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ABSTRACT 1 

     The Ediacaran-Cambrian transition archives the widespread disappearance of ‘Ediacaran-2 

type’ soft-bodied biota and the appearance of most modern animal body plans, including a 3 

major diversification of skeletal animals and styles of animal-substrate interaction. Despite 4 

over a century of study, our ability to confidently reconstruct the series of macroevolutionary 5 

events that inform origination and extinction rates across the Ediacaran-Cambrian transition is 6 

challenged by underlying ambiguity in global stratigraphic correlation. Here, we review the 7 

chronology of events recorded by the successions that are currently the most temporally well-8 

constrained, discuss major uncertainties, and use this perspective to reconstruct plausible global 9 

age frameworks for published biostratigraphic and chemostratigraphic data. Current models 10 

support minor temporal overlap of classically Ediacaran and Cambrian calcified animal fossils, 11 

aid assessments of eustatic sea-level and drivers of carbon isotope instability, contextualize 12 

regional datasets, and highlight the approaches required for further refinement. While there 13 

remains ~5 million years of uncertainty, holistic evaluation of existing chronostratigraphy 14 

suggests that the GSSP for the Ediacaran-Cambrian boundary falls between 538 and 533 Ma. 15 

Keywords: Ediacaran, Cambrian, Geochronology, animal evolution, GSSP 16 

 17 

Linking Ediacaran-Cambrian life and environment 18 

     Sedimentary rocks of Ediacaran age [ca. 635 million years ago (Ma) to between 538 Ma 19 

and 533 Ma] host the first record of complex and morphologically differentiated macrofossils, 20 

including the earliest animals (Fig. 1a, e.g., Gold et al., 2015; Dunn et al., 2021). Strata from 21 

the final ca. 12–18 Myrs of the Ediacaran also contain the first evidence for animal 22 

biomineralization (Germs, 1972), which was then widely adopted during the canonical 23 

‘Cambrian Explosion’ (Matthews and Missarzhevsky, 1975) – a major increase in animal 24 

diversity and morphological complexity in the lower Cambrian that included the appearance of 25 
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most extant animal body plans (Fig. 1a, b). Our understanding of how Ediacaran and Cambrian 26 

communities are related is incomplete, however, because the affinities of most Ediacaran fossil 27 

biota remain uncertain. The degree and tempo of biotic turnover across the Ediacaran-28 

Cambrian transition also remains veiled by spatial, temporal, and taphonomic uncertainties and 29 

biases of the preserved fossil record. 30 

     The synchronous co-option of key innovations (e.g., body plan differentiation, 31 

biomineralization) by independent lineages is hypothesized to reflect the operation of external, 32 

environmental triggers (e.g., Erwin, 2021). While many have been proposed, the pre-eminent 33 

environmental trigger for Ediacaran-Cambrian innovation is often linked with a possible 34 

increase in oxygen and/or nutrient availability required to fuel energetically costly metabolisms 35 

including motility, predation, and biomineralization (e.g., Stockey et al., 2024 and references 36 

therein). Changing seawater chemistry has also been proposed as an environmental trigger for 37 

early animal biomineralization, which may have been under minimal biological control (e.g., 38 

Wood et al., 2017). Thereafter, rapid diversification of lower Cambrian fossil assemblages was 39 

linked to a cascade of ecological interactions, including an increase in the complexity of 40 

predator-prey dynamics and ecological engineering (e.g., Bengtson, 2002; Sperling et al., 2013; 41 

Darroch et al., 2021). While each of these factors likely played a role, the degree to which we 42 

are able to accurately reconstruct the stratigraphic record in space and time places limitations 43 

on our ability to test hypotheses that link biotic and environmental change.  44 

     Global chronostratigraphic frameworks have the potential to yield a coherent and globally 45 

representative temporal narrative to integrate data streams (e.g., temporally calibrated 46 

chemostratigraphic and biostratigraphic records, Fig. 1d; Maloof et al., 2010; Bowyer et al., 47 

2022; Nelson et al., 2023). The achievable resolution of this record is tempered by the 48 

completeness of the rock record, and particularly by the availability of carbonate rocks, fossil-49 

preservation windows, and material suitable for absolute age determination via radioisotope 50 
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geochronology. Here, we review recent progress and ongoing challenges associated with global 51 

stratigraphic correlation across the Ediacaran-Cambrian transition. By focusing on sections 52 

with high-precision age constraints, we present the current chronostratigraphic scaffold for the 53 

extrapolation of global age frameworks that temporally calibrate and visualize recent 54 

community-wide research efforts. Aspects common to both frameworks allow us to address 55 

some unresolved issues, while also illuminating the largest remaining uncertainties that require 56 

targeted future study to resolve. 57 

 58 

Defining characteristics of the Ediacaran-Cambrian transition 59 

     The base of the Cambrian is defined by the lowest stratigraphic occurrence (LO) of the trace 60 

fossil Treptichnus pedum in the ratified Global boundary Stratotype Section and Point (GSSP) 61 

at Fortune Head, on the Burin Peninsula of Newfoundland, Canada (Brasier et al., 1994). It is 62 

widely acknowledged that the lowest occurrence of a fossil rarely, if ever, corresponds to the 63 

first appearance of the respective organism due to palaeoenvironmental, preservational and 64 

collection biases (e.g., Gehling et al., 2001). Consequently, many researchers now consider the 65 

base of the T. pedum ichnofossil assemblage Zone (IAZ, a collection of co-occurring trace 66 

fossils that includes T. pedum), to more accurately mark the base of the Cambrian (e.g., Landing 67 

et al., 2013; Geyer and Landing, 2017). At the GSSP level, the base of the T. pedum IAZ marks 68 

a notable increase in the diversity of trace making ecologies (Gougeon et al., 2025a, b). 69 

     The succession at Fortune Head is readily accessible, characterized by continuous 70 

deposition without recognized hiatuses, and records a progressive sequence of ichnofossil 71 

assemblages whose lowest occurrences show limited evidence for facies control (Geyer and 72 

Landing, 2017; Gougeon et al., 2025b); all features that are highly desirable for GSSP 73 

assignment (Brasier et al., 1994). And yet, several aspects of the GSSP have complicated direct 74 

extrapolation of important boundary characteristics to other globally distributed successions 75 
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(e.g., Babcock et al., 2014). Most notably, the Burin Peninsula is dominated by siliciclastic 76 

sedimentary rocks where laterally continuous carbonate interlayers do not occur until several 77 

hundred meters above the GSSP level (Myrow and Hiscott, 1991). The paucity of carbonates 78 

hinders comparison of the GSSP with carbonate-dominated successions elsewhere, as there is 79 

limited potential for (1) biostratigraphic correlation of shelly fossils, and (2) direct correlation 80 

of boundary-defining features via carbonate chemostratigraphy [e.g., through use of carbonate 81 

carbon isotopes (d13Ccarb)]. Meanwhile, carbonate-dominated successions in other regions may 82 

lack siliciclastic interlayers that preserve the defining trace fossils of the boundary interval, but 83 

host carbonates with chemostratigraphic potential and distinct fossil biotas [e.g., small 84 

skeletal/shelly fossils (SSFs)] that are a hallmark of early Cambrian animal radiation. These 85 

issues have led several researchers to advocate for the use of auxiliary markers to help identify 86 

Ediacaran vs Cambrian strata, including the LO of Cambrian-type SSFs, the disappearance of 87 

Ediacaran-type soft-bodied and/or calcified macrofossils, and a chemostratigraphic marker 88 

termed the ‘BAsal Cambrian carbon isotope Excursion’ (BACE, e.g., Zhu et al., 2006; Landing 89 

et al., 2013; Geyer and Landing, 2017). 90 

     Aside from the defining characteristics of the boundary itself, two additional aspects 91 

complicate accurate global spatiotemporal calibration across the Ediacaran-Cambrian 92 

transition. First, this interval is widely recognised to coincide with major sequence boundaries 93 

in the majority of globally distributed successions, with sedimentary rocks that host Cambrian-94 

type SSFs and ichnofossils often being separated from underlying strata by erosional surfaces 95 

that represent unconformities of unknown duration. Indeed, on many cratons, the onset of 96 

Cambrian deposition is transgressive and diachronous (e.g., Runnegar et al., 1995; Shahkarami 97 

et al., 2020), which is exemplified in Laurentia near the base of the Sauk transgression (Sloss, 98 

1963; Karlstrom et al., 2020; Nelson et al., 2023).  99 
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     Second, while a series of maximum depositional ages for correlative strata in New 100 

Brunswick suggest a boundary age of >531.53 ± 0.28 Ma (e.g., Isachsen et al., 1994; Barr et 101 

al., 2022; Hamilton et al., 2023), the GSSP itself lacks high-resolution radioisotopic age 102 

constraints. Lower Cambrian sedimentary successions, more broadly, suffer from a general 103 

paucity of ash beds for zircon U-Pb age dating (Box 1, Fig. 2, Table S1). This means that the 104 

absolute age for the Ediacaran-Cambrian boundary on international chronostratigraphic charts 105 

is poorly constrained, debated, and ripe for revision through incremental advancements in 106 

regional stratigraphic frameworks and inter-regional correlations between sections that host 107 

datable rocks and fossil occurrences (e.g., Linnemann et al., 2019; Hodgin et al., 2021; Nelson 108 

et al., 2022, 2023, in press; Bowyer et al., 2025).  109 

     As should be expected, no single section comprising mixed carbonate-siliciclastic strata 110 

hosts all the features required to robustly anchor the full sequence of evolutionary events across 111 

the Ediacaran-Cambrian transition in absolute time. To complicate things further, ambiguity in 112 

lithostratigraphic and d13Ccarb correlation can also yield notably different estimates for the 113 

degree of temporal overlap between Ediacaran and Cambrian fossil assemblages, thereby 114 

hampering a robust evaluation of origination and extinction rate across the boundary (e.g., Zhu 115 

et al., 2017; Nelson et al., 2023; Bowyer et al., 2023a). Reducing these uncertainties therefore 116 

requires careful integration of multiple datasets from globally distributed boundary strata (e.g., 117 

Lindsay et al., 1996; Landing et al., 2013; Babcock et al., 2014; Geyer and Landing, 2017). 118 

Below, we outline and visualize one such framework to help resolve evolutionary and 119 

geochemical changes across this interval of biosphere revolution. 120 

 121 

Text for Box 1:  122 

Interpreting near-depositional versus maximum depositional ages from zircon U-Pb 123 

geochronology 124 
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     Single grain zircon U-Pb chemical abrasion-isotope dilution-thermal ionization mass 125 

spectrometry (CA-ID-TIMS, Mattinson, 2005) affords the highest level of precision and 126 

accuracy of all radioisotopic methods for deep time calibration (Condon et al., 2024; Yang et 127 

al., 2025).  However, multiple factors have to be considered before interpreting the geologic 128 

significance (e.g., depositional age) of radioisotopic date(s) from a given sample. These include 129 

the degree of physical reworking of zircon grains in the dated horizon (through sedimentary or 130 

volcanic processes), compositional variability within the dated horizon that reflects 131 

heterogenous ages of zircon grains within a magma chamber and/or source area, potential 132 

biases introduced through physical separation and optical selection of zircon grains, and the 133 

full range of precision afforded by the analytical methodology, tracer calibration and U decay 134 

constant uncertainties (Condon et al., 2024).  135 

     CA-ID-TIMS laboratories around the world have significantly reduced inter-laboratory 136 

methodological uncertainties by sharing EARTHTIME multi-isotope tracer solutions (Condon 137 

et al., 2015), which have (1) resulted in unprecedented precision and accuracy on individual 138 

weighted mean zircon U-Pb dates, with analytical uncertainties that are commonly as low as 139 

±0.05% (Schaltegger et al., 2015), and (2) effectively eliminated inter-laboratory analytical 140 

variability for zircon U-Pb CA-ID-TIMS measurements (Symanowski et al., 2025). However, 141 

the aforementioned issues of zircon grain selection, physical reworking and complex zircon 142 

grain populations within dated horizons mean that reported ages cannot always be assumed to 143 

approximate near-depositional ages (e.g., Bowyer et al., 2025). While weighted mean ages 144 

from volcanic zircon grains in ash beds are commonly interpreted to approximate near-145 

depositional ages, this is heavily dependent upon whether the dated grains represent the 146 

youngest (autocrystic) population in the magma chamber as opposed to a dominant proportion 147 

of older (antecrystic) grains or exogenic (xenocrystic) grains present in the magma chamber 148 

prior to eruption (e.g., Keller et al., 2018), or incorporated as epiclastic components during 149 
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transport and deposition (Ramezani et al., 2011). Alternatively, maximum depositional ages 150 

are interpreted based on youngest zircon grain populations in either sedimentary beds or tuffs 151 

with epiclastic components (e.g., Hodgin et al., 2021; Nelson et al., 2023) or from superposition 152 

relationships above dated igneous or volcanic bodies. Robustly interpreting the geologic 153 

significance of a high-precision age therefore requires careful consideration of a multitude of 154 

factors from outcrop to grain-scale as well as laboratory methodology and data spread, with 155 

the latter often benefiting from statistical approaches to characterize and identify zircon 156 

population distributions. 157 

 158 

View of the boundary interval from radioisotopically calibrated sections 159 

     Here, we collate a series of published high-precision zircon U-Pb ages from uppermost 160 

Ediacaran through lower Cambrian strata on multiple continents and interpret their reliability 161 

to inform near-depositional versus maximum depositional ages for associated data in each 162 

section (Figs. 2 and 3, Table S1). We also preliminarily extrapolate this record through 163 

comparison of data from two sections that lack absolute age constraints but contain 1) the GSSP 164 

for the Cambrian base (Fortune Head, Avalonia), and 2) chemostratigraphically calibrated 165 

regional lowest occurrences of Cambrian-type SSFs (Bayan Gol, Zavkhan Terrane, Mongolia), 166 

which are presently lacking from all sections that are calibrated by radioisotope geochronology 167 

(Fig. 3). While this approach does not initially consider data from other sections/successions 168 

that host important fossil occurrences and chemostratigraphic records (e.g., South China, 169 

Siberian Platform, Iberian Zone, Morocco), it allows us to construct a reliable age-calibrated 170 

base (skeleton) framework from multiple globally distributed areas that informs a catalogue of 171 

calibrated fossil last and first appearances along with trends in chemostratigraphic data. This 172 

base framework can then be used as a tool for global correlation (Figs. 3 and 4). 173 

The age of the BACE 174 
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     Data from the Ara Group of Oman have previously been used to prescribe an age of ca. 541 175 

Ma for the onset of the BACE and the disappearance of the Ediacaran biomineralized animals 176 

Cloudina and Namacalathus (Fig. 3, e.g., Amthor et al., 2003; Bowring et al., 2007). 177 

Lithostratigraphic correlations between Ara Group drill cores are complicated by the structure 178 

of carbonate deposits within the basin, which are preserved as stringers bounded by evaporite 179 

strata. The nature of mixed carbonate-evaporite deposition suggest that some intervals may 180 

record temporary restriction that could enhance local isotope reservoir effects (e.g., Lazar and 181 

Erez, 1990) or bias the fossil record. The fidelity of associated d13Ccarb data to record trends in 182 

open marine composition is therefore uncertain. Furthermore, there may be stratigraphic 183 

hiatuses, as intervals of exposure/dissolution are common in evaporitic environments (e.g., 184 

Schröder et al., 2005), which adds a challenge to age model construction. The resolution of 185 

published geochemical and palaeontological data also varies significantly between core 186 

profiles, complicating regional correlations. As a result, a zircon U-Pb CA-ID-TIMS age 187 

derived from a tuff interbed in one core cannot always be used with confidence to temporally 188 

calibrate data from a neighbouring core. Despite these complications, the A3 carbonate 189 

member of the Ara Group hosts positive d13Ccarb values that are temporally calibrated between 190 

542.90 ± 0.12 and 542.33 ± 0.12 Ma (Bowring et al., 2007) and are similar to positive values 191 

reported from open marine carbonates of the upper Tamengo Formation, Brazil that are ca. 192 

>541.85 ± 0.75 Ma and of the upper Nudaus and basal Urusis formations of the Nama Group, 193 

Namibia that are >542.65 ± 0.15 Ma  (Fig. 3, Saylor et al., 1998; Boggiani et al., 2003; Parry 194 

et al., 2017; Ramos et al., 2022; Nelson et al., 2022). 195 

     A tuff bed at the base of the A4 (“U”) carbonate member of the Ara Group yields a high-196 

precision CA-ID-TIMS age of 541.00 ± 0.13 Ma (Fig. 3, Bowring et al., 2007). This was 197 

previously used as a minimum age constraint for the disappearance of Cloudina and 198 

Namacalathus, and the age of BACE onset (Amthor et al., 2003; Bowring et al., 2007). 199 
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However, cloudinids/cloudinomorphs have since been reported from non-evaporitic marine 200 

carbonates as young as 538.56 +0.08/−0.09 Ma on the Kalahari craton, where evidence for the 201 

BACE is lacking (Fig. 3, Nelson et al., 2022). The zircon U-Pb CA-ID-TIMS date of the ash 202 

bed at the base of the A4 Member may represent a near-depositional age. However, this should 203 

only be considered a maximum depositional age for onset of the BACE due to its relative 204 

position beneath carbonates that record the excursion, the possibility for depositional hiatus 205 

and/or condensed deposition between the ash layer and overlying carbonate (see detailed 206 

appraisal in Nelson et al., 2023), and the possibility for local isotope reservoir effects in the 207 

South Oman Salt Basin. The weight of evidence from open marine mixed carbonate-208 

siliciclastic strata of the Kalahari Craton currently suggests an onset age for the BACE <537.9 209 

Ma (Fig. 3, Nelson et al., 2022, in press). This interpretation is also consistent with a maximum 210 

depositional age of ≤539.40 ± 0.23 Ma from the stratigraphic interval recording the nadir of 211 

the BACE within sections exposed in Sonora, Mexico (Fig. 3, Hodgin et al., 2021). Carbon 212 

isotope and biostratigraphic data from southwestern Laurentia also constrain the regional last 213 

appearance of cloudinomorphs and soft-bodied erniettomorphs stratigraphically below the 214 

BACE nadir (Hodgin et al., 2021; Smith et al., 2016a, 2023; Nelson et al., 2023). 215 

First appearance of T. pedum 216 

     In all mixed carbonate-siliciclastic successions that host both the BACE and T. pedum, the 217 

stratigraphically lowest known T. pedum occur above the BACE nadir, and closely above the 218 

level of a muted d13Ccarb peak, recently termed ‘1.5p’ (Narbonne et al., 1994; Knoll et al., 1995; 219 

Corsetti and Hagadorn, 2003; Landing et al., 2013; Smith et al., 2016a, 2016b, 2017; Geyer 220 

and Landing, 2017; Etemad-Saeed et al., 2021; Hodgin et al., 2021; Bowyer et al., 2022, 2023b, 221 

2024; Nelson et al., 2022, 2023; Topper et al., 2022; Zhang et al., 2024; Marusin, 2025). Two 222 

sections of the Great Basin, Laurentia, contain shallow marine clastic beds that incorporated 223 

relatively young zircon grains through either typical sediment transport or as ash fall, which 224 
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have been dated to provide maximum depositional ages through a combination of zircon 225 

screening via laser ablation inductively coupled mass spectrometry analyses and subsequent 226 

CA-ID-TIMS of youngest grain populations (Hodgin et al., 2021; Nelson et al., 2023). It is 227 

important to stress that none of these ages can be confidently interpreted to represent 228 

depositional ages (contra Runnegar et al., 2025, see box 1). Instead, these together constrain a 229 

maximum depositional age of ≤539.40 ± 0.23 Ma for the BACE nadir and £532.83 ± 0.98 Ma 230 

for the regional lowest occurrences of T. pedum, Psammichnites/Taphrhelminthopsis, and 231 

arthropod trace fossils (Fig. 3, Hodgin et al., 2021; Nelson et al., 2023; Jensen et al., 2002). 232 

The latter maximum depositional age presently remains the best approximation for the age of 233 

the Ediacaran-Cambrian boundary, based on the defining characteristics of the GSSP (Fig. 3). 234 

As reviewed previously, ages of strata in New Brunswick imply that the regional lowest 235 

occurrence of T. pedum in Avalonia is >531.53 ± 0.28 Ma (Hamilton et al., 2023), which is 236 

consistent with the first appearance of this index ichnotaxon at ~533–532 Ma.  237 

First appearance of Cambrian-type SSFs 238 

     A challenge to correlation of the existing Great Basin record is the paucity/absence of 239 

earliest Cambrian, pre-Series 2 SSFs, which are recorded from carbonates in other regions in 240 

proximity to the BACE (e.g., Siberia, South China, Mongolia; Brasier et al., 1996; Steiner et 241 

al., 2007; Maloof et al., 2010; Smith et al., 2016b; Li et al., 2013; Bowyer et al., 2022, 2023a 242 

and references therein; Topper et al., 2022). Nevertheless, extrapolating trends in d13Ccarb data 243 

from the Great Basin to carbonate-dominated successions that host diverse SSF records 244 

suggests that, in some regions, SSFs may indeed have appeared in advance of, or broadly 245 

coincident with, the first appearance of T. pedum (Fig. 3). Perhaps the most conservative 246 

estimate for the minimum age of SSF first appearances is derived by extrapolation to the Bayan 247 

Gol section of the Zavkhan Terrane, Mongolia (Smith et al., 2016b; Topper et al., 2022; Fig. 248 

3). There, d13Ccarb data exhibit an initial decrease prior to the BACE that correlates well with 249 
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the most complete sections of the Great Basin (e.g., Mount Dunfee, Smith et al., 2016a) and 250 

the record from the Central Iberian Zone, Spain (Zhang et al., 2024). This initial negative 251 

d13Ccarb trend below the nadir of the BACE, which was previously referred to as ‘0n’ (Bowyer 252 

et al., 2023a), has recently been termed the ‘late Ediacaran Negative carbon Isotope Plateau’ 253 

(ENIP, Zhang et al., 2024), which we adopt here. Importantly, the ENIP is only recorded in 254 

sections/successions where sedimentation rates appear to have been high and is absent or 255 

extremely condensed in areas (e.g., most sections of South China) where sedimentation rates 256 

were low. Strata below the onset of negative values within the 'late Ediacaran Positive carbon 257 

Isotope Plateau’ (EPIP), as well as within the ENIP below the nadir of the BACE, host 258 

occurrences of a number of novel cloudinomorph morphologies in the Great Basin (e.g., 259 

Saarina, Costatubus, Selly et al., 2020; Schiffbauer et al., 2024) and Zavkhan Terrane (Zuunia, 260 

Yang et al., 2020; Topper et al., 2022), of which the latter certainly extends into the lower 261 

Cambrian, post-BACE (Topper et al., 2022). Given that these occurrences represent 262 

exceptional preservation via pyritization, and are facies controlled (e.g., Selly et al., 2020; 263 

Smith et al., 2023), it remains unclear how globally widespread or long-ranging these novel 264 

morphologies actually were within the terminal Ediacaran. The ENIP interval of the Zavkhan 265 

Terrane may also host the lowest occurrence of SSFs in the form of the morphologically 266 

simplest anabaritid Cambrotubulus (which may also occur within this interval in some sections 267 

of Siberia, see below), but the affinity of this specimen remains uncertain (Fig. 3, Topper et al., 268 

2022). Last, the lowest occurrence of protoconodonts (another group of Cambrian-type SSFs) 269 

in the Zavkhan Terrane coincides with rising d13Ccarb  values above the BACE nadir (Topper et 270 

al., 2022), shortly pre-dating or approximately coinciding with the lowest occurrence of T. 271 

pedum based on visual alignment of d13Ccarb data with the Great Basin record. 272 

     On the Siberian Platform, regional lowest occurrences of Fortunian SSFs are recognized to 273 

be under partial lithological control associated with poor preservation during early 274 
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dolomitization versus phosphatization/glauconitization within limey dolostone/limestone 275 

interbeds (e.g., Kouchinsky et al., 2017; Bowyer et al., 2023a; Marusin et al., 2023). By 276 

contrast, preservational conditions that promoted phosphogenesis/glauconitization, such as 277 

upwelling and/or stratigraphic condensation, appear to have been absent from the southwestern 278 

Laurentian margin in the basal Cambrian. Previous studies have inferred palaeobiogeographic 279 

trends from spatial distributions of SSF first occurrences, including inferences of first 280 

occurrence in Siberian or Mongolian terranes prior to global dispersal (e.g., archaeocyath 281 

distribution, Zhuravlev, 1986; Maloof et al., 2010). However, a recent report of exceptionally 282 

preserved archaeocyath specimens in the basal Kuanchuanpu Formation at Zhangjiagou, South 283 

China, which appear to derive from Fortunian strata, may instead suggest that some geographic 284 

differences could simply reflect preservational biases on phosphatization/glauconitization 285 

(Wang et al., 2025). The precise age of the Kuanchuanpu lagerstätte in the Zhangjiagou section 286 

is dependent upon regional biostratigraphic correlation only and additional lines of evidence 287 

are required to robustly demonstrate a basal Fortunian age for these fossils (e.g., Wang et al., 288 

2025 and references therein). 289 

Auxiliary ichnofossil markers for the Cambrian base 290 

     At the Cambrian GSSP, the base of the T. pedum IAZ is above the regional lowest 291 

occurrence of T. pedum and above the last occurrence of the problematic body fossil 292 

Harlaniella podolica within lower Member 2 of the Chapel Island Formation (Fig. 3, Landing 293 

et al., 2013; Geyer and Landing, 2017; Gougeon et al., 2025b). Aside from T. pedum, other 294 

ichnotaxa that occur above the base of Member 2 at Fortune Head, immediately below or 295 

significantly above the H. podolica – T. pedum IAZ boundary, but are not known from the 296 

dated mixed carbonate-siliciclastic succession on the Neint Nababeep Plateau (or from other 297 

contemporaneous deposits of the Kalahari craton) include Gyrolithes, Teichichnus and 298 

arthropod traces (Darroch et al., 2021; Nelson et al., 2022, in press; Gougeon et al., 2025b). 299 
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These represent examples of new architectural designs that document the appearance of novel 300 

lower Cambrian body plans (e.g., Mángano and Buatois, 2020) and have the potential to serve 301 

as auxiliary ichnotaxa for the identification of Fortunian strata. Meanwhile, Monomorphichnus, 302 

Psammichnites, and Cochlichnus -like traces, as well as Gordia, may predate the BACE nadir 303 

and regional lowest occurrences of T. pedum (e.g., Buatois and Mángano, 2016; Darroch et al., 304 

2021; Nelson et al., 2022; Turk et al., 2022; Azizi et al., 2023). Indeed, other obviously 305 

bilaterian trace fossils showing significant ranges of complexity and size significantly predate 306 

the calibrated range of the T. pedum IAZ and the BACE with well calibrated occurrences of 307 

ichnotaxa such as treptichnids, Archaeonassa, Parapsammichnites, and Streptichnus on the 308 

Kalahari craton between c. 541 and 538 Ma (e.g., Linnemann et al., 2019; Darroch et al., 2021; 309 

Nelson et al., 2022, in press; Bowyer et al., 2025; Gong et al., 2025). Linnemann et al. (2019) 310 

argued some of these trace fossils could be taken to mark the base of the Cambrian, and as such 311 

applied an age of 538.8 Ma to the GSSP, which has subsequently appeared in numerous 312 

publications and chronostratigraphic charts. We emphasize that, given the documented multi-313 

million-year overlap of some of these ichnotaxa and Ediacaran body fossils of the Nama 314 

assemblage and lack of ichnotaxa of the T. pedum IAZ, this level/age is not obviously 315 

correlative to the current GSSP (see detailed discussion in Nelson et al., in press). Furthermore, 316 

if the community decides a broader assemblage of bilaterian trace fossils should instead mark 317 

the base of the Cambrian, the lowest occurrences of such fossils are nearly 1 km lower in the 318 

Nama Group at ~541 Ma (e.g., Turk et al., 2022; Gong et al., 2025) and >500 meters below the 319 

BACE and lowest occurrence of T. pedum in Nevada (Tarhan et al., 2020). 320 

 321 

Global chronostratigraphic frameworks 322 

     Datable ash beds are not evenly distributed in space and time, and (for this interval of the 323 

geologic record) an approach that uses youngest detrital zircon populations to provide 324 
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maximum depositional age estimates is in its infancy. The dated sections displayed in figure 3 325 

offer an exceptional multi-proxy record to constrain the co-evolution of life and environment 326 

across the Ediacaran-Cambrian transition but they offer only a partial snapshot of full global 327 

ecospace. The palaeontological record of any section is controlled by a number of local effects, 328 

including changes in regional palaeoenvironmental conditions (e.g., oxygen or nutrient 329 

availability), changes in the distribution of preserved environmental settings (e.g., nearshore 330 

siliciclastic versus carbonate platform) and changes in the suitability of post-depositional 331 

microenvironments for fossil preservation (e.g. taphonomic windows that promote authigenic 332 

phosphate, pyrite, or clay minerals). Likewise, the fidelity of the geochemical record to archive 333 

changes in global ocean composition is determined by the degree of regional restriction as well 334 

as diagenetic effects (e.g., Ahm and Husson, 2022, and references therein). A holistic 335 

appreciation of global change across the Ediacaran-Cambrian transition necessitates that the 336 

skeleton age framework built using well-dated sections is extrapolated to incorporate data from 337 

as many globally distributed sections as possible. However, each of these regional syn- and 338 

post-depositional effects must be considered during the process of extrapolation, on a case-by-339 

case basis. By correlating long-term trends in d13Ccarb (rather than absolute magnitudes), the 340 

resulting global age framework visualizes the full compositional range in d13Ccarb across 341 

individual excursions. It also pins all palaeontological information from carbonate or mixed 342 

carbonate-siliciclastic succession to the radioisotopically calibrated compilation. 343 

Palaeontological data are also incorporated from siliciclastic-only successions with 344 

radioisotopic dated interbeds, while additional biotic datasets from successions that are poorly 345 

constrained in time are assigned preliminary age ranges based on biostratigraphic best fit to the 346 

temporally calibrated prior framework. 347 

Chemostratigraphic correlation 348 
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     Figure 4 shows two possible global age frameworks that cover the Ediacaran-Cambrian 349 

transition from 556 Ma to 528 Ma (full data and references in Table S2). Both were constructed 350 

using a hierarchical methodology that first considers all regional lithostratigraphic, 351 

chemostratigraphic and palaeontological information to develop regional composite profiles. 352 

The temporal calibration of regional composites was then achieved through correlation (via 353 

visual alignment of d13Ccarb) to sections that host d13Ccarb data anchored by dated interbeds (e.g., 354 

Maloof et al., 2010; Bold et al., 2016; Yang et al., 2021; Bowyer et al., 2022, 2023a,b, 2024, 355 

2025). This established chemostratigraphic approach relies on the basic assumption that marine 356 

d13Ccarb trends are relatively globally consistent. Moreover, this exercise is wholly iterative, 357 

meaning that many aspects of previous age frameworks (e.g., BACE calibrations of Maloof et 358 

al., 2010; Bowyer et al., 2022) are incompatible with more recently reported data and updated 359 

correlation interpretations (e.g., Bowyer, 2023, 2024; Nelson et al., 2023, and this study). 360 

     The principal difference between the two presented age frameworks is the duration of the 361 

BACE, with an onset timing that may be as late as ca. 533 Ma (onset age for short-duration 362 

BACE Model 1 is set at 535 Ma on the assumption that sedimentation rates are roughly uniform 363 

across the BACE and through overlying strata, Fig. 4a, Nelson et al., 2023; Bowyer et al., 2024) 364 

or as early as ca. 538 Ma (long-duration BACE Model 2, Fig. 4b). Differences in the onset 365 

timing and duration affect the temporal coincidence of specific external events that have been 366 

suggested as drivers for the BACE and influence how these data are applied towards carbon 367 

cycle modelling. As the tightest constraints pinning the BACE right now are ≤ ca. 538 Ma for 368 

the onset (Nelson et al., 2022, in press) and ≤ ca. 533 Ma for the recovery (Nelson et al., 2023), 369 

the timespan of the BACE cannot be further distinguished between these endmembers at 370 

present. This precludes robust interpretation of the length of the BACE, which could be 371 

interpreted from a ca. 5 Myr to a sub-1 Myr timescale—clearly with different implications for 372 

carbon cycle dynamics. 373 
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Ediacaran-Cambrian biotic overlap and extinction/origination 374 

     Rescaling the BACE duration also impacts temporal interpretations of biostratigraphic data 375 

from some sections in the pre-BACE interval, which has downstream effects on both associated 376 

biotic range data and origination and extinction rates interpreted using mean generic richness 377 

(e.g., using methods outlined in Bowyer et al., 2024). Specifically, in Model 2 the timing of 378 

any extinction event would occur earlier than in Model 1, which could imply that extinction 379 

occurred over a more protracted interval than Model 1 and/or that terminal Ediacaran extinction 380 

and Fortunian origination were significantly separated, temporally (Fig. 4a, 4b). The reason for 381 

this is that the timing of any extinction pulse in this interval is controlled by the last occurrences 382 

of soft-bodied Ediacaran fauna in advance of the BACE nadir. As previously noted, however, 383 

extinction rates interpreted for any such model are exaggerated by very low mean generic 384 

richness prior to BACE onset (Bowyer et al., 2024). The extinction of soft-bodied Ediacaran 385 

fauna might also coincide with an interpreted interval of terminal Ediacaran origination, which 386 

broadly corresponds to the lowest occurrence of novel cloudinomorph genera in sections of the 387 

Great Basin and Mongolian Zavkhan Terrane (e.g., Selly et al., 2020; Yang et al., 2020). 388 

Importantly, it is inherently difficult to estimate diversity within morphologically simple 389 

morphoclades, such as tubular forms, that either lack distinct diagnostic features or commonly 390 

have poor preservational quality (e.g. Selly et al., 2020). This underlying uncertainty in how to 391 

define taxa and lump/split fossils is compounded with the uncertainties in timescale/range-392 

distribution outlined in this review, on top of the fundamental taphonomic biases. As a result 393 

of these challenges, interpreted patterns in origination/extinction rates may not accurately 394 

represent evolutionary history. 395 

     The underlying global chemostratigraphic correlation that informs occurrence ages in the 396 

biotic dataset (Table S2) assumes minimal overlap of Ediacaran and Cambrian assemblages, 397 

thereby potentially exaggerating interpreted peaks in extinction and origination. Minimal 398 
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overlap is supported by a coherent succession of Fortunian SSF appearances through all 399 

individual Cambrian sections/successions (e.g., Topper et al., 2022 and references therein). 400 

Nevertheless, some issues remain unresolved and require focused attention in future studies. 401 

For example, stratigraphic correlations across the Siberian craton suggest that some of the 402 

oldest Cambrian-type SSFs occur immediately pre-BACE nadir, possibly within or even 403 

immediately in advance of, the ENIP (e.g., Nagovitsin et al., 2015; Marusin et al., 2023; 404 

Bowyer et al., 2023a and references therein). As noted above, preservational issues associated 405 

with early dolomitization or lack of authigenic phosphatization partially obscure lowest 406 

occurrences of Cambrian SSFs across the Siberian craton (and globally), and regional lowest 407 

occurrences are likely to underestimate the age of first appearances (Kouchinsky et al., 2017; 408 

Bowyer et al., 2023a; Marusin et al., 2023).  409 

     There also remain uncertainties in stratigraphic correlation of important sections, especially 410 

in southeastern Siberia. In particular, the Kyra-Ytyga section hosts anabaritids that co-occur 411 

with cloudinomorphs prior to the first appearance of numerous SSF taxa of the Fortunian 412 

Purella antiqua assemblage Zone, and all of these are reported from carbonates with positive 413 

but decreasing d13Ccarb previously interpreted to correlate with the onset of the BACE (Zhu et 414 

al., 2017). Extrapolating such a pre-BACE chemostratigraphic correlation would result in a 415 

pronounced pre-BACE peak in origination which, as noted by previous authors, would 416 

significantly increase the age of first appearance of several SSF taxonomic groups, including 417 

hyoliths, halkieriids and chancelloriids (Zhu et al., 2017; Topper et al., 2022). In this 418 

correlation, the first appearance of these SSFs on the Siberian Platform would predate their 419 

lowest occurrences in Mongolia and South China by up to several million years. An alternative 420 

interpretation is that the Kyra-Ytyga record contains one or more cryptic hiatuses in the upper 421 

part of the Ust’-Yudoma Formation, or that its positive d13Ccarb values correlate with peak 5p 422 

(Fig. 4, Bowyer et al., 2023a). 423 
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     Despite these uncertainties, the Kyra-Ytyga section does record the co-occurrence of 424 

cloudinomorphs and anabaritids at the same level (Zhu et al., 2017). Conservative models (e.g., 425 

Fig. 4) therefore necessitate range extension of cloudinomorphs into the Cambrian. Although 426 

Cloudina are not known to co-occur with T. pedum in lower Cambrian mixed siliciclastic-427 

carbonate successions, various cloudinomorph genera have been reported from carbonate-428 

dominated successions interpreted as lower Cambrian in age based on co-occurrence with 429 

Cambrian-type SSFs and/or their stratigraphic occurrences relative to regional d13Ccarb records 430 

(e.g., Yang, B. et al., 2016, 2020, 2021; Cai et al., 2019; Topper et al., 2022; Luo et al., 2024). 431 

The late Ediacaran diversification of cloudinomorphs and other tubular fauna therefore 432 

included survivor/‘holdover’ taxa, which persisted through terminal-Ediacaran extinction and 433 

effectively bridged Ediacaran and Cambrian biotic records. We echo Schiffbauer et al. (2022) 434 

and Darroch et al. (2023) who note that continued systematic research into the affinities of the 435 

terminal Ediacaran and lower Cambrian skeletal fauna is needed to better understand these 436 

patterns of diversity origination and extinction.  437 

Relative versus eustatic sea level change through the transition 438 

     Figure 3 shows interpreted base level curves for stratigraphic sections of the Kalahari craton 439 

(after Nelson et al., 2022), the Avalonian microcontinent (after Myrow and Hiscott, 1993), the 440 

Great Basin (after Smith et al., 2023), and the Zavkhan basin (after Smith et al., 2016b). 441 

Interpreting eustatic sea level change from regional depositional records is complicated by the 442 

fact that successions in each area document varying subsidence rates that are influence by 443 

different regional tectonic processes (e.g., active foreland basin setting for sections of the 444 

Kalahari craton, Mongolia, and Oman, and rift basin setting for sections of western Laurentia). 445 

However, a general shallowing-upward trend has long been recognized through numerous 446 

successions in advance of the BACE (e.g., Runnegar et al., 1995), especially in settings where 447 

subsidence rates are likely to have been lower.  448 
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     In the presented age models, a pulse of regional foreland subsidence led to rapid sediment 449 

deposition in the upper Schwarzrand Subgroup of the Nama Group on the western Kalahari 450 

craton in the lead up to the BACE (Fig. 3, Nelson et al., 2022, in press). However, elsewhere, 451 

eustatic sea level fall during this interval is perhaps supported by erosion of carbonates that 452 

record a decreasing trend in d13Ccarb, which is interpreted to represent the onset of the ENIP 453 

(e.g., upper Turkut Formation of the Siberian craton, Dengying Formation of the Yangtze 454 

Platform, South China, and Risky Formation of northwestern Canada). Indeed, the limited 455 

preservation of the BACE to marginal tectonically active basins such as the Zavkhan basin of 456 

Mongolia or southwestern Laurentia (rather than across widespread epeiric seas) is consistent 457 

with a hypothesis that this excursion coincided with a relative eustatic low stand.  Pulsed sea 458 

level rise is locally recorded during the uppermost ENIP and across the BACE, which is evident 459 

from diachronous transgressive flooding seen on the Siberian craton (Bowyer et al., 2023a), in 460 

southwestern North America (Smith et al., 2023), in Morocco (Maloof e al., 2005), and in 461 

Mongolia (Smith et al., 2016b). While eustasy may have played a role, in each of these cases 462 

it is challenging to distinguish this from local tectonic subsidence. Subsequent widespread 463 

eustatic sea level rise that postdated the BACE is most apparent from the base of the Sauk 464 

Megasequence in Laurentia, in which siliciclastics were deposited atop crystalline basement 465 

during diachronous transgression across North America ³3 Myrs after the BACE (Fig. 4, Sloss, 466 

1963; Keller et al., 2012; Nelson et al., 2023; Tasistro-Hart and Macdonald, 2023). The onset 467 

of the Sauk transgression is also apparent in the GSSP succession, within strata of the T. pedum 468 

IAZ (Fig. 3).  469 

 470 

Possible drivers for Ediacaran-Cambrian palaeoenvironmental change 471 

What caused the BACE? 472 
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     Numerous mechanisms have been put forward to explain large amplitude carbon isotope 473 

variability of the late Ediacaran through early Cambrian (e.g., Brasier and Lindsay, 2001; 474 

Maloof et al., 2010; Schrag et al., 2013; Smith et al., 2016b; Shields and Mills, 2017; Shields 475 

et al., 2020). For the BACE, some recent hypotheses link the down-going limb with input of 476 

isotopically light carbon via combined mantle outgassing and organic carbon combustion 477 

during rift volcanism, possibly associated the Wichita Igneous Province ‘WIP’ or related 478 

magmatism along the margins of Laurentia (Fig. 4e, Hodgin et al., 2021; Smith et al., 2023). 479 

Hydrothermal venting of greenhouse gases from magmatic sills and flows appears to have 480 

played an important role in several better constrained Phanerozoic negative d13C excursions, 481 

such as the Permian-Triassic boundary (Black et al., 2012), Triassic-Jurassic boundary (Ruhl 482 

et al., 2011), and Palaeocene-Eocene Thermal Maximum (Berndt et al., 2023). However, while 483 

available high-precision radioisotopic ages constrain an extrusive pulse for the WIP to ca. 539 484 

Ma, in advance of negative excursions in both BACE models (Fig. 4), a major phase of 485 

intrusive (with some extrusive) WIP volcanism is dated to between ca. 532 Ma and 530 Ma, 486 

and instead coincides with overall rising, but unstable, d13Ccarb during recovery from the BACE 487 

(Fig. 4e, Wall et al., 2021). Nonetheless, Smith et al. (2023) note that there are significant 488 

volumes of poorly constrained rift-related volcanic and magmatic rocks along the margins of 489 

Laurentia that broadly coincide with the Ediacaran-Cambrian transition, and this does not 490 

account for areas more distal to the continental margin with limited preservation potential. 491 

     Alternative models link multi-million-year trends in d13Ccarb data with cycles of global sea 492 

level and their underlying drivers (e.g., Brasier and Lindsay, 2001; Bachan et al., 2017; Busch 493 

et al., 2022; Bowyer et al., 2024). Second-order eustatic cycles (durations of ca. 5–50 Ma) are 494 

dominantly controlled by global plate reorganization and attendant changes in the volume of 495 

mid-ocean ridges, as well as isostatic rebound (e.g., Sloss, 1963; Marcilly et al., 2022 and 496 

references therein). These underlying tectonic processes influence continental uplift and 497 
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erosion, affecting (1) rates of carbonate weathering and deposition, and (2) the balance between 498 

oxidation and burial of organic carbon and sulfide on a global scale. Together these factors 499 

regulate the steady state carbon cycle by modulating the proportion of carbon buried as organic 500 

matter on long timescales (Shields and Mills, 2017). Shorter-term pulses of sulfate delivery via 501 

evaporite weathering may also have been important drivers for non-steady state carbon cycle 502 

dynamics and oxygenation events in the late Ediacaran (e.g., Shields et al., 2020).   503 

     Weathering and erosion not only regulate rates of sulfide and organic carbon oxidation on 504 

the continents but also deliver nutrients to marginal marine settings. These nutrients stimulate 505 

productivity, which drives marine anoxia and bacterial sulfate reduction (e.g., Shields et al., 506 

2020 and references therein). Neoproterozoic and early Paleozoic marine sediments were 507 

deposited under redox stratified water column conditions with oxygenated surface waters 508 

overlying anoxic depths (reviewed in Bowyer et al., 2017). Recent modelling also suggests that 509 

flooded shelf area was likely a dominant control on pyrite burial throughout the Phanerozoic 510 

(Mertens et al., 2025). The numerous high amplitude d13Ccarb excursions across the late 511 

Ediacaran and lower Cambrian interval may then be linked, in part, to productivity feedbacks 512 

on organic carbon and pyrite burial that were promoted during transgressive flooding of 513 

depositional settings by anoxic waters (Brasier and Lindsay, 2001; Bachan et al., 2017 and 514 

references therein).  515 

     Eustatic sea level not only regulates the global marine shelf area available for efficient burial 516 

of organic carbon and pyrite, but also the areal extent of shallow and semi-restricted settings. 517 

These shallow settings may exhibit local carbon isotope reservoir effects that have the potential 518 

to drive regional variability in the magnitude of d13Ccarb oscillations in some intervals of the 519 

preserved Ediacaran rock record (Busch et al., 2022). All of these processes are to some degree 520 

influenced by global plate tectonic organization, eustasy and climate, and some combination 521 

could have contributed to carbon cycle instability across the Ediacaran-Cambrian transition, 522 



23 
 

especially given the temporal position of the BACE near the onset of continental flooding 523 

associated with the Sauk transgression (Fig. 4e, Brasier and Lindsay, 2001). 524 

Possible drivers for late Ediacaran extinction 525 

     The widespread disappearance of Ediacaran soft-bodied biota and numerous skeletal taxa 526 

in the late Ediacaran is often proposed to reflect either (or a combination of) rapid and 527 

catastrophic mass extinction or gradual biotic replacement (reviewed most recently by Darroch 528 

et al., 2023 and Mussini and Dunn, 2024). Below, we discuss how/whether the global 529 

compilation may help to address these drivers. 530 

     Changes in ocean chemistry and climate, including global warming, oceanic anoxia, and 531 

hydrogen sulfide poisoning, have been invoked as plausible mass extinction mechanisms, but 532 

high-resolution geochemical proxy datasets to constrain global changes across the BACE and 533 

the interval of Ediacaran-Cambrian biotic turnover remain sparse. Recent multi-proxy data 534 

from the Turkut Formation of northern Siberia suggest that low oxygen conditions were 535 

maintained on both the local and global scales across an interval that may correspond with the 536 

lower ENIP (Cherry et al., 2022). This same composite section also hosts the last occurrence 537 

of Ediacaran-type soft-bodied fauna and LO of Cambrotubulus on the Siberian craton 538 

(Nagovitsin et al., 2015). Significant scatter in d238Ucarb data is evident in global Ediacaran-539 

Cambrian temporal correlations (e.g., Bowyer et al., 2024), but the available data trends suggest 540 

overall low global marine oxygen levels across the late Ediacaran and early Cambrian. As 541 

d238Ucarb is generally interpreted as a proxy for the global extent of seafloor anoxia, these values 542 

are relatively insensitive to localized changes in redox conditions on shallow marine shelves 543 

(e.g., Lau et al., 2019). Despite the clear need for additional redox proxy data, the disappearance 544 

of Ediacaran soft-bodied biota appears to have broadly coincided with a trend towards 545 

increasing d238Ucarb (antithetic to the late Ediacaran trend in d13Ccarb in advance of the BACE 546 
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nadir, Bowyer et al., 2024), which is often interpreted to reflect global oxygenation, rather than 547 

deoxygenation.  548 

     Biotic replacement scenarios for the Ediacaran-Cambrian transition typically draw on the 549 

continuum of sediment interaction styles in the late Ediacaran and the attendant increase in 550 

trace fossil complexity (e.g., Mángano and Buatois, 2020; Darroch et al., 2021, 2023; Turk et 551 

al., 2022; Gougeon et al., 2025a). Ichnotaxa that record shallow bed-penetrative bioturbation 552 

co-existed with microbial matgrounds and soft-bodied Ediacaran fauna in numerous terminal 553 

Ediacaran environments, alongside biomineralizing cloudinomorphs in co-eval carbonate 554 

settings (e.g., Jensen et al., 2000; Buatois et al., 2018; Chen et al., 2018, 2019; Mángano and 555 

Buatois, 2020; Nelson et al., 2022; Turk et al., 2022, 2024; Darroch et al., 2021, 2023; Gong 556 

et al., 2025). On the Kalahari craton alone, these features co-existed for ³2 Myrs prior to BACE 557 

onset (Fig. 3, Nelson et al., 2022, in press; Gong et al., 2025). 558 

Evidence for and against late Ediacaran mass extinction 559 

     Available geochronological, palaeontological and geochemical proxy datasets are currently 560 

too limited to support the argument for a catastrophic mass extinction linked to dramatic 561 

changes in oceanic chemistry or climate at the end-Ediacaran. The majority of geochemical 562 

datasets indicate that both late Ediacaran and lower Cambrian biota existed for millions of years 563 

in marine settings that were characterised by redox stratification and shallow redoxclines (e.g., 564 

Tostevin et al., 2016; Cherry et al., 2022). Not only is there limited geochemical evidence at 565 

present to suggest that the disappearance of Ediacaran soft-bodied organisms coincided with 566 

an increase in the intensity of anoxia on regional or global scales relative to the preceding 567 

interval, but the trace fossil record also appears to document a coincident increase in the 568 

diversity of motile forms that would have had higher oxygen demands. While many of these 569 

new organisms were likely better adapted to migrate in response to fluctuations in oxygen or 570 

hydrogen sulfide levels and temperature conditions, an equally valid argument (made for the 571 
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earlier White Sea extinction by Evans et al., 2022) could also be made that soft-bodied taxa 572 

might be expected to have had higher survivorship potential due to the lower oxygen demands 573 

afforded by their high surface area to volume ratios.  574 

     Biotic replacement, on the other hand, is considered to have taken hold over a protracted 575 

interval (see Darroch et al., 2023), and the temporal overlap between the burgeoning trace fossil 576 

record and apparent decline of soft-bodied taxa in the terminal Ediacaran is intriguing. While 577 

a reduction in preservation potential might be expected for any soft-bodied survivors that co-578 

existed with Fortunian trace makers, inferring ecological stress based on low diversity of late 579 

Ediacaran soft-bodied assemblages is likely to be skewed by undersampling along with issues 580 

of preservation as well as uncertainties in global stratigraphic correlation (e.g., Darroch et al., 581 

2023; Bowyer et al., 2024). 582 

     Perhaps most importantly, prior to interpretation of an extinction mechanism, is that the 583 

extinction peak recorded in advance of the BACE is likely exaggerated because it corresponds 584 

to a reduction in mean generic richness during an interval of very low standing diversity that 585 

had been maintained for a protracted interval (Bowyer et al., 2024). This reiterates the 586 

frequently asked question of whether the Ediacaran-Cambrian boundary interval hosts a ‘mass 587 

extinction’ at all (see also Darroch et al., 2023 and references therein). It also highlights an 588 

often-overlooked issue that requires focused future study: namely, that the rate of turnover 589 

remains poorly constrained because it is influenced by inherent uncertainties in global 590 

chronostratigraphic correlation (e.g., difficulties in assigning uncertainty estimates for different 591 

stratigraphic alignments). This final point underscores the need for continued refinement of the 592 

Ediacaran-Cambrian interval, particularly through radioisotopic calibration, investigation of 593 

alternative global chronostratigraphic frameworks that leverage all available data, and 594 

systematic collection of fossil abundance data. 595 

 596 
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Outlook 597 

     No single section in the geological record contains a complete, globally representative 598 

archive. To achieve a holistic view of any interval of Earth history therefore necessitates the 599 

collation of, and extrapolation between, multidisciplinary datasets from globally distributed 600 

successions and, possibly, a transition away from the focus being solely on specific ‘GSSP’ 601 

sections. This approach exemplifies the inherently international and collaborative endeavor of 602 

Earth science research. As data from detailed regional studies are collated into iterative updates 603 

to the global age framework, the sequence of events across the Ediacaran-Cambrian transition 604 

will continue to come into sharper focus, in turn further elucidating the early history of animal 605 

diversification. 606 
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Fig. 1. Summary figure to show the macroevolutionary significance of the Ediacaran-1081 

Cambrian transition. (a) Expanded view of the Cryogenian through lower Cambrian (670-1082 

514 Ma) showing key macrofossil occurrences and assemblages: 1. ‘Twitya disks’ of the mid-1083 

Cryogenian (Burzynski et al., 2020); 2. Lantian assemblage of South China; 3. Weng’an 1084 

assemblage of South China; 4. Avalon assemblage, including the first appearance of 1085 

macrofossils that are generally agreed to include metazoans (e.g., Dunn et al., 2021); 5. White 1086 

Sea assemblage, including the earliest bilateraliomorphs; 6. Nama assemblage, including first 1087 

widespread appearance of animal biomineralization and tubular cloudinomorphs; 7. Lowest 1088 

occurrence of trilobites in Siberia, approximately coincides with unratified Cambrian Stage 2-1089 

3 boundary; 8. Reconstructed mean generic richness (black polygon, with Cambrian mean 1090 

generic richness estimated using skeletal metazoan data only, terminated at 522 Ma) based on 1091 

temporally calibrated occurrence dataset (Bowyer et al., 2024); 9. Raw counts of metazoan 1092 

genera per Stage (green boxes) after Na and Kiessling (2015). Background carbonate carbon 1093 

isotope composite temporally calibrated using available radioisotopic ages (full data and 1094 

references in Yang et al., 2021; Bowyer et al., 2023b, 2024, 2025; Nelson et al., 2023, in press; 1095 

and this study). Vertical blue lines show ages and durations of Proterozoic Snowball Earth 1096 

glaciations and vertical coloured barcode in right of panels (a)-(c) delineates Series of the 1097 

Phanerozoic. (b) Selected major evolutionary events through geologic time (after Javaux, 2019 1098 

and Tang et al., 2024, and references therein), transitions in dominant primary producers (after 1099 

Brocks et al., 2023), and raw genus richness from Sepkoski’s compendium (after Bush and 1100 

Payne, 2021 with data from Rohde and Muller, 2005). (c) Hypothesized trajectory of 1101 

atmospheric oxygen concentration through geologic time based on multiple geochemical proxy 1102 

and modelling data (modified after Krause et al., 2022; Lyons et al., 2024 and references 1103 

therein). Vertical blue bars show hypothesized transitional intervals/episodes of increasing 1104 

environmental oxygenation: GOE: Great Oxidation Episode; NOE: Neoproterozoic 1105 
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Oxygenation Event/Episode; POE: Paleozoic Oxygenation Event/Episode. (d) Composite 1106 

carbonate carbon isotope record from multiple previous data compilations (Cramer and Jarvis, 1107 

2020; Park et al., 2020; Yang et al., 2021; Bowyer et al., 2023b, 2024, and references therein) 1108 

with timing of rifting-tenure-breakup of supercontinents after Sundell and Macdonald (2022): 1109 

Rodin. - Rodinia; Gon. - Gondwana; Pa. - Pangea. 1110 

 1111 

 1112 
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Fig. 2. Available high-precision zircon U-Pb dates for a selection of key stratigraphic sections 1113 

across the Ediacaran-Cambrian transition and their interpreted chronostratigraphic utility for 1114 

calibration of chemostratigraphic and fossil occurrence data. All ash bed data are weighted 1115 

mean ID-TIMS 206Pb/238U dates with vertical bars showing 2s analytical uncertainties (not 1116 

accounting for tracer calibration and 238U decay constant uncertainties). However, note that 1117 

some dates interpreted as near-depositional ages are derived from air abrasion or combined air 1118 

abrasion and chemical abrasion single grain data, and should be treated with caution. Selected 1119 

maximum depositional ages (Spring Mountains, Nelson et al., 2023) are calculated from the 1120 

mode of youngest zircon dates, which does not assume a single magmatic population in case 1121 

of detrital/reworked grains. Full zircon database and references provided in Table S1. Colours 1122 

correspond to data provenance, as shown in figure 3, with additional zircon U-Pb ages from 1123 

South China in blue (see Table S1 for full dataset).  1124 
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Fig. 3. Important terminal Ediacaran to lower Cambrian sections that are calibrated (or readily 1127 

correlatable to sections that are calibrated) by zircon U-Pb ID-TIMS ages (coloured numbers 1128 

without parentheses). Also shown are the composite section of the Burin Peninsula, 1129 

Newfoundland, which hosts the ratified basal Cambrian GSSP section at Fortune Head, and 1130 

one section from the Zavkhan Terrane of Mongolia, neither of which are directly calibrated via 1131 

radioisotope geochronology. All sections are shown to the same scale. Sediments of the 1132 

dominantly siliciclastic Burin Peninsula composite section are differentiated by colour. 1133 

References for lithostratigraphic, geochemical and radioisotopic data: western Avalonia 1134 

composite (Myrow and Hiscott, 1991, 1993; Myrow and Landing, 1992; Hantsoo et al., 2018; 1135 

Laing et al., 2019; Gougeon et al., 2025a, b; Hamilton et al., 2023); Neint Nababeep Plateau 1136 

(Nelson et al., 2022, in press); Great Basin, Laurentia (Smith et al., 2016a, 2023; Selly et al., 1137 

2020; Tarhan et al., 2020; Hodgin et al., 2021; Nelson et al., 2023); Zavkhan Terrane (Smith et 1138 

al., 2016b; Topper et al., 2022); Rio de la Plata craton (Boggiani et al., 2003; Parry et al., 2017; 1139 

Ramos et al., 2022); Oman (Amthor et al., 2003; Schröder et al., 2005; Bowring et al., 2007; 1140 

Schröder and Grotzinger, 2007; Fike and Grotzinger, 2008; Grotzinger and Al-Rawahi, 2014). 1141 

Inset palaeogeography after Li et al. (2023). Ediacaran-Cambrian colour coding is based on 1142 

lowest occurrence of T. pedum in each section but note ambiguity in assignment of the 1143 

boundary level in the Ara Group of the South Oman Salt Basin and at Bayan Gol section of the 1144 

Zavkhan Terrane, Mongolia, without employing correlation based on auxiliary 1145 

chemostratigraphic data. Dashed vertical lines show range extensions of fossil occurrences 1146 

based on readily correlatable sections or uncertain fossil assignments in the same section. Solid 1147 

vertical curved lines indicate interpreted relative sea level variations. 1148 
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Fig. 4. Two possible global chronostratigraphic frameworks that cover the terminal Ediacaran 1151 

through lowermost Cambrian (Fortunian and lower Stage 2), with associated diversity metrics 1152 

for Model 1 from Bowyer et al. (2024) and calculated using range-through data. (a) A Short-1153 

duration interpretation for the BACE (Model 1) follows Nelson et al. (2023) and Bowyer et al. 1154 

(2024). (b) Long-duration BACE (Model 2) is provided here (Table S2). These models are 1155 

endmember interpretations that comply with existing chronostratigraphic constraints rather 1156 

than being the only possibilities. (c) Radioisotopic ages that temporally calibrate intervals of 1157 

the global chemostratigraphic correlation. Grey faded horizontal bands highlight poorly 1158 

constrained intervals (PCI). (d) Different extents of biotic assemblage overlap are calibrated 1159 

within each age framework. Black – BACE Model 1; brown – BACE Model 2. Symbols from 1160 

Figure 3. Dashed lines show possible range extensions based on additional uncertainties in both 1161 

chronostratigraphic frameworks [e.g., Cloudina extension to lower Stage 2 based on minimum 1162 

possible age of upper Ust’-Yudoma Formation at Kyra Ytyga section, southeast Siberia (Zhu 1163 

et al., 2017) as described in Bowyer et al. (2023a)]. See figure 3 for key to black fossil symbols. 1164 

Ranges for some ichnogenera extend into the Avalon/White Sea interval (>550 Ma) based on 1165 

occurrence database of Mángano and Buatois (2020). (e) Interpreted eustatic sea level curve 1166 

(dashed line) based on integrated analysis of relative sea level curves from regional composite 1167 

sections and interpretation of regional tectonic controls. Age constraints for bimodal volcanism 1168 

associated with emplacement of the Wichita igneous province (WIP, turquoise horizontal bars) 1169 

after Wall et al. (2021). Ero. - intervals of widespread erosion during maximum eustatic 1170 

regression. 1171 


