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Abstract: 13 

The end-Triassic Mass Extinction (ETME) was one of the most severe biotic crises 14 

of the Phanerozoic. The ETME was marked by the extinction of conodonts and severe 15 

declines among ammonites, bivalves, brachiopods, and reef-building taxa. This 16 

catastrophe coincides with the emplacement of the Central Atlantic Magmatic Province 17 

(CAMP), suggesting a temporal and causal relationship. Additionally, globally 18 

distributed sedimentary mercury anomalies (Hg/TOC peaks and volcanogenic Δ199Hg 19 

signals) further link volcanogenic Hg emissions to the ETME. A cascade of 20 

environmental disturbances triggered by CAMP volcanism through magmatic 21 

outgassing and contact metamorphism likely played a driving role in causing the 22 
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terrestrial and marine crises. Here, we review the extinction patterns of the ETME, 23 

CAMP-driven environmental and biogeochemical perturbations, and their synergistic 24 

causal relationships. Evidence indicates that the ETME occurred rapidly as a two-25 

phased event within ~100 kyr. On land, ecosystem stress and collapse was marked by 26 

deforestation, extensive wildfires and acid rain together with global warming. This last 27 

factor intensified continental weathering and increased terrestrial runoff that likely 28 

promoted eutrophication and water-column stratification, ultimately causing the 29 

widespread marine anoxia/euxinia that is implicated in the marine crisis. Furthermore, 30 

these drivers also acted in concert to disrupt biogeochemical cycles (e.g., carbon, 31 

nitrogen, and sulfur), inducing a scarcity of bioavailable nitrogen and a drawdown of 32 

seawater sulfate concentrations that further stressed environments and ecosystems. 33 

 34 
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 37 

1 Introduction 38 

The Triassic Period culminated in one of the “big five” mass extinction events of 39 

the Phanerozoic, the end-Triassic mass extinction (ETME; ca. 201 Ma). Major shifts in 40 

ecological structures were underpinned by severe losses that occurred in all habitats 41 

throughout the marine realm and amongst many terrestrial communities (e.g. Hallam 42 

and Wignall, 1997; Hallam, 2002; Kiessling et al., 2007; Lathuilière and Marchal, 2009; 43 

Greene et al. 2012a; Dunhill et al., 2018; Allen et al., 2019; Wignall and Atkinson, 2020; 44 



Larina et al., 2021). Marine ecosystems suffered catastrophic declines, with 23% of 45 

families and 33% of genera lost globally (Deng et al., 2005). Extinction magnitudes are 46 

severe in European successions, with species-level losses reaching 92% and genus-level 47 

losses estimated at 42% among some groups (Hallam, 2002; Deng et al., 2005; Wignall 48 

and Atkinson, 2020). Terrestrial biotas also experienced profound disruption, with 49 

major turnovers seen in vertebrate faunas and plant communities, including the 50 

extinction of several tetrapod lineages (Olsen et al., 1987, 2002; Kiessling et al., 2007; 51 

Lucas and Tanner, 2015; Dunhill et al., 2018). The ETME reshaped the biosphere and 52 

reset the evolutionary trajectory of life, leading to terrestrial environments dominated 53 

by dinosaurs, and oceans with modern-style reef ecosystems (Olsen et al., 2002; 54 

Toljagic and Butler, 2013; Allen et al., 2019). 55 

Proposed kill mechanisms in ETME scenarios include a significant rise in 56 

atmospheric pCO2 and global warming (McElwain et al., 1999; Huynh and Poulsen, 57 

2005; Bonis et al., 2010a; Capriolo et al., 2020, 2022; Song et al., 2021), ocean 58 

acidification (van de Schootbrugge et al., 2007; Greene et al., 2012a; Ikeda et al., 2015; 59 

Jost et al., 2017a; Kovács et al., 2022), anoxia in shallow marine settings and the 60 

expansion of the oxygen minimum zone (OMZ; Bonis et al., 2010a; Jost et al., 2017b; 61 

Fujisaki et al., 2020; Li et al., 2022; He et al. 2022a,b), and photic zone euxinia (PZE; 62 

Richoz et al., 2012; Jaraula et al., 2013; Kasprak et al., 2015; Blumenberg et al., 2016; 63 

Beith et al., 2021). The main driver of these stresses was likely the Central Atlantic 64 

Magmatic Province (CAMP). The CAMP is one of the most voluminous large igneous 65 

provinces (LIPs), the emplacement of which closely coincides with the Triassic-Jurassic 66 



boundary (TJB; Schoene et al., 2010; Blackburn et al., 2013; Davies et al., 2017; Fig. 67 

1). CAMP volcanism is envisaged to have released vast quantities of CO2, SO2 and 68 

toxic metals such as mercury, triggering abrupt climate fluctuations, marine anoxia and 69 

acidification, in turn causing widespread disruption to biogeochemical cycles 70 

(McElwain et al., 1999; Schaller et al., 2011, 2012; Greene et al., 2012a; Percival et al., 71 

2017; Fujisaki et al., 2020; Li et al., 2022). Stratigraphic records reveal several negative 72 

carbon isotope excursions (CIEs) and mercury anomalies that have been linked to 73 

volcanic pulses and extinction losses (e.g. Ruhl et al., 2011; Lindström et al., 2019). 74 

However, challenges remain in disentangling the relative contributions of volcanism, 75 

subsequent environmental feedbacks (e.g., marine anoxia, wildfires), and other 76 

potential causes such as bolide impacts or sea-level changes (Olsen et al., 2002; 77 

Whiteside et al., 2010; Lindström et al., 2021). In recent decades, numerous multi-proxy 78 

studies have evaluated how these different factors interacted and contributed to the 79 

ETME (e.g., McElwain et al., 1999; Beerling and Berner, 2002; Hautmann et al., 2008; 80 

Bachan and Payne, 2016; Fox et al., 2020, 2022b; Li et al., 2022; Bond et al., 2023). 81 

Despite these efforts, the primary kill mechanisms driving the ETME remains unclear. 82 

Here, we review extinction patterns of the ETME across marine and terrestrial 83 

ecosystems, the timing and characteristics of the CAMP, and the evidence linking these 84 

phenomena with environmental changes. In doing so, we resolve questions regarding 85 

the cascading environmental drivers of this major extinction crisis. 86 

 87 

2 Extinction magnitudes and patterns 88 



2.1 Terrestrial extinction 89 

Terrestrial tetrapods experienced a dramatic turnover during the Triassic–Jurassic 90 

transition (e.g. Olsen et al., 2002; Toljagic and Butler, 2013; Pieńkowski et al., 2014). 91 

Some suggest the principal turnover started in the Late Triassic (e.g. Benton, 1993; 92 

Lucas et al., 2011), while others opt for a more rapid turnover around the TJB (Olsen et 93 

al., 2002). The intra- or end-Rhaetian extinction also affected terrestrial aquatic 94 

vertebrates (Hallam, 2002). Benton (1993) reported that by the end of the Rhaetian, 10 95 

reptile families had become extinct, while 12 survived. Plant communities also 96 

experienced disruption across the TJB, but relatively few taxa suffered extinction 97 

(McElwain et al., 1999, 2009; Barbacka et al., 2017). Generally, Rhaetian and Early 98 

Jurassic floras are taxonomically very similar and have traditionally been grouped as 99 

‘Rhaetoliassic floras’ (Hallam, 2002). Studies of East Greenland flora reveal an abrupt 100 

collapse in Late Triassic plant diversity that coincided with rising atmospheric CO2 101 

levels and global warming (McElwain et al., 1999, 2009). Similarly, palynological 102 

records across Europe record major disruptions in plant communities. Rhaetian tree 103 

pollen taxa such as Ovalipollis, Rhaetipollis, Ricciisporites and Classopollis 104 

temporarily disappear and total pollen abundance sharply declines whilst fern and 105 

horsetail spores become abundant during the ETME interval (van de Schootbrugge 106 

et al., 2009, 2015). The strata between the two marine extinction phases are dominated 107 

by fern spores (Wignall and Atkinson, 2020), whilst there was a resurgence of 108 

Classopollis-producing conifers following the second phase of extinction (Bonis et al., 109 

2010a; Bos et al., 2023).  110 



 111 

2.2 Marine extinction 112 

The ETME is well-documented in marine sections where marine reptiles, 113 

including thalattosaurs, and nonparvipelvian ichthyosaurs disappeared (Benson and 114 

Butler, 2011). In contrast, other marine vertebrates such as fishes did not experience an 115 

extinction crisis (McCune and Schaeffer, 1986; Friedman and Sallan, 2012). The ETME 116 

led to the extinction of conodonts, devastated corals, sphinctozoan sponges and 117 

ammonoids, while also severely affecting other marine invertebrate taxa such as 118 

brachiopods and bivalves (Deng et al., 2005; Hautmann, 2012). 119 

2.2.1 Ammonites 120 

Across the Triassic–Jurassic transition, 17 ammonoid families, including the 121 

dominant Ceratitina, went extinct. The Choristoceratidae briefly persisted into the 122 

Hettangian, while only the Phylloceratina survived and diversified in the Jurassic (Guex 123 

et al., 2004; Hillebrandt and Krystyn, 2009; Hautmann, 2012). However, ammonites 124 

were generally uncommon in the Rhaetian, with low diversity and richness, and the 125 

markedly elevated extinction rates beginning in the middle or late Norian, culminating 126 

with their final demise during the ETME (Hallam, 2002).  127 

2.2.2 Bivalves and brachiopods 128 

Marine bivalves are one of the best-studied groups across the TJB. They 129 

experienced high extinction magnitudes at both genus and species levels but were 130 

relatively unaffected at family level. Losses reached 42% of genera and 92% of species 131 

in British successions and in the Northern Calcareous Alps (Hallam, 1981, 2002; 132 



Hallam and Wignall, 1997; Hautmann, 2012), although only two families out of 52 133 

became extinct (Hallam, 2002). McRoberts and Newton (1995) recognized a selective 134 

extinction pattern among end-Triassic European bivalves, with infaunal taxa suffering 135 

preferentially in comparison to epifaunal taxa. However, Hallam and Wignall (1997) 136 

argued that the survival of species was more likely favored by widespread geographic 137 

distribution rather than an epifaunal lifestyle. Notably, larger bivalves faced a higher 138 

risk of extinction, and most surviving bivalves are relatively small in size (Hallam, 2002; 139 

Deng et al., 2005; Atkinson and Wignall, 2020). Hautmann et al. (2008) proposed that 140 

differences in shell mineralogy influenced the extinction pattern, as infaunal bivalves 141 

are exclusively aragonitic, whereas epifaunal forms often possess calcitic outer layers. 142 

However, the analysis of Ros et al. (2011) did not find any preferential infaunal loss; 143 

instead, deeper infaunal burrowers survived better than shallower burrowers.  144 

Significant changes occurred in brachiopod faunas across the Triassic–Jurassic 145 

transition. Globally, five of 19 families became extinct, and in the Alpine-Carpathian 146 

region only five of 13 genera extend into the Jurassic (Pearson, 1997). Articulated 147 

brachiopods suffered catastrophic declines in that Alpine-Carpathian region, with 71% 148 

generic losses (Hautmann, 2012). Like bivalves, larger brachiopods were less likely to 149 

survive the ETME, and there is a predominance of smaller forms in the extinction 150 

aftermath (Hallam, 2002; Deng et al., 2005).  151 

2.2.3 Conodonts 152 

Conodonts experienced high extinction magnitudes throughout the Triassic, with 153 

peak losses occurring at the end of the Norian with the result that conodont diversity 154 



was low in the Rhaetian (De Renzi et al., 1996; Tanner et al., 2004). Subsequently, 155 

conodonts suffered their final extinction at the TJB. Du et al. (2020) integrated 156 

information about the last occurrences of conodont taxa and major CIEs from different 157 

areas and depositional environments and suggested that the final extinction of 158 

conodonts was asynchronous. In many successions, conodonts disappear near the initial 159 

CIE (corresponding to the first extinction phase) whilst other species survived the first 160 

extinction phase and persisted longer in mid-Panthalassa (e.g. the Inuyama area; Du et 161 

al., 2020).  162 

2.2.4 Reef building taxa 163 

The ETME witnessed the global collapse of reef ecosystems (Stanley, 1988; 164 

Bernecker, 2005; Fig. 2). Scleractinian corals and sphinctozoan sponges, the dominant 165 

Triassic reef builders, suffered catastrophic declines, with genus-level extinctions 166 

reaching 96% (74/77 coral genera) and 91% (53/58 sponge genera), respectively (Flügel, 167 

2002). Calcareous demosponges (sphinctozooids) were also severely affected, with 168 

only 2 out of 18 families surviving the Rhaetian (Rigby et al., 1993), as were 169 

spongiomorph hydrozoans that disappeared at the end of the Triassic (Hallam, 2002). 170 

Reefs re-established during the early Hettangian (e.g., Stanley, 2006), but they were 171 

generally small and latitudinally concentrated at around 30°N (Kiessling et al., 2009; 172 

Lathuiliere and Marchal, 2009).  173 

2.2.5 Radiolarians 174 

Radiolarians experienced significant turnover during the Triassic–Jurassic 175 

transition (Carter, 1993; O’Dogherty et al., 2010; Kocsis et al., 2014), with nearly 20 176 



genera and over 130 species disappearing at the end of the Triassic in Japanese and 177 

Canadian deep-water successions (Carter and Hori, 2005). Radiolarians suffered 178 

stepwise extinctions, with a first phase marked by the loss of many taxa and a sharp 179 

decline in abundance of most survivors, followed by phases in which additional taxa 180 

disappeared alongside the last conodonts prior to the appearance of primitive and small 181 

Early Jurassic radiolarians (Hori et al., 2007; Rigo et al., 2018; Wignall and Atkinson, 182 

2020).  183 

 184 

2.3 Extinction horizon and duration 185 

Early studies considered the ETME to be a culmination of a Late Triassic diversity 186 

decline, with many ammonoids, radiolarians, and bivalves becoming extinct due to 187 

harsh conditions throughout the Rhaetian (Hallam, 2002; Kent et al., 2017; Galbrun et 188 

al., 2020). However, other groups, such as radiolarians and reef taxa, thrived during the 189 

Rhaetian (O'Dogherty et al., 2010), suggesting that marine environments were not 190 

universally stressed at this time. More recent studies suggest a more rapid crisis 191 

occurring within <100 kyr, coinciding with the main phases of CAMP activities (e.g. 192 

Wotzlaw et al., 2014; Davies et al., 2017), and has been resolved into a two-phased 193 

extinction (Wignall and Atkinson 2020). Within western Europe, the first phase of 194 

extinction eliminated around half of bivalve and ostracod species coincident with a 195 

short-lived, high-amplitude δ13Corg excursion (the so-called initial CIE; Hesselbo et al., 196 

2002). This was followed by a brief recovery in which diversity partially rebounded 197 

before being abruptly terminated by a second extinction phase when a third of bivalve 198 



species along with the last conodonts disappeared (Wignall and Atkinson, 2020 and 199 

references therein). Globally, this two-phase pattern is corroborated by evidence from 200 

multiple regions: all 14 species of brachiopods, and 62% of 39 ostracod species suffered 201 

extinction in the Austrian Kössen Basin during the first phase (Hillebrandt et al., 2013). 202 

Phased extinction patterns are also recorded in radiolarian faunas in Japan and Canada 203 

(e.g. Carter and Hori, 2005; Hori et al., 2007).  204 

 205 

3. Driving mechanisms 206 

3.1 Extraterrestrial impact 207 

It has been suggested that the ETME resulted from an extraterrestrial bolide impact 208 

(Bice et al., 1992; Olsen et al., 2002). Evidence includes an iridium (Ir) anomaly 209 

peaking at 0.285 ppt in the Newark Basin, co-occurring with fern spore spikes, within 210 

a white clay layer. The spike is interpreted to record ecological recovery akin to the 211 

fern-dominated recovery after the K-Pg crisis (Olsen et al., 2002). Additional support 212 

for impact derives from the presence of shocked quartz grains in three distinct layers at 213 

the TJB in Italy’s Northern Apennines, suggestive of multiple impacts (Bice et al., 1992). 214 

In addition, a “seismite” layer in the Cotham Member, southern England lies a few 215 

metres below the first appearance of Jurassic ammonites and has been linked to a bolide 216 

impact (Simms, 2003).  217 

However, the impact hypothesis suffers significant chronological and stratigraphic 218 

inconsistencies. High-precision geochronology demonstrates that potential TJB impact 219 

structures, like Manicouagan (~214 Ma; Hodych and Dunning, 1992) and Rochechouart 220 



(~207 Ma; Cohen et al., 2017), formed millions of years before the ETME (~201 Ma). 221 

The Ir anomaly of Olsen et al. (2002) is more than an order of magnitude smaller than 222 

examples recorded at the K-Pg boundary (Pálfy and Kocsis, 2014), and has not been 223 

replicated in other sections. The “seismites” of the Cotham Member occur at several 224 

layers in the Cotham Member and are probably attributed to the onset of the CAMP 225 

(Hallam and Wignall, 2004; Wignall and Bond, 2008; Lindström et al., 2015).  226 

 227 

3.2 CAMP volcanism 228 

3.2.1 The formation, characteristics and age of the CAMP 229 

The transition from the Triassic to Jurassic was accompanied by major tectonic 230 

and magmatic events linked to the breakup of central Pangea (Marzoli et al., 1999, 2018; 231 

Pálfy et al., 2007; Pálfy and Kocsis, 2014; Peace et al., 2020). Intense rifting began to 232 

fragment the supercontinent, ultimately leading to the opening of the central Atlantic 233 

(Marzoli et al., 1999). The CAMP was emplaced during the initiation of this rifting 234 

phase (Peace et al., 2020). Volcanic activity likely began in the late Rhaetian with the 235 

emplacement of sills and dykes (Ruhl and Kürschner, 2011), followed by extensive 236 

extrusive volcanism across what is now South America, North America, northwest 237 

Africa, and southwest Europe (Marzoli et al., 1999; Pálfy and Kocsis, 2014; Fig. 1). 238 

Peak volcanism, dating to around 201 Ma, spanned less than a million years and closely 239 

coincided with the ETME which occurred prior to 201.51±0.15 Ma (Schoene et al., 240 

2010; Wotzlaw et al., 2014; Marzoli et al., 2011; Blackburn et al., 2013; Davies et al., 241 

2017), although later volcanic pulses occurred during the Sinemurian (Marzoli et al., 242 



2018). Most U-Pb geochronological data indicate that CAMP magmatism occurred 243 

between ca. 201.6 and 201.0 Ma; notably, the oldest measured age obtained from 244 

Guinea (NW Africa; 201.635 ± 0.029 Ma) closely precedes the marine ETME interval 245 

(Schoene et al., 2010; Wotzlaw et al., 2014; Davies et al., 2017; Lindström et al., 2021). 246 

Well preserved lava flows are seen in Morocco, Canada, the USA, and Brazil. The 247 

original volume of both intrusive and extrusive components is estimated to be 2–4×106 248 

km3 (McHone, 2003; Marzoli et al., 2018; Lindström et al., 2021; Fig. 1).  249 

CAMP activities have long been considered as the ultimate driver of the ETME 250 

(e.g. Marzoli et al., 1999, 2018; Wignall, 2001; Pálfy, 2003; Whiteside et al., 2007; 251 

Schoene et al., 2010; Blackburn et al., 2013; Percival et al., 2017; Panfili et al., 2019; 252 

Kovács et al., 2020; Lindström et al., 2021; Shen et al., 2022a, b). The emplacement of 253 

mafic sills into organic-rich sedimentary basins, such as the Amazon Basin, likely 254 

triggered the rapid release of isotopically light carbon and sulfur through contact 255 

metamorphism of organic- and volatile-rich sediment (Davies et al., 2017).  256 

3.2.2 Mercury as a proxy for CAMP activity 257 

Mercury (Hg) is a volatile heavy metal emitted during volcanic activity with a 258 

short atmospheric residence time (~1 year), enabling global dispersion and Hg-259 

enrichment in marine and terrestrial sediments (Lyman et al., 2020). Such signals are 260 

often tracked using Hg concentrations normalized to total organic carbon (Hg/TOC; 261 

Percival et al., 2017; Grasby et al., 2019; Shen et al., 2019; Yager et al., 2021). 262 

Significant sedimentary Hg enrichments and elevated Hg/TOC have been documented 263 

during the ETME interval across diverse depositional settings around the world, 264 



ranging from pelagic open ocean, marine shelf, epicontinental sea, terrestrial, and 265 

lacustrine sections, attesting to the global distribution of volcanogenic Hg (Percival et 266 

al., 2017; Yager et al., 2021; Shen et al., 2022a). These Hg/TOC anomalies are 267 

associated with the ETME, with the first Hg peak seen at the first extinction level (Fig. 268 

3; Percival et al., 2017). Furthermore, additional Hg/TOC peaks in multiple sections 269 

(e.g. Kuhjoch, Ferguson Hill, Arroyo Malo, and New York Canyon) point to a pulsed 270 

CAMP history, implying there were at least two discrete episodes of volcanic activity 271 

occurring over ∼200 kyr within the ETME interval (Percival et al., 2017).  272 

In addition, mass-independent fractionation (MIF) of mercury isotopes, especially 273 

odd-isotopes (e.g., Δ199Hg), has been proven to be a promising tool for tracing Hg 274 

sources in sedimentary records (e.g. Blum et al., 2014; Lyman et al., 2020; Shen et al., 275 

2022a). Volcanic emissions release gaseous elemental mercury (Hg0) with negligible 276 

MIF (Δ199Hg ≈ 0‰), while photochemical reactions during atmospheric transport 277 

would oxidise Hg0 and form more reactive Hg species with higher Δ199Hg values 278 

(Thibodeau and Bergquist, 2017; Bergquist, 2017). Terrestrial vegetation 279 

predominantly assimilates atmospheric Hg0, leading to soils and biomass with negative 280 

Δ199Hg values due to the preferential uptake of lighter isotopes, while pelagic marine 281 

sediments mainly accumulate oxidised Hg species with higher Δ199Hg values (Demers 282 

et al., 2013; Thibodeau and Bergquist, 2017; Zhou et al., 2021). 283 

The Δ199Hg records across the Triassic–Jurassic transition exhibit contrasting 284 

signatures in different settings. In the terrestrial Qilixia and Haojiagou sections of 285 

western China, Δ199Hg shifts positively towards volcanic Δ199Hg values (+0.02 ± 286 



0.06‰; Fig. 3) near the ETME horizon, implying an enhanced atmospheric flux of 287 

volcanogenic Hg (Shen et al., 2022b). However, marine Δ199Hg profiles show various 288 

excursion patterns in different sedimentary settings. Analogous to the Haojiagou section, 289 

the shallow-marine succession at St. Audrie’s Bay (SW England) exhibits negative 290 

background Δ199Hg values (−0.4 to −0.2‰), but records a positive excursion towards 291 

volcanic values (Δ199Hg ≈ 0‰; vertical shaded bands in Fig. 3) synchronous with 292 

Hg/TOC peaks near the first phase of the ETME (Yager et al., 2021). These background 293 

Δ199Hg values suggest a strong influence of continental inputs, whereas the Δ199Hg 294 

increase towards volcanic values reflects a rapid release of CAMP-derived Hg, which 295 

overwhelmed the surface reservoirs and exhibits negligible MIF (Yager et al., 2021; 296 

Shen et al., 2022a). The Δ199Hg values in New York Canyon (USA) shelf section are 297 

close to volcanic source signal, with no significant excursions during the Hg/TOC 298 

enrichment interval (Thibodeau et al., 2016), although the persistence of near-zero 299 

Δ199Hg values may reflect mixing of atmospheric (positive MIF) and terrestrial 300 

(negative MIF) Hg sources (Shen et al., 2022a). In contrast, the deep marine Levanto 301 

and Katsuyama sections exhibit positive background Δ199Hg values indicative of 302 

substantial atmospheric deposition, along with a pronounced negative excursion (up to 303 

−0.2‰) coinciding with Hg spikes (Fig. 3; Yager et al., 2021; Shen et al., 2022a). This 304 

negative excursion has been attributed to the thermal release of low-MIF Hg from 305 

organic-rich strata heated by magmatic intrusions (Shen et al., 2022a). 306 

In conclusion, sedimentary Hg proxies (Hg/TOC and Δ199Hg) provide compelling 307 

evidence linking CAMP volcanism to the ETME. Globally distributed Hg/TOC peaks 308 



coinciding with the ETME level and pulsed CAMP phases, coupled with sedimentary 309 

setting-dependent Δ199Hg excursions, strongly implicate volcanogenic Hg release as the 310 

primary driver of mercury cycle perturbations.  311 

 312 

4. Biogeochemical perturbations and an environmental crisis 313 

CAMP volcanism is postulated to have caused a cascade of biogeochemical 314 

disruptions and environmental effects through coupled volcanic outgassing and contact 315 

metamorphism (caused by magmatic intrusions into organic-rich host rocks), inputting 316 

CO2, CH4, SO2, halogens (such as Cl, F, Br and halocarbons) and metals (such as Hg 317 

and Cu) to the atmosphere. The potential kill mechanisms include (but are not limited 318 

to) rapid global warming, marine stratification and anoxia, ocean acidification, nutrient 319 

limitation, acid rain and wildfires (Fig. 4), all of which may have contributed to the 320 

ecological crisis associated with the ETME.  321 

 322 

4.1 Global warming, carbon cycle perturbations, and enhanced continental 323 

weathering 324 

Among the main volcanic gases, greenhouse gases (e.g. CO2 and CH4) resulting 325 

from CAMP volcanism would have driven long-term warming, as seen in both 326 

palaeoproxy records and modelling results (McElwain et al., 1999; Korte et al., 2009; 327 

Ruhl et al., 2011; Steinthorsdottir et al., 2011; Schaller et al., 2011, 2012, 2015; Bachan 328 

and Payne, 2016; Landwehrs et al., 2020). The stomatal density data of plants indicate 329 

a rapid warming of 3-4°C during the ETME (McElwain et al., 1999; Retallack, 2001; 330 



Beerling and Berner, 2002; Bonis et al., 2010; Steinthorsdottir et al., 2011; Slodownik 331 

et al., 2021), and the δ13C data of soil carbonate and preserved organic matter from 332 

paleosols suggest a 1- to 3-fold increase in atmospheric CO2 levels, rising from 600-333 

1000 ppm in the Late Triassic to 2000-3000 ppm by the Early Jurassic (Schaller et al., 334 

2011, 2012, 2015; Fig. 5B). This is further supported by Earth system model 335 

simulations incorporating pulsed CAMP-derived carbon (2,500-7,500 Gt) and sulfur 336 

(0-500 Gt) emissions, which reproduced an initial aerosol-driven cooling of up to 8.1 °C 337 

(century-scale average) followed by sustained warming of 1.8 to 4.4 °C as CO2 338 

accumulated in the atmosphere (Landwehrs et al., 2020). 339 

The emplacement of the CAMP profoundly disrupted the global carbon cycle 340 

which underwent pronounced perturbations at the Triassic–Jurassic transition, as 341 

evidenced by multiple negative excursions in carbon-isotope records (Beerling and 342 

Berner, 2002; Hesselbo et al., 2002, 2020; Kuerschner et al., 2007; Ruhl and Kürschner, 343 

2011; Bachan and Payne, 2016; Zaffani et al., 2018). Three principal events are 344 

generally named the precursor CIE, initial CIE, and main CIE (Hesselbo et al., 2002; 345 

Ruhl et al., 2009, 2011; Bachan and Payne, 2016; Zaffani et al., 2021; Fig. 5A). The 346 

precursor CIE, occurring in the late Rhaetian, aligns with early intrusive CAMP activity 347 

(probably the Kakoulima intrusive) and predates the ETME by ~100 kyr (Ruhl and 348 

Kürschner, 2011; Davis et al., 2017). The initial CIE coincides with the initiation of 349 

main CAMP activities and the first ETME phase, while the main CIE marks prolonged 350 

carbon cycle instability extending into the Early Jurassic (Deenen et al., 2010). These 351 

negative δ13Corg shifts, recorded globally in marine and terrestrial sediments, are 352 



generally considered to derive from the injection of isotopically light carbon into the 353 

ocean-atmosphere system, arising both from direct volcanic CO2 emissions and from 354 

methane generated by thermal alteration of organic-rich strata via contact 355 

metamorphism during dyke and sill emplacement (Hesselbo et al., 2002; Ruhl et al., 356 

2011; Ruhl and Kürschner, 2011). Additionally, other mechanisms could have led to the 357 

destabilization of marine methane hydrates, including rifting and associated sea-level 358 

fall that could have depressurized gas-hydrate-bearing sediments or shoaled the 359 

thermocline sufficiently to dissociate methane hydrates (Pálfy et al., 2001; Max and 360 

Dillon, 2002; Tanner et al., 2004). The combined effects of volcanic CO2 pulses, 361 

thermogenic methane venting, and hydrate dissociation likely generated several 362 

episodes of carbon-cycle perturbations. However, these excursions exhibit considerable 363 

variability depending on both the type of archive (e.g., bulk organic matter vs. carbonate) 364 

and the palaeogeographical setting (van de Schootbrugge et al., 2008; Schobben et al., 365 

2019; Lindström et al., 2021). This variability complicates global stratigraphic 366 

correlation and hampers the distinction between δ13C signals reflecting global carbon-367 

cycle perturbations and those driven by local environmental processes (Schoepfer et al., 368 

2022).  369 

Abrupt increases in atmospheric pCO2, acid rain, and the reduction of terrestrial 370 

vegetation following major CAMP episodes would all have contributed to a substantial 371 

intensification in continental weathering and erosion across the ETME interval (Yapp 372 

and Poths, 1999; Cohen and Coe, 2007; Kuroda et al., 2010; Kovács et al., 2020; Zhang 373 

et al., 2022; Heszler et al., 2024; Wan et al., 2024). The 87Sr/86Sr record exhibits a 374 



continuous decline from the late Rhaetian to the ETME horizon, followed by a ~300 375 

kyr interval of relative stability and a subsequent transient increase in the early 376 

Hettangian (Kovács et al., 2020; Heszler et al., 2024; Fig. 5C). The early Rhaetian 377 

decreasing trend in 87Sr/86Sr has been interpreted to reflect carbonate and evaporite 378 

dissolution and mantle-derived Sr influx during the early rifting of Pangea (Kovács et 379 

al., 2020; Onoue et al., 2022; Heszler et al., 2024; Fig. 5C). The interval with a flat 380 

trend is attributed to the influx of non-radiogenic Sr derived from the weathering of 381 

fresh CAMP basalts, temporarily suppressing the radiogenic continental weathering 382 

signal (Heszler et al., 2024). The subsequent rise in 87Sr/86Sr in the early Hettangian is 383 

interpreted as a response to intensified continental weathering driven by elevated 384 

atmospheric CO2 and a reduced input of mantle-derived Sr flux (Heszler et al., 2024). 385 

While the record in the shallow marine Kardolína section (Slovakia) shows an abrupt 386 

and large increase in 87Sr/86Sr between the precursor and initial CIE (Onoue et al., 2022). 387 

However, this shift is interpreted as reflecting an enhanced riverine flux of radiogenic 388 

Sr flux locally, rather than a global change in the marine Sr isotope reservoir (Heszler 389 

et al., 2024). Other proxies, like Fe-Mg-Zn-Cu isotopes, the chemical index of alteration 390 

(CIA), and clay mineralogy from terrestrial sections (e.g., the Qilixia and Haojiagou 391 

sections in China), also support an intensification of chemical weathering across the 392 

TJB in response to CAMP-driven warmer, more humid conditions (Shen et al., 2022b; 393 

Xing et al., 2022; Wan et al., 2024). The episodic emissions associated with CAMP 394 

volcanism likely stimulated enhanced silicate weathering, which in turn promoted the 395 

drawdown of atmospheric pCO2 on million-year timescales as a negative feedback 396 



mechanism.  397 

 398 

4.2 Widespread marine anoxia 399 

Ocean deoxygenation and the expansion of “dead zones” pose significant threats 400 

to modern marine ecosystems. Such zones arise from a combination of factors, 401 

including increased terrestrial runoff that promotes salinity stratification and 402 

eutrophication, ultimately enhancing primary productivity (Murphy et al., 2011). The 403 

enhanced flux of organic matter to the seafloor consumes dissolved oxygen in bottom 404 

waters, and in the end Triassic, this would have stimulated the development of anoxic 405 

conditions and black shale deposition during the initial CIE (Bonis et al., 2010b). 406 

Organic-rich black shale deposits, which indicate widespread bottom-water anoxia, 407 

occur near the extinction interval in the Lago Negro Basin of southern Italy (Ciarapica, 408 

2007), the Kössen and Eiberg basins in Austria (Hillebrandt et al., 2013), German Basin 409 

(van de Schootbrugge et al., 2013), and Canada (Wignall et al., 2007). In the Eiberg 410 

Basin, high TOC (up to 14%) black shales in the uppermost Rhaetian formed during 411 

the onset of the initial CIE (Ruhl et al., 2009).  412 

The global extent and role of marine anoxia in the initiation of the ETME remain 413 

a topic of debate (e.g., Fujisaki et al., 2020; Li et al., 2022; Bond et al., 2023; Singh et 414 

al., 2023; Prow-Fleischer et al., 2025; Fig. 6). In the Central European Basin, on the 415 

northwestern margin of the Tethys, redox instability may have begun as early as the 416 

mid-Rhaetian (Blumenberg et al., 2016). Some sections, such as St. Audrie’s Bay in the 417 

UK, record strongly anoxic to euxinic conditions during the extinction interval, as 418 



evidenced by the presence of green sulfur bacterial biomarkers (e.g., isorenieratene) 419 

and small framboidal pyrite populations (Jaraula et al., 2013; Fox et al., 2022b; Li et 420 

al., 2022). At the Kuhjoch section in Austria, framboidal pyrite size-frequency analysis 421 

suggests that anoxia was restricted to intervals near the initial CIE and the first 422 

extinction horizon, and was followed by a return to oxygenated bottom-water 423 

conditions immediately prior to the TJB (Li et al., 2022). These framboidal pyrite data 424 

closely align with geochemical data from the nearby Kendlbach section (Pálfy & Zajzon, 425 

2012). Multiple positive excursions in δ98Mo from the Schandelah-1 (Germany) and 426 

Carnduff-2 (Northern Ireland) cores, alongside moderate Mo enrichment, reflect 427 

repeated episodes of euxinia in European successions (Bond et al., 2023).  428 

On the Tethyan margin, negative uranium isotope excursions across the ETME 429 

point to a rapid global expansion of marine anoxia (Jost et al., 2017). Model simulations 430 

using the C-P-U framework suggest that seafloor anoxia reached up to 13% post-431 

extinction, with elevated anoxia persisting into the Hettangian (Somlyay et al., 2023). 432 

At the Mount Sparagio section in Italy, a significant positive shift in δ34SCAS indicates 433 

intensified pyrite burial under anoxic conditions, likely driven by low marine sulfate 434 

levels that favored the expansion of anoxia during rapid warming (He et al., 2020). 435 

However, anoxia had not developed everywhere at the time of the TJB; for instance, 436 

there is no evidence for anoxia in the TJB record of Tibet (Hallam et al., 2000). In the 437 

Panthalassan realm, intermittent euxinic conditions during the extinction interval and 438 

in the Early Jurassic are recorded by biomarkers at the Kennecott Point section in 439 

western Canada (Kasprak et al., 2015). Corresponding δ¹⁵N data and redox-sensitive 440 



elements (e.g., U, Mo) suggest suppressed productivity and the expansion of the OMZ 441 

during this interval (Schoepfer et al., 2016). These findings support the model proposed 442 

by Fujisaki et al. (2020), which posits a vertical expansion of the OMZ during the Late 443 

Triassic, extending anoxia into shallow marine settings. Conversely, elevated MnO 444 

concentrations and relatively low Mo and U enrichment in mid-Panthalassan sediments 445 

indicate well-oxygenated conditions in deep-sea environments during the Triassic–446 

Jurassic transition (Fujisaki et al., 2020).  447 

This spatially heterogeneous redox pattern, especially across the western Tethys 448 

European epicontinental shelf, highlights the complex nature of marine anoxia during 449 

the ETME interval (Li et al., 2022). Simulations using the Community Earth System 450 

Model suggest that variations in ocean circulation and hydrological regimes likely 451 

contributed to this heterogeneity (Prow-Fleischer et al., 2025). Although the intensity 452 

and duration of marine anoxia varied across the Central European Basin, western Tethys, 453 

and Panthalassa, oxygen restriction was a recurring feature of the first extinction phase 454 

in multiple settings (Fig. 6). Thus, widespread marine anoxia is increasingly recognized 455 

as a key factor in the ETME. 456 

 457 

4.3 Heterogenous nitrogen cycles and N limitation 458 

The end-Triassic marine nitrogen cycle is characterized by pronounced spatial-459 

temporal heterogeneity, reflecting dynamic interactions between redox conditions, 460 

productivity shifts, and regional depositional environments (Fig. 7; Li et al., 2025). 461 

Panthalassan shelf sections (e.g., Black Bear Ridge and Kennecott Point in western 462 



Canada) record a negative δ15N excursion to near-zero values preceding and during the 463 

ETME interval, indicative of nitrogen limitation and cyanobacteria-dominated N2 464 

fixation under expanded OMZs (Sephton et al., 2002; Schoepfer et al., 2016; Li et al., 465 

2025). These trends correlate with biomarker evidence for photic-zone euxinia and 466 

reduced primary productivity, suggesting intensified water-column stratification driven 467 

by early CAMP-induced thermal gradients (Kasprak et al., 2015; Fujisaki et al., 2020). 468 

In contrast, epicontinental basins (e.g., Doniford Bay, Mariental core) maintained 469 

higher δ15N values (> +2‰) through the Rhaetian, reflecting sustained denitrification 470 

in suboxic bottom waters alongside episodic productivity pulses (Paris et al., 2010; 471 

Richoz et al., 2012). Spatial variability intensified during the ETME interval: intra-472 

platform basins (Kuhjoch) exhibited positive δ15N shifts (+ 1-3‰) linked to enhanced 473 

water-column denitrification under stratified conditions, while shallow shelves 474 

(Mariental) showed muted excursions (~1‰) due to frequent mixing (Quan et al., 2008; 475 

Luo et al., 2018). This dichotomy highlights depositional controls, where restricted 476 

basins amplified isotopic fractionation through prolonged redox gradients, whereas 477 

open shelves experienced buffered N cycling. Mid-Panthalassan deep-sea records 478 

(Katsuyama) further complicate interpretation of N records by documenting minor 479 

negative δ15N excursions despite euxinic conditions, likely due to ammonium recycling 480 

in photic zones dominated by prasinophytes (Fujisaki et al., 2020). Panthalassan shelf 481 

sections retained low δ15N values into the Hettangian, sustained by chemocline shoaling 482 

and ammonium upwelling, while Central European Basin sections display 483 

heterogeneous trajectories influenced by terrestrial phosphorus inputs and localized 484 



redox fluctuations (Quan et al., 2008; Schoepfer et al., 2016). Nevertheless, no unified 485 

model fully explains δ15N heterogeneity, as terrestrial influences (e.g., Mingolsheim 486 

core) and basin-specific redox architectures modulated nitrogen cycle responses at sub-487 

basin scales. These variations point to widespread but spatially heterogeneous nitrogen 488 

limitation, driven by factors such as ocean stratification, productivity decline, and the 489 

expansion of OMZs (Li et al., 2025). Although post-extinction nutrient input from 490 

enhanced continental weathering may have alleviated N limitation in some areas, local 491 

redox and depositional conditions continued to dominate nitrogen cycling into the early 492 

Hettangian (Li et al., 2025). 493 

 494 

4.4 Sulfur cycle perturbations and a low-sulfate end Triassic 495 

Williford et al. (2009) presented a δ34S record (samples in a mix of organic sulfur 496 

compounds and sedimentary sulfides) from across the Triassic–Jurassic transition, 497 

revealing a major perturbation in the sulfur cycle that coincided with a significant 498 

carbon cycle disturbance following the ETME. Further, the Tethyan Mount Sparagio 499 

section (Italy), the Wenquan section (Qiangtang Basin, Tibet), and the Black Bear Ridge 500 

section (Canada) all record sharp positive δ34SCAS excursions across the extinction 501 

horizon, indicating transient euxinic conditions and enhanced removal of 32S by H2S 502 

and pyrite burial (He et al. 2020; Tang et al. 2023; Fig. 8). In addition to δ34SCAS studies, 503 

Jaraula et al. (2013) analyzed pyrite sulfur isotopes (δ34Spy) at St. Audrie’s Bay and 504 

observed positive δ34Spy excursions across the TJB, supporting deposition under euxinic 505 

conditions, although their resolution through the ETME interval is relatively low. The 506 



δ34Spy records from the Mariental and Mingolsheim cores indicate an initial phase of 507 

oxic to dysoxic deposition punctuated by brief episodes of anoxia coincided with 508 

elevated pyrite/TOC ratios and the presence of sulfur bacteria biomarkers, followed by 509 

the development of persistent euxinic conditions in the Hettangian (Kasprak et al., 2015; 510 

Luo et al., 2018; Fig. 8). These positive δ34S excursions were likely driven by intensified 511 

pyrite burial, aligning with the latest Rhaetian loss of Triassic taxa and the 512 

intensification of marine anoxia (Williford et al., 2009; He et al., 2020). 513 

In addition, the massive influx of terrigenous sediments following widespread 514 

terrestrial vegetation collapse during the ETME likely decoupled sulfate reduction from 515 

sulfate resupply, leading to a reduction in seawater sulfate concentrations (Williford et 516 

al., 2009). Under non-sulfate limited conditions with high sulfate concentrations 517 

([SO4
2–] > 2 mM), bacterial sulfate reduction (BSR) produces isotopic fractionations 518 

ranging from 16‰ to 46‰ relative to seawater sulfate, though repeated sulfur redox 519 

cycling in modern marine sediments can amplify fractionations up to 70‰ (Canfield 520 

and Raiswell, 1999). However, sulfate limitation begins to constrain BSR below 521 

concentrations of ~2 mM, and when seawater [SO4
2–] falls below 0.2 mM, isotopic 522 

fractionation drops to less than 10‰ (Habicht et al., 2002). Under conditions of high 523 

primary productivity and bottom-water anoxia, sulfate reduction may shift from an 524 

open system, sustained by continuous diffusion of sulfate, to a closed system where 525 

organic carbon exceeded sulfate supply (Fakhraee et al., 2024). In such cases, Rayleigh 526 

fractionation occurs, whereby the residual sulfate pool becomes increasingly enriched 527 

in 34S, resulting in progressively heavier δ34S values in the pyrite formed (Strauss, 1997; 528 



Fakhraee et al., 2024). Model simulations of the Mount Sparagio δ34SCAS record suggest 529 

that the observed perturbation of the sulfur biogeochemical cycle is best explained by 530 

a concomitant decline in seawater sulfate concentrations, with pre-ETME ocean [SO4
2–] 531 

below 1 mM and dropping further during the positive δ34S excursion interval (He et al., 532 

2020). Although marine sulfate deficiency alone may have not directly caused the 533 

ETME, the simulations indicate that sulfate scarcity predisposed pre-ETME oceans to 534 

anoxia during rapid warming events by enhancing benthic methane flux and thereby 535 

increasing bottom-water oxygen demand (He et al., 2020). 536 

 537 

4.5 Ocean acidification and carbonate system disruptions 538 

The massive CO2 influx delivered by CAMP is postulated to have driven ocean 539 

acidification (Greene et al., 2012a). Modelled thresholds suggest aragonite 540 

undersaturation could occur at atmospheric CO2 levels > 2000 ppm under Late Triassic 541 

oceanic conditions (Berner and Beerling, 2007), while calcite undersaturation required 542 

more intense acidification due to its lower solubility (Greene et al., 2012a). 543 

Atmospheric CO2 is thought to have risen from 600-1000 ppm to 2000-3000 ppm across 544 

the Triassic–Jurassic transition (McElwain et al., 1999; Schaller et al., 2015; Fig. 5B), 545 

reaching levels sufficient to cause widespread undersaturation of both carbonate 546 

polymorphs. Lithological evidence is consistent with the modeled results, showing a 547 

global reduction in carbonate content across TJB sections, manifested as clay-rich 548 

intervals (e.g., the Schattwald Beds in Austria, Lilstock Formation in the UK) and the 549 

prevalence of diagenetic carbonate (Hesselbo et al., 2004; Črne et al., 2011; Greene et 550 



al., 2012b). This “carbonate gap” coincides with a negative δ13C excursion (with 551 

amplitude of -3‰ to -8.5‰) reflecting massive light carbon input, likely from CAMP 552 

volcanism and thermogenic methane release (Beerling and Berner, 2002; Ruhl et al., 553 

2011).  554 

Negative δ44/40Ca excursions (up to –0.8‰) that coincide with a negative CIE 555 

immediately after the main phase of CAMP activity in Tethyan marginal sections 556 

(Lombardian basins, Qiangtang Basin, and Austria) have been interpreted as evidence 557 

for ocean acidification, and a marked reduction in CaCO3 burial (Jost et al., 2017; 558 

Kovács et al., 2022; Chen et al., 2023). However, a high proportion of aragonite over 559 

calcite in the original sediment, reflected in high concentrations of Sr, could have 560 

contributed substantially to these negative δ44/40Ca excursions (Jost et al., 2017). A 561 

recent boron isotopic analysis of well-preserved fossil oysters from Lavernock Point 562 

(UK) reveals a decline in ocean pH of at least 0.29 units (from 8.24 to 7.93) during the 563 

main CIE (Trudgill et al., 2025). This interval, within the earliest Jurassic, is after the 564 

second mass extinction phase and during the recovery interval of the marine benthos 565 

(Atkinson and Wignall, 2019). Trudgill et al. (2025) conclude that acidification “may 566 

have delayed ecosystem recovery”, but the fossil record indicates otherwise. 567 

Furthermore, the reduction of calcareous nannofossils began prior to the ETME and 568 

peaked at the first extinction phase (Clémence et al., 2010), whereas the declines in 569 

calcareous-walled phytoplankton in favor of organic-walled and agglutinated taxa 570 

occurred after the second extinction phase (van de Schootbrugge et al., 2007). Thus, the 571 

role of ocean acidification in driving the ETME remains uncertain. 572 



 573 

4.6 Acid rain and wildfires 574 

Among the volatiles released from large igneous provinces, large scale emissions 575 

of halogens (e.g., F, Cl) deplete the ozone layer (Sigurdsson, 1990) and generate acid 576 

rain. The amounts of F and Cl released to the atmosphere by CAMP are estimated to 577 

have been high enough to cause significant biological harm if emitted over a short time 578 

interval (McHone, 2003; Lindström et al., 2021; Fig. 4). Studies have also proposed 579 

that SO2 emissions from CAMP and the resulting acid rain impacted the end-Triassic 580 

climate by driving rapid, short-term cooling and by acidifying soils (Guex et al., 2004; 581 

van de Schootbrugge et al., 2009). However, the impact of SO2 emissions remains 582 

difficult to evaluate due to its short residence time in the atmosphere (Lindström et al., 583 

2012). Other evidence for CAMP-related high tropospheric SO2 perturbations at the 584 

TJB includes damaged structures in fossil leaves from Greenland (Bacon et al., 2013; 585 

Elliot-Kingston et al., 2014; Steinthorsdottir et al., 2018) and soil acidification (van de 586 

Schootbrugge et al., 2009). Whilst likely indicating the regional impact of CAMP 587 

volcanism, it is unclear if these effects were sufficiently widespread to cause a global 588 

terrestrial crisis. 589 

There is also evidence for increased wildfire frequency during the ETME (van de 590 

Schootbrugge et al., 2015). Polycyclic aromatic hydrocarbons (PAHs) and charcoal 591 

layers across the TJB sequences in Germany, Poland, Greenland, and China record 592 

significant wildfire episodes and the combustion of organic sediments (van de 593 

Schootbrugge et al., 2009; Marynowski and Simoneit, 2009; Williford et al., 2014; 594 



Song et al., 2020; Fox et al., 2022a). Spikes in pyrolytic PAHs such as retene and 595 

coronene correlate with an increase in charcoal abundance in plant beds across the TJB 596 

in east Greenland, indicating biomass burning (Williford et al., 2014). Records from the 597 

Sichuan Basin of China also reveal dual PAH peaks linked to wildfire pulses triggered 598 

by CAMP volcanism (Song et al., 2020). However, recent study in the southwest UK 599 

challenges the universality of wildfire-driven PAH signals, as their PAH profiles lack 600 

clear indicators of intensive local biomass burning and instead point to inputs from soil 601 

erosion and distal smoke transport (Fox et al., 2022a). These findings underscore how 602 

regional variations in ecosystem response to CAMP volcanism can confound global 603 

correlations, highlighting the need for more extensive studies to distinguish localized 604 

erosion-derived signals from genuine wildfire imprints in extinction-related carbon-605 

cycle perturbations. 606 

 607 

5. Synergistic links between CAMP volcanism, environmental change and the 608 

ETME 609 

CAMP volcanism is widely considered to be the ultimate driver of the ETME, as 610 

rapid injections of greenhouse (including thermogenic) gases through volcanic 611 

outgassing and magmatic intrusions into organic-rich basins triggered abrupt climatic 612 

and carbon cycle perturbations (McElwain et al., 1999; McHone, 2003; Capriolo et al., 613 

2020, 2022). These pulsed inputs of volcanogenic CO2 and methane produced sustained 614 

global warming that directly stressed temperature-sensitive taxa and indirectly altered 615 

ocean circulation, promoting enhanced stratification. In turn, this promoted the 616 



development of oxygen deficiency in marginal and epicontinental settings, although 617 

redox conditions remained spatially heterogeneous with anoxia developing 618 

diachronously across different basins (see Li et al., 2022). Ocean acidification has also 619 

been proposed as an additional stress linked to CAMP derived CO2 release (Greene et 620 

al., 2012b; Trudgill et al., 2025), but proxies for pH in ancient oceans remain limited. 621 

Biogeochemical cycle disruptions, particularly nitrogen limitation indicated by near-622 

zero δ15N values in multiple locations (e.g., Schoepfer et al., 2016; Li et al., 2025) and 623 

sulfur cycle perturbations reflected by positive δ34S excursions and marine sulfate 624 

drawdown (Williford et al., 2009; He et al., 2020) further amplified environmental 625 

stress by suppressing nutrient availability, productivity and altering redox stability, 626 

thereby compounding the ecological pressure on marine organisms. On land, elevated 627 

temperatures combined with volcanic emissions of SO2 and halogens promoted acid 628 

rain and increased wildfire frequency, contributing to the vegetation turnover, floral 629 

collapse, and the widespread deforestation recorded by palynological assemblages 630 

(Williford et al., 2014; Song et al., 2020; Fox et al., 2022a).  631 

In this framework, CAMP-driven global warming constitutes the primary driver 632 

of the biological turnover, with marine anoxia, biogeochemical cycle perturbations, 633 

ocean acidification, and other environmental perturbations acted as secondary stressors, 634 

forming a synergistic feedback loop that amplified the stresses and their effects during 635 

the ETME (Bond and Grasby, 2017; Schoepfer et al., 2022). Sustained warming and 636 

acid rain triggered widespread terrestrial deforestation and wildfires, accelerating 637 

nutrient and sediment runoff that fueled coastal eutrophication, strengthened water-638 



column stratification, and in turn expanded shallow-marine anoxia and PZE, consistent 639 

with the conditions recorded across European epicontinental sections (Richoz et al., 640 

2012; Beith et al., 2021; Li et al., 2022; Fox et al., 2022b). Concurrent drawdown of 641 

seawater sulfate lowered the threshold for the development of euxinia (He et al., 2020), 642 

while nitrogen limitation suppressed primary productivity and placed further stress on 643 

food webs (Schoepfer et al., 2016). Ocean acidification, although less well constrained, 644 

likely contributed to the collapse of aragonite-dominated reef builders and larger 645 

bivalves and brachiopods (Greene et al., 2012). Concurrently, elevated metabolic 646 

oxygen demand under warmer and lower-O2 conditions further exacerbated the 647 

disproportionate losses amongst these groups (Song et al., 2021; Singh et al., 2023). 648 

Thus, the ETME was initiated by CAMP volcanism and amplified by synergistic 649 

feedbacks between warming, anoxia, and disrupted biogeochemical cycles, ultimately 650 

resetting marine and terrestrial ecosystems on a global scale. 651 

 652 

6. Conclusions  653 

High-precision U-Pb dating of CAMP basalts and ash beds and correlation with 654 

the ETME shows a clear synchroneity between these phenomena, implying a causal 655 

relationship. Sedimentary mercury (Hg/TOC and Δ199Hg) and multiple CIEs recorded 656 

in both marine and terrestrial strata provide further evidence for CAMP volcanism and 657 

the disturbance to the C cycle. The massive, pulsed CAMP activities initiated a cascade 658 

of environmental perturbations, including rapid global warming, marine stratification 659 

and anoxia, ocean acidification, nutrient limitation, acid rain and wildfires, which likely 660 



served as direct kill mechanisms driving the ETME. In contrast, evidence in support of 661 

any role for bolide impact is lacking. 662 

Rapid increases in CAMP-derived atmospheric pCO2 drove global warming and 663 

intensified chemical weathering, and contributed to terrestrial ecosystem stress and 664 

collapse. Atmospheric CO2 rise (up to 2,000–3,000 ppm) during the Triassic–Jurassic 665 

transition likely lowered seawater pH and carbonate saturation states, leading to 666 

undersaturation of aragonite and calcite. However, it is unclear if this was a major factor 667 

in the extinction losses. Warming-enhanced hydrological cycling and intensified 668 

weathering-driven terrigenous fluxes would have promoted marine stratification that 669 

culminated in widespread marine anoxia/euxinia. Despite temporal and spatial 670 

heterogeneity, evidence for marine deoxygenation is associated with both extinction 671 

phases. In addition, nutrient scarcity, such as widespread but heterogeneous nitrogen 672 

limitation inferred from δ15N records likely reduced productivity, and this may have 673 

imposed additional stress on marine organisms.  674 
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 1179 

Fig. 1. Palaeogeographic map of Pangea, the extent of CAMP emplacement, and key TJB 1180 

successions mentioned in the text (adapted from Schoepfer et al., 2022). The zoomed inset shows 1181 

the schematic map of the CAMP on the Pangaean continent (adapted after Marzoli et al., 2018). 1182 

Terrestrial sites: (1) Haojiagou section, Junggar Basin, China (Shen et al., 2022b); (2) Qilixia section, 1183 

Sichuan Basin, China (Shen et al., 2022b); (3) East Greenland, Greenland (McElwain et al., 1999, 1184 

2009); (4) Newark Basin, USA (Marzoli et al., 2004, 2011; Blackburn, 2013). Tethyan sites: (5) St. 1185 

Audrie’s Bay, UK (Warrington et al., 1994; Hesselbo et al., 2002, 2004); (6) Mingolsheim core, 1186 

German basin, Germany (Quan et al., 2008; van de Schootbrugge et al., 2008, 2013); (7) Mariental 1187 

core, German basin, Germany (Heunisch et al., 2010; Richoz et al., 2012); (8) Csővár section, 1188 

Hungary (Götz et al., 2009; Haas et al., 2010; Kovács et al., 2020); (9) Kuhjoch section, Austria 1189 

(GSSP; Ruhl et al., 2009; Bonis et al., 2010; Hillebrandt et al., 2013); (10) Italcementi section, Italy 1190 

(Galli et al., 2005, 2007); (11) Lombardy Basin, Hungary (Galli et al., 2005, 2007); (12) Mount 1191 

Sparagio section, Italy (Todaro et al., 2017); (13) Wenquan Section, Qiangtang basin, China (Hu et 1192 

al, 2020); (14) Germig section, southern Tibet, China (Yin et al., 1999; Hallam et al., 2000). 1193 

Panthalassan sites: (15) Kennecott Point, Canada (Ward et al., 2001, 2004; Carter and Orchard, 1194 

2007); (16) Williston Lake, British Columbia, Canada (Wignall et al., 2007); (17) New York Canyon, 1195 

USA (Guex et al., 2004); (18) Katsuyama section, Japan (Fujisaki et al., 2020); (19) Kurusu section, 1196 

Japan (Cater and Hori, 2005; Hori et al., 2007). 1197 



 1198 

Fig. 2. End-Triassic mass extinction in important marine groups. A, ammonites; and B, reef 1199 

organisms are modified after Hallam and Wignall (1997). C, selected terrestrial groups, compiled 1200 

from Paleobiology Database in late February 2026 (https://paleobiodb.org/). 1201 
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 1203 

Fig. 3. Correlations of CAMP emplacement records, sedimentary Hg/TOC and Δ199Hg data 1204 

across various settings, and the ETME interval. CAMP data (sills and dykes, lavas, and ash beds) 1205 

are based on Lindström et al. (2019). The solid red line marks the TJB, and the dashed blue line 1206 

denotes the and the onset of the ETME. The ETME interval is shaded purple, with light-purple area 1207 

indicating its age uncertainties. For the Δ199Hg data, the vertical shaded bands represent the volcanic 1208 

Δ199Hg endmember (0.02 ± 0.06‰); horizontal bars of the Δ199Hg profiles represent standard 1209 

deviation (2σ) values. Data sources by setting: Pelagic (Katsuyama, Shen et al., 2022a); shelf to 1210 

slope (Levanto, Yager et al., 2021); marine shelf (NYC, Thibodeau et al., 2016); intra-platform 1211 

(Kuhjoch, Percival et al., 2017); epicontinental sea (Stenlille-1, Lindström et al., 2019; St. Audrie’s 1212 

Bay, Yager et al., 2021); lacustrine (Qilixia and Haojiagou, Shen et al., 2022b). NYC, New York 1213 

Canyon; LO, last occurrence; FO, First Occurrence. 1214 
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 1216 

Fig. 4. Proposed cause-and-effect relationships of major changes in the atmosphere, terrestrial 1217 

realm, and oceans following the CAMP activities during the ETME. Modified after Bond and 1218 

Grasby (2017) and Schoepfer et al. (2022). Light grey ellipses = direct products of volcanism; dark 1219 

grey ellipses = proximal kill mechanisms; white ellipses = knock-on effects and isotopic signatures. 1220 
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 1222 

Fig. 5. A. Generalized δ13Corg curve across the ETME interval. B. Simulated pCO2 by δ13C data 1223 

of soil carbonate and preserved organic matter from paleosols (Schaller et al., 2011) and stomatal 1224 

density data focusing on the ETME interval (McElwain et al., 1999). C. Compilation of 87Sr/86Sr 1225 

data from the TJB. Diamonds: bulk carbonate from Eiberg section, North Calcareous Alps (Kovács 1226 

et al., 2020); squares: Lyme Regis oysters from Dorset (Jones et al., 1994); circles: bulk carbonate 1227 

from Csővár section (Heslzer et al., 2024). Ages are plotted using correlated floating 1228 

astrochronological age models or recalculated to the GTS 2020, cited after Heslzer et al. (2024). 1229 

Error bars are 2sd. 1230 
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 1232 

Fig. 6. Global correlation of redox conditions across the Triassic-Jurassic transition (adapted 1233 

after Li et al., 2022). Sections: 1 = St. Audrie’s Bay, UK (Li et al., 2022; pyrite framboids); 2 = 1234 

Doniford Bay, UK (Paris et al., 2010; δ15N); 3 = Felixkirk and Lavernock Point, UK (Beith et al., 1235 

2021; biomarker); 4 = Mariental, Germany (Luo et al., 2018; sulfur isotopes); 5 = Mariental, 1236 

Germany (Richoz et al., 2012; biomarker); 6 = Canduff-1 core (Bond et al., 2023; Mo isotopes); 7 1237 

= Schandelah-1 core (Bond et al., 2023; Mo isotopes); 8 = Minglesheim, Germany (Luo et al., 2018; 1238 

sulfur isotopes); 9 = Rosswinkel, Luxembourg (Richoz et al., 2012; biomarker); 10 = Kuhjoch, 1239 

Austria (Li et al., 2022; pyrite framboids); 11 = Kendlbach, Austria (Pálfy and Zajzon., 2012; rare 1240 

Earth elements); 12 = Mount Sparagio, Italy (He et al., 2020, 2022b; δ34SCAS and I/(Ca+Mg)); 13 = 1241 

Csővár section (Somlyay et al., 2023; U isotopes); 14 = Germig sections, China (Hallam et al., 2000; 1242 

Th/U ratio); 15 = Kennecott Point, Canada (Schoepfer et al., 2016; δ15N); 16 = Kennecott Point, 1243 

Canada (Kasprak et al., 2015; biomarker); 17 = Kurusu and Katsuyama sections, Japan (Fujisaki et 1244 

al., 2020; δ15N). Abbreviations: LO: last occurrence; FO: first occurrence. The ETME interval is 1245 

constrained by the LO of the ammonite Christoceras marshi and the FO of Psiloceras spelae in the 1246 

GSSP section at Kuhjoch. Question marks denote probable anoxic/dysoxic conditions.  1247 
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 1249 

Fig. 7. Compilation of sedimentary δ15N records (adapted after Li et al., 2025) and related 1250 

redox variations (citations see Fig. 6) across the Triassic–Jurassic transition. Orange arrows and the 1251 

vertical bars denote the position the position of initial CIEs and the rough range of main CIEs. Blue 1252 

and orange dashed lines represent the ETME horizon and the TJB, respectively, with the ETME 1253 

interval falling between these. 1254 
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 1256 

Fig. 8. Reported sulfur isotopes compositions of pyrite (δ34Spy) and carbonate-associated sulfur 1257 

(CAS, δ34SCAS). Stratigraphic logs and δ13Corg data for the Mingolsheim and Mariental cores are 1258 

after Quan et al. (2008) and van de Schootbrugge et al. (2008), respectively; δ34Spy data for both 1259 

cores are cited from Luo et al. (2018). Stratigraphic log, biostratigraphy information, and δ34SCAS 1260 

data for the Mount Sparagio section are from He et al. (2020) and references therein. 1261 
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