35
8.8

2.394
1.044

2278
1.297

2.429
1.020

Random reflectance (%)

1913 1.625
1.560 2.670

2.431
2110

3579
1.128

1.242

Romean

2379
1.509

ROmax

3579
2670
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sample (m)

41.5
33.1
29
27.67
24.68
22.02
20.13
18.19
16.8
145
126
15
11.5 (charcoal)
107
8

6.2

8"%Corg (%0)

-26.471
-26.503
-24.598
-27.973
-26.863
-28.201
-29.355
-27.987
-28.111
-28.926
-28.471
-20.568
-30.237
-30.237
-28.041
-27.143
-26.709
-27.341
-27.448
-28.031

Sample (m)

02
-0.15 (cod)
-0.35 (coal)

-0.35 (charcodl)

-1.06
-1.34
-2.09
262
-2.81
-2.95 (charcoal)
=312
-4.26
-4.26 (charcoal)
-5.36
-5.36 (charcoal)
-57
-5.7 (charcoal)
-62
-6.46
-6.46 (charcoal)

"°Corg (%)

-28.177
-28.344
-24.26
-24.01
-24.588
-23.501
-23.627
-23.451
-23.848
-24.481
-22.956
-23.185
-22.605
-23.264
-23.92
-22.556
-24.464
-22.949
-23.083
-21.792

Sample (m)

-6.77
-7.53
-8.44
-9.43
-9.81
-10.49
-11.33
-1.71
~11.7 (charcoal)
-12.17
-12.55
-12.93
-13.23
-13.69
-14.07
-146
-15.8 (coal)
~15.8 (charcoal)
-16.05
~16.05 (charcoal)

°Corg (he)

-23.32
-22.814
-23.743
-23.041
-22.946
-23.188
-23.055
-22.733
-25.451
-22.535
-22.608
-22.795
-22.499
-24.182
-23.306
-22.432
-23.506
-24.393
-24.701
-22.881

Sample (m)

~16.81
-17.8 (coa)
~17.8 (charcoal)
-17.57
20 (coal)
20 (charcoal)
~23.6 (coal)
236 (charcoal)
-28.2 (coa)
-28.2 (charcoal)
-29.4 (coal)
-29.4 (charcoal)
-36.4 (coal)
-36.4 (charcoal)
-56.8
-60.4
66 (coal)
66 (charcoal)

"%Carg (%)

-23.298
-23.497
-23.43

-23.579
-23.219
-23.037
-23.232
-22.375
-23.365
-23.166
-23.349
-32.498
-23.257
-23.124
-22.526
-22.503
-23.429
-22.406
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Locality Sample  Radiometric age
Ma]

Monggan-Wan Tuo section, Guangxi, South  MOW 105 246.87 +0.09
China.

Laren, Guangxi, South China CHINIO 248853 £ 0.086
Laren, Guangsi, South China CHIN4O 250647 £ 0.064
Meishan, Sichuan, China Bed 25 251.941 0087

References

Ovtcharova et a.
2015)

Widmann et al. (2020)
Widmann et al. (2020)
Bugess et a. (2014)

Correlation with Pakistan
composite

Coincides with positive §'°C peak, positioned between LA 76 and LA 77

Tirltes beds (Galfeti et al, 2007b), positioned between PU 103 and PU 104
Kashmiries bed (Galfeti et al, 2007b), positioned between NA 204 and NA 205

Meain extinotion puise, correlated with sample AMB 48, sedimentary gap between AMB 48 and base of Triassic
cannot be excluded





OPS/images/feart-08-588696/feart-08-588696-g001.gif
ecosystem state





OPS/images/feart-08-588696/feart-08-588696-g002.gif





OPS/images/feart-09-637102/feart-09-637102-g001.gif





OPS/images/feart-09-637102/crossmark.jpg
©

|





OPS/images/feart-09-586210/feart-09-586210-g015.jpg
.
. . ;

[ 'l |
.}‘






OPS/images/feart-09-586210/feart-09-586210-g014.jpg
Lower Triassic

Upper Permian

Dienerian

Griesbachian

Changhsingian

1. Isarcica

H. parvus

3
2
=
T
€
£
<
[
$
=
w

Ali Bashi Formation

microbial
oncoide
biostrome






OPS/images/feart-09-586210/feart-09-586210-g013.jpg
i)

Om-|-
=

O n < 3]

2 Baghuk

Paratirolites
limestone

q.-q..---.-_.¢...-.. L R R R B R R e

JISSVIHL

©
| N
° N ceT, o
. - <
¢ MauaIp ‘N | eoiosesi ejeoses)| snased snpospuy | .& u D e unna
M _ M M - | bm | « S
uoljewio4 ejl3 9jeys Aiepunog ‘4 BH v
uenaualq ¢ ueiyoeqsauy [ ‘Buisybuey)
| NVINH3d






OPS/images/feart-09-586210/feart-09-586210-g012.jpg





OPS/xhtml/Nav.xhtml




Contents





		Cover



		PERMIAN EXTINCTIONS



		Editorial: Permian Extinctions



		Author Contributions



		Publisher’s Note



		References









		Latest Permian Peltasperm Plant From Southwest China and Its Paleoenvironmental Implications



		Introduction



		Materials and Methods



		Results



		Morphology and Anatomy of Germaropteris martinsii From the Kayitou Formation



		Reflectance Analysis of Germaropteris martinsii From the Kayitou Formation









		Comparison



		Paleoecological Implications



		Conclusions



		Data Availability Statements



		Author Contribution



		Funding



		Acknowledgments



		Appendix



		Systematic Paleobotany



		Selected Synonyms









		References









		Regime Shifts in an Early Triassic Subtropical Ecosystem



		Introduction



		Materials and Methods



		Regime Shifts in Ecosystems



		Basic Glossary



		The Vegetation Record



		Age Determination



		Climatic Boundary Conditions



		Methods









		Results



		Discussion



		Regime Shifts



		Stabilizing Factors of Each Regime



		Why During the Early Triassic? What Caused the Resilience to Diminish?









		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		References









		Palaeophytogeographical Patterns Across the Permian–Triassic Boundary



		Introduction



		Materials and Methods



		Data Sources and Selection



		Calculations and Interpretations



		Biomes









		Results



		Wuchiapingian



		Changhsingian



		Induan



		Olenekian



		Anisian



		Ladinian









		Discussion



		Diversity Change Across the Biomes and Latitudes



		Biome and Climate Shifts



		Outlook









		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Trends in Stable Isotopes and Climate Proxies From Late Changhsingian Ghost Landscapes of the Karoo Basin, South Africa



		INTRODUCTION



		GENERAL GEOLOGIC CONTEXT



		LOCALITY, MATERIALS, AND METHODS



		Stable-Isotope Geochemistry









		RESULTS



		Pedogenic Nodule Conglomerate Lithofacies



		Stable-Isotope Geochemistry



		Diagenetic Considerations



		δ13cvpdb Values of Pedogenic Nodules



		δ18OVSMOW Values of Pedogenic Nodules















		DISCUSSION



		Generalized δ13c and δ18o Landscape Model



		Stable-Isotope Trends of Eroded Landscapes at Old Lootsberg Pass









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		The Disaster Taxon Lystrosaurus: A Paleontological Myth



		Introduction



		Discussion



		Lystrosaurus as a “Disaster Taxon”



		Does the Genus Lystrosaurus Include Any Disaster Species?









		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		References









		Age and Paleoenvironmental Significance of the Frazer Beach Member—A New Lithostratigraphic Unit Overlying the End-Permian Extinction Horizon in the Sydney Basin, Australia



		Introduction



		Material and Methods



		TECTONIC SETTING









		Lithostratigraphy



		Singleton Supergroup



		Newcastle Coal Measures (Group Status)



		Moon Island Beach Formation



		Vales Point Coal Seam and Bulli Coal



		Frazer Beach Member (New Unit)









		Age Constraints on the Frazer Beach Member Using CA-IDTIMS



		Dating the End-Permian Extinction and Permian-Triassic Boundary



		Dating the Sydney Basin Succession









		Fossil Content



		Palynoflora of the Frazer Beach Member



		Palynoflora of the “Marker Mudstone” (Bowen Basin)



		Macroflora of the Permian-Triassic Transition



		Fossil Fauna



		Regional Depositional Framework and Paleoclimate









		Discussion and Conclusions



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		References









		Development of Deep-Sea Anoxia in Panthalassa During the Lopingian (Late Permian): Insights From Redox-Sensitive Elements and Multivariate Analysis



		Introduction



		Geological Setting and Studied Section



		Methods



		Sample Collection and Preparation



		Major, Trace, and Rare Earth Element Analyses



		Principal Component Analysis









		Results



		Major and Trace Elements



		Rare Earth Elements



		Principle Component Analysis









		Interpretation of Geochemical Data



		Redox-Sensitive Elements



		Principal Components









		Discussion



		Redox History



		Anoxic vs. Oxic Condition in Deep-Sea Panthalassa



		Enhanced Hydrological Cycle and Ocean Anoxia









		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		A Hiatus Obscures the Early Evolution of Modern Lineages of Bony Fishes



		Introduction



		The Early Triassic Record



		Griesbachian



		Dienerian



		Smithian



		Spathian









		The Middle Triassic Record



		Aegean



		Bithynian



		Pelsonian



		Illyrian



		Fassanian









		The Spathian–Bithynian: A Hiatus or the Base Between Two Waves?



		A TALE OF BOOMERS AND SURVIVORS



		Long Survivors



		Early Boomers



		Late Boomers



		IMPLICATIONS FOR THE DIVERSIFICATION OF BONY FISHES AFTER THE PTBME









		Conclusion



		Author Contributions



		Funding



		Acknowledgments



		References









		Carbon Isotope Chemostratigraphy Across the Permian-Triassic Boundary at Chaotian, China: Implications for the Global Methane Cycle in the Aftermath of the Extinction



		Introduction



		Geological Setting and Stratigraphy



		Analytical Methods



		Results



		Discussion



		δ13C Stratigraphy at Chaotian



		Global δ13C Correlations Around the P-TB



		Implications for the Global CH4 Cycle in the Aftermath of the Extinction









		Conclusions



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		The Late Capitanian Mass Extinction of Terrestrial Vertebrates in the Karoo Basin of South Africa



		Introduction



		Materials and Methods



		Fieldwork



		Taxon Abundance









		Stratigraphic Sections



		Puntkraal, Sutherland, Northern Cape



		Muggefontein, Beaufort West, Western Cape



		‘Vanvuurenskop’, Beaufort West, Western Cape









		Discussion



		Stratigraphy and Extinction Patterns



		Ecological Change



		Dating



		Capitanian Tetrapod Extinctions Outside South Africa



		Causes









		Conclusion



		Data Availability Statement



		Author Contributions



		Acknowledgments



		Supplementary Material



		References









		Proliferation of Isoëtalean Lycophytes During the Permo-Triassic Biotic Crises: A Proxy for the State of the Terrestrial Biosphere



		1 Introduction



		2 Material and Methods



		2.1 Taxonomic Remarks on the Order Isoëtales



		2.2 Nowak et al. (2019) Data Compilation



		2.3 Plant Fossils









		3 Results



		3.1 The Late Permian and Triassic Isoëtalean Fossil Record



		3.2 Case Study Pleuromeia









		4 Discussion



		4.1 Setting the Stage



		4.2 Functional Traits of Isoëtales



		4.3 Pleuromeian Life History



		4.4 Synecology



		4.5 Isoëtales and Global Permo-Triassic Stress



		4.6 Plant Taphonomy and Other Biases



		4.7 Isoëtalean Proliferation and the Decline of Public Goods: Implications for Terrestrial Ecosystems



		4.8 Concluding Remarks on the Permo-Triassic Biotic Crises Observed in Marine Invertebrate and Plant Fossil Records









		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Intensive Wildfire Associated With Volcanism Promoted the Vegetation Changeover in Southwest China During the Permian−Triassic Transition



		1 Introduction



		2 Geological Setting



		3 Material and Methods



		4 Results



		4.1 Charcoal Distribution and Preservation



		4.2 Description of the Charcoals



		4.3 Organic Carbon Isotopes



		4.4 Charcoal Reflectance









		5 Discussion



		5.1 Taphonomy of the Charcoals



		5.2 Wildfire Implications



		5.3 The Turnover of Vegetation



		5.4 δ13Corg Excursion and Volcanism









		6 Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		References









		Bennettitalean Leaves From the Permian of Equatorial Pangea—The Early Radiation of an Iconic Mesozoic Gymnosperm Group



		INTRODUCTION



		MATERIALS AND METHODS



		Chemical Preparation



		Photography









		SYSTEMATIC PALEONTOLOGY



		Genus Pterophyllum Brongniart, 1825 nom. cons.



		Type Species









		Pterophyllum pottii Bomfleur et Kerp sp. nov.



		Diagnosis



		Holotype (Hic Designatus)



		Additional Material



		Type Locality



		Type Stratum and Age



		Etymology



		Description



		Comparisons and Remarks









		Genus Nilssoniopteris Nathorst, 1909, emend. Pott et al., 2007b



		Type Species









		Nilssoniopteris jogiana Blomenkemper et Abu Hamad sp. nov.



		Diagnosis



		Holotype (Hic Designatus)



		Type Locality



		Type Stratum and Age



		Etymology



		Description



		Remarks and Comparisons









		Nilssoniopteris shanxiensis Bäumer, Backer et Wang sp. nov.



		Diagnosis



		Holotype (Hic Designatus)



		Additional Material



		Type Locality



		Type Stratum and Age



		Etymology



		Description



		Comparisons and Remarks









		Dispersed Bennettitalean Cuticles Recovered by Bulk Maceration



		Cuticle Type A



		Material



		Description









		Cuticle Type B



		Material



		Description









		Cuticle Type C



		Material



		Description



		Remarks









		Cuticle Type D



		Material



		Description









		Cuticle Type E



		Material



		Description









		Cuticle Type F



		Material



		Description















		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES









		The Influence of the Permian-Triassic Magmatism in the Tunguska Basin, Siberia on the Regional Floristic Biota of the Permian-Triassic Transition in the Region



		Introduction



		Geological Setting



		Stratigraphy and Biostratigraphy



		Discussion



		CA-IDTIMS Dates and Magnetic Secular Variation



		Trap Volcanism in the Tunguska Basin Throughout the Permian-Triassic Transition









		Flora in the Permian-Triassic Transition in the Tunguska Basin and Comparison With Flora in the Kuznetsk Basins



		Paleophytogeography and Paleoclimate



		Flora Richness and Dynamics of Extinction and Origination in the Tunguska and Kuznetsk Basins









		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Sponge Takeover from End-Permian Mass Extinction to Early Induan Time: Records in Central Iran Microbial Buildups



		INTRODUCTION



		GEOLOGICAL SETTING



		The Gondwana Margin



		The Cimmerian Margins



		Kuh-e Hambast C Section, Abadeh Area



		The Shahreza Section









		RESULTS: LITHOLOGY, FACIES, AND MICROFACIES DESCRIPTIONS



		The Kuh-e Hambast C Section of the Abadeh Area



		The Shahreza Section: Sponge-Microbial Mounds and Aragonite Crystal Fan or Bundle Layers









		DISCUSSION



		A Sponge Takeover?



		Crystal Fans, Carbonate Crust, Digitate Microbialite, or Digitate Stromatolites?



		Biochronology



		Depositional Environment



		Comparison With the Close Baghuk Mountain Section



		The NW Iran PTB Sections Near Julfa



		The NW Iran PTB Zal Section









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		DEDICATION



		REFERENCES









		Major and Trace Element Geochemistry of the Permian-Triassic Boundary Section at Meishan, South China



		Introduction



		Geological and Geochemical Background



		Samples and Methods



		Results



		Whole-Rock Data: Major Element Stratigraphy



		Whole-Rock Data: Major Element Correlations



		Whole-Rock Data: Trace Element Stratigraphy



		Whole-Rock Data: Trace Element Correlations



		Acetic Acid Extracts: Trace Element Data









		Discussion



		Geochemistry in Relation to Depositional Environments



		Post-Archean Australian Shale-Based Enrichment Factors



		Diagenesis



		Indicators of Volcanic Input



		Interpretation of Redox Conditions



		Rare Earth Elements as a Redox Proxy and a Source Indicator









		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		The Capitanian Minimum: A Unique Sr Isotope Beacon of the Latest Paleozoic Seawater



		Introduction



		V-Shaped Trend Change in Capitanian Seawater 87SR/86SR



		Overall Aspect



		Decrease in the Cisuralian-Guadalupian



		Increase in the Late Lopingian to Early Triassic



		Capitanian Minimum









		Paleogeography of Sr Isotope Records



		Low-Latitude Shelf Along Eastern Panthalassa



		Low-Latitude Shelf Along Paleo-Tethys



		Inland Sea in North-Central Pangea



		High-to Mid-Latitude Shelf Along the Western Panthalassa Margin



		Low-Latitude Mid-Panthalassan Atoll









		Sr Budget of Permian Seawater



		Pangean Tectonics



		Permian Global Climate



		Utility of δ88SR Isotopic System



		Capitanian Environmental Changes With Extinction



		Summary



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		Supplementary Material



		References























OPS/images/feart-09-586210/feart-09-586210-g011.jpg





OPS/images/feart-09-586210/feart-09-586210-g010.jpg





OPS/images/feart-09-586210/feart-09-586210-g009.jpg





OPS/images/feart-09-586210/feart-09-586210-g008.jpg





OPS/images/feart-08-559430/feart-08-559430-g002.gif
e | formaon
)

=

f—






OPS/images/feart-08-559430/feart-08-559430-g003.gif





OPS/images/feart-08-559430/crossmark.jpg
©

2

i

|





OPS/images/feart-08-559430/feart-08-559430-g001.gif
T A e






OPS/images/feart-08-559430/feart-08-559430-t001.jpg
Sample

B SRR e e

Total

Analyzed points  MAX (%)

15
17
17
16
19
16
|
14
125

1.38
1.51
1.50
137
1.64
1.33
1.50
1.35

MIN (%)

0.94
1.33
1.07
127
1.37
0.96
1.30
1.23

AV (%)

1.02
1.43
129
1.33
156
124
1.39
1.28
133

SD (%)

0.04
0.05
0.05
0.03
0.05
0.04
0.04
003





OPS/images/feart-08-588696/crossmark.jpg
©

2

i

|





OPS/images/feart-08-559430/feart-08-559430-g004.gif





OPS/images/feart-08-559430/feart-08-559430-g005.gif





OPS/images/feart-09-772688/crossmark.jpg
©

|





OPS/images/feart-09-586210/feart-09-586210-g007.jpg





OPS/images/feart-09-586210/feart-09-586210-g006.jpg
TRIASSIC

PERMIAN |

c
o
o "
- =
9 %
O (A4|3
=
- -
c
(@)
A3
©
&
-
(@]
LL
©
—
c | W
Ig
=
o
©
o]
n
()
—
Q)
S
o
©
8
A2| S
)
Ny
T
K2
195}
S
©
c| &
ol 18
| bl
IME
_§A1I
o 0 S
c | m -
= il &
c S
O),.\" ©
SElE
S&| |8
OI S

% SMB 4

1561 A A

Basalt sill

13
12'
11

10 -

8 =l

ELH T

Meters

SMB 3
—Sha 10b-._
—Sha 9 3
- | —Sh77

SHR 13

SHR 53
SHR 52

SHR 51

SHR 50

SMB 2
—Sh75

SMB 1

—Sha 11.4 -

om0

HHI
il
i

|
!

i

1
!

-1

i
i
0

Paratirolites
limestone

§'3Ccarb, PDB

==ty






OPS/images/feart-09-586210/feart-09-586210-g005.jpg





OPS/images/feart-09-586210/feart-09-586210-g004.jpg





OPS/images/feart-09-586210/feart-09-586210-g003.jpg





OPS/images/feart-09-586210/feart-09-586210-g002.jpg
Paratirolites limestone

2 Lk

[eAIoIUl ANS

vo12u051 7| snind py fd u]  vowwar
[20 0l q e |'0g|
uopew.od exii3 *d 1sequiey
(uelyoegsauy) uenpu| ueibuisybueyd
olssell] 19MOT uelwiad Jeddn






OPS/images/feart-09-586210/feart-09-586210-g001.jpg
Shahreza

@ Baghuk Mt.
section

Yazd






OPS/images/feart-09-586210/cross.jpg
3,

i





OPS/images/feart-09-635179/feart-09-635179-g005.gif





OPS/images/feart-09-635179/feart-09-635179-g004.gif





OPS/images/feart-09-662581/feart-09-662581-g004.gif





OPS/images/feart-09-662581/feart-09-662581-g003.gif
e e emian
e 6o

el st shpi
i S0 schuan oy £ ot

New Mk i iyl 1 ramn
pengiakan %

"

ot 5

ex s ot
[§f e ot g
H ] e

e

v
g

.
" Tomin

el s s
i\ C B PR P -

<l

Guadslupien
eatann | Weasegir






OPS/images/feart-09-662581/feart-09-662581-g002.gif
seatevel






OPS/images/feart-09-662581/feart-09-662581-g001.gif
Meters above PO

Assembly-

Sr/sr
om0 [SIT_Dee TCab | Pom | Toks | Jora_TCIockows | Conogac]

Age(Ma)





OPS/images/feart-09-662581/crossmark.jpg
©

|





OPS/images/feart-09-637102/feart-09-637102-t004.jpg
Depth, PTB  Sample V Co Ni Cu zn Rb S Ba Pb Th U La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu
em DLppb 5 1 2 1 10 2 1 5 02 1 05 05 05 02 2 1 01 05 02 01 02 01 02 02 02 02
Data as ppb in solution
1405 115 5 11 10 6 220 8 14 6 16 71 215 34 17 5 09 45 07 30 133 04 12 09
50 18 4 10 6 10 14 210 18 32 6 33 179 470 71 30 8 14 68 10 48 215 07 23 04 19 03
545 1 2 28 6 8 200 12 21 5 25 230 603 82 3 9 16 83 14 69 34 12 30 04 24 04
425 9 3 5 6 10 7 18 9 18 5 10 97 283 39 18 5 08 40 06 29 139 04 10 1.1
325 42 6 5 9 280 9 24 4 14 201 517 71 3 7 13 64 10 51 264 08 20 03 15 03
218 9 2 6 3 40 3 80 10 16 2 10 202 40 65 27 6 10 54 09 45 243 07 15 02 14 02
216 0 1 6 2 3 5 30 11 16 3 10 200 456 67 28 6 11 56 08 44 285 07 18 02 12 02
15 8 10 1 7 7 19 13 90 4 18 92 245 40 18 5 09 44 08 25 128 04 25 05 02
14 10 4 6 4 10 4 810 14 25 2 10 163 74 56 22 5 10 51 08 36 192 05 12 02 09 02
73 7 5 8 8 10 9 20 11 52 5 32 194 405 67 30 7 16 87 16 93 486 21 55 10 55 09
02 2 3 10 3 210 14 26 3 13 196 326 58 25 5 08 49 08 39 221 07 16 03 11
92 8 2 8 6 % 9 20 10 57 5 55 263 407 74 31 7 12 67 09 51 282 09 21 04 16 03
211 79 7 2 110 3 80 1 25 26 59 08 3 04 32
227 9 5 18 2 2 4 260 8 84 237 95 282 54 27 10 10 81 10 37 156 06 10 02 08
-247 6 4 5 3 100 23 31 64 113 17 6 1 02 18 04 16 108 04 08 03 08 02
297 9 6 16 >250 2 280 7 a8 33 24 40 09 2 02 05 04 07 53 03 03 03 03 03
345 19 6 18 50 250 3 240 14 469 81 127 284 42 17 5 11 51 11 40 248 10 19 05 14 05
-35.1 28 8 28 40 >250 3 190 24 628 161 97 215 34 15 4 08 41 07 81 199 06 14 03 13 03
-457 7 5 5 2 40 6 23 1 77 85 67 11 3 ot 03 08 56 02 03
657 6 3 12 7 40 3 w0 7 38 10 24 31 05 02 04 33 02 02






OPS/images/feart-09-637102/feart-09-637102-t003.jpg
Element
ppm

Sc
v
Cr
Ni
Cu
zn
Ro
sr
Y
zr
No
Mo
Sb
Cs
Ba
la
Ce
Yo
Pb
Th
u

Elements reported but not summarized above: Co, Ga, As, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Lu, Hf. Ta, W, Tl

DL,

o~

R

oo
Lo

0.1
0.1

Above 24E, N = 34 Bed 24E, N = 10 Below 24E, N = 20
Max Med Min N Max Med Min N Max Med Min N
19 5 1 34 1 | 1 2 7 3 1 14
210 38 5 32 32 8 T 5 158 32 8 16
280 55 20 20 180 150 70 5 200 110 40 1
170 30 20 12 80 75 70 2 170 85 20 10
100 30 10 19 50 50 50 3 70 50 20 9
200 50 30 13 820 430 160 6 1,180 310 100 1
149 53 3 30 3 1 84 a0 2 12
496 240 131 34 898 546 432 10 1,003 480 237 20
51 27 14 34 10 8 5 10 17 8 2 20
252 94 6 34 72 37 8 10 140 34 4 20
26 8 1 34 4 2 1 6 13 3 1 14
37 13 3 ‘4 10 9 7 2 35 9 3 8
9 2 0 24 " 7 3 9 7 3 0 14
16 5 0 31 3 2 2 2 9 2 0 12
310 9% 8 34 30 16 8 10 150 28 7 20
56.1 331 16.1 34 50.2 5.1 27 10 14.9 75 09 19
98.2 60.0 327 34 51.4 55 29 10 245 121 19 19
53 28 1.0 34 0.7 05 0.3 10 16 07 0.1 18
108 31 6 21 78 1 125 4 13 9
375 6.2 05 34 12 08 0.4 10 1.9 16 03 20
207 44 15 34 4.8 35 22 10 15.1 3.0 22 20





OPS/images/feart-09-637102/feart-09-637102-t002.jpg
Above 24e
S0,
A5
Fe,05 )
MnO
MgO
Ca0
Na;O
K0
T,
P20s

Within 24e
S0,
Az05
Fe,05 (M)
MnO

Ca0
Na,0
K0
TO,
P20s

Below 24e
S0,
A05
Fe,05 M)
MnO

Ca0
Na,0
KO
TO.
P05

34
34
34
34
34
34
34
34
34
32

10
10
10
10
10
10
10
10
10

20
20
20
20
20
20
20
20
20
19

>09

KTi

Ti

Ti

FeKTi
KTi

Ti

0.7-0.9

A, NaKTi

KT

ALK Ti, P

K P

AlFe,NaK,Ti
Na
Na

KT

0.5-0.7 -0.5—-0.7
Mn
Na Mn
Mg, Ca KT
Na
Na
Mn
T Mg
K
K
K Ti

-0.7--0.9

Ca
Ca

K Ti

Mg, Ca
Mg, Ca

K Ti
Ca

Ca
Ca

Na, K Ti

>-0.9





OPS/images/feart-08-600976/crossmark.jpg
©

2

i

|





OPS/images/feart-08-600976/feart-08-600976-g001.gif





OPS/images/feart-08-600976/feart-08-600976-g002.gif
= SYDNEY BASIN BOWEN BASIN_
Conrieip | Sonres | Compeis |oeMsontRous
= e R R o
= Syonay e
Rt St | 3 [om—
i =
gL = e
= = e
W Dures | towpels: | oewsonTrouen
| i Bl § 4 g P
H HE o
e Y H
M=l — o PO
) s
e
HH
|25 55 H b == |y
i 3§ oot g,,_,,,m
§§ i EE:?':'...
i ¢ [
_ ] e






OPS/images/feart-08-600976/feart-08-600976-g003.gif





OPS/images/fevo-08-567109/fevo-08-567109-t001.jpg
Sample

P61 PNC
WP873
WP871
P51
Datum
WP878
WP870
WP879
WP877
WP857
WP863
WP864
WP848
WP843

Latitude

31.79462
31.8076
31.79545
31.79505
31.79618
31.836
31.79649
31.83609
31.83629
31.83276
31.83268
31.83271
31.83273
31.83327

Longitude

24.80632
24.82387
24.80642
24.79875
24.79635
24.8483

24.80576
24.84832
24.84811
24.84477
24.84374
24.8436

24.84355
24.84063

3 13Cyppg (%0)

4.53
7.09
5.47
2.13
9.435
4.78
11.01
4.48
11.26
4.27
9.49
8.58
5.21
6.82

3 180yppg (%)

16.07
16.74
18.62
16.56
21.27
16.49
20.20
16.32
18.44
15.09
16.02
16.91
17.25
16.13

3 180ysmow (%0)

15.33
13.61
11.67
13.79

8.93
13.86
10.04
14.04
11.85
15.30
14.35
14.46
13.08
15.26

4

W oA A DO AAEDDBDEDDOOONDDNDDN






OPS/images/feart-08-610463/crossmark.jpg
©

2

i

|





OPS/images/feart-08-610463/feart-08-610463-g001.gif





OPS/images/feart-08-610463/feart-08-610463-g002.gif





OPS/images/fevo-08-567109/fevo-08-567109-i000.jpg





OPS/images/fevo-08-567109/fevo-08-567109-i001.jpg
18
ovsmow





OPS/images/feart-09-637102/feart-09-637102-t001.jpg
Above bed 24e
SO,
ALO5
Fe,04(T)
MnO
MgO
Ca0
Na,0
K0
TO,
P:0s
Total®

Within bed 24e
S0,
A0
Fe204(T)
MnO
MgO
Ca0
Na,0O
K0
To,
P20s
Total

Below bed 24e
SO,
AlOs
Fe;04(T)
MnO
MgO
CaO
Na,0O
K0
TO,
P,05
Total

=19

Maximum

56.76
19.81
30.00
0.138
10.11
51.49
0.23
5.14
071
0.31
88.14

4.45
077
0.68
0.084
1.06
54.02
012
0.20
0.02
0.31
58.81

47.60
8.77
2.96
0.074
1.47
54.69
0.13
232
0.39
1.01
78.12

Median

31.53
6.22
296

0.077
3.15

20.68
0.10
1.37
0.30
0.10

71.85

273
0.43
0.32
0.050
0.98
52.04
0.06
0.10
0.01
0.15
56.74

20.26
1.30
0.56

0.082
0.73

41.83
0.06
0.29
0.05
0.08

64.79

Minimum

283
0.63
0.38
0.024
0.61
268
0.04
0.06
0.02
0.02
53.37

0.53
0.23
0.15
0.031
0.85
50.82
0.03
0.05
0.01
0.01
56.89

1.07
0.12
0.09
0.011
0.51
18.16
0.03
0.02
0.00
0.01
55.48

Std Dev

15.41
4.99
5.38

0.033
3.26
14.29
0.06
133
0.23
0.07
9.51

0.98
0.18
0.15
0.016
0.08
1.04
0.03
0.04
0.01
0.10
0.94

16.67
213
0.67

0.016
0.21
12.30
0.03
0.58
0.09
0.22
7.53

““Total" represents max, median, min, and stdl. dev. values in the dat set, and not the total

of the column of figures above.





OPS/images/feart-09-637102/feart-09-637102-g010.gif
OWhole rocks

®Acsicacid

©

s

12

05

03






OPS/images/feart-09-637102/feart-09-637102-g009.gif





OPS/images/feart-09-637102/feart-09-637102-g008.gif





OPS/images/feart-09-637102/feart-09-637102-g007.gif
La Ge e N Sm Ew G4 To Dy ¥ Mo Er Tm

Lo Ce Pr N S Eu G4 To Dy ¥ Ho B Tm Wb Lu






OPS/images/feart-09-637102/feart-09-637102-g006.gif
L s N
° sooh2% o 3l
TR Ty epdmenea |






OPS/images/feart-09-637102/feart-09-637102-g005.gif





OPS/images/feart-09-637102/feart-09-637102-g004.gif





OPS/images/feart-09-637102/feart-09-637102-g003.gif





OPS/images/feart-09-637102/feart-09-637102-g002.gif





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/feart-08-600976/feart-08-600976-g011.gif
A B s
Grostes beoch - Fraze Gnach- My Bay ooas

¢
g
!
H






OPS/images/feart-08-600976/feart-08-600976-g012.gif





OPS/images/feart-08-600976/feart-08-600976-g013.gif





OPS/images/feart-08-600976/feart-08-600976-g007.gif





OPS/images/feart-08-600976/feart-08-600976-g008.gif





OPS/images/feart-08-600976/feart-08-600976-g009.gif
jrp—— uchc P iy P Poye Moy S| AGLIORY o 0044






OPS/images/feart-08-600976/feart-08-600976-g010.gif





OPS/images/feart-08-600976/feart-08-600976-g004.gif





OPS/images/feart-08-600976/feart-08-600976-g005.gif





OPS/images/feart-08-600976/feart-08-600976-g006.gif





OPS/images/fevo-08-567109/cross.jpg
3,

i





OPS/images/fevo-08-567109/fevo-08-567109-e000.jpg
813C (or 8'%0) = (Ruampie/Retandara—1)*1000, (1)





OPS/images/feart-08-613350/feart-08-613350-t001.jpg
Stage Tropical everwet Tropical Subtropical desert  Warm temperate Cool temperate Cold temperate
summerwet

Genera Localities Genera Localites Genera Localities Genera Localities Genera Localities Genera Localities

Wuchiapingian 114 88 12 4 37 22 9 5 10 7 8 1
Changhsingian 87 40 0 0 2 1 35 17 27 19 63 25
Induan " 6 17 26 0 0 25 14 3 E 4 75 39
Olenekian 0 0 48 73 0 0 105 33 0 0 2 4
Anisian 0 0 83 253 0 0 30 20 0 ) 34 8
Ladinian 0 0 109 410 0 0 56 43 0 0 7 4
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Latitudes Wuchiapingian Changhsingian Induan Olenekian Anisian Ladinian

Genera Localities Genera Localites Genera Localities Genera Localities Genera Localities Genera Loc-alities

80-90'N 0 0 0 0 1 1 0 0 0 0 0 0
70-80'N 2 1 0 0 13 11 1 2 8 1 0 0
60-70'N 0 0 63 24 68 24 2 2 0 0 3 1
50-60'N 8 1 10 2 26 6 1 1 8 1 10 2
40-50'N 5 4 26 13 18 9 l ? 3 1 8 4
30-40'N 51 21 24 9 6 4 1 2 20 13 14 7
20-30'N 112 54 78 23 21 15 17 30 57 130 29 316
10-20'N 73 34 48 14 17 13 41 41 61 110 42 86
0-10'N 0 0 0 0 0 0 0 0 [ 0 0 0
0-10'S 22 2 23 4 0 0 0 0 0 0 [ 0
10-20'N 4 2 0 0 0 0 0 0 0 0 0 0
20-30'N 0 0 0 0 0 0 0 0 0 0 4 6
30-40'N 4 2 0 0 0 0 0 0 4 1 0 0
40-50°S 3 1 0 0 0 0 6 3 18 4 24 14
50-60°'S 6 2 15 12 4 8 26 10 6 8 24 17
60-70°S 1 1 9 1 0 0 20 12 6 4 3 1
70-80°S 0 0 0 0 0 0 0 0 28 8 4 3
80-90°S 0 0 0 0 0 0 0 0 0 0 0 0
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South Africa
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Others

Wuchiapingian Changhsingian Induan Olenekian Anisian Ladinian

Genera Localities Genera Localities Genera Localities Genera Localities Genera Localities Genera Localities
10 2 63 25 75 39 2 4 8 1 3 1
41 25 28 12 5 7 21 65 72 230 106 397
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Stage Genera Localites Endemic genera  Endemic rate

Wuchiapingian 150 125 8 057
Changhsingian 162 102 58 036
induan 99 91 65 066
Olenekian 127 110 72 057
Anisian 132 281 79 060

Ladinian 145 457 91 0.63
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