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G E O L O G Y

The tempo of Ediacaran evolution
Chuan Yang1*, Alan D. Rooney2*, Daniel J. Condon1, Xian-Hua Li3,4, Dmitriy V. Grazhdankin5,6, 
Fred T. Bowyer7†, Chunlin Hu4,8, Francis A. Macdonald9, Maoyan Zhu4,8*

The rise of complex macroscopic life occurred during the Ediacaran Period, an interval that witnessed large-scale 
disturbances to biogeochemical systems. The current Ediacaran chronostratigraphic framework is of insufficient 
resolution to provide robust global correlation schemes or test hypotheses for the role of biogeochemical cycling 
in the evolution of complex life. Here, we present new radio-isotopic dates from Ediacaran strata that directly 
constrain key fossil assemblages and large-magnitude carbon cycle perturbations. These new dates and integrated 
global correlations demonstrate that late Ediacaran strata of South China are time transgressive and that the 575- 
to 550-Ma interval is marked by two large negative carbon isotope excursions: the Shuram and a younger one that 
ended ca. 550 Ma ago. These data calibrate the tempo of Ediacaran evolution characterized by intervals of tens of 
millions of years of increasing ecosystem complexity, interrupted by biological turnovers that coincide with large 
perturbations to the carbon cycle.

INTRODUCTION
The Ediacaran Period [635 to 539 million years (Ma) ago] is a piv-
otal period in Earth history, archiving the rise of complex macro-
scopic life (1). This evolutionary milestone occurred in the aftermath 
of extreme climate perturbations, the Cryogenian snowball Earth 
events (2), and amid several perturbations to the carbon cycle. These 
are recorded by large carbon-isotope excursions (CIEs) in marine 
carbonate records, defined as negative and positive deviations in the 
stratigraphic trend of carbonate-carbon isotope (13Ccarb) profiles. These 
perturbations have been documented worldwide and are commonly 
used to establish regional to global stratigraphic correlations (1, 3, 4).

Integration of Ediacaran datasets from geographically disparate 
localities has relied upon bio-, litho-, and chemostratigraphic correla-
tion combined with sparse radio-isotopic ages. Within this framework, 
the Ediacaran has been divided into a lower series characterized by 
abundant and taxonomically diverse acanthomorphic acritarch as-
semblages and an upper series with Ediacara-type macrofossils (1). 
The ca. 580-Ma Gaskiers glaciation is commonly depicted to mark 
the boundary between the two series; however, because the Gaskiers 
glaciation in Newfoundland is interpreted as a regional glaciation, 
its relevance for global correlation remains unclear (5). Further-
more, direct age constraints on early Ediacaran acritarch assem-
blages and late Ediacaran macrofossil assemblages, and their age 
ranges, are generally lacking, precluding a more refined subdivi-
sion of Ediacaran time and early animal evolution. Consequently, it 

remains debated if the stratigraphic expression of the Ediacaran 
fossil record through the lens of preservation is a consequence of 
evolutionary and/or environmental drivers (6, 7).

The Shuram CIE, the largest magnitude negative excursion in 
Earth history with 13Ccarb values as low as −12‰ and sustained over 
considerable stratigraphic thickness, has been a major focus for 
Ediacaran chronostratigraphic correlation (3, 8, 9). Occurrence of 
such a distinct CIE in most of the regions within upper Ediacaran 
stratigraphy has been used to drive and support global correlation 
of these sections (1, 10). Previous age models, assuming a single CIE, 
have estimated its onset to between 580 and 560 Ma ago with termi-
nation by ca. 551 Ma ago, as marked by a chemical abrasion–isotope 
dilution–thermal ionization mass spectrometry (CA-ID-TIMS) zircon 
U-Pb date from the uppermost Doushantuo Formation (Fm) of South 
China (8, 11). However, the correlation between this U-Pb date and 
the Shuram has aroused heated debate, sparked by the regional 
stratigraphic complexity of the Doushantuo and Dengying Fms in 
South China (12, 13). Recent Re-Os geochronological data from north-
western (NW) Canada and Oman instead suggest that the Shuram 
is shorter in duration (<10 Ma) and terminated >15 Ma earlier than 
previously thought (4), bringing into question whether a single neg-
ative CIE characterizes this time interval. Meanwhile, considerable 
debate remains regarding the extent to which these Ediacaran CIEs 
can be used to reconstruct the global carbon cycle and redox budgets, 
as well as their utility for correlation (14, 15). Mechanistic and cor-
relation uncertainties are fueled by the lack of a chronostratigraphic 
framework at sufficient resolution for testing hypotheses related to 
the tempo, magnitude/duration of the events, their global expression, 
or their co-relationship with biospheric evolutionary innovations.

Ediacaran stratigraphic successions developed in various facies 
ranging from shallow to deep marine settings in South China host 
extraordinarily well-preserved fossil assemblages. These assem-
blages include the acanthomorphic acritarchs; the Lantian, Weng’an, 
Wenghui, and Miaohe biotas of the Doushantuo Fm; and a mor-
phologically complex, mixed assemblage of Ediacaran-type body fos-
sils, tubular forms, and trace fossils of the Dengying Fm (16). These 
fossil records provide insights into taphonomic variations, body 
plan evolution, the paleogeographic distribution of macroscopic or-
ganisms, and the influence of oscillating redox conditions at the 
dawn of animal life (17–19). Here, we present new U-Pb zircon and 
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Re-Os black shale radio-isotope geochronology and 13Ccarb data 
from key Ediacaran successions of South China (Fig. 1). Updated 
U-Pb zircon dates from fossiliferous late Ediacaran strata of the White 
Sea area, East European Platform are also included. These new data 
are then integrated with existing global radio-isotopic geochronol-
ogy and carbon isotope chemostratigraphic data. We review, reconsider 
stratigraphic contexts of the Ediacaran fossil record, uncertainties aris-
ing from stratigraphy and geochronology, and reassess the pattern 
and dynamics of Ediacaran CIEs to address the regional stratigraphic 
complexity (e.g., South China) and present a refined temporal frame-
work for the rise and early evolution of complex macroscopic life.

RESULTS
New Ediacaran radio-isotopic dates along with their stratigraphic con-
text are given in table S1 and outlined below. These include six zircon 
U-Pb dates and two black shale Re-Os dates from South China and two 
zircon U-Pb dates from the White Sea area of the East European Plat-
form. Plots of U-Pb and Re-Os data are presented in fig. S1. Details of 
the studied locations in South China and of our CA-ID-TIMS zircon 
U-Pb, black shale Re-Os, and C-isotope data are given in the Supple-
mentary Materials (figs. S2 to S4 and tables S2 to S4). A complete list of 
radio-isotopic dates that constrain Ediacaran stratigraphy is presented 
in table S5. Unless otherwise stated, errors of radio-isotopic dates are 
presented in 2-sigma as total uncertainty (analytical + calibration).

South China
During the Ediacaran Period, a shallow marine platform, slope, and 
deep basin formed across the southeast margin of the Yangtze Block 

of South China. Through this succession, several CIEs have been 
identified and associated with various fossil assemblages (Fig. 1 and 
fig. S2) (11, 20, 21). The Doushantuo Fm (ca. 635 to 551 Ma ago) 
ranges in thickness from <40 to >100 m and is composed predomi-
nantly of black shale and carbonate. Large lateral facies change is 
associated with different depositional environments from platform 
to basin. Several decades of work has led to the development of a 
13Ccarb framework for the Doushantuo Fm that has identified sev-
eral negative CIEs including a large-magnitude excursion in the upper 
Doushantuo (Fig. 1) that has been correlated with the dated Shuram 
CIE of Oman and NW Canada (Fig. 2).

In western Hubei Province platform settings, the zircon U-Pb 
date of 609 ± 5 Ma (22) from the base of Unit 5 of the Doushantuo 
Fm at Zhangcunping section was interpreted as an age constraint on 
the Weng’an biota. Our new CA-ID-TIMS U-Pb analyses of zircons 
from this sample indicate their detrital origin, and the youngest 
CA-ID-TIMS date of 612.5 ± 0.9 Ma provides the maximum depo-
sitional age (Fig. 1). A new Re-Os date of 587.2 ± 3.6 Ma from a horizon 
58 m above the base of Doushantuo Fm at the Jiulongwan section 
provides a maximum age constraint on the onset of the Shuram CIE 
(Fig. 1). In addition, this Re-Os date could be correlated using che-
mostratigraphy and sequence stratigraphy to the boundary between 
the Tanarium tuberosum–Schizofusa zangwenlongii and Tanarium 
conoideum–Cavaspina basiconica microfossil assemblage zones (17) 
and the lowest part of Weng’an biota (11). We note that this cor-
relation remains controversial (11, 23); further discussions of these 
correlations and the age of Weng’an biota are given in the Sup-
plementary Materials. An ash bed from the top of the Miaohe Mem-
ber of the Doushantuo Fm at the Jijiawan section in the western 

Fig. 1. Neoproterozoic-Cambrian stratigraphy, South China. Stratigraphic data sources: Eastern Yunnan (21, 54), Jijiawan (3), Xiangdangping (11, 12, 17), Zhangcunping 
(23, 55), Wenghui (56), and Xiajiaomeng (this study). Ages in black are from (8, 28, 57). DY, Dengying Fm; LCP, Liuchapo Fm; JC, Jiucheng Member; HMJ, Hamajing Member; SBT, 
Shibantan Member; NT, Nantuo Fm; A.-W.-T., Appendisphaera grandis–Weissiella grandistella–Tianzhushania spinose; T.-S., Tanarium tuberosum–Schizofusa zangwenlongii; 
Tc-Cb, Tanarium conoideum–Cavaspina basiconica; Tp-Cg, Tanarium pycnacanthum–Ceratosphaeridium glaberosum.
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region of Huangling Anticline, where the 13Ccarb values increase 
from −3.2‰ to +3.6‰, has a revised age of 550.1 ± 0.6 Ma (Fig. 1). 
Uncertainty exists in the stratigraphic position of this age relative to 
the Shuram excursion because of controversy regarding the upper 
boundary of this CIE in the Yangtze Gorges area (fig. S5). One of 
reasons for this controversy is the uncertainty in the origin (autoch-
thonous versus allochthonous) of the carbonate unit recording a 
positive CIE below the Miaohe Member (fig. S5). We emphasize that 
the two late Ediacaran negative CIEs (discussed below) proposed in 
this paper are not compromised by this stratigraphic uncertainty 
(see the Supplementary Materials). The date of 550.1 ± 0.6 Ma has 
been interpreted as the terminal timing either of the Shuram (8, 11) 
or of a younger, post-Shuram CIE (1, 12, 13). These contrasting cor-
relation models highlight the issues of regional complexity in devel-
oping regional chronostratigraphic frameworks; however (discussed 
below), the latter interpretation is preferred in this study. The 
Miaohe biota, preserved in the lower Miaohe Member and there-
fore older than ca. 550 Ma, is mainly composed of multicellular 
algae, putative metazoans, and problematica (24). Fossil assem-
blages of the Shibantan Member (Dengying Fm; Fig. 1) are dominated 
by soft-bodied Ediacara-type fossils (e.g., Arborea, Dickinsonia, 
Pteridinium, and Rangea), tubular fossils, vendotaenids, and trace 
fossils (25).

In the most proximal settings (eastern Yunnan Province; Fig. 1), 
the Shuram CIE occurs in the upper part of the Doushantuo Fm (21) 
and several hundred meters below ash beds in the Jiucheng Member 
(which contains the problematic tubular fossil Shaanxilithes) of the 
Dengying Fm with revised dates of 554.3 ± 0.6 Ma and 546.3 ± 0.7 Ma. 
The younger date is interpreted as a depositional age, while the in-
terpretation of the older date reflects either reworking during deposition, 
incorporation of xenocrystic materials in the magmatic environ-
ment, or condensed deposition.

In slope settings in northeastern Guizhou Province, the black shale 
below the middle Doushantuo carbonate interval at the Wenghui 
section yields a new Re-Os date of 585.7 ± 2.8 Ma, providing a max-
imum age constraint on the Shuram CIE and the Wenghui biota 
(Fig. 1) (26). The highly radiogenic initial Os isotope composition 
(187Os/188Os = 1.81) from the 585.7 ± 2.8–Ma isochron can be as-
cribed to either (i) deposition in a highly restricted basin (an explanation 
we consider unlikely given the depositional setting) or (ii) deposi-
tion in a euxinic water column with bottom-water sulfate concentrations 
high enough to sequester most of the unradiogenic hydrothermal- 
sourced Os into sulfides at the ridge before mixing with seawater 
(27). In more distal, deeper-water settings of southeastern Guizhou 
Province, the Doushantuo Fm is overlain by the Liuchapo Fm, which 
is composed predominantly of chert, with minor carbonate at the 

Fig. 2. Composite sections of Neoproterozoic-Cambrian transitional stratigraphy. Stratigraphic data sources: southern Namibia (10, 58), South China–Slope (this 
study), South China–Platform (table S6), northwestern Canada (4, 43), Oman (4, 10), western Brazil (32, 59), and White Sea area (this study). Zircon U-Pb and sediment Re-Os 
dates are in red and purple, respectively. For other symbols, see legend on Fig. 1.
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base (Fig. 1). Ash beds from the carbonate and chert units of the 
Liuchapo Fm at Fanglong section were dated at 557  ±  3  Ma and 
550 ± 3 Ma by SIMS zircon U-Pb method, respectively (28). In this 
study, ash beds from the topmost carbonate unit at the Wengxiu 
section (near the Xiajiaomeng section) and from the carbonate/
chert contact at the Nangao section (29) are dated at 556.4 ± 0.7 Ma 
and 556.3 ± 0.7 Ma, respectively, by CA-ID-TIMS zircon U-Pb method 
(Fig. 1 and fig. S3). The three samples dated at ~557 to 556 Ma are 
all on a 13Ccarb plateau of +1‰ and are all less than 10 m strati-
graphically above the point at which a CIE recovery crosses 0‰ from 
a nadir of −8‰. In deeper water sections, the Shuram CIE is pre-
served in the uppermost part of the Doushantuo Fm (3), with recov-
ery near the Doushantuo/Liuchapo boundary (20), corroborated by 
new 13Ccarb data from Xiajiaomeng section (Fig. 1). The new dates 
demonstrate that the Liuchapo Fm is, in part, older than ca. 550 Ma 
and correlative with the upper Doushantuo Fm in the platform set-
ting (Fig. 1), indicating a time-transgressive boundary between the 
Doushantuo and Dengying/Liuchapo Fms.

White Sea, East European Platform
The siliciclastic succession of the late Ediacaran Valdai Group in the 
White Sea area is composed of, from the bottom upward, the Lamtsa, 
Verkhovka, Zimnegory, and Erga Fms (Fig. 2). Abundant and di-
verse fossils are preserved in this succession from the upper Lamtsa 
Fm to the lower Erga Fm (6), forming the White Sea Ediacara-type 
fossil assemblage. Ash beds from the base of the Verkhovka Fm at the 
Agma River section and the Zimnegory Fm at the Zimnie Gory sec-
tion yielded zircon U-Pb dates of 558 ± 1 Ma (6) and 555.3 ± 0.3 Ma 
(30), respectively. These two dates are refined here to 557.3 ± 0.6 Ma 
and 553.0 ± 0.7 Ma, providing high-precision age constraints on the 
White Sea assemblage. The first appearance datum of Dickinsonia, 
together with the oldest metazoan lipid biomarkers (31), is ca. 90 m 
below the 557.3 ± 0.6–Ma ash bed in the White Sea area. The oldest 
bilaterian body fossil Kimberella, a probable lophotrochozoan, oc-
curs slightly above the 557.3 ± 0.6–Ma ash bed.

DISCUSSION
Number, duration, and synchroneity of 575- to 550-Ma CIEs
Radio-isotopic age constraints on the 575- to 550-Ma CIEs from 
South China, Oman, NW Canada, Namibia, and Brazil are summarized 
in Fig. 2. Examining the trends in 13Ccarb within the constraints of 
our new radio-isotopic dates and their associated uncertainties and 
stratigraphic limitations allows the assessment of whether ca. 575- 
to 550-Ma 13Ccarb excursions are globally correlative (Fig. 3). Mov-
ing systematically from platformal to slope-basinal settings in South 
China, at least one CIE older than 546.3 ± 0.7 Ma is present in the 
most proximal settings (eastern Yunnan Province), either one or 
two CIEs occur in platformal units in the Yangtze Gorge area, both 
are younger than 587.2 ± 3.6 Ma and terminated at 550 Ma ago, and 
one CIE occurs in basinal-slope settings (eastern Guizhou Province) 
constrained between 585.7 ± 2.8 Ma and 556.4 ± 0.7 Ma. In Oman, the 
Shuram CIE is constrained between 578.2 ± 5.9 Ma and 562.7 ± 3.8 Ma 
(4). In NW Canada, the Shuram CIE is older than 567.3 ± 3.0 Ma 
and younger than 574.0 ± 4.7 Ma (4). In Namibia, the basal Nama 
CIE ended before 547.4 ± 0.9 Ma (10) but with an inferred duration 
on the order of a few million years between that date and the end of 
the CIE based on co-occurrence of the CIE with weakly calcified 
metazoans (i.e., Cloudina and Namacalathus) and inferred inception 

of foredeep subsidence. In Brazil, the Tamengo Fm CIE is con-
strained between 555.2 ± 0.7 Ma and 542.4 ± 0.7 Ma (32).

Accepting all the interpretations outlined above, multiple large- 
magnitude negative CIEs can be proposed from ~575 Ma to 550 Ma 
(Fig. 3). Assuming that the largest CIEs that can be identified over 
considerable stratigraphic thicknesses in South China, Oman, and 
NW Canada are synchronous and represent a single correlative CIE 
(i.e., the Shuram CIE), we can infer that the Shuram CIE started 
after 574.0 ± 4.7 Ma and ended before 567.3 ± 3.0 Ma (4). This sus-
tained negative CIE has also been reported from the Wonoka Fm in 
the Adelaide Geosyncline, Australia (14), the Patom Basin of south-
ern Siberia (33), San Juan Fm of Peru (34), Johnnie Fm in Death 
Valley, USA (35), and Clemente Fm in NW Mexico (36). A younger 
and widespread CIE (12, 13) is indicated by the termination of a 
CIE dated at 550.1 ± 0.6 Ma in South China, age constraints on the 
Tamengo CIE of Brazil, and the inferred termination of a negative 
CIE before 547.4 ± 0.9 Ma and likely at ~550 Ma in Namibia associ-
ated with Cloudina and Namacalathus (Fig. 3). The negative CIEs 
in the Stirling Quartzite of Death Valley (35), the lower Khatyspyt 
Fm of NE Siberia (37), the Zherba Fm of SE Siberia (38), and the 
middle Krol D of northern India (39) could also be correlative with 
this 550-Ma CIE, as they occur above where the Shuram CIE would 
be but below the Ediacaran-Cambrian boundary (Fig. 4).

The emerging view from this and previous studies (1, 4, 12, 13) 
is that two globally expressed negative CIEs are recorded in 575- to 
550-Ma strata and hence calls into question the traditional concept 
of a single sustained global CIE that terminated at ca. 550 Ma ago. 
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Maintaining the traditional concept requires considering additional 
and unrecognized sources of uncertainty to reconcile apparently 
conflicting constraints. Recent work combining the Re-Os and 
U-Pb geochronometers has further confirmed that application of 
the Re-Os system to organic-rich sedimentary rocks can yield ages 
comparable in accuracy to those provided by the U-Pb system (40). 
Uncertainties in radio-isotopic constraints and their interpretation 
as accurate depositional ages are sources of uncertainty to consider; 
however, the differences between the 567-Ma Re-Os and 550-Ma 
U-Pb dates are beyond those that can be reconciled through ana-
lytical errors or decay constant bias. An alternative perspective is 
to consider uncertainties in the interpretative framework used, 
namely, that the Shuram CIE represents a singular globally syn-
chronous disturbance to the carbon cycle that could be correlated 
globally and would be similarly expressed in all basins. Although a full 

geochemical assessment of the drivers of large Neoproterozoic CIEs 
is beyond the scope of this work, the data provided here establish 
a framework in which Ediacaran CIEs could be global and correla-
tive. Even if the Shuram CIE does not represent the global dissolved 
inorganic carbon (DIC) reservoir, it may be a coeval response of 
carbonate platforms globally to an external sea level or redox forc-
ing (41). Depending on the drivers of the CIE(s), the magnitude of 
any given CIE may vary based on factors such as compositional vari-
ation associated with water depth, redox gradients, and processes 
internal to the carbonate platforms (20, 41, 42). Another issue to 
consider is differences in the shape of the CIE due to differential ac-
cumulation rates and/or incomplete preservation due to nondepo-
sition and/or erosion. Hence, variable stratigraphic expression and 
difficulties in establishing precise correlation of late Ediacaran CIEs 
from region to region are not unexpected. Despite this uncertainty, 
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we note that the shape and magnitude of the Shuram CIE between 
disparate cratons (e.g., Siberian Platform, Laurentia, Arabia-Nubia, 
and Australia) are strikingly consistent in most sections when as-
suming near-constant regional sedimentation rates (9, 14, 33, 43).

In Fig. 4, we apply both the direct age constraints on fossil as-
semblages and the newly proposed age model for late Ediacaran 
CIEs to construct a new age model for the Ediacaran fossil record. 
Despite the fact that we currently lack consensus regarding a mech-
anistic driver(s) for these CIEs and that we cannot demonstrate that 
these CIEs faithfully record the isotopic composition of the oceanic 
DIC pool, the two-CIE model presented here is consistent with the 
Shuram and 550-Ma CIEs being expressed on platform margins 
around the world (Fig. 4). This model is useful for both regional and 
global correlation, developing global chronostratigraphy and ex-
ploring causative processes for these Ediacaran CIEs.

A refined record of Ediacaran biotic evolution
The new Re-Os date of 587.2 ± 3.6 Ma from Hubei Province is near 
a second-order sequence boundary (for further discussions, see the 
Supplementary Materials) and thus provides a radio-isotopic age 
constraint for this stratigraphic package across the platform settings 
of South China (Fig. 1), which has substantial implications for the 
tempo of biotic evolution (11). First, it suggests that the maximum 
age of the Weng’an biota, which hosts diverse and complex multicel-
lular organisms, is 587.2 ± 3.6 Ma (Fig. 1). Second, it serves as an age con-
straint for the boundary between the T. tuberosum– S. zangwenlongii 
and T. conoideum–C. basiconica microfossil assemblage zones, an 
important step in refining the Ediacaran biozones and its implica-
tion for stratigraphic correlation based on acanthomorphic acritarchs 
(Fig. 1; Supplementary Materials) (17). In more distal, deeper-water 
settings in northeastern Guizhou Province, the new Re-Os date of 
585.7  ±  2.8  Ma provides a new maximum age constraint for the 
Wenghui biota characterized by diverse complex macroscopic car-
bonaceous fossils in the upper Doushantuo Fm (26). Together, 
these two dates facilitate correlation of fossil assemblages from the 
platform to the slope and demonstrate that lower Ediacaran strata 
are extremely condensed in South China.

Our new geochronological data provide the foundation for a re-
fined global age model for the Ediacaran fossil record (Fig. 4). Early 
Ediacaran fossils are dominated by acanthomorphic species along-
side macroalgae and putative animal fossils from the Lantian biota 
(17, 19). After 587.2 ± 3.6 Ma, there is an increase in the abundance 
and diversity of the acanthomorphic species (17), accompanied by 
the diverse embryos that exhibit complex development probably 
hosting total-group metazoan, and putative microscopic metazoans 
(e.g., sponges) in the Weng’an biota (18, 44). Macroscopic complex 
Ediacaran organisms made their first appearance between 580 and 
574 Ma ago, whereas rangeomorphs (including some stem-group 
eumetazoans) diversified between 574 and 564 Ma ago through the 
Shuram CIE, and the oldest known record of eumetazoan mobility 
appeared 564.8 Ma ago (45). Diversification of nonrangeomorphs 
and increased evidence for bilaterian mobility, as exemplified by the 
White Sea assemblage, are constrained by U-Pb dates of 557.3 ± 0.6 Ma 
and 553.0 ± 0.7 Ma. Following the 550-Ma CIE and postulated first 
pulse of extinction (46) of Ediacaran taxa at the White Sea–Nama 
assemblage transition, skeletonized tubular fossils (cloudinids) and 
complex burrowing produced by bilaterian metazoans record the deep 
roots of the Cambrian explosion of metazoans alongside soft-bodied 
Ediacaran taxa (25).

Our age model presented for Ediacaran CIEs and fossil records 
provides the necessary chronometric context to test causal relation-
ships, if any, between them. Independent of the drivers and global 
nature of the Ediacaran CIEs, the direct dates for Ediacaran fos-
sil assemblages are a prerequisite for calibrating biostratigraphic 
records and improving the accuracy of molecular clock analysis to 
reconstruct the early evolutionary history of complex life. The 
emerging tempo of Ediacaran evolution is defined by assemblages 
of organisms with increasing ecosystem complexity that are rela-
tively stable on tens of millions of year time scales, with new assem-
blages appearing across much shorter, discrete intervals (Fig. 4). At 
the current resolution, these transitions in the fossil record coincide 
with CIEs, suggestive of a potential causal relationship between en-
vironmental perturbations recorded in the carbon cycle and biolog-
ical turnovers.

MATERIALS AND METHODS
U-Pb and Re-Os geochronology
Zircon grains were separated from each sample using conventional 
mineral separation techniques. They were pretreated by a chemical 
abrasion technique that involved thermal annealing in a furnace at 
900°C for 60 hours, followed by partial dissolution in 29 M hydro-
fluoric acid (HF) at 180° to 210°C in high-pressure vessels for 12 hours. 
The chemically abraded grains were fluxed in/rinsed with several 
hundred microliters of 4 M HNO3 and 6 M HCl to remove the leachates. 
All zircon fragments were spiked with the EARTHTIME ET535 (or 
ET2535) mixed isotopic tracer(s) (47, 48) before complete dissolution 
in 29 M HF at 220°C for 60 hours and subsequent Pb and U purifica-
tion by an HCl-based anion-exchange column chemistry.

Pb and U were loaded together onto single outgassed Re filaments 
along with a silica-gel emitter solution, and their isotopic ratios were 
measured on a Thermo Fisher Scientific Triton instrument equipped 
with an ion-counting SEM system. Pb was measured in dynamic 
mode on a MassCom secondary electron multiplier (SEM) and was 
corrected for mass bias using a fractionation factor of 0.12 ± 0.03%/
amu (1) for samples prepared using the ET535 spike, and in real- 
time, based on measured 202Pb/205Pb ratios, for samples spiked with 
the ET2535 tracer. U isotopes were measured as dioxide ions either 
in static mode, on Faraday detectors equipped with 1012-ohm resis-
tors for intensities greater than 4 mV, or in dynamic mode for lower 
intensities. U mass fractionation was calculated in real time based on 
the isotopic composition of the ET535 and ET2535 tracers. Oxide 
correction was based on an 18O/16O ratio of 0.00205 ± 0.00004, and 
the sample 238U/235U ratio was assumed 137.818 ± 0.045 (49). Data re-
duction, calculation of dates, and propagation of uncertainties used 
the Tripoli and ET_Redux applications and algorithms (50).

Sampling and analytical procedures for Re-Os geochronology 
followed methods from (51, 52) and are outlined briefly below. 
Any weathered surfaces were removed with a diamond-encrusted 
rock saw, and samples were then hand-polished using a diamond- 
encrusted polishing pad to remove cutting marks and eliminate any 
potential for contamination from the saw blade. The samples were 
dried overnight at 40°C and then crushed to a fine (~30 m) powder 
in a SPEX 8500 Shatterbox using a zirconium grinding container 
and puck to homogenize any Re and Os heterogeneity present in the 
samples. Between 0.4 and 0.5 g of sample were digested and equilibrated 
in 8 ml of CrVIO3-H2SO4 together with a mixed tracer (spike) solu-
tion of 190Os and 185Re in carius tubes at 220°C for 48 hours. Rhenium 
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and osmium were isolated and purified using solvent extraction 
[NaOH, (CH3)2CO, and CHCl3], microdistillation, and anion column 
chromatography methods. The CrVIO3-H2SO4 digestion method was 
used, as it has been shown to preferentially liberate hydrogenous 
Re and Os, yielding more accurate and precise age determinations 
(40, 52). Total procedural blanks during this study were 61.3 ± 1.1 pg 
and 0.40 ± 0.17 pg for Re and Os, respectively, with an average 187Os/ 
188Os value of 0.25 ± 0.8 (1, n = 4). The major source (>90%) of Re blank 
contamination is the CrVIO3 used to make up the CrVIO3-H2SO4 
solution.

Isotopic measurements were performed using a Thermo Fisher 
Scientific TRITON PLUS mass spectrometer at Yale University, 
USA, via static Faraday collection for Re and ion counting using a 
secondary electron multiplier in peak-hopping mode for Os. The 
Os samples were loaded onto 99.995% Pt wire (H-Cross, NJ) in 9 N 
HBr, covered with a saturated solution of Ba(OH)2 in 0.1 N NaOH 
as activator, and analyzed as oxides of Os. Interference of 187ReO3 
on 187OsO3 was corrected by the measured intensity of 185ReO3. Mass 
fractionation was corrected with 192Os/188Os = 3.0827, using the ex-
ponential fractional law. Measurement quality was monitored by 
repeated measurement of the DROsS standard solution, which 
yielded 187Os/188Os of 0.16091 ± 0.00015 (n = 12) over the course of 
the measurement campaign for these samples. The Yale University 
Re standard solution (made from 99.999% Re wire, H-Cross, NJ, in 
2 M HNO3) measured on Faraday cups during analytical sessions 
yields an average 185Re/187Re value of 0.59811 ± 0.0006 (1, n = 11). 
The measured difference in 185Re/187Re values for the Re solution 
and the accepted 185Re/187Re value (0.59738) is used to correct the 
Re sample data for instrument mass fractionation and blank and 
spike contributions. Uncertainties for 187Re/188Os and 187Os/188Os 
were determined by error propagation of uncertainties in Re and Os 
mass spectrometry measurements, blank abundances and isotopic 
compositions, spike calibrations, and reproducibility of standard Re 
and Os isotopic values. The Re-Os isotopic data, 2-s calculated uncer-
tainties for 187Re/188Os and 187Os/188Os, and the associated error cor-
relation function (rho) were regressed to yield a model 1 Re-Os date using 
Isoplot V.4.15 with the  187Re constant of 1.666 × 10−11 a−1 (53).

Carbonate carbon and oxygen isotopes
Carbonate powders were drilled from freshly cut rock slab surfaces 
using a dental drill for carbon and oxygen isotope analysis. Fine-
grained micrites were preferentially selected. The obtained powders 
were reacted with 100% phosphoric acid at 70°C and were analyzed 
for carbon and oxygen isotopes using a Kiel IV device connected to 
a Finnigan MAT 253 mass spectrometer at the Nanjing Institute of 
Geology and Palaeontology, Chinese Academy of Sciences. Repro-
ducibility was better than ±0.03‰ and ±0.08‰ (1 SD) for carbon 
and oxygen isotopes. All analyses were calibrated to the Chinese Na-
tional Standard (GBW-04405), an Ordovician carbonate from a site 
near Beijing, with a 13Ccarb value of +0.57‰ and a 18Ocarb value of 
−8.49‰. All data are given in per mil (‰) relative to Vienna-Pee 
Dee Belemnite.

Integration of Ediacaran fossil and carbonate carbon 
isotopic records
The integration of global Ediacaran fossil and 13Ccarb records to 
produce Fig. 4 (A and B) was based on a combination of regional 
bio- and chemostratigraphic records. Integration of these regional 
records was facilitated by the temporal constraints imposed by the 

radio-isotopic dates, with additional correlation using first-order 
regional bio- and chemostratigraphic features. The main challenge 
of this work is how to deal with the intervals with no absolute age 
constraints. Our approach has (illustrated in Fig. 4A) been to use 
the best constrained regions to provide the age calibration of a given 
feature (i.e., CIE), and then, in the regions where the feature is 
“floating,” it is given the age from the best calibrated region. Where 
not directly dated, the age range of fossil assemblage/biota is de-
fined by estimated age difference between the dated horizon and the 
horizon of interest and its stratigraphic position relative to 13Ccarb 
CIE(s). Age ranges of Ediacaran fossil assemblages and biotas are 
discussed in the main text and the Supplementary Materials. We 
note that these intervals that lack constraint from radio-isotopic dates 
are considered the most uncertain, and extra uncertainty associated 
with stratigraphic correlation (the assumptions underpinned) needs 
to be considered when integrating the records into a global frame-
work. The time nodes of key evolutionary events in Fig. 4B are tied to 
key fossil assemblages that are discussed in the main text. As these 
nodes are based on the fossil record, they are minimum age con-
straints for the inferred biological innovation.

We have compiled published high-resolution 13Ccarb data from 
>150 globally distributed Ediacaran sections (Australia, Brazil, Mongolia, 
Namibia, USA, Canada, Oman, South China, and Siberia). In each 
case, data are first correlated regionally by combined litho-, chemo-, 
and sequence stratigraphy. Gaps in the 13Ccarb record of individual 
sections are permitted at unconformities, exposure surfaces, or during 
intervals of siliciclastic or evaporitic deposition. We prioritize 13Ccarb 
records for sections that include interbedded radio-isotopic constraints 
from zircon CA-ID-TIMS U-Pb and black-shale Re-Os geochronol-
ogy. 13Ccarb values that are anchored by the age of each tuff deposit or 
Re-Os age provide the scaffold for wider correlation. Intervals that 
lack age constraints are considered the most uncertain and are cor-
related through 13Ccarb trends. We start our correlation at 635 Ma, 
where marine sediments record deglaciation from the global Marinoan 
cryochron (8). This approach produces a new global composite 13C curve 
(Fig. 4B) consistent with available geochronological information.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abi9643
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