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Abstract 19 

The end-Triassic (~201 Mya) records one of the five largest mass extinction events 20 

of the Phanerozoic. Extinction losses were coincident with large igneous province 21 

volcanism in the form of the Central Atlantic Magmatic Province (CAMP) and major 22 

carbon isotope excursions (CIEs), suggesting a link between these phenomena. Marine 23 



anoxia has been implicated as a causal factor in the crisis, but there remains some 24 

uncertainty regarding the role of marine redox changes in marine extinction phases 25 

because both intensity and duration of marine anoxia are poorly constrained. We 26 

employ high resolution pyrite framboid size-frequency analysis at two Triassic-Jurassic 27 

(Tr-J) boundary sections: Kuhjoch in Austria (the Tr-J Global Boundary Stratotype 28 

Section and Point; GSSP) and St. Audrie’s Bay in England (former GSSP candidate) in 29 

order to further evaluate the role of marine anoxia in the end-Triassic mass extinction 30 

(ETME). The St. Audrie’s Bay section records predominantly anoxic conditions 31 

punctuated by weakly oxygenated (dysoxic) conditions through the Tr-J transition, even 32 

during shallow-water intervals. Kuhjoch experienced both anoxic and dysoxic 33 

conditions during the ETME but became better oxygenated near the Tr-J boundary. 34 

Marine anoxia is therefore implicated in the extinction at both locations. A similar redox 35 

history is known from the Central European Basin, Western Tethys and Panthalassa, 36 

where marine anoxia developed in the lead up to the ETME prior to reoxygenation 37 

around the Tr-J boundary.  38 
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 42 

1. Introduction 43 

The end-Triassic mass extinction (ETME) is one of the five great biodiversity 44 

crises of the Phanerozoic: conodonts went extinct, whilst corals, ammonites, bivalves, 45 



demosponges and brachiopods experienced severe losses (Hallam and Wignall, 1997; 46 

Pálfy et al., 2000; Hillebrandt et al., 2013; Song et al., 2018; Wignall and Atkinson, 47 

2020). Low latitude marine taxa suffered preferential losses (Kiessling et al., 2007) and 48 

terrestrial ecosystems were not immune as widespread losses amongst tetrapods paved 49 

the way for a world dominated by dinosaurs (e.g. Olsen et al., 2002). 50 

The voluminous eruptions of the Central Atlantic Magmatic Province (CAMP) are 51 

considered to be the ultimate driver of extinction (Schoene et al., 2010; Ruhl et al., 2011; 52 

Davis et al., 2017; Lindström et al., 2021). The emplacement of the CAMP has been 53 

implicated in a major increase in atmospheric pCO2 (McElwain et al., 1999; Beerling 54 

and Berner, 2002; Bonis et al., 2010b; Steinthorsdottir et al., 2011), ocean acidification 55 

(Hautmann et al., 2004; Greene et al., 2012), widespread marine anoxia (Bonis et al., 56 

2010a; Schoepfer et al., 2016; Jost et al., 2017; Luo et al., 2018; He et al. 2020, 2022a,b), 57 

photic zone euxinia (PZE; Jaraula et al., 2013; Kasprak et al., 2015; Beith et al., 2021; 58 

Fox et al., 2022a) and global warming (McElwain et al., 1999; Kasprak et al., 2015; 59 

Schoepfer et al., 2016; Song et al., 2021; Yager et al., 2021). Contemporaneous 60 

sedimentary mercury anomalies (Thibodeau et al., 2016; Percival et al., 2017; Kovács 61 

et al., 2020) provide indirect evidence for this volcanism and suggest the CAMP 62 

eruptions were a key driver of environmental changes. Charcoal and polycyclic 63 

aromatic hydrocarbon records are indicative of wildfires (Marynowski and Simoneit, 64 

2009; Belcher et al., 2010; Petersen and Lindström, 2012; Fox et al., 2022b; Kaiho et 65 

al., 2022) and there is evidence for volcanism-induced mutagenesis (e.g., Lindström et 66 

al., 2019) and soil erosion (e.g., van de Schootbrugge et al., 2020) which together are 67 



considered to reflect the terrestrial manifestation of the ETME. 68 

Several studies have implicated anoxia in the ETME as suggested by the records 69 

of nitrogen, sulfur and uranium isotopes (Schoepfer et al., 2016; Jost et al., 2017; He et 70 

al., 2020), elemental redox proxies (Pálfy and Zajzon, 2012; He et al., 2022a,b), and 71 

the deposition of organic-rich mudrocks (Wignall, 2001a; Wignall et al., 2007) although 72 

such lithologies are by no means ubiquitous. However, evidence from some shallow 73 

water sites (e.g., Larne Basin, Northern Ireland) suggests that only weakly dysoxic 74 

conditions developed during the extinction crisis (Bond et al., 2022). Biomarkers of 75 

green sulfur bacteria (e.g., isorenieratane) indicate PZE but such evidence is often 76 

derived from the strata immediately above the extinction levels (Richoz et al., 2012; 77 

Jaraula et al., 2013; Kasprak et al., 2015; Beith et al., 2021; Fox et al., 2022a). Studies 78 

focusing on redox changes at the GSSP for the Tr-J boundary (Kuhjoch, Austria) are 79 

scarce (Pálfy and Zajzon, 2012), and the geographical and temporal extent of oxygen 80 

restriction globally remains relatively poorly constrained.  81 

Pyrite framboids form near the redox boundary and the variability of their 82 

population sizes provides a robust method for the reconstruction of redox conditions in 83 

deep time (Wilkin et al., 1996; Wignall and Newton, 1998) and has been successfully 84 

applied in several extinction studies (e.g., Bond and Wignall, 2010; Wignall et al., 2010; 85 

Dai et al., 2018; Huang et al., 2019; Atkinson and Wignall, 2019). Currently, pyrite 86 

framboid studies across the Tr-J transition are either of low-resolution (Wignall, 2001; 87 

Wignall et al., 2010) or are focused on the biotic recovery following the ETME 88 

(Atkinson and Wignall, 2019). Here, we employ high-resolution pyrite framboid 89 



analysis (with sampling intervals generally < 0.5 m) of Tr-J boundary sections at 90 

Kuhjoch (Austria) and St. Audrie’s Bay (England), generate data straddling the 91 

extinction interval, and compare these data with earlier studies (e.g., Wignall, 2001a), 92 

to evaluate the timing, duration and extent of marine anoxia in two 93 

palaeogeographically distant locations (Fig. 1). In doing so we provide further data 94 

about redox dynamics on the Tethyan shelf and thus evaluate the role of anoxia in the 95 

marine ETME through comparison with global records of anoxia. 96 

 97 

2. Geological setting and background 98 

The Kuhjoch section is located in the eponymous pass in the Karwendel 99 

Mountains, Northern Calcareous Alps, Austria (47°29'02"N, 11°31'50"E) (Fig.1) and is 100 

the Global Stratotype Section and Point for the Triassic-Jurassic boundary. The 101 

boundary is defined by the first occurrence of the ammonite Psiloceras spelae and the 102 

foraminifer Praegubkinella turgescens (Hillebrandt et al., 2013). Kuhjoch strata record 103 

deposition in the Eiberg Basin, an intra-platform trough adjacent to the Tethys Ocean. 104 

During the late Rhaetian, the Eiberg Basin attained estimated water depths of 150-200 105 

m, rendering its benthic faunas somewhat immune to the effects of the well-documented 106 

end-Triassic eustatic sea-level fall (Hillebrandt et al., 2013). The stratigraphy includes 107 

the Triassic Kössen Formation (Eiberg Member) and the Triassic to Jurassic Kendlbach 108 

Formation (Tiefengraben and Breitenberg Members), with the Tr-J boundary placed 5.8 109 

m above the base of this formation. The upper part of the Kössen Formation comprises 110 

a 20 cm-thick, dark coloured, marly limestone layer named the “T-bed” (Hillebrandt et 111 



al., 2007), interpreted to record oxygen-restricted deposition (Tanner et al., 2016). The 112 

T-bed marks the onset of the biotic crisis and is the level at which the last Triassic 113 

ammonoids, ostracods and conodonts disappeared. A prominent negative CIE (the 114 

initial CIE) occurs from the top of the T-bed into the lowermost Tiefengraben Member 115 

(Ruhl et al., 2009; Lindström et al., 2017). The Tiefengraben Member comprises grey-116 

brown, clay-rich marls together with a 2 m thick red, silty clay horizon (known as the 117 

Schattwald Bed) near the base of the Formation. The Schattwald Bed is considered to 118 

record the peak of a latest Triassic regression (McRoberts et al., 2012). A second major 119 

negative δ13Corg excursion (the main CIE) and palynological turnover occurs in the 120 

uppermost part of the Schattwald Bed (Hillebrandt et al., 2013). The paucity of 121 

macrofauna in the Schattwald Bed is suggested to be a function of the pervading 122 

unfavourable environment for calcifying organisms at the time of deposition 123 

(McRoberts et al., 2012) although this assertion is undermined by the occurrence of 124 

bivalves, foraminifers and uncommon ammonites and brachiopods at this level 125 

(Hillebrandt et al., 2013).  126 

The St. Audrie’s Bay section in southwest England (UK) is a former GSSP 127 

candidate for the base of Jurassic System (Warrington et al., 1994; Fig. 1). The strata 128 

include, from oldest to youngest, the Westbury, Lilstock and Blue Lias Formations. The 129 

Upper Triassic Westbury Formation comprises dark coloured, but not particularly 130 

organic-rich mudstones (mostly <2 wt.% total organic carbon; Hesselbo et al., 2004), 131 

with interbedded siltstones. Its depositional environment is interpreted as restricted 132 

marine with low salinity, based on a fossil content lacking stenohaline taxa (Hallam and 133 



El Shaarawy, 1982; Hesselbo et al., 2004). The overlying Lilstock Formation (also 134 

Upper Triassic) is divided into two members: the Cotham Member and the Langport 135 

Member. The transition between the Westbury and Lilstock Formations is an upward-136 

shallowing one, with the Cotham Member comprising mudstones, siltstones, limestones 137 

and fine-grained sandstones (calcareous in the upper part). The overlying Langport 138 

Member comprises marine limestones and calcareous mudstones (Hesselbo et al., 2004). 139 

A major negative carbon isotope excursion (the initial CIE) occurs in the Cotham 140 

Member a short distance above the level of a major extinction amongst the bivalves and 141 

ostracods that dominate the assemblages (Wignall and Atkinson, 2020). A second 142 

extinction phase occurs at the top of the Langport Member amongst the same two 143 

groups. The ETME can thus be resolved into two extinction phases at St. Audrie’s Bay 144 

(a pattern seen elsewhere in the world), whereas at Kuhjoch only the first phase is 145 

clearly manifested (Wignall and Atkinson, 2020). The Blue Lias Formation of St. 146 

Audrie’s Bay is characterized by rhythmic interbeds of laminated organic-rich shale, 147 

pale and dark marl and limestones that are interpreted to record rapid flooding (Hallam, 148 

1997; Ruhl et al., 2010). The first appearance of typical Jurassic ammonites (Psiloceras 149 

spelae) that mark the Tr-J boundary occurs within this transgressive phase. However, 150 

Hodges (2021) suggested a lower placement of the Triassic-Jurassic boundary in SW 151 

Britain based on the discovery of Neophyllites lavernockensis in the topmost bed of the 152 

Langport Member; a level coincident with the second extinction level of Wignall and 153 

Atkinson (2020). 154 

 155 



3. Material and methods 156 

Pyrite framboids are densely packed, generally spherical aggregates of submicron-157 

sized pyrite crystals. In the modern ocean, iron monosulfide (FeS) microcrysts nucleate 158 

in a reducing water mass before being replaced with greigite (Fe3S4) in weakly oxic 159 

environments, at which point they become densely packed spherical clusters 160 

(framboids). The greigite phase converts into the more stable pyrite (FeS2) under 161 

reducing conditions during sediment burial. The majority of framboids in nature are 162 

formed near the redox boundary and their growth ceases in anoxic water columns 163 

beneath the sulfate-reduction zone (Wilkin et al., 1996). Framboids forming 164 

syngenetically within the sediment at the redox boundary (i.e., beneath an oxic water 165 

column) are larger than those forming within the water column in anoxic bottom waters 166 

because the growth of framboids within sediment is limited only by the availability of 167 

reactants. In modern euxinic basins, framboids sink into the sulfate-reduction zone and 168 

monosulfide microcrysts cease to form once they reach ~5 µm in diameter. In such 169 

settings, framboids can attain only small sizes (and are less variable in size, < 4% of 170 

framboids are >10 μm in diameter) than in non-euxinic settings (Wilkin et al., 1996). 171 

In modern dysoxic settings, around 10-50% of framboids in a population reach 172 

diameters >10 μm since pyrite framboids can continue growing on weakly oxygenated 173 

sediment surfaces where their size is limited only by the availability of reactants. Thus, 174 

dysoxic conditions are characterized by populations of relatively large framboids with 175 

a wide size distribution (Wilkin et al., 1996; Wignall and Newton, 1998). 176 

In this study we analyzed framboidal pyrite size-frequency distributions for 35 177 



samples from Kuhjoch and 43 samples from St. Audrie’s Bay. Samples were prepared 178 

as vertically oriented thin sections (2×2 cm) before pyrite framboids were scanned and 179 

measured using an SU 8010 Scanning Electron Microscope (SEM) in the State Key 180 

Laboratory of Biogeology and Environmental Geology, Wuhan, China. We measured > 181 

100 framboids per sample in order to account for the fact that the measured diameters 182 

of individual pyrite framboids are always equal to or smaller than their actual diameters. 183 

With this number of measurements, the error in the calculated mean of framboid 184 

diameters is < 10% (Wilkin et al., 1996). It is likely that very tiny framboids (e.g., 1-2 185 

µm in diameter) are ignored or missed during the measuring process, inadvertently 186 

offsetting the error described above. Numerous studies have employed and refined the 187 

framboidal pyrite method in the past two decades such that it is has become a reliable, 188 

well-calibrated proxy for redox conditions during deposition of ancient sediments 189 

(Table 1). 190 

Table 1. Characteristics of pyrite framboid populations formed under different marine redox 191 

conditions (from Bond and Wignall, 2010). 192 

Redox conditions Framboidal parameters  

Euxinic  Small in size (mean 3-5 μm), abundant, with narrow size range.  
Framboids dominate pyrite fraction.  

Anoxic  Small in size (mean 4-6 μm), abundant, with a few, lager framboids.  
Framboids dominate pyrite fraction. 

Lower dysoxic  Mean 6-10 μm, moderately common, with a few, larger framboids and 
some crystalline pyrite. 

Upper dysoxic  Moderately common to rare, broad range of sizes, only a small 
proportion <5 μm. Majority of pyrite as crystals. 

Oxic  Very rare framboids, rare pyrite crystals.  
 193 

4. Results 194 



Of the 35 samples from Kuhjoch, 27 yielded framboids (Fig. 2) which contained 195 

a total of 2218 framboids, the size of each of was measured under SEM. Most samples 196 

contained >100 framboids (although framboids were rare in five samples). Samples 197 

with fewer than 20 framboids were excluded from our analysis. Pyrite framboids occur 198 

in both thin and thick units of both shale and limestone lithologies. The results are 199 

summarized in Appendix Table A and presented in Figure 2. The mean framboid 200 

diameters in individual samples ranges from 5.5 µm to 7.5 μm and all framboid 201 

diameters were < 20 μm. 202 

Forty three thin sections were prepared for pyrite framboid analysis from St. 203 

Audrie’s Bay. Of these, 40 samples contained a total of 2603 pyrite framboids and most 204 

samples contained >100 framboids. The pyrite framboid size-frequency data is 205 

summarized in Appendix Table B and presented in Figure 3. Mean framboid diameters 206 

range from 5 μm to 7.5 μm, with the exception of sample J2 (mean size: 9.57 μm). No 207 

framboid > 20 μm in diameter was observed in the St. Audrie’s Bay samples. 208 

The interpretation of water mass redox conditions from pyrite framboid size 209 

distributions is based on a combination of the mean of framboid diameters in each 210 

sample and the standard deviation within the population in each sample (Wilkin et al., 211 

1996). This data is presented in Figure 4, which informs our interpretation of redox 212 

states in Figures 2 and 3. 213 

 214 

5. Interpretation and discussion 215 

5.1 Triassic-Jurassic marine redox conditions at Kuhjoch and St. Audrie’s Bay 216 



At Kuhjoch, the upper part of the Kössen Formation, including the T-Bed that saw 217 

the majority of ETME losses, was deposited under predominantly dysoxic or anoxic 218 

conditions (Figs. 2 and 4). Framboids also occur in the basal metres of the Kendlbach 219 

Formation, including some samples from the Schattwald Bed, although one sample 220 

from this level had only rare framboids (T-R+80 cm). Two samples from the Schattwald 221 

Bed contain framboids with size distributions characteristic of dysoxic (T-R+100 cm) 222 

and anoxic (T-R+2 m) conditions. It appears that anoxic-dysoxic conditions prevailed 223 

both before and during the ETME at Kuhjoch and then intermittently in the early stages 224 

of deposition of the Schattwald Bed within the Kendelbach Formation (Fig. 2). The 225 

presence of pyrite framboids in the Schattwald Bed is intriguing given that this unit is 226 

a red-coloured mudrock with a sparse marine fauna. Marine red beds are a rare 227 

phenomenon but in the Phanerozoic they are widespread in the aftermath of anoxic 228 

intervals (Song et al., 2017). They potentially owe their origin to the transition from 229 

euxinic to ferruginous conditions in the waning stages of anoxic events. The 230 

displacement of Fe2+-rich waters into shallower settings produces sediments enriched 231 

with small ferric particles that impart the red color (Song et al. 2017). Adopting this 232 

model would imply that the Schattwald Beds formed upslope of a deeper, ferruginous 233 

water column, with both iron oxide precipitation and framboid growth occurring in the 234 

sediment.  235 

At St. Audrie’s Bay, pre-ETME samples from the Westbury Formation suggest that 236 

anoxic-euxinic conditions prevailed in the water column, with only one sample (S32) 237 

yielding a framboid population consistent with dysoxic conditions (Figs. 3 & 4). Two 238 



samples (S17 and S18) fall within the euxinic field whilst other samples fall within the 239 

anoxic field (Fig. 4). Samples from within the first phase of the ETME and near its base 240 

in Cotham Member (S12 to S16) show a narrow range of framboid size distributions 241 

(mean diameters between 5.99 and 6.71 μm), indicative of dysoxia or anoxia. The 242 

inferred redox levels are supported by iron speciation and molybdenum data from 243 

sediments at St. Audrie’s Bay which also suggest anoxic to euxinic conditions 244 

developed at this level (He et al. 2022a), and by the persistence of high levels of 245 

isorenieratane (a marker for euxinia) from the Westbury Formation into the basal 246 

Cotham Member (Fox et al., 2022a). Shortly above the extinction level the framboid 247 

populations increase in size indicating a slight improvement in oxygenation although 248 

dysoxia is still inferred (Figs. 3,4). Wave ripples and a desiccation crack horizon occurs 249 

in the mid-Cotham Member suggesting that the dysoxic conditions were restricted to 250 

the sediment whilst the shallow waters were oxygenated. 251 

Above the level of the first extinction pulse framboids suggest dysoxic conditions 252 

developed in the upper Cotham Member, before anoxic bottom waters returned in the 253 

Langport Member (note the basal metres, between sample S9 and S12, were not 254 

sampled for framboids). Iron speciation data suggest predominantly anoxic-ferruginous 255 

conditions for the entire Langport Member (He et al. 2022a). These interpretations are 256 

supported by the absence of isorenieratane (other than a single datum) which suggests 257 

euxinic conditions did not develop between the mid Cotham to top Langport level (Fox 258 

et al. 2022a). The uppermost part of the Cotham Member has generally been considered 259 

to be a non-marine succession based on its fossil content (Morton et al. 2017) and so 260 



the persistence of oxygen-restriction at this level is remarkable.  261 

A thin black shale at the base of Blue Lias Formation, immediately above the level 262 

of the second extinction pulse, is known from various sections in SW England where it 263 

has been called the “paper shales”. Framboid populations from this bed at Pinhay Bay 264 

(ca. 60 km south of St. Audrie’s Bay; mean diameter: 4.52 μm, standard deviation: 1.54) 265 

are characteristic of euxinic conditions (Wignall, 2001a; Fig. 3). Euxinic conditions 266 

here are supported by more recent framboid (Atkinson and Wignall, 2019) and 267 

biomarker studies (Beith et al., 2021; Fox et al., 2022a). Oxygen-poor conditions 268 

persisted during deposition of the lower part of the Blue Lias Formation at St. Audrie’s 269 

Bay, although earliest Jurassic samples yield framboid populations with larger 270 

maximum framboid sizes (up to 19.9 μm) suggestive of dysoxia rather than anoxia (Figs. 271 

3 & 4). 272 

In summary, pyrite framboid size-frequency distributions indicate that oxygen-273 

poor conditions were developed on the seafloor prior to the ETME at both Kuhjoch and 274 

St. Audrie’s Bay. Anoxia persisted after the first pulse of extinction when it spread even 275 

into very shallow waters. There were brief phases of more oxygenated conditions prior 276 

to a euxinic interval coincident with the second extinction pulse at St. Audrie’s Bay. 277 

The second pulse (of extinction and euxinia) is not seen at Kuhjoch, where oxygenation 278 

levels improve above the base of the Kendlbach Formation.  279 

 280 

5.2 Other records of marine anoxia during the Triassic-Jurassic transition 281 

The global extent and duration of anoxia and its link with extinction during the 282 



Triassic-Jurassic transition is relatively poorly understood (e.g., Luo et al. 2018). Here 283 

we compare marine redox records across the ETME and Tr-J boundary for different 284 

regions of Panthalassa, Western Tethys and the Central European Basin (Fig. 5).  285 

Isorenieratane, a biomarker for green sulfur bacteria, has been recorded from the 286 

Blue Lias Formation (Jaraula et al., 2013; Fox et al., 2022a) suggesting photic zone 287 

euxinia developed at, and immediately above the level of the second extinction pulse, 288 

as confirmed by our pyrite framboid analysis from St. Audrie's Bay. In contrast to the 289 

record of anoxia at St. Audrie’s Bay, our pyrite framboid analysis for Kuhjoch indicates 290 

that anoxic conditions were only developed around the level of the initial CIE and the 291 

main extinction losses, before bottom water oxygen levels increased leading initially to 292 

dysoxic conditions in the extinction aftermath and then to fully oxic conditions across 293 

the Tr-J boundary. This history is largely consistent with Pálfy and Zajzon’s (2012) 294 

elemental geochemistry study (U/Th ratio and Ce anomalies) of the nearby Kendlbach 295 

section which found no evidence for water column anoxia during the Tr-J transition.  296 

In the north German locations, pyrite sulfur isotope analysis and biomarker data 297 

suggest that euxinic conditions became widespread during the earliest Jurassic, but that 298 

oxygen levels were normal during the extinction crisis which occurs at the level of the 299 

Triletes Bed (Richoz et al., 2012; Luo et al., 2018; Fig. 5). This is a laminated, organic-300 

poor mudstone that is rich in trilete lycopod megaspores and also contains rare 301 

dinoflagellate cysts (van de Schootbrugge et al., 2009). The depositional environment 302 

of the Triletes Bed is enigmatic and merits further study, but it could record a shallow-303 

water, restricted environment that was well oxygenated but of low salinity.  304 



Elsewhere in western Tethys, a large, positive δ34SCAS excursion has been observed 305 

from the ETME interval in the Mount Sparagio section (Italy), prior to a return to 306 

background values before the Tr-J boundary. This is interpreted as evidence for globally 307 

enhanced pyrite burial under widespread and intensely anoxic conditions during the 308 

extinction interval (He et al., 2020). We note that the extinction level from He et al. 309 

(2020) is placed immediately below the Tr-J boundary as defined by the first occurrence 310 

of Jurassic taxa. The initial CIE at Mount Sparagio has been placed considerably lower 311 

in the section (Todaro et al. 2018), although the δ13Ccarb record shows many oscillations 312 

at this site including several negative excursions above the “initial CIE”. Jost et al. 313 

(2017) identified a negative uranium isotope excursion that is indicative of anoxia 314 

during the ETME but with an intensification around the Tr-J boundary. However, Jost 315 

et al. (2017) placed the Tr-J boundary at the base of the Malanotte Formation, coincident 316 

with the initial negative CIE, a level generally taken to be within the latest Triassic. In 317 

contrast, Zaffani et al. (2018) placed the initial CIE in the Calcari Formation (the strata 318 

below the Malanotte Formation), a placement that seems to be more consistent with 319 

other records. The sulfur and uranium isotope records indicate increasingly oxygenated 320 

conditions in the Hettangian (Fig. 5). 321 

Analyses of nitrogen isotopes and redox-sensitive trace metals (e.g., U and Mo) in 322 

the mid-Panthalassa Kurusu section of Japan indicate that bottom waters were generally 323 

well oxygenated in deep mid-Panthalassa through the Tr-J interval, although mid-water 324 

oxygen deficiency may have intensified at this time (Fujisaki et al., 2020). However, in 325 

the northeastern Panthalassan outer shelf / upper slope Kennecott Point section of 326 



western Canada, biomarkers suggest episodic PZE during and after the ETME interval 327 

and into the Jurassic (Kasprak et al., 2015). Nitrogen isotope and trace metals (U and 328 

Mo) at Kennecott Point indicate low nitrogen availability in an ocean with limited 329 

productivity and an expanded oxygen minimum zone (OMZ; Schoepfer et al., 2016). 330 

Low sulfate conditions might have promoted the expansion of marine anoxia during 331 

rapid warming events, as modelled by He et al., (2020). Large perturbations in the sulfur 332 

isotope record coincident with the onset of ETME have been detected at Kennecott 333 

Point (Willford et al., 2009) and the Black Bear Ridge section on the Canadian mainland 334 

(He et al., 2020), indicative of widespread marine anoxia in Panthalassa during a time 335 

of low oceanic sulfate concentrations.  336 

A vertically expanded OMZ model has been suggested for the end-Triassic marine 337 

redox scenario (Fujisaki et al., 2020), and here we present a similar model (Fig. 6) in 338 

which anoxic water developed in shallow waters during the early stages of the ETME. 339 

Anoxia may also have developed in the not fully marine (lagoonal?) post-extinction 340 

interval of the upper Cotham Member, although potentially comparable facies of the 341 

Triletes Bed in Germany do not record anoxic deposition. A similar expansion of 342 

oxygen-poor conditions into exceptionally shallow waters has been recorded in the 343 

peritidal carbonates at Mount Sparagio (Sicily) in western Tethys based on a decline of 344 

I/(Ca + Mg) ratios at the time of extinction (He et al. 2022b).  345 

While the size distribution of pyrite framboids in our study suggests that anoxic-346 

dysoxic conditions were developed prior to the Tr-J extinction event at both Kuhjoch 347 

and St. Audrie’s Bay, oxygen-poor conditions are not well-documented prior to the 348 



ETME in other stratigraphic sections from the Central European Basin (Fig.5). It is 349 

plausible that while some areas became inimical for life shortly before mass extinction, 350 

benthic taxa could flourish in more habitable zones elsewhere in Europe (i.e. within 351 

oxygenated refugia). Only with the spread of dysoxia/anoxia was an extinction crisis 352 

precipitated. The intensity and duration of marine anoxia/dysoxia during the ETME 353 

interval varies from location to location but there is a growing body of evidence for 354 

widespread oxygen-restriction at the extinction level (especially in the shallow water 355 

and photic zone). In the post-extinction aftermath, pyrite framboids measured in this 356 

study (St. Audrie’s Bay) and by Atkinson and Wignall (2019) indicate that 357 

anoxic/dysoxic conditions persisted beyond the ETME in SW England. However, these 358 

oxygen-poor conditions do not appear to have delayed the biotic recovery after ETME. 359 

This suggests that, rather like in the case of our postulated pre-extinction refugia, well-360 

oxygenated Early Jurassic sites (e.g., the Kuhjoch section) facilitated the biotic 361 

recovery (Atkinson and Wignall, 2019).  362 

 363 

5.3 Drivers of marine anoxia during the Tr-J transition 364 

Several mechanisms have been invoked as drivers of anoxia during the Mesozoic 365 

(e.g., Wignall, 2015; Reeshemius and Planavsky, 2021), including: A) elevated primary 366 

productivity; B) weakened ocean circulation, resulting in stratification, stagnation and 367 

anoxia; and C) ocean warming and a decline of dissolved oxygen. For the ETME, the 368 

expansion of the OMZ in Panthalassa suggests increased productivity, at least in this 369 



ocean. Enhanced continental weathering (associated with global warming) and 370 

increased nutrient flux is likely to have been a driver of these changes. 371 

The CAMP is one of the most extensive and voluminous large igneous provinces 372 

known and it represents a plausible trigger for warming and ultimately marine anoxia 373 

at the end of the Triassic (Luo et al., 2018). Earliest CAMP activity predates the ETME 374 

interval (Davies et al., 2017), but the most intense volcanism coincided with the ETME 375 

(Schoene et al., 2010; Davis et al., 2017 and references therein). Large igneous 376 

provinces release large volumes of gases and volatiles, including water vapour, CO2, 377 

SO2, and halogens and their compounds (see reviews of Wignall, 2001b; Bond and 378 

Wignall, 2014; and Bond and Grasby, 2017). Model simulations have suggested that 379 

carbon and sulfur emissions could raise global temperature by 4.4 ℃ during a single 380 

pulse of CAMP activity (Landwehrs et al., 2020). In addition to volcanogenic volatiles, 381 

LIPs emplaced in organic-rich sedimentary basins are thought to generate large volume 382 

of thermogenic CO2 and CH4 during contact metamorphism of sediments surrounding 383 

sill intrusions (Svensen et al., 2004). Since CH4 is highly depleted in 13C, its release 384 

during contact metamorphism provides an explanation for the major negative CIEs 385 

around the ETME level (the initial CIE) and across the Tr-J boundary (the main CIE; 386 

Hesselbo et al., 2002). The extensive sills of the CAMP are estimated to have intruded 387 

a surface area of more than 106 km2 of organic-rich sedimentary rocks and mature 388 

hydrocarbon-bearing strata making it likely that thermogenic greenhouse gases would 389 

have greatly contributed to an increase in atmospheric CO2 (Lindström et al., 2021 and 390 

references therein). Potentially there is a role for dissociation of gas (methane) hydrates 391 



during the ETME (Hesselbo et al., 2002) has not been ruled out. However, the potency 392 

of gas hydrates in driving warming is questionable because hydrate melting is a self-393 

limiting endothermic reaction. Furthermore, methane released in deep water is rapidly 394 

oxidized in the water column, greatly reducing its climatic effects (Ruppel, 2011).  395 

The concentration of sedimentary mercury, normalized to total organic carbon 396 

(Hg/TOC), is an important proxy for volcanism during mass extinction crises (Sanei et 397 

al., 2012). The onset of positive Hg/TOC excursions in multiple Tr-J sections were 398 

likely driven by a single, early pulse of CAMP activity that was responsible for the 399 

initial CIE (Percival et al. 2017; Yager et al., 2021). At Kuhjoch, the development of 400 

anoxia inferred from pyrite framboids is broadly correlated to the onset of the rise in 401 

Hg/TOC at the beginning of the ETME (Fig. 6), and thus there is a likely a temporal, 402 

and probably a causal link between anoxia and the voluminous LIP volcanism of the 403 

CAMP. 404 

 405 

6. Conclusions 406 

Pyrite framboid analysis of samples from sections at St. Audrie’s Bay (England) 407 

and Kuhjoch (the Hettangian GSSP, Austria) reveal a varied redox history: the St. 408 

Audrie’s Bay record suggests that anoxic-euxinic conditions dominated the Tr-J interval, 409 

including both pulses of the ETME, and these conditions were only briefly interspersed 410 

with episodes of better oxygenated conditions. The development of oxygen-restriction 411 

in the extremely shallow waters of lower Cotham Member deposition would have 412 

greatly restricted marine habitat area and contributed substantially to the extinction 413 



losses. Pyrite framboids from Kuhjoch indicate a prevailing anoxic-dysoxic 414 

environment in the lead up to, and during, the main phase of ETME in the upper part 415 

of the Kössen Formation. These were replaced with generally better oxygenated 416 

conditions above the basal beds of the overlying Kendlbach Formation. The Tr-J 417 

boundary beds at Kuhjoch are well oxygenated, in contrast to the intense oxygen 418 

restriction seen at this level in other basins.  419 

The intensity and duration of marine anoxia was variable across the Central 420 

European Basin, Western Tethys and Panthalassa but oxygen restriction was a 421 

consistent feature of the first phase of extinction in several locations. Widespread 422 

marine anoxia is therefore becoming a contender in the plethora of purported drivers of 423 

the ETME. The close temporal association of anoxia and Hg/TOC peaks supports a 424 

scenario in which large igneous province volcanism in the Central Atlantic Magmatic 425 

Province was the main driver of global climate change and marine oxygen depletion 426 

during the ETME. 427 
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Appendix: framboidal pyrite data 436 

Appendix table A. Framboidal pyrite data from the Kuhjoch section, Austria. 437 

Sample Height 
/m n Mean 

size/μm Min Max Standard 
deviation 

Redox 
conditions 

T-R+9 m 13.1 5 9.6 7.5 14.4  * dysoxic-oxic 
T-R+8.6 m 12.7 59 7.4 3.4 14.3 2.3 dysoxic 
T-R+7.8 m 11.9 18 13.0 9.2 17.2 2.5 dysoxic-oxic 
T-R+5.6 m 9.7 1 * * * *  
T-R+4 m 8.1 104 6.3 3.2 10.9 1.5 anoxic 
T-R+2 m 6.1 106 7.0 2.8 11.7 1.9 anoxic 

T-R+100 cm 5.1 108 7.3 3.4 19.4 2.5 dysoxic 
T-R+80 cm 4.9 16 10.3 5.7 16.3 3.2 dysoxic-oxic 
T-R+20 cm 4.3 * * * * * 

 

T-B-5 4.0 100 6.7 3.1 16.2 2.2 anoxic 
T-B-4 3.9 108 5.9 1.4 11.9 1.7 anoxic 

T-B+20 cm 3.5 * * * * * 
 

T-B+15 cm 3.45 107 6.7 2.5 15.6 2.4 dysoxic 
T-B+5 cm 3.35 106 7.4 2.9 18.8 2.4 dysoxic 

T-0 3.3 74 6.3 12.1 2.7 1.6 anoxic 
T-10 3.2 100 6.8 3.2 14.8 2.1 dysoxic 
T-20 3.1 98 7.0 2.4 19.0 2.5 dysoxic 
T-40 2.9 98 6.7 3.3 18.5 2.2 dysoxic 
T-55 2.75 59 7.0 2.7 16.3 2.1 dysoxic 
T-85 2.45 104 6.2 2.3 19.0 2.6 dysoxic 
T-100 2.3 100 6.6 3.1 19.4 2.6 dysoxic 
T-120 2.1 107 6.3 3.1 17.7 2.1 dysoxic 
T-130 2.0 104 6.1 3.8 10.9 1.3 anoxic 
T-140 1.9 92 7.4 3.9 10.6 1.6 anoxic 
T-150 1.8 20 7.4 5.1 11.4 1.7 dysoxic 
T-180 1.5 107 6.5 2.7 15.9 2.2 dysoxic 
T-190 1.4 101 5.8 2.4 15.9 2.4 anoxic 
T-260 0.7 * * * * * 

 

T-310 0.2 106 7.0 3.5 17.6 2.2 dysoxic 
T-330 0.0 110 6.4 2.0 12.1 1.8 anoxic 



 438 

Appendix table B. Framboidal pyrite data from the St. Audrie’s Bay section, England. 439 

Sample Height 
/m n Mean  

size/μm Min Max Standard 
deviation 

Redox 
conditions 

J16 20.1  105 7.5 4.3 10.8 1.5 dysoxic 
J15 19.5  44 7.0 3.7 12.1 2.0 dysoxic 
J14 19.0  53 8.9 4.6 19.5 3.2 dysoxic 
J13 18.7  * * * * *  

J12 18.4  127 6.0 2.3 12.9 2.0 anoxic 
J11 17.9  55 6.8 3.9 14.7 2.3 dysoxic 
J10 17.5  13 6.6 4.6 8.6 1.1 dysoxic 
J9 17.0  * * * * *  

J8 16.6  100 5.8 2.9 10.6 1.6 anoxic 
J7 16.1  119 5.6 2.7 14.5 2.0 anoxic 
J6 15.7  127 5.8 2.3 14.0 1.9 anoxic 
J5 15.4  57 6.2 2.1 13.4 2.1 dysoxic 
J4 15.1  103 5.3 1.9 10.0 1.7 anoxic 
J3 14.8  52 6.8 3.1 12.8 1.9 dysoxic 
J2 14.3  81 9.6 2.7 18.6 4.1 dysoxic 
J1 14.0  143 5.1 1.8 11.6 1.8 anoxic 
T1 13.7  64 7.5 3.4 16.8 2.6 dysoxic 
T2 13.4  50 6.2 2.9 16.9 2.4 dysoxic 
T4 13.1  119 6.8 2.7 17.9 3.0 dysoxic 
T5 12.7  101 5.6 2.7 11.6 1.6 anoxic 
T6 12.4  102 6.8 2.5 19.9 2.9 dysoxic 
T7 12.1  114 5.9 2.3 11.1 1.7 anoxic 
T8 11.7  107 6.9 3.0 17.3 2.7 dysoxic 
T9 11.4  99 5.9 3.4 12.9 1.7 anoxic 
T10 10.9  114 7.0 3.5 19.2 2.5 dysoxic 
T11 10.4  101 5.8 2.7 13.7 2.1 anoxic 
S-3 9.8  121 6.2 3.2 17.1 1.9 anoxic 
S-4 9.0  102 6.1 3.2 12.0 1.9 anoxic 
S-6 8.4  149 7.1 3.2 14.3 1.5 anoxic 
S-8 7.8  108 6.4 3.3 13.5 1.9 anoxic 
S-9 7.5  126 5.7 3.0 10.7 1.3 anoxic 
S-12 6.6  107 6.1 3.4 14.5 1.6 anoxic 
S-14 6.1  130 6.7 3.5 14.8 1.9 anoxic 
S-15 5.8  105 6.4 3.3 15.2 2.5 dysoxic 
S-16 5.5  99 6.0 3.1 10.9 1.6 anoxic 
S-17 5.2  103 4.4 2.5 9.9 1.3 euxinic 

*stands for no, or only rarely observed pyrite framboids. 



S-18 4.9  97 4.8 2.6 11.7 1.4 euxinic 
S-22 3.6  120 5.8 3.0 10.8 1.8 anoxic 
S-24 3.0  100 6.9 3.3 13.1 2.0 anoxic 
S-32 0.6  49 7.5 4.0 17.6 2.7 dysoxic 
S-33 0.3  101 5.5 2.4 12.7 1.8 anoxic 

*stands for no, or only rarely observed pyrite framboids.  

 440 
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 702 

Fig. 1. Palaeogeographic map of the world and Europe across the Triassic-Jurassic boundary 703 

(adapted from Greene et al. (2012) and Lindström et al. (2017)). The dotted area represents the 704 

maximum geographic extent of the CAMP. Sections mentioned in the text: A. St. Audrie’s Bay, UK 705 

(study section); B. Kuhjoch, Austria (study section); C. Mariental, Germany; D. Minglesheim, 706 

Germany; E. Rosswinkel FR 204-201 core, Luxemburg; F. Lombardy Basin, Italy; G. Mount 707 

Sparagio, Italy; and on the world map H. Kennecott Point, Canada; I. Kurusu, Japan. 708 



 709 

Fig. 2. Log of the Kuhjoch Tr-J succession including pyrite framboid ‘box-and-whisker’ plots 710 

and inferred redox states. δ13Corg data are from Ruhl et al. (2009) and the Hg/TOC data is from 711 

Percival et al. (2017). The ‘box’ depicts the 25th and 75th percentile of framboid size distributions, 712 

the ‘whiskers’ depict the minimum and maximum framboid diameters, and the central line records 713 

the mean framboid diameter. Fm. = Formation; AZ = Ammonite zone; Litho. = Lithology. Stars 1 714 

and 2 are the levels of two extinction pulses based on Wignall and Atkinson (2020), though the 715 

second pulse is poorly defined at Kuhjoch. 716 



 717 

Fig. 3. Log of the St. Audrie’s Bay Tr-J succession including pyrite framboid ‘box-and-718 

whisker’ plots and inferred redox states. Δ13Corg data are from Hesselbo et al., 2002, and the Hg/TOC 719 

data is from Percival et al. (2017). C = Cotham Member; L = Langport Member.  720 

 721 



 722 
Fig. 4. Scatterplot of mean framboid diameter and standard deviation.  723 
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 725 

Fig. 5. Global correlation of seafloor redox conditions during the Triassic-Jurassic transition. 726 

Sections: 1	= Kuhjoch, Austria (this study); 2	= St. Audrie’s Bay, UK (this study);	3	= Doniford 727 

Bay, UK (Paris et al., 2010; δ15N); 4	= Felixkirk and Lavernock Point, UK (Beith et al., 2021; 728 

biomarker); 5	= Kendlbach, Austria (Pálfy and Zajzon., 2012; rare Earth elements); 6	= Mariental, 729 

Germany (Luo et al., 2018; sulfur isotopes); 7	 = Mariental, Germany (Richoz et al., 2012; 730 

biomarker); 8	 = Minglesheim, Germany (Luo et al., 2018; sulfur isotopes); 9 = Rosswinkel, 731 

Luxembourg (Richoz et al., 2012; biomarker); 10	=	Mount Sparagio, Italy (He et al., 2020, 2022b; 732 

δ34SCAS and I/(Ca+Mg)); 11	=	Kennecott Point, Canada (Schoepfer et al., 2016; δ15N); 12	=	733 

Kennecott Point, Canada (Kasprak et al., 2015; biomarker); 13	=	Kurusu, Japan (Fujisaki et al., 734 

2020; δ15N). Abbreviations: LO: last occurrence; FO: first occurrence. The ETME interval is 735 



constrained by the LO of the ammonite Christoceras marshi and the FO of Psiloceras spelae in the 736 

GSSP section at Kuhjoch. Question marks denote probable anoxic/dysoxic conditions. 737 
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 739 

Fig. 6. δ13Corg (solid line), Hg/TOC (dashed line), and inferred records of marine redox 740 

(modified after Fujisaki et al., 2020) through the ETME interval at St. Audrie’s Bay and Kuhjoch. 741 

Hg/TOC data is from Percival et al. (2017); δ13Corg data is from Hesselbo et al. (2002; St. Audrie’s 742 

Bay) and Ruhl et al. (2009; Kuhjoch). Stars 1 and 2 represent the two extinction pulses in these 743 

sections according to Wignall and Atkinson (2020). C = Cotham Member; L = Langport Member.  744 


