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ABSTRACT 23 

Climate change is demonstrably linked to radiations, extinctions, and turnovers in the biosphere 24 

throughout the Phanerozoic (538.8 Ma to present). Here, we show that this connection existed as 25 

far back as the late Ediacaran (~579 to 538.8 Ma), the first interval in Earth’s history to host 26 

complex macroscopic organisms including early animals. To do this, we systematically evaluate 27 

the dating, correlation, and likely glaciogenicity of candidate Ediacaran glaciogenic deposits to 28 



produce a first-order climatic framework for the mid- to late Ediacaran. In contrast to previous 29 

studies, our systematic approach accounts for uncertainties in chronostratigraphy, correlation, 30 

and depositional interpretation of candidate glaciogenic deposits. Through this systematic 31 

approach we reduce the error envelopes which have allowed previous interpretations of either 32 

one long (>20 Myr) or up to four short (1 to 5 Myr) ice ages during the mid- to late Ediacaran. 33 

We show that the available data support two intervals of icehouse climate state (mid-Ediacaran, 34 

~593 to 579 Ma; and late Ediacaran, ~565 to ~550 Ma) that alternated with greenhouse climates 35 

(late Ediacaran, ~579 to 565 Ma; and terminal Ediacaran, ~550 Ma to Cambrian). Both icehouse 36 

intervals were characterized by geographically restricted glaciations of ~10 to 15 Myr duration, 37 

with expansion and retreat of ice sheets. These changes in climate state correspond in time with 38 

apparent step-changes in the late Ediacaran biosphere, including to the standing diversity and 39 

taxonomic composition of paleocommunities. Our results support a Phanerozoic-style coupling 40 

of global climate and biosphere during the early stages of animal evolution.  41 

 42 

INTRODUCTION 43 

Changes in Earth’s climate and biosphere are closely linked throughout the Phanerozoic Eon (the 44 

last ~539 million years). Transitions between globally cooler and warmer conditions are 45 

implicated in extinctions, diversifications, and biotic turnovers in the Phanerozoic fossil record 46 

(e.g. Erwin, 2009; Bond and Grasby, 2017; Fenton et al., 2023; Woodhouse et al., 2023). 47 

However, it is unclear whether such relationships existed in Earth’s earliest known metazoan 48 

biosphere, that of the late Ediacaran Period (~580 to 538.8 Ma). The Ediacaran Period follows 49 

the Cryogenian Period, which is supposedly characterized by extreme and long-lasting 50 

‘snowball’ climate conditions (e.g. Hoffman et al., 2017), and precedes the prolonged 51 



greenhouse climate of the Cambrian Period (Scotese et al., 2021; Wong Hearing et al., 2021). 52 

The Ediacaran Period can therefore be viewed as a transitional interval in Earth’s climate history, 53 

coincident with the early diversification of animals and reorganization of the carbon cycle 54 

(Butterfield, 2009; Wood et al., 2019; Xiao and Narbonne, 2020).  55 

Evidence for glaciogenic sedimentary deposits of broadly mid- to late Ediacaran age has been 56 

widely recognized in the rock record, and candidate glacial deposits have been variously 57 

considered to represent either several very short glaciations (e.g. Pu et al., 2016; Retallack, 2022; 58 

Linnemann et al., 2022; Niu et al., 2024) or one continuous 20 to 40 million year icehouse 59 

interval with a shifting locus (e.g. Wang et al., 2023a, 2023b). These studies all propose testable 60 

hypotheses of a first-order climatic framework for the mid- to late Ediacaran Period. Testing 61 

these hypotheses requires a systematic consideration of the depositional ages and genesis of the 62 

rocks on which they rest. However, recent compilations of candidate Ediacaran glacial units have 63 

applied inconsistent criteria to assemble only partially overlapping subsets of deposits (Figure 1) 64 

within different correlation frameworks (Table 1; Figure S1; Youbi et al. 2020; Retallack 2022; 65 

Wang et al. 2023a, b; Niu et al. 2024). The resulting uncertainty about which deposits are glacial 66 

and how they should be correlated has hindered assessments of Earth’s climate evolution through 67 

this critical interval in biosphere evolution. It remains unclear, for example, whether the largest 68 

carbon cycle perturbation in the geological record, the Shuram excursion with δ13C values as low 69 

as –12 ‰, occurred when Earth was in a greenhouse (Shields et al., 2019; Bergmann et al., 2022) 70 

or an icehouse (Wang et al., 2023a, 2023b) climate state.  71 

Here, we build on recent advances in stratigraphic correlation (e.g. Rooney et al., 2020; Yang et 72 

al., 2021; Busch et al., 2023; Bowyer et al., 2023, 2024) and paleobiology (e.g. Boag et al., 2016, 73 

2024; Muscente et al., 2019; Boddy et al., 2021; Surprenant and Droser, 2024; Bowyer et al., 74 



2024) to interrogate the co-evolution of physical and biological components of the Earth System 75 

through the Ediacaran Period. Specifically, we combine sedimentological and paleobiological 76 

data in a refined chronostratigraphic framework to evaluate the hypothesis that there is a 77 

temporal link between global climate state and biodiversity dynamics (faunal turnovers) in the 78 

late Ediacaran geological record.  79 

Extrapolating from the Phanerozoic Earth System, we would expect to see in the fossil record a 80 

biosphere response to changing climate via changes in standing diversity and/or taxonomic 81 

composition (e.g. Erwin, 2009; Woodhouse et al., 2023). The absence of this pattern in the 82 

Ediacaran (the null hypothesis) would indicate (a) that geological and collection biases currently 83 

obscure our ability to read the Ediacaran geological record, and/or (b) that our data have 84 

insufficient age controls for accurate correlation, and/or (c) that the Ediacaran biosphere had a 85 

fundamentally different relationship to the climate system than the Phanerozoic biosphere. 86 

Understanding past temporal relationships between the biosphere and climate system is essential 87 

for evaluating hypotheses of how animal evolution affected Earth’s climate evolution, and vice 88 

versa.  89 

 90 

MATERIALS AND METHODS 91 

Ediacaran glacial deposits 92 

We distinguish between icehouse and greenhouse climate states by the presence or absence of 93 

low altitude continental ice sheets respectively (e.g. Macdonald et al., 2019), and note that the 94 

presence of sea ice alone is insufficient evidence of icehouse conditions.  95 

Uniquely, we performed a systematic assessment of both the dating and sedimentological 96 

evidence for candidate mid- to late Ediacaran glaciogenic deposits. Although most recent 97 



workers have considered the dating evidence for candidate Ediacaran glaciogenic deposits, they 98 

have not systematically considered the sedimentological evidence that each deposit was actually 99 

formed by ice-related processes, i.e. the likely glaciogenicity (Table 1; Figure 1). Here, we have 100 

explicitly and systematically considered the sedimentological evidence for each candidate 101 

Ediacaran glaciogenic deposit following the star rating system of Tindal (2023) and which is 102 

outlined below (Table 2; Supplementary Data 1).  103 

Our dataset (Supplementary Data 1) is derived from the compilations of Youbi et al. (2020), 104 

Retallack (2022), Tindal (2023), Wang et al. (2023a, b), and Niu et al. (2024), with additional 105 

data drawn from references cited in those studies, notably Hambrey and Harland (1981) and 106 

Arnaud et al. (2011), as well as more recent publications. All deposits included in the 107 

compilations of Youbi et al. (2020), Retallack (2022), Wang et al. (2023a, b), and Niu et al. 108 

(2024) were considered here. Deposits not included in these compilations but that were included 109 

in Tindal's (2023) Appendix 2 were considered where:  110 

1) their glaciogenicity score was greater than one star (see below; Tindal, 2023), AND  111 

2) an Ediacaran depositional age was plausible, meaning that: 112 

a) neither age constraint contradicts an Ediacaran age, AND 113 

b) at most one of the maximum and minimum age constraints is missing (“NA”), AND 114 

i) the maximum age constraint is not older than 635 Ma, OR 115 

ii) the minimum age constraint is older than the Ordovician Period (486.85 Ma) 116 

AND younger than 600 Ma  117 

(i.e. the maximum age is Ediacaran or the minimum age is mid-Ediacaran to Cambrian).  118 

After this screening process, many of the remaining deposits from Tindal (2023) are still more 119 

likely of Cryogenian than Ediacaran age, based on non-radiometric constraints.  120 

 121 

Determining depositional age 122 



There is substantial circularity in the dating and correlation of Neoproterozoic putative 123 

glaciogenic deposits (Tindal, 2023), which is partly responsible for the discrepancies between 124 

previous compilations (Table 1; Table 3; Figure 1). Putative Neoproterozoic glaciogenic deposits 125 

tend to be correlated together on lithostratigraphic grounds (‘glaciostratigraphy’; Tindal 2023). 126 

Independent age constraints are therefore crucial for testing potential patterns and quantifying 127 

temporal uncertainty in global paleoclimate data.  128 

Literature searches were performed to make rigorous assessments of depositional age for each 129 

potentially glaciogenic deposit. Where available, radiometric age constraints are preferred. 130 

Radiometric dates were included only if they possess a well-documented stratigraphic 131 

relationship with a putative glaciogenic deposit. Chemostratigraphic evidence is considered 132 

where there is good evidence for regional and global chemostratigraphic correlation. 133 

Biostratigraphic age constraints are a valuable but uncertain independent dating method for 134 

candidate glaciogenic deposits. In particular, biostratigraphy is useful where Cambrian or 135 

Ediacaran fossils are found overlying a diamictite deposit. For example in northern China, 136 

Arabia, and the Baltic region, where the strata overlying diamictite units contain fossils like 137 

Shaanxilithes that are known to be restricted to the terminal Ediacaran or older (~550 to 538.8 138 

Ma; Vickers-Rich et al., 2013; Wang et al., 2021b; Agić et al., 2024). Here, where we use late 139 

Ediacaran macrofossils to provide an age constraint, we assumed that these taxa could extend up 140 

to the Ediacaran–Cambrian boundary and we therefore apply a numerical age constraint of 538.8 141 

Ma (Cohen et al., 2013; Linnemann et al., 2019), though it is likely that the true age constraint is 142 

older than this.  143 

 144 

Assessing glaciogenicity 145 



Putative glaciogenic deposits readily enter the literature, but are very difficult to excise from it if 146 

originally misinterpreted, as shown by the number of low-scoring deposits and the variable range 147 

of deposits included in or excluded from previous Ediacaran compilations (Table 1; Table 3; 148 

Figure 1; Tindal 2023). Neoproterozoic diamictite deposits are frequently interpreted as 149 

glaciogenic even when the sedimentology and geotectonic context make a non-glacial origin 150 

more parsimonious (e.g. Kennedy et al., 2019; Kennedy and Eyles, 2021; Molén, 2023; 151 

Kühnemann et al., 2024; Palacios, 2024; Meinhold et al., 2025). To mitigate for this, we 152 

followed the glaciogenicity assessments of Tindal (2023), who devised a semi-quantitative five-153 

star rating scheme to assess the strength of evidence for glaciogenicity of deposits, and applied it 154 

consistently across the pre-Pleistocene glacial record.  155 

Tindal's (2023) scheme weights individual lines of sedimentological and geomorphological 156 

evidence alongside consideration of the depositional and tectonic context on a geometric 157 

progression scale from one to five, where a rating of five indicates unequivocal evidence for 158 

glaciation, and a rating of one means that a broad range of ice-free depositional processes could 159 

be responsible for producing the assembled characteristics (Table 2; Supplementary 160 

Information). The summary rating for each deposit is the weighted sum of all individual 161 

depositional characteristics, such that two lines of evidence at one level equate to one line of 162 

evidence at the next (higher) level. Because the scoring system incorporates multiple lines of 163 

evidence of varying individual strengths, it should be used to guide interpretations of the 164 

potentially glacial origins of a deposit but not as a strict diagnostic test.  165 

We consider unreliable those deposits that score less than three out of five stars, meaning that 166 

plausibly glaciogenic deposits have ‘circumstantial’ or better evidence that they were formed 167 

under glacial influence (Tindal, 2023, tbl. 2.1). For some deposits rated less than three stars, it 168 



may be that the level of described evidence does not accurately reflect the evidence that is 169 

available in the field, and so they may be upgraded in the future when further data come to light. 170 

Where a deposit was not originally rated by Tindal (2023) and/or where substantial new evidence 171 

has been published since his initial assessment, author BHT has reviewed the currently available 172 

evidence and provided updated ratings for these deposits (Supplementary Information; 173 

Supplementary Data 1).  174 

 175 

Ediacaran paleobiological data 176 

Our paleobiological dataset is primarily based on the compilations of Boddy et al. (2021) and 177 

Bowyer et al. (2024), with additional data from Surprenant and Droser (2024), Muscente et al. 178 

(2019), and other primary sources (Supplementary Data 2). The primary age model used to 179 

calibrate the paleobiology dataset is Bowyer et al.'s (2023, 2024) age model K; for deposits older 180 

than ~550 Ma this age model follows Yang et al. (2021); for Mistaken Point Ecological Reserve 181 

(MPER) data, we follow the original age model of Matthews et al. (2020). Where further 182 

radiometric or carbon isotope age controls are available, these have also been included within an 183 

updated age model (Supplementary Data 2).  184 

We follow Wood et al. (2023) in considering each late Ediacaran biotic assemblage to be 185 

characterized by the novel morphotypes or major groups that first appear in that assemblage 186 

(Supplementary Data 2). For example, this makes the rangeomorph Rangea a component of the 187 

Avalon assemblage because rangeomorphs first appeared as a key part of the Avalon 188 

assemblage, even though Rangea itself is only known from deposits younger than ~557 Ma.  189 

Paleobiodiversity analyses were performed in R (R Core Team, 2021) using the package divDyn 190 

(Kocsis et al., 2019). We examined raw genus richness and subsampled genus richness using 191 



inexact Shareholder Quorum subsampling (SQS; Alroy 2010a, 2014) with a quota of 0.4, 192 

unweighted collection-based classical rarefaction (UW) with a quota of eight collections, and 193 

occurrence-weighted by-list subsampling (OW) with a quota of 14 occurrences.  194 

The depositional age of the classic White Sea assemblage fossils from South Australia (East 195 

Gondwana) is only loosely constrained by the ~566 Ma Shuram-correlative Wonoka Formation 196 

negative CIE below (Yang et al., 2021; Busch et al., 2022, 2023) and the Terreneuvian (early 197 

Cambrian) Uratanna and Parachilna formations above (Betts et al., 2018). The Ediacara Member 198 

fossiliferous deposits are typically correlated on the basis of taxonomic similarity with the better 199 

constrained deposits of the White Sea region of the East European Platform (Waggoner, 2003; 200 

Boag et al., 2016; Muscente et al., 2019; Boddy et al., 2021; Bowyer et al., 2022, 2023, 2024; 201 

Evans et al., 2022). We performed our paleontological analyses using the full dataset, and then 202 

performed sensitivity analyses on the dataset excluding South Australia occurrences to 203 

understand the impact of the lack of precise dating of these sections.  204 

 205 

RESULTS 206 

Recent publications that compile, compare, or review candidate Ediacaran glaciogenic deposits 207 

(Table 1) can be grouped into three broad categories (Figure S1): (a) those that correlate most 208 

glacial evidence to the Gaskiers glaciation (~580 Ma; Youbi et al. 2020), (b) those that argue for 209 

two to four short-lived (~1 to 5 Myr) glaciations (Linnemann et al., 2018, 2022; Retallack, 2022; 210 

Niu et al., 2024), and (c) those that argue for a single, protracted, late Ediacaran icehouse of ~20 211 

to 40 Myr duration (Wang et al., 2023a, 2023b). Figure 2 shows our updated compilation of 212 

candidate mid- to late Ediacaran glaciogenic deposits and our assessment of the strength of 213 

evidence for their glaciogenicity. The most parsimonious interpretation of our data identifies two 214 



icehouse intervals of 10 to 15 Myr in duration, here termed the mid-Ediacaran icehouse (MEIH; 215 

~593 to 579 Ma) and the late Ediacaran icehouse (LEIH; ~565 to 550 Ma), separated by 216 

greenhouse intervals termed the late Ediacaran greenhouse (LEGH; ~579 to 565 Ma), and the 217 

terminal Ediacaran greenhouse (TEGH; ~550 Ma to Cambrian).  218 

 219 

593 to 579 Ma: mid-Ediacaran icehouse (MEIH) 220 

Our compilation demonstrates that there is strong support for Earth’s climate being in an 221 

icehouse state in the mid-Ediacaran between ~593 to 579 Ma (Figure 2), even when deposits 222 

with low confidence of a glaciogenic interpretation (less than three stars) are discounted. This 223 

icehouse was previously considered to be a short-lived cold interval of perhaps less than 1 Myr, 224 

characterized as the ‘Gaskiers glaciation’ at ~580 Ma (Pu et al., 2016). There is now evidence for 225 

icehouse conditions lasting perhaps ~5 Myr on Avalonia (Fitzgerald et al., 2024; Mills et al., 226 

2024), ~10 Myr on the Rio de Plata craton (Oyhantçabal et al., 2007; Mallmann et al., 2007), and 227 

~10 to 15 Myr on North African Gondwana (Letsch et al., 2018), with a consistent termination 228 

age of ~579 Ma (Figure 2). Often called the ‘Gaskiers glaciation’, here we use the term ‘mid-229 

Ediacaran icehouse’ (MEIH) to emphasize its broader paleogeographical and temporal 230 

distribution (Figure 2).  231 

Of the deposits identified in this interval, the Gaskiers Formation and Trinity diamictite 232 

(Avalonia; eastern Newfoundland, Canada), both rated four star deposits (Tindal, 2023), have the 233 

tightest age constraints for the termination of glacial activity. Underlying the Gaskiers Formation 234 

in eastern Newfoundland, the Mall Bay Formation is only rated a two star deposit 235 

(Supplementary Information) but indicates evidence of cold conditions on Avalonia prior to 236 

deposition of the Gaskiers and Trinity diamictites (Fitzgerald et al., 2024). Overlying the 237 



Gaskiers Formation, turbidites of the Drook Formation were deposited in similar deep water 238 

slope settings and contain some of the oldest Ediacaran macrofossils (Matthews et al., 2020), but 239 

appear to lack evidence of glacial influence. This is despite much paleontological and 240 

stratigraphical research on the upper part of this unit (Hofmann et al., 2008; Matthews et al., 241 

2020), and may indicate a sharp change in the local climate regime at ~579 Ma (Pu et al., 2016). 242 

Strata of the lower Drook Formation may offer insights into the climatic transition at the end of 243 

the MEIH. The Squantum Member diamictite, Roxbury Conglomerate Formation (Avalonia; 244 

northeast USA), has been radiometrically constrained to between ~595 to 570 Ma (Thompson 245 

and Bowring, 2000; Thompson et al., 2007). Although rated a four star deposit (Tindal, 2023), 246 

the reliability of reports of striated clasts has been called into question, with some studies 247 

concluding there is no strong evidence of glaciogenicity (Dott 1961; Socci and Smith 1990; 248 

Carto and Eyles 2012; Supplementary Information). Nevertheless, the glaciomarine Gaskiers and 249 

Trinity diamictites provide strong positive evidence for low altitude glaciation on Avalonia, 250 

terminating at ~579 Ma.  251 

Candidate glaciogenic deposits in the Tiddiline Group and Izdar Member (West Gondwana; 252 

Morocco), both rated three star units (Tindal, 2023), were deposited between ~593 to 579 Ma 253 

(Thomas et al., 2002; Inglis et al., 2004; Blein et al., 2014; Letsch et al., 2018). The diamictites 254 

are interpreted as both terrestrial and marine tillites, providing evidence for proximal glacial 255 

activity, whereas the laminites with dropstones reflect more distal glaciomarine conditions 256 

(Letsch et al., 2018). The repeated alternation of tillites and laminites evidences local waxing and 257 

waning of low altitude land ice on West Gondwana (Letsch et al., 2018).  258 

The Las Ventanas and Playa Hermosa formations (Río de Plata craton; southern Uruguay) are 259 

both rated three star deposits (Tindal, 2023). The Las Ventanas Formation is constrained by 260 



radiometric dates to between 590 ± 2 Ma to 579 ± 1.5 Ma (Oyhantçabal et al., 2007; Mallmann 261 

et al., 2007), consistent with less precise radiometric ages and acritarch biostratigraphy (Bossi et 262 

al., 1993; Sanchez Bettucci and Linares, 1996; Gaucher et al., 2008; Pecoits et al., 2011). The 263 

Playa Hermosa Formation is radiometrically constrained to between 594 ± 16 Ma and 578.0 ± 264 

4.3 Ma (Rapalini et al., 2015). The Las Ventanas and Playa Hermosa formations were deposited 265 

in a tectonically active setting with evidence of non-glaciogenic debris flow deposits, but the 266 

candidate glaciogenic deposits include diamictites and fine-grained rhythmites hosting outsized 267 

clasts with facetted surfaces (Pecoits, 2003; Pecoits et al., 2008, 2011; Gaucher et al., 2008; 268 

Pazos et al., 2011).  269 

The Tany, Koyva, and Starye Pechi formation diamictites of the Serebryanka and Sylvitsa 270 

groups (Baltica; central Urals, Russia) are constrained between volcanic zircon U-Pb dates 598.1 271 

± 6.0 Ma (lower Tany Formation) and 567.2 ± 3.9 Ma (the overlying Perevalok Formation; 272 

Chumakov, 2011; Grazhdankin et al., 2011; Maslov et al., 2013; Chumakov et al., 2013). The 273 

Tany, Koyva, and Starye Pechi diamictites are variously interbedded with shales and massive 274 

quartz-feldspar sandstones as well as minor carbonates (Grazhdankin et al., 2009; Chumakov, 275 

2011). The geological context indicates deposition on an outer shelf to slope setting, with the 276 

diamictites interbedded with various gravity-driven mass flow-derived deposits including flysch, 277 

conglomerates, breccias, turbidites, and syn-sedimentary slumping (Chumakov, 2011; Maslov et 278 

al., 2013; Chumakov et al., 2013). All three units are reported to have evidence indicating a 279 

glaciogenic origin including rare (Ipat’eva in Maslov et al., 2013) striated and outsized clasts, 280 

and are rated four (Tany) and three (Koyva, Starye Pechi) star deposits (Tindal, 2023). It is 281 

possible, though unproven, that the Starye Pechi Formation was deposited after the MEIH, in the 282 

LEGH (see below).  283 



 284 

579 to 565 Ma: late Ediacaran greenhouse (LEGH) 285 

The late Ediacaran experienced a major perturbation to the carbon cycle, as recorded by the 286 

Shuram negative CIE (Xiao and Narbonne, 2020; Yang et al., 2021; Busch et al., 2022), which 287 

began no earlier than 575 Ma (Rooney et al., 2020; Yang et al., 2021) and terminated after 566.9 288 

± 3.5 Ma (Busch et al., 2023). The Shuram CIE has been studied in globally distributed sections 289 

and a wide range of depositional settings (e.g. Yang et al., 2021; Busch et al., 2022; Bergmann et 290 

al., 2022; Cantine et al., 2024), yet there are no currently known sections in which a Shuram-like 291 

CIE is coincident with a candidate glaciogenic deposit.  292 

However, carbonate olistoliths from the Kernos, Buton, and Starye Pechi formations have 293 

yielded very negative (–10 to –15 ‰) carbon isotope values that were originally interpreted as 294 

either diagenetic or resulting from methane or carbon dioxide seeps (Chumakov et al., 2013). We 295 

suggest that an alternative interpretation is that these carbon isotope values reflect deposition of 296 

the olistolith source material during the Shuram CIE. In combination with the 567.2 ± 3.9 Ma 297 

radiometric minimum depositional age constraint on the Starye Pechi Formation (Grazhdankin et 298 

al., 2011), the olistolith carbon isotope data could provide a depositional window of ~574 to 567 299 

Ma for the Starye Pechi diamictites. If the original interpretation (Chumakov et al., 2013) of the 300 

very negative carbon isotope values is correct, the Starye Pechi Formation may predate the 301 

Shuram CIE and be contemporaneous with the MEIH. On current evidence, we consider that 302 

both pre-Shuram (MEIH) and syn-Shuram (LEGH) age assignments are plausible, and that 303 

further evidence is needed to resolve this question.  304 

There are no further candidate glaciogenic deposits with reasonable depositional age constraints 305 

that could plausibly have been deposited between ~579 to 565 Ma (Figure 2). In sections with 306 



near-continuous sedimentation, there is no evidence for glaciation after ~579 Ma and before 307 

~565 Ma, including in Avalonian sections where glacial deposits were well developed prior to 308 

~579 Ma and there is no substantial change in depositional setting (Carto and Eyles, 2011; Pu et 309 

al., 2016; Fitzgerald et al., 2024; Mills et al., 2024). Because of the lack of well-constrained 310 

evidence for glaciation, we term this interval the ‘late Ediacaran greenhouse’ (LEGH).  311 

 312 

565 to 550 Ma: late Ediacaran icehouse (LEIH) 313 

At around ~565 to 560 Ma, a concentration of evidence for land ice returns (Figure 2) on 314 

Gondwana and peri-Gondwanan terranes (Linnemann et al., 2018, 2022). This icehouse interval 315 

has been known by various names, but particularly as the ‘Hankalchough glaciation’, or the 316 

‘Upper Ediacaran Glacial Period’ (Linnemann et al., 2022). Here, we use the term ‘late 317 

Ediacaran icehouse’ (LEIH) for consistency of terminology and to avoid tying the climate 318 

interval to specific deposits.  319 

The Ouarzazate Group diamictites and glacial surfaces (West Gondwana; Morocco) are rated a 320 

four star deposit (Supplementary Information), with a maximum depositional age of 566 ± 4 Ma 321 

(Blein et al., 2014), therefore likely post-dating the recovery of the Shuram CIE. The Kahar 322 

Formation diamictite (East Gondwana; Iran), rated a three star deposit (Tindal, 2023), has a 323 

radiometrically constrained maximum depositional age of 563.1 ± 3.9 Ma and a formal minimum 324 

age of 538.8 Ma informed by overlying earliest Cambrian trace fossils (Etemad-Saeed et al., 325 

2016). The Kahar diamictite has also been suggested to be older than 550.3 ± 3.6 Ma based on 326 

the younger age population of detrital zircons in an overlying sample (Etemad-Saeed et al., 327 

2016). The Dhaiqa Formation diamictite (East Gondwana; Saudi Arabia), rated a three star 328 



deposit (Tindal, 2023), is younger than 560 ± 4 Ma and underlies candidate Ediacaran fossils 329 

(Miller et al., 2008; Vickers-Rich et al., 2013).  330 

Several candidate glaciogenic deposits in the paleo-terranes of present-day northern China have 331 

poor age constraints but were likely deposited between ~565 to 550 Ma (Xiao et al., 2004; Shen 332 

et al., 2007, 2010; Zhou et al., 2019; Le Heron et al., 2019; Wang et al., 2021b, 2023b). The 333 

Luoquan and Zhengmuguan formations (North China Craton; China) are four star (Tindal, 2023) 334 

and three star (Supplementary Information) deposits, respectively. The Luoquan and 335 

Zhengmuguan formations are likely correlatives (Le Heron et al., 2019; Wang et al., 2021b) and 336 

were deposited below the first occurrences of the late Ediacaran tubular taxon Shaanxilithes in 337 

the conformably overlying Dongpo and Tuerkeng formations respectively (Shen et al., 2007; 338 

Zhou et al., 2019; Wang et al., 2021b). Similarly, the poorly documented Hongtiegou Formation 339 

diamictite (Qaidam Block; China; Supplementary Information) was deposited below occurrences 340 

of Charnia and Shaanxilithes in the Zhoujieshan Formation (Shen et al., 2010; Pang et al., 2021; 341 

Wang et al., 2022). The Luoquan, Zhengmuguan, and Hongtiegou formations unconformably 342 

overlie Mesoproterozoic sedimentary deposits but are conformable with their overlying, 343 

Ediacaran fossil-bearing, units (Shen et al., 2007, 2010; Wang et al., 2021b). The Hankalchough 344 

Formation (Tarim Block; China) is a three star deposit (Supplementary Information) and occurs 345 

at least 65 m stratigraphically above the recovery limb of an extreme negative CIE in the 346 

Shuiquan Formation that has been correlated with the Shuram CIE (Xiao et al., 2004; Wang et 347 

al., 2023a). The maximum depositional age of the Hankalchough Formation is therefore taken as 348 

the minimum age of the Shuram CIE recovery: 566.9 ± 3.5 Ma (Busch et al., 2023). The 349 

overlying Xishanblaq Formation hosts earliest Cambrian acritarchs, which provide a minimum 350 

age constraint on the Hankalchough Formation (Xiao et al., 2004; Yao et al., 2005).  351 



The Mortensnes Formation diamictite (Baltica; Norway) is a three star deposit (Tindal, 2023) 352 

lacking precise radiometric dates, but it is also constrained by a likely Shuram-equivalent CIE 353 

below (Halverson et al., 2005; Rice et al., 2011) and Ediacaran macrofossils above (Högström et 354 

al., 2013; McIlroy and Brasier, 2017; Jensen et al., 2018; Agić et al., 2024). It is likely that the 355 

Mortensnes Formation was deposited between the Shuram CIE and the terminal Ediacaran.  356 

Four candidate glaciogenic deposits have been identified across the peri-Gondwanan Cadomia 357 

microcontinent (Linnemann et al., 2018, 2022). Diamictites from the Müglitz Formation 358 

(Weesenstein Group) and Clanschwitz Group Member 3 (both Cadomia; Germany) are rated two 359 

and one star deposits respectively (Supplementary Information) and were considered to be likely 360 

younger than 562 ± 5 Ma (Linnemann et al., 2018). However, recent work has indicated a non-361 

glacial origin for these units as well as a considerably revised depositional age of late Cambrian 362 

to Ordovician based on U-Th-Pb monazite dates (Kühnemann et al., 2024) and ichnofossil 363 

evidence (Meinhold et al., 2025). The Granville Formation diamictites (Cadomia; France), rated 364 

a three star deposit (Tindal, 2023), are younger than 562.1 ± 3.1 Ma, with the upper diamictite 365 

younger than 560.6 ± 3.3 Ma (Linnemann et al., 2022). The Orellana Formation (Cadomia; 366 

Spain), rated a two star deposit (Tindal, 2023) and not universally regarded as glaciogenic 367 

(Palacios, 2024), is younger than 565 ± 4 Ma (Linnemann et al., 2018) and is found 368 

unconformably below late Ediacaran fossil-bearing carbonates (Álvaro et al., 2019; Palacios, 369 

2024). Overall, the evidence for late Ediacaran glaciation across Cadomia in the ~565 to 550 Ma 370 

interval is weak in comparison to that on paleocontinental Gondwana and the terranes of 371 

northern China.  372 

Where there is depositional continuity above the LEIH candidate glaciogenic deposits, Ediacaran 373 

fossils are commonly found in the overlying strata (Shen et al., 2007, 2010; Högström et al., 374 



2013; Vickers-Rich et al., 2013; Jensen et al., 2018; Wang et al., 2021b, 2022; Agić et al., 2024), 375 

demonstrating that this icehouse terminated before the end of the Ediacaran. Less well 376 

constrained than the MEIH, the LEIH probably commenced after the Shuram CIE recovery, 377 

likely between 565 to 560 Ma, and terminated before the end of the Ediacaran Period, likely 378 

about ~550 Ma (Xiao et al., 2004; Miller et al., 2008; Chumakov, 2009; Vickers-Rich et al., 379 

2013; Etemad-Saeed et al., 2016; Linnemann et al., 2018, 2022; Agić et al., 2024).  380 

 381 

550 to 539 Ma: terminal Ediacaran greenhouse (TEGH) 382 

There is scant evidence of glaciation in the terminal Ediacaran, likely after ~550 Ma. The only 383 

temporally well-constrained candidate glaciogenic deposit known from this interval is the 384 

Vingerbreek Member of the Nudaus Formation, Nama Group (Kalahari Craton; East Gondwana; 385 

Namibia and South Africa) and the associated basal Vingerbreek Unconformity (Schwellnus, 386 

1941; Kröner and Germs, 1971; Kröner, 1981; Germs and Gaucher, 2012; Zieger-Hofmann et 387 

al., 2022), which are together rated as a three star unit (Tindal, 2023). The Vingerbreek Member 388 

and Unconformity are radiometrically constrained to between 547.36 ± 0.23 Ma (Bowring et al., 389 

2007) to 545.27 ± 0.11 Ma (Nelson et al., 2022).  390 

The Vingerbreek Unconformity has only been found in parts of the southern Nama Basin (the 391 

Zaris and possibly the Vioolsdrif sub-basins), not in the Witputs sub-basin to the north (Kröner, 392 

1981; Germs and Gaucher, 2012; Zieger-Hofmann et al., 2022). The Vingerbreek Member basal 393 

diamictite was deposited in wide channels in the unconformity surface, which have been 394 

interpreted as deriving from fluvial or submarine mass flow erosion processes; both far-field 395 

glacioeustasy and tectonism have been proposed as potentially responsible for lowering base 396 

level (Martin, 1965; Kröner, 1981; Germs and Gaucher, 2012). The grooves and surface polish 397 



on some channel flanks have been interpreted as deriving from glacier-rock (Schwellnus, 1941; 398 

Germs and Gaucher, 2012; Zieger-Hofmann et al., 2022) or sea ice-rock (Martin, 1965; Kröner, 399 

1981) interactions, though similar features also form from mass flow and rock avalanche erosion 400 

processes (Hambrey and Harland, 1981; Hu and McSaveney, 2018). The diamictite deposits are 401 

better described as conglomerates and breccias (Germs and Gaucher, 2012) and have been 402 

interpreted as fluvial or submarine current-derived deposits, including in studies that found 403 

glacial action at least partly responsible for the unconformity (Kröner, 1981; Germs and 404 

Gaucher, 2012). In northwest South Africa, the diamictite grades into turbidites (Zieger-405 

Hofmann et al., 2022). The Vingerbreek Member and Unconformity therefore provide only 406 

circumstantial, stratigraphically and spatially isolated evidence for glacial ice. Further field work 407 

is required to determine the depositional context of the Vingerbreek Unconformity and 408 

Vingerbreek Member, and it stands as a test of our hypothesis that the ~550 to 545 Ma interval 409 

was characterized by a greenhouse climate.  410 

Elsewhere the terminal Ediacaran lacks any signs of glaciation, and we therefore use the term 411 

‘terminal Ediacaran greenhouse’ (TEGH) for this interval. Similar to previous compilations of 412 

climatically sensitive lithologies (Boucot et al., 2013; Wong Hearing et al., 2021), we do not find 413 

evidence of well-dated glacial sedimentary deposits in either the terminal Ediacaran or early 414 

Cambrian periods.  415 

 416 

Climate and the Ediacaran biosphere 417 

Our analysis indicates that the mid- to late Ediacaran climate was characterized by two icehouse 418 

intervals (~593 to 579 Ma and ~565 to 550 Ma) and two greenhouse intervals (~579 to 565 Ma 419 

and ~550 to 539 Ma). Independent of our analysis, the late Ediacaran biosphere has been 420 



characterized by three distinct marine biotic assemblages (Figure 3; Figure 4; Table 4), governed 421 

by some combination of environmental and evolutionary controls (Waggoner, 2003; 422 

Grazhdankin, 2004; Gehling and Droser, 2013; Boag et al., 2016; Muscente et al., 2019; Evans et 423 

al., 2022). To test whether biotic turnover is coincident with climatic shifts, we examine diversity 424 

dynamics over this interval, mindful that the assemblages are typically found in different 425 

paleogeographic regions and depositional settings, as well as time intervals (Waggoner, 2003; 426 

Boag et al., 2016, 2024; Muscente et al., 2019; Boddy et al., 2021; Bowyer et al., 2022, 2024; 427 

Evans et al., 2022). Because of the substantial contribution of geological and societal biases in 428 

the current Ediacaran fossil record (taxonomic richness largely follows sampling intensity; 429 

Figure 5; Bowyer et al. 2024), it is generally more instructive to consider taxonomic composition 430 

than taxonomic richness. Nevertheless, some biodiversity signals do appear to be robust to 431 

sampling biases (Figure 5).  432 

 433 

The Avalon biotic assemblage 434 

Diverse communities of the Ediacaran macrobiota, belonging to the Avalon biotic assemblage, 435 

first appear in deep marine siliciclastic deposits between ~579 to 575 Ma (Figure 4), after the 436 

MEIH and before the Shuram CIE (Pu et al., 2016; Matthews et al., 2020; Yang et al., 2021; 437 

Boag et al., 2024; Bowyer et al., 2024). The Avalon biotic assemblage comprises predominantly 438 

sessile benthic taxa including frondose and non-frondose morphologies, some of which likely 439 

stood up in the water column whereas others reclined on the sea floor (Gehling and Narbonne, 440 

2007), alongside candidate cnidarians (e.g. Liu et al., 2014a, 2015; Dunn et al., 2022), and rare 441 

trace fossils (Liu et al., 2010, 2014b). This assemblage reaches an apparent acme in diversity in 442 

deep marine settings around 565 Ma (Matthews et al., 2020; Boag et al., 2024), coincident with 443 



the end of the LEGH and the transition into the LEIH (Figure 4). The Avalon biotic assemblage 444 

persists in deep water settings until at least 560 Ma (Wilby et al., 2011; Noble et al., 2015; 445 

Kenchington et al., 2018). The post-560 Ma fate of the deep water Ediacaran biota remains 446 

unknown due to the scarcity of deep marine siliciclastic deposits after this time (Bowyer et al., 447 

2024).  448 

Depauperate communities of the Avalon biotic assemblage are known from shallow marine 449 

settings on Avalonia (Cope, 1977, 1983; Gehling et al., 2000; Menon et al., 2013; Menon, 2015; 450 

Hawco et al., 2021) and Laurentia (Hofmann et al., 1983; Narbonne and Hofmann, 1987; Pyle et 451 

al., 2004; Moynihan et al., 2019) after, but not before or during, the Shuram CIE (~574 to 566 452 

Ma; Matthews et al., 2020; Boag et al., 2024; Clarke et al., 2024). The post-Shuram CIE shallow 453 

marine Avalon biotic assemblages are differentiated from the shallow marine White Sea biotic 454 

assemblages more by the absence of taxa rather than their presence. There are no taxa exclusive 455 

to the Avalon biotic assemblage in these shallow water deposits. The tubular fossils, 456 

dickinsoniomorphs, bilaterialomorphs, and radial morphogroups that are ubiquitous in younger 457 

White Sea biotic assemblage deposits are absent from the shallow marine Avalon biotic 458 

assemblage sites, as well as from coeval post-Shuram deeper marine sites (Narbonne et al., 2014; 459 

Noble et al., 2015; Carbone et al., 2015; Kenchington et al., 2018; Boag et al., 2024; Clarke et 460 

al., 2024).  461 

The low number and diversity of shallow water occurrences of the Avalon biotic assemblage 462 

may be an artefact of environmental specificity, preservation, or collection bias, but it is notable 463 

that no macrofossils have been recovered from pre-Shuram CIE shallow marine rocks with 464 

suitable sedimentology for fossil preservation and that have been intensively studied (Boag et al., 465 

2024). Although the scarcity of deep marine siliciclastic deposits after ~560 Ma may explain the 466 



apparent loss of the deep water Avalon biotic assemblage, there is no concomitant absence of 467 

pre- and syn-Shuram CIE shallow and mid-depth marine carbonate and siliciclastic deposits 468 

(Bowyer et al., 2024); i.e. there are older strata which could have preserved a shallow marine 469 

Avalon biotic assemblage if it was present (such as the shallow marine facies of the Nadaleen 470 

and Gametrail formations, NW Canada; Boag et al., 2024). This observation lends support to the 471 

idea that the majority of Avalon assemblage taxa belonged to a deep-water biotope (Boag et al., 472 

2016, 2024; Bowyer et al., 2024), with some components (e.g. Charnia and Charniodiscus) 473 

being environmentally tolerant generalist taxa that were capable of inhabiting shallower marine 474 

settings in the later Ediacaran (Grazhdankin, 2014; Boag et al., 2024). Here we suggest that a 475 

~565 to 560 Ma interval of global cooling at the onset of the LEIH allowed more generalist taxa 476 

of the otherwise deep water adapted Avalon assemblage to colonize cooling shallow marine 477 

environments.  478 

 479 

The White Sea biotic assemblage 480 

In situ paleocommunities of White Sea biotic assemblage taxa are found in shallow marine 481 

settings, above storm weather wave base and predominantly above fair weather wave base (e.g. 482 

Grazhdankin, 2004; McMahon et al., 2020) from before 557 Ma until at least 553 Ma (Martin et 483 

al., 2000; Fedonkin et al., 2012; Grazhdankin, 2014; Yang et al., 2021; Bowyer et al., 2022, 484 

2024). Our analysis places this range within the LEIH. The White Sea biotic assemblage is 485 

defined by the appearance of new morphogroups, including bilaterialomorphs, radialomorphs, 486 

and tubular forms, which occur alongside a few persistent Avalon-type taxa (Figure 4; Table 4; 487 

Martin et al. 2000; Narbonne 2005; Fedonkin et al. 2012; Grazhdankin 2014; Muscente et al. 488 

2019; Surprenant and Droser 2024). The first step-change in trace fossil diversity is associated 489 



with this interval – rare trace fossils older than 560 Ma are stratigraphically isolated simple 490 

surface traces (Liu et al., 2010, 2014b), but from at least 557 Ma a range of horizontal burrows 491 

and trails created by candidate bilaterians are found in shallow marine deposits (Figure S2). 492 

Novel morphogroups are found in shallow marine strata deposited during the latter part of the 493 

LEIH (~560 to 550 Ma) but not before ~560 Ma (see above; Boag et al., 2024; Clarke et al., 494 

2024). By raw taxonomic richness, the White Sea is the most diverse of the three biotic 495 

assemblages and, although the Ediacaran fossil record is strongly affected by sampling biases, 496 

the White Sea diversity peak may be robust to some subsampling methods designed to mitigate 497 

such biases (Figure 5), and is robust to the inclusion and exclusion of data from South Australian 498 

sites which have only loose age constraints (compare Figure 4 and Figure S3, and Figure 5 and 499 

Figure S4).  500 

 501 

The Nama biotic assemblage 502 

The Nama is the youngest of the three biotic assemblages, and is found in shallow marine 503 

carbonate and siliciclastic deposits younger than ~550.5 Ma (Darroch et al., 2015; Muscente et 504 

al., 2019; Xiao et al., 2021; Wood et al., 2023; Boag et al., 2024) up to the base of the Cambrian 505 

(Linnemann et al., 2019; Bowyer et al., 2022, 2023, 2024; Nelson et al., 2022; Wood et al., 2023; 506 

Runnegar et al., 2024). It is characterized by the diversification of trace fossils, particularly 507 

vertical burrows, and the appearance of biomineralized tubular taxa, which are found only in 508 

deposits younger than ~550.5 Ma (Wood et al., 2023; Surprenant and Droser, 2024). Some 509 

White Sea-type taxa, including dickinsoniomorphs and erniettomorphs (Xiao et al., 2021; Wang 510 

et al., 2021a; Wood et al., 2023), and Avalon-type taxa, including arboreomorphs and 511 

rangeomorphs (Xiao et al., 2021; Wu et al., 2022), are found alongside novel Nama 512 



morphogroups in shallow marine deposits from this interval. Recent work has shown that there is 513 

a considerable overlap in the depositional settings of major White Sea and Nama biotic 514 

assemblage sites, increasing the likelihood that the differences in assemblage composition reflect 515 

a biological change rather than a change in the environments being sampled (McMahon et al., 516 

2020; Evans et al., 2022; O’Connell et al., 2024). Under our analysis, the Nama biotic 517 

assemblage is coincident with the TEGH.  518 

 519 

Summary 520 

The Ediacaran macrobiota was initially restricted to deep marine settings during the LEGH 521 

(Avalon assemblage, ~575 to 565 Ma; Boag et al., 2024); from the beginning of the LEIH (~565 522 

Ma) elements of the Avalon assemblage appear to have colonized shallow marine settings. The 523 

first step-change in high-level taxonomic composition of the Ediacaran biosphere, including the 524 

advent of bilaterians and non-mineralized tubes, occurred early in the LEIH (before 557 Ma) 525 

with the appearance of White Sea biotic assemblage morphogroups. This step-change is 526 

underlined by the Ediacaran peak origination rate across the Avalon-White Sea transition, and 527 

the subsequent White Sea peak in taxonomic richness (Figure 5). A second step-change in high-528 

level taxonomic composition accompanied the transition from the LEIH to the TEGH (~550 Ma) 529 

with the appearance of biomineralizing taxa and vertical burrowing in shallow marine settings.  530 

The majority of taxonomic elements of the Avalon biotic assemblage are not found in the 531 

younger White Sea and Nama communities, and similarly the majority of White Sea biotic 532 

assemblage taxa are not found in Nama communities (Figure 4; Boag et al., 2016; Muscente et 533 

al., 2019; Evans et al., 2022; Wood et al., 2023; Bowyer et al., 2024). Considering only shallow 534 

water occurrences (from strata deposited above storm-weather wave base), the small numbers of 535 



taxa shared between the shallow water Avalon, White Sea, and Nama communities support 536 

discrete episodes of faunal turnover (extinctions and radiations) in the shallow marine realm 537 

across the late Ediacaran (Figure 4). There appear to be distinct assemblages of morphogroups in 538 

the late Ediacaran (Waggoner, 2003; Boag et al., 2016; Muscente et al., 2019; Evans et al., 2022) 539 

that are separated in time, demarcated by the prevailing climate regime.  540 

 541 

DISCUSSION 542 

The timing of Ediacaran climate change 543 

The glacial sedimentary record provides evidence of low altitude grounded ice for two ~15 Myr 544 

intervals in the mid- and late Ediacaran (~593 to 579 Ma and ~565 to 550 Ma; Figure 2). Our 545 

analysis, based on a systematic treatment of all so far reported candidate mid- and late Ediacaran 546 

glaciogenic deposits, argues against previous hypotheses of either one long (e.g. Wang et al., 547 

2023a, 2023b) or two to four very short (<5 Myr; e.g. Retallack, 2022; Linnemann et al., 2022; 548 

Niu et al., 2024) glacial intervals.  549 

The termination of the mid-Ediacaran icehouse (MEIH) is well constrained to ~579 Ma by 550 

radiometrically dated deposits in North Africa (Thomas et al., 2002; Inglis et al., 2004; Blein et 551 

al., 2014; Letsch et al., 2018; Youbi et al., 2020), the Rio de Plata craton (Oyhantçabal et al., 552 

2007; Mallmann et al., 2007), and Avalonia (Pu et al., 2016; Mills et al., 2024). In Oman, and 553 

elsewhere on the paleo-Gondwanan margin, the pre-Shuram CIE interval is characterized by 554 

condensed sedimentary successions, with a marked increase in depositional rates between ~580 555 

to 560 Ma (Cantine et al., 2024). On the tropical paleolatitude South China craton, 556 

stratigraphically constrained glendonite occurrences (indicative of cool or cold water conditions) 557 

in the Doushantuo Formation also indicate cooler ocean temperatures between ~600 to 579 Ma 558 



(Wang et al., 2017, 2020; Zhou et al., 2017), with conditions in the basin changing after ~579 559 

Ma and during the EN3/Shuram CIE (Supplementary Information).  560 

The late Ediacaran icehouse (LEIH) is more loosely temporally constrained than the MEIH. 561 

Most candidate glaciogenic deposits of this age are broadly bracketed by radiometric dates or the 562 

Shuram CIE below and latest Ediacaran or Cambrian fossils above. However, indirect evidence 563 

from the broader geological record also supports a climate state transition before the terminal 564 

Ediacaran, likely at ~550 Ma.  565 

From a global rock record compilation, Bowyer et al. (2024) identified declining proportions of 566 

carbonate and increasing proportions of silicate rocks by area and volume between ~565 to 550 567 

Ma, culminating in a total absence of carbonate rocks from ~555 to 550 Ma. There is a 568 

substantial hiatus in deposition on the South China craton between the uppermost Doushantuo 569 

Formation and the lowermost Dengying and Liuchapo formations that is younger than 570 

EN3/Shuram CIE recovery (~566 Ma) and older than 550.1 ± 0.6 Ma (Yang et al., 2021), 571 

coincident with the global sea level lowstand that reached a nadir at ~550.5 Ma (Bowyer et al., 572 

2024), and coincident with the end of the LEIH identified here. The carbonate-barren ~555 to 573 

550 Ma interval is followed by a marine transgression and increasing contribution of carbonates 574 

to the global rock record after ~550 Ma (Bowyer et al., 2024). Segessenman and Peters (2024) 575 

identified a contemporaneous approximately two-fold increase in sediment volume flux across 576 

Laurentia from ~550.5 Ma, persisting until at least 545 Ma. The marine transgression (Bowyer et 577 

al., 2024) and increased sediment flux (Segessenman and Peters, 2024) may therefore reflect 578 

eustatic sea level rise driven by melting land ice during the transition from the LEIH to the 579 

TEGH, with associated increased weathering intensity and/or the flushing of glacial regolith into 580 

the oceans.  581 



Above the ~550.5 Ma lowstand, the next identified global transgressive surface is at the 582 

Ediacaran-Cambrian boundary (Bowyer et al., 2024), arguably the best known marine 583 

transgression in the stratigraphic record (Peters and Gaines, 2012), though of debated origin (e.g. 584 

Keller et al., 2019; Tasistro-Hart and Macdonald, 2023). In light of the emerging climate record 585 

through this interval, the lack of reported glaciogenic deposits of terminal Ediacaran (see above) 586 

or early Cambrian age (Boucot et al., 2013; Johnson et al., 2019; Wong Hearing et al., 2021; 587 

Álvaro et al., 2022) supports a tectono-eustatic rather than glacioeustatic driver for this 588 

transgression (e.g. Tasistro-Hart and Macdonald, 2023).  589 

What drove the changes in Ediacaran climate state is an open question. Shields et al. (2019) 590 

described how the oxidation of a large oceanic reservoir of dissolved organic carbon (DOC) 591 

could lead to elevated pCO2 levels and global temperatures through the Shuram CIE, with a 592 

temperature-enhanced silicate weathering feedback drawing down pCO2 after the ocean DOC 593 

reservoir was exhausted. This temporally constrained mechanism would account for a Shuram 594 

interval greenhouse and post-Shuram cooling over several million years (Shields et al., 2019), as 595 

we infer from the Ediacaran glacial sedimentary record. Another potential driver of Ediacaran 596 

climate is the Central Iapetus Magmatic Province (CIMP) associated with Rodinian break-up and 597 

the opening of the Iapetus Ocean (Youbi et al., 2020). Pulsed emplacement of large quantities of 598 

mafic igneous rock drives pCO2 up from volcanic outgassing and then down via the silicate 599 

weathering feedback effect (Berner, 2004, 2006; Mills et al., 2019). Whatever the principal 600 

drivers of Ediacaran climate, our analysis provides a more tightly constrained framework for 601 

evaluating Earth System and biosphere evolution through this interval.  602 

 603 

Coupling of climate and biosphere dynamics 604 



Our analysis consolidates global evidence for step-changes in the Ediacaran biosphere coincident 605 

with changes in climate state at ~579 Ma, ~565 to 560 Ma, and ~550 Ma (Figure 2; Figure 4; 606 

Figure 5). Considering more proximate potential drivers of biotic change, Evans et al. (2022) 607 

found evidence for abiogenic influence, potentially oxygen availability, on Ediacaran 608 

biodiversity patterns, and Boag et al. (2024) related the ecophysiology of Ediacaran organisms to 609 

potential global temperature regimes, suggesting that high temperatures may have prevented the 610 

colonization of shallow water settings during the Shuram CIE. Bowyer et al. (2024) linked 611 

Ediacaran biodiversity dynamics to long-term sea level variation and potentially environmental 612 

oxygen availability. We suggest that first-order climate state changes provide a first-order driver 613 

for the observed large-scale patterns in sea level variation, oxygen availability, and ocean 614 

temperature, with the fossil record documenting the biosphere response.  615 

Sea level change has been implicated in shaping both apparent and real Ediacaran biodiversity 616 

dynamics by controlling available habitat space and the preserved rock record (Evans et al., 617 

2022; Bowyer et al., 2024). In the Phanerozoic, marine transgressions and sea level highstands, 618 

associated with warmer climate states, increased both shallow marine habitat area and 619 

preservation potential of the shallow marine shelf (Hallam and Wignall, 1999; Alroy, 2010b). 620 

Conversely, cooler intervals are associated with steeper latitudinal diversity gradients (LDGs) 621 

driven by increased thermal niche partitioning in the tropics, whereas warmer intervals are 622 

associated with flatter LDGs and lower taxonomic richness (Song et al., 2020; Fenton et al., 623 

2023; Woodhouse et al., 2023). Despite sampling limitations, it is notable that the highest 624 

Ediacaran taxonomic richness is found during the LEIH (~560 to 550 Ma; Figure 5), an interval 625 

characterized by low rock volume, a marine regression, and a sea level lowstand (Bowyer et al., 626 



2024), in agreement with climatically-driven diversity trends in the Phanerozoic (Song et al., 627 

2020; Fenton et al., 2023; Woodhouse et al., 2023).  628 

Ediacaran biosphere dynamics have been closely associated with ocean oxygenation as well as 629 

sea level changes (Evans et al., 2018, 2022; Wood et al., 2019; Bowyer et al., 2024). Because an 630 

increase in temperature depresses oxygen solubility but elevates metabolic demand, the 631 

combination of temperature and ocean oxygenation is crucial for understanding marine 632 

habitability (Deutsch et al., 2015; Penn et al., 2018; Boag et al., 2018; Stockey et al., 2021). In 633 

this context, higher temperatures of the LEGH and TEGH intervals would have increased 634 

ecological stress by reducing thermal niche partitioning and oxygen availability. A resulting 635 

prediction is that generalist organisms with tolerance to low oxygen conditions would fare better 636 

during icehouse to greenhouse transitions. (Evans et al., 2022) found a positive correlation 637 

between organisms’ surface area to volume ratio and survivorship through the White Sea to 638 

Nama transition, and speculated that a high surface area to volume ratio would be beneficial to 639 

surviving in lower oxygen environments. Our analysis suggests a potential mechanism for 640 

environmentally-derived selectivity in the Ediacaran biosphere via global temperature change 641 

reflecting icehouse/greenhouse transitions.  642 

We suggest that a ~565 to 560 Ma interval of global cooling at the beginning of the late 643 

Ediacaran icehouse made it possible for generalist taxonomic elements of the otherwise deep- 644 

and cold-water adapted Avalon biotic assemblage such as Charnia and Charniodiscus to 645 

colonize cooling shallow marine environments (Boag et al., 2024). This is similar to the ‘polar 646 

emergence’ pattern observed in the Antarctic fossil record during late Pliocene and early 647 

Pleistocene cooling episodes (Berkman et al., 2004), and the inverse of the present-day response 648 

to global heating (e.g. Perry et al., 2005). Cooling temperatures with associated increasing 649 



thermal gradients (Song et al., 2020; Fenton et al., 2023; Woodhouse et al., 2023), increasing 650 

oxygen availability, and decreasing metabolic oxygen demand (Deutsch et al., 2015; Penn et al., 651 

2018; Boag et al., 2018; Stockey et al., 2021) at the beginning of the LEIH may have increased 652 

niche availability across the greenhouse to icehouse transition, similar to the thermally-driven 653 

polar diversity pump of the Cenozoic (Clarke and Crame, 1992; Griffiths et al., 2023).  654 

Overall, the close correspondence between changes in Ediacaran paleobiology and paleoclimate 655 

supports the hypothesis that coupling of the biosphere and climate was established at least by the 656 

late Ediacaran Period. Notably, the radiation of bilaterians appears to occur in shallower water 657 

settings during a cold interval, and metazoan biomineralization and deep burrowing seem to 658 

coincide with a transition from cold to warm conditions. This coupling is evident in spite of 659 

uncertainties in global correlation and the known biases of both rock and fossil records (e.g. 660 

Bowyer et al., 2024), suggesting that it was a first-order property of the Ediacaran Earth System, 661 

as it is for the Phanerozoic.  662 

 663 

CONCLUSIONS 664 

Mid- to late Ediacaran climate appears to be characterized by two discrete intervals of icehouse 665 

conditions (MEIH: ~593 to 579 Ma, and LEIH: ~565 to 550 Ma) and two discrete intervals of 666 

greenhouse conditions (LEGH: ~579 to 565 Ma, and TEGH: ~550 Ma into the early Cambrian) 667 

(Figure 2). The transitions between these climate states are coincident with turnovers in the 668 

biosphere (Figure 4). There is wide scope for further work: the causal mechanisms of these 669 

climate changes require greater investigation; the known Ediacaran fossil record is particularly 670 

unevenly sampled; and the glacial record requires work to constrain both the depositional ages 671 

and potential glaciogenicity of many of its deposits. Nevertheless, there is a clear first-order 672 



signal in the mid- to late Ediacaran rock record of two discrete intervals of glaciation separated 673 

by a greenhouse interval, and there is no robust evidence for icehouse climate conditions in the 674 

terminal Ediacaran immediately preceding the Phanerozoic Eon. We encourage rigorous testing 675 

of the climatic and biotic framework we propose here, which from available evidence supports a 676 

Phanerozoic-style coupling of metazoan life and climate since the Ediacaran Period. 677 
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 1266 



FIGURE CAPTIONS 1267 

Table 1. Comparison of published literature compilations and correlations of candidate Ediacaran 1268 

glacial deposits. Each row indicates the total number of Ediacaran glacial deposits identified by 1269 

the study cited (at left), as well as their proposed association with any named glaciation. For 1270 

reference, and not shown here for legibility: Tindal (2023) identified 224 potentially glaciogenic 1271 

deposits with radiometric age constraints compatible with Ediacaran deposition, although poor 1272 

age constraints mean many of these are likely Cryogenian in age; Youbi et al. (2020) identified 1273 

25 candidate glaciogenic deposits of Ediacaran age grouped into 12 predominantly local or 1274 

regional glaciations and concluded that most were plausibly correlated with an ~580 Ma 1275 

Gaskiers glaciation. See also Figure 1 and Supplementary Data 1. 1276 

Compilation 
Unique 
deposits Gaskiersa Fauquierb 

Bou 
Azzerc Hankalchoughd 

GEG
e 

Other/ 
Uncertain 

Retallack 
(2022) 

31 4 5 9 12 0 0 

Wang et al. 
(2023a, b) 

39 0 0 0 0 39 0 

Niu et al. 
(2024) 

50 18 3 10 14 0 5 

aGaskiers glaciation: 581 to 579 Ma (Retallack, 2022; Niu et al., 2024).  
bFauquier glaciation: 572 to 570 Ma (Retallack, 2022), or 571 Ma (Niu et al., 2024). 
cBou Azzer: 566 to 564 Ma (Retallack, 2022), or 565 to 560 Ma (Niu et al., 2024).  
dHankalchough: 555 to 549 Ma (Retallack, 2022), or 563 to 551 Ma (Niu et al., 2024).  
eGreat Ediacaran Glaciation: GEG; 580 to 560 Ma or 594 to 546 Ma (Wang et al., 2023a, 2023b).  

 1277 

Table 2. Adaptation of Tindal's (2023) table 2.1 describing the five-star rating scheme for 1278 

assessing the potential glaciogenicity of a given sedimentary deposit. Here we have added an 1279 

“insufficient” zero star rating for deposits that have been interpreted as glaciogenic in the 1280 

literature but do not meet the one star evidential threshold following Tindal's (2023) method. We 1281 



have also added an explicit relative weight column to illustrate the geometric growth in 1282 

confidence of glaciogenicity with successive star ratings.  1283 

Strength Stars 
Relative 
weight Definition 

Unequivocal ★★★★★ 1 No realistic ice-free depositional environment could 
produce this evidence.  

Strong ★★★★ 1
2ൗ  No realistic ice-free depositional environment is 

likely to produce this evidence. 

Circumstantial ★★★ 1
4ൗ  This evidence could be produced by specific, but 

rare, ice-free depositional environments. 

Weak ★★ 1
8ൗ  Some ice-free depositional environments could 

produce this evidence. 

Equivocal ★ 1
16ൗ  Many ice-free depositional environments could 

produce this evidence. 

Insufficient  0 Many ice-free depositional environments could 
produce this evidence, and an ice-related origin of 
the observed features is not supported by the 
evidence.  

 1284 

Table 3. Summary of the star ratings assigned to candidate Ediacaran glaciogenic deposits 1285 

included in published literature compilations, presented here as the number (and percentage to 1286 

nearest 1 %) of deposits of each star rating included in each compilation. Most previous 1287 

compilations include a considerable number of deposits that have weak (two star or less) 1288 

sedimentological or geomorphological evidence for glacial conditions. See Tindal (2023), 1289 

Methods, Table 2, and Supplementary Information for methodology and ratings.  1290 

 Star rating 

Compilation Five Four Three Two One Zero 

Youbi et al. 
(2020) 

0 

(0 %) 

10 

(40 %) 

10 

(40 %) 

5 

(20 %) 

0 

(0 %) 

0 

(0 %) 



Retallack 
(2022) 

0 

(0 %) 

7 

(23 %) 

7 

(23 %) 

3 

(10 %) 

2 

(6 %) 

12 

(39 %) 

Tindal 
(2023)a 

3 

(1 %) 

62 

(28 %) 

84 

(38 %) 

41 

(18 %) 

16 

(7 %) 

18 

(8 %) 

Wang et al. 
(2023a, b) 

0 

(0 %) 

14 

(36 %) 

16 

(41 %) 

5 

(13 %) 

2 

(5 %) 

2 

(5 %) 

Niu et al. 
(2024) 

1 

(2 %) 

16 

(32 %) 

17 

(34 %) 

5 

(10 %) 

3 

(6 %) 

8 

(16 %) 
aTindal's (2023) compilation includes many deposits that are most likely Cryogenian (based on non-
radiometric age constraints) in the plausible Ediacaran dataset. 

 1291 

Table 4. Summary of the main late Ediacaran biotic assemblages. 1292 

Assemblage Age rangea Depositional setting(s) 
Morpho-groups and 
innovations 

Avalon <579 Ma to 
565 Ma 

Deep marine basin to shelf 
(Narbonne et al., 2014; Noble et 
al., 2015; Matthews et al., 
2020), lacking shallow marine 
occurrences (Boag et al., 2024).  

Complex macroscopic organisms; 
mostly frondose morphologies; 
no tubular taxa.  

 565 Ma to 
<560 Ma 

Deep marine shelf to basin 
(Narbonne et al., 2014; Noble et 
al., 2015; Carbone et al., 2015; 
Matthews et al., 2020; Boag et 
al., 2024), and shallow marine, 
above storm wave base (Cope, 
1977, 1983; Pauley, 1991; Liu, 
2011; Clarke et al., 2024).  

Complex macroscopic organisms; 
frondose morphologies; discoidal 
fossils both of probable frond 
holdfasts and individual discoidal 
organisms; rare simple surface 
trace fossils; candidate 
cnidarians; no or very few tubular 
taxa (Carbone et al., 2015); 
matgrounds in shallower settings. 

White Sea <560 Ma to 
>550 Ma 

Marine offshore shelf to shallow 
shoreface (Grazhdankin, 2004; 
Boag et al., 2016, 2024; 
McMahon et al., 2020), most 
likely spanning all settings from 
near storm weather wave base to 
the intertidal zone (McMahon et 
al., 2020).  

Bilaterialomorphs; first 
erniettomorphs; various 
radialomorphs; abundant non-
mineralised tubular fossils 
(Surprenant and Droser, 2024); 
increasingly diverse simple trace 
fossils; fewer frondose fossils.  



Nama <550 Ma to 
538.8 Ma 

Marine offshore (open marine) 
inner shelf to reef (Boag et al., 
2016, 2024; Amorim et al., 
2020; Xiao et al., 2021; Wood et 
al., 2023; O’Connell et al., 
2024), includes sites in shallow 
settings above storm weather 
wave base (Boag et al., 2016, 
tbl. S6; Xiao et al., 2020).  

Biomineralized and soft bodied 
tubular fossils (Surprenant and 
Droser, 2024); increasingly 
diverse and complex trace fossils; 
few new frondose fossils; 
erniettomorphs become more 
prominent; candidate sponges. 

aThe symbols “>” and “<” are used to indicate minimum and maximum constraints on age 
estimates for the biotic assemblages; e.g. the Avalon biotic assemblage may be at most 579 Ma and 
may persist in strata younger than 560 Ma.  
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 1294 

Figure 1. Comparison of the candidate Ediacaran glaciogenic deposits included in our study and 1295 

in recent compilations (Retallack, 2022; Wang et al., 2023a, 2023b; Niu et al., 2024). Colors 1296 

indicate the glaciation or interval the deposit was assigned to by each study. Deposits rated 1297 

greater than two stars are in solid colors; deposits rated two stars or less are marked by diagonal 1298 

stripes. TEGH: terminal Ediacaran greenhouse; LEIH: late Ediacaran icehouse; LEGH: late 1299 

Ediacaran greenhouse; MEIH: mid-Ediacaran icehouse; GEG: Great Ediacaran Glaciation; NA: 1300 



deposits removed from consideration as candidate glaciogenic units (see Supplementary 1301 

Information).  1302 

 1303 



 1304 



Figure 2. Age constraints on candidate Ediacaran glaciogenic deposits grouped by their likely 1305 

depositional interval. TEGH: terminal Ediacaran greenhouse; LEIH: late Ediacaran icehouse; 1306 

MEIH: mid-Ediacaran greenhouse. “Ediacaran” deposits are constrained only to the Ediacaran 1307 

Period; “uncertain” deposits may be Ediacaran in age but have unreliable or disputed age 1308 

constraints. Thick solid lines show the maximum permitted range for each deposit, including 1309 

analytical uncertainty where relevant. Symbols show the type of constraint, i.e. whether the date 1310 

provides a minimum, maximum, or depositional age for a deposit. Deposits that scoring two stars 1311 

or fewer are faded. Vertical blue regions show the likely intervals of the MEIH (~593 to 579 Ma) 1312 

and the LEIH (~565 to 550 Ma). Cr: Cryogenian (pars.); Ed: Ediacaran; Cm: Cambrian (pars.). 1313 

See also Supplementary Data 1. 1314 
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 1316 



Figure 3. Representative late Ediacaran fossils of the Avalon, White Sea, and Nama biotic 1317 

assemblages. Scale bars = 10 mm unless otherwise stated; photographed scale bar increments are 1318 

cm and mm. Nama (left to right): Charnia masoni, NIGP 161628, Shibantan Member 1319 

(Dengying Formation), Wuhe, South China, scale bar = 10 cm; Helicolocellus cantori, NIGP 1320 

176531, Shibantan Member (Dengying Formation), Wuhe, South China; Pteridinium, Aar 1321 

Member, Farm Aar, Namibia; Namacalathus, Urusis Formation, Farm Swartpunt, Namibia; 1322 

Corumbella werneri, Tamengo Formation, Corumba region, Brazil; burrows in carbonates, 1323 

Shibantan Member (Dengying Formation), Wuhe, South China. White Sea (left to right): 1324 

Charnia masoni (incomplete), Verkhovka Formation, Solza River, Russia; Dickinsonia costata, 1325 

SAM P49355, Ediacara Member (Rawnsley Quartzite), Flinders Ranges, South Australia; 1326 

Kimberella quadrata, PIN 3993/5106, Vendian Group, Zimnie Gory locality, White Sea coast, 1327 

Russia; Tribrachidium, SAM P12898, Ediacara Member (Rawnsley Quartzite), Flinders Ranges, 1328 

South Australia; Funisia dorothea, Ediacara Member, South Australia; Helminthoidichnites trace 1329 

fossils, SAM P42142, Ediacara Member, Flinders Ranges (Rawnsley Quartzite), South Australia. 1330 

Avalon (left to right): Charnia masoni (holotype), New Walk Museum, Leicester, Bradgate 1331 

Formation, Charnwood Forest, UK; Haootia quadriformis (holotype), NFM F-994, Fermeuse 1332 

Formation, Bonavista Peninsula, Newfoundland, Canada; Bradgatia, ROM 36500, Conception 1333 

Group, Mistaken Point Ecological Reserve (MPER), Newfoundland, Canada; Fractofusus 1334 

andersoni, Briscal Formation, MPER, Newfoundland, Canada; surface locomotory trace fossil, 1335 

Mistaken Point Formation, MPER, Newfoundland, Canada. Abbreviations: NIGP = Nanjing 1336 

Institute of Geology and Palaeontology; ROM = Royal Ontario Museum; NFM = The Rooms 1337 

Provincial Museum, St. John’s, Newfoundland; SAM = South Australia Museum; PIN = 1338 

Palaeontological Institute, Moscow.  1339 
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Figure 4. Temporal distribution of Ediacaran fossil occurrences, with blue-shaded mid-Ediacaran 1341 

(~593 to 579 Ma) late Ediacaran (565 to 550 Ma) icehouse climate states as inferred from well-1342 

dated glaciogenic deposits (Figure 2). Paleobiological data after: Matthews (2015); Matthews et 1343 

al. (2020); Boddy et al. (2021); Bowyer et al. (2023, 2024); Surprenant and Droser (2024); and 1344 

references therein. Taxa grouped into assemblages following their morphogroup assignments. 1345 

Colors and shapes represent inferred water depth of each occurrence. Ed: Ediacaran; Cr: 1346 

Cambrian (pars.). Dashed lines show the age uncertainty of each occurrence, not age range. See 1347 

also Supplementary Data 2 and Figure S3.  1348 

 1349 

 1350 

Figure 5. Paleobiodiversity metrics for the late Ediacaran biosphere. (a) Raw taxonomic richness 1351 

(circles; solid lines) plotted alongside number of collections (diamonds; dashed lines) and 1352 

number of formations (squares; dotted lines). (b) Subsampled taxonomic richness following 1353 



Shareholder Quorum subsampling (SQS; quota = 0.4), unweighted collection-based classical 1354 

rarefaction (UW; quota = 8 collections), and occurrence-weighted subsampling (OW; quota = 14 1355 

occurrences). (c) Raw per capita origination rate for 1 Myr and 5 Myr bins. (d) SQS (quota = 1356 

0.4) subsampled Foote’s origination rate for 1 Myr and 5 Myr bins. The decline in values across 1357 

the Ediacaran–Cambrian boundary is an artefact of our paleobiology data compilation which 1358 

focused on taxa with first occurrences in the Ediacaran Period. See also Supplementary Data 2 1359 

and Figure S4.  1360 
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main manuscript; Supplementary Data 1: an Excel file of candidate Ediacaran glaciogenic 1364 

deposits; Supplementary Data 2: an Excel file of Ediacaran paleontological data occurrences. 1365 
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