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The global carbon cycle is the biogeochemical engine at the 
heart of acid–base and redox processes in the oceans and 
atmosphere. It constitutes the most fundamental way in which 

the biosphere shapes the chemistry of our planet. Studying the 
behaviour of the carbon cycle during times past, however, presents 
unique challenges. On geological timescales, the CO2 emitted from 
volcanoes and the weathering of sedimentary rocks departs the fluid 
Earth in two primary sinks — carbonate minerals, and organic car-
bon; the burial of organic carbon can be linked stoichiometrically to 
fluxes of O2 to the atmosphere. Owing to biases intrinsic to the sedi-
mentary record, it is not possible to directly measure the amount of 
organic carbon buried as a function of time. Instead, geobiologists 
use carbon isotope ratios in carbonate rocks to constrain the pro-
portional organic carbon burial flux (for example, ref. 1), creating 
time series data by measuring many samples collected in a strati-
graphic section according to height (for example, ref. 2). Ultimately, 
carbon isotope ratios can provide a measure of the global carbon 
cycle at the geological instant of sedimentation.

The history of the carbon cycle is recorded in carbonate miner-
als and organic compounds found in sediments and sedimentary 
rocks of modern to Archean age3–10. Over the past several decades 
studies of the chemostratigraphic variation of isotopic carbon have 
enabled reconstructions of ancient seawater composition including 
the variation of alkalinity, oxygen, and fluxes of carbon2,8,11–15. The 
behaviour of the carbon cycle varies over geologic time, marked by 
different steady states punctuated by brief intervals of anomalous 
dynamics16–22. These anomalies often signify special events in the 
history of life, such as the rise of macroscopic and skeletonized ani-
mals, as well as mass extinctions2,8,16,23–26.

The secular variability of marine carbon isotope ratios in carbon-
ate-rich sedimentary successions also provides a basis for global cor-
relation18. Owing to the lack of robust biostratigraphic constraints, 
construction of ‘carbon isotope curves’ has seen widespread applica-
tion to correlate poorly fossiliferous Precambrian strata, particularly 
those of the Neoproterozoic era17. Carbon isotopic data typically are 
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Carbonate rocks from the Middle Ediacaran period in locations all over the globe record the largest excursion in carbon isotopic 
compositions in Earth history. This finding suggests a dramatic reorganization of Earth’s carbon cycle. Named the Shuram excursion 
for its original discovery in the Shuram Formation, Oman, the anomaly closely precedes impressive events in evolution, including 
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it reflects a perturbation to the carbon cycle that is stronger than any known perturbations of the modern Earth. If, however, it 
represents secondary alteration during burial of sediments, then marine sediments must have been globally preconditioned in a 
unique way, to allow ordinary and local processes to produce an extraordinary and widespread response.

plotted as a function of stratigraphic position12,24,27–31 to highlight 
secular changes in seawater chemistry through time.

As the evaluation of Neoproterozoic chemostratigraphy devel-
oped, an extraordinary excursion was discovered in the Ediacaran 
Shuram Formation, Oman28. Now known as the ‘Shuram excur-
sion’ (SE), it constitutes one of the most impressive carbon isotopic 
excursions in Earth history32,33. Plotting, by rank order, the sign 
and magnitude of carbon isotope excursions recorded over the past 
1,000 million years (Myr) shows that the largest anomalies are nega-
tive in sign and found in Neoproterozoic strata (Fig. 1). The SE is 
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Figure 1 | Historical variability of carbon isotopic composition of 
sedimentary rocks. Rank order of carbon isotope excursions greater than 
2 ‰ over the past 1,000 Myr is shown in terms of sign and magnitude. 
Negative excursions are common in the Neoproterozoic stratigraphic record. 
The SE is the largest of these; such a distribution of isotope excursions 
through time provides clear evidence for large-scale change in the operation 
of the global carbon cycle over geologic history. Data from ref. 18.
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the largest of these, characterized by carbon isotopic values as light 
as −12‰ (considerably lighter than the input and output fluxes 
commonly used to constrain isotope mass balance1), with values 
less than −6‰ persistent across hundreds of metres of stratigraphic 
thickness and representing a duration of probably greater than 
5 Myr28,32–34. Negative excursions of similar magnitude have been 
discovered in several other basins including the western United 
States35–37, South China38–40 South Australia41, suggesting a primary 
global event. If primary, the SE would be special for several reasons: 
first, its magnitude and apparent duration require explanations 
that differ substantially from the behaviour of the modern carbon 
cycle (for example, ref. 9); second, the SE has elicited broad use as 
an Ediacaran chronostratigraphic marker17,32,33,37,42–44; third, several 
hypotheses link the SE to a putative stepwise increase in the redox 
potential of ocean basins that influenced the early evolution of mac-
roscopic animals and algae2,40,45,46.

To elaborate on this latter point, the results from models of car-
bon cycle dynamics suggest that extreme carbon isotope excursions 
could occur under the conditions of strongly differentiated ocean 
reservoirs9; the SE may have been caused by oxidation of a deep-
ocean reservoir charged with dissolved organic carbon2,13 (DOC). 
The demise of this oxygen-limited ocean may have stimulated 
development of macroscopic metazoans2 because oxygen availabil-
ity has long been regarded as a key factor in the Cambrian radiation 
of animals16.

The interpretation of the SE as a record of primary seawater com-
position has, however, been challenged. Owing to its great magnitude 
the SE was initially evaluated with appropriate caution and diagenetic 
alteration was invoked28. (Diagenesis includes those post-deposi-
tional processes that involve fluid–rock interaction, such as lithifi-
cation, recrystallization and loss of primary porosity.) Diagenetic 
amplification of initially 13C-depleted values also was advocated in 
subsequent re-evaluation of the SE47. This was followed by a wave of 

interpretation favouring a primary origin of the SE associated with 
explanations centred on modes of carbon cycling that are uncharac-
teristic of the modern Earth2,32,33,38,40. Most recently, the hypothesis 
that diagenesis could explain the SE has resurfaced48,49.

Despite its potential significance, the genesis of the SE remains 
unresolved. It is not yet clear whether this extraordinary signal rep-
resents a milestone in Earth’s environmental evolution, or merely 
the local expression of carbon recycling during the conversion of 
sediment to rock. What is clear, however, is the growing set of obser-
vations that must be accounted for in any interpretation, including 
its magnitude, which is unrivalled in the subsequent record of Earth 
history, and its unique occurrence at this geologic time.

Geologic context of the Shuram excursion
The key observations that must be accounted for in any explana-
tion of the SE include: (1) magnitude, which typically ranges down 
to −12‰ from previous values as high as +6‰; (2) stratigraphic 
asymmetry, marked by a rapid drop in δ13Ccarb values followed 
by a more gradual recovery; (3) small point-to-point differences 
between isotope ratios of successive stratigraphic samples; (4) strati-
graphic position, sandwiched between Marinoan glacial deposits 
and Ediacaran macrofossils; (5) inferred long duration represented 
by hundreds of metres of shallow marine strata; 6) the general lack 
of time series covariation of carbonate carbon (δ13Ccarb) and organic 
carbon (δ13Corg); and (7) a strong correlation between δ18Ocarb and 
δ13Ccarb in many sections.

The SE is best represented by four key stratigraphic sections 
including the Nafun Group of Oman2,28,32,33, the Wonoka Formation 
of South Australia41, the Doushantuo Formation of South China39,40 
and the Johnnie Formation of the Death Valley region, California35–37; 
these sections offer independent relative chronologic constraints 
that alleviate the circularity imposed by using the SE itself to estab-
lish correlations. The SE is constrained in age to postdate strata 
containing Marinoan glacial deposits, including cap carbonates 
(~630 Myr ago), and predate Ediacaran macrofossil-bearing strata 
and/or the Precambrian/Cambrian boundary (542  Myr ago). In 
South Australia and Death Valley, strata containing the SE are over-
lain by strata containing Ediacaran soft-bodied macrofossils35,41,50. 
In Oman, strata that postdate the SE contain skeletal fossils of the 
Cloudina association25.

A large number of additional globally dispersed sections (Fig. 2) 
have been correlated with the SE (Fig.  3). Although they share a 
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Figure 3 | Magnitude and asymmetry of SE. Data from four key sections 
(Shuram Formation, Oman2; Wonoka Formation, South Australia41; 
Duoshantuo Formation, South China40; Johnnie Formation, southeast 
California37) are superimposed and normalized to the thickness of the SE in 
Oman using δ13C zero crossings.

Figure 2 | Palaeogeographic map (600 Myr ago) showing global 
distribution of the SE. Key sections for the SE are indicated by filled circles 
(S, Shuram; W, Wonoka; D, Doushantuo; J, Johnnie), and the position of 
other potential sections that may correlate with the SE are shown as open 
circles. Am, Amazonia; Au, Australia; Av, Avalonia; Ba, Baltica; Co, Congo; 
I, India; K, Kalahari; La, Laurentia; S, Sahara; Si, Siberia; SC, South China; 
WA, Western Australia. Data from ref. 95.
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similar chemostratigraphic pattern, they lack sufficient independent 
constraints to provide a strong relative chronology. For example, 
Neoproterozoic strata in Scandanavia show strongly negative 
δ13Ccarb values over a substantial thickness43, however, the section is 
structurally complicated and lacks definitive fossils, so its inferred 
Ediacaran age is not secure. Other globally distributed carbonate-
bearing Ediacaran strata (for example, India, Scotland, Siberia and 
Uruguay44,51–53) contain evidence for significant negative isotopic 
excursions, but none are as negative or as thick as the SE. Therefore, 
global correlation of the SE is supported by at least four, and pos-
sibly as many as nine, stratigraphic sections (Fig. 2). 

An important attribute of the four key sections is the signifi-
cant stratigraphic thickness of the SE. In Oman, this spans ~400 
m (ref.  32,33), in Death Valley 300–500 m (ref.  37) and in South 
Australia ~150 m (ref. 41). The Doushantuo SE is considerably thin-
ner (50 m) relative to the other key sections, probably owing to con-
densation of the section. Simple calculations based on inferences of 
basin subsidence rate32,33 and interpolation between geochronologic 
tie points34 yield estimates for the duration of the SE of 5–50 Myr. 
The important point is that even the shortest estimate is almost an 
order of magnitude greater than the expected residence time of car-
bon in the ocean and atmosphere, pointing to a potentially non-
uniformitarian process of formation for the SE.

In the four key sections the SE shows a rapid drop to the most 
negative δ13Ccarb values, followed by a slow recovery to less negative 
and eventually positive values (Fig. 3). In Oman, this trend begins 
in the underlying Khufai Formation carbonates and continues into 
the mixed carbonate and siliciclastics of the overlying Shuram 
Formation32,33. The most negative values are achieved in the trans-
gressive system tract of the lower Shuram Formation47, suggesting 
that sedimentary condensation may in part be responsible for the 
asymmetric expression of the SE. The sections in Australia and Death 
Valley show similar relationships, with the drop recorded in trans-
gressive to early highstand depositional systems tracts35,41,54,55. These 
observations suggest that the stratigraphic shape of the SE is related 
to transgressive condensation of strata that embrace the decline to 
the most negative values. In contrast, the SE in the Doushantuo is 
interpreted as a highstand, rather than transgressive, deposit40 and 
therefore shows a more symmetrical shape (Fig. 3).

The SE is recorded in a variety of facies associations that define 
storm-dominated, prograding shelf environments composed of 
open marine sediments32,33,54,55. Carbonates analysed for carbon 
isotopic values typically include coarse-grained facies such as 
trough cross-bedded ooid grainstones, hummocky cross-stratified 
intraclast–ooid grainstones, and flat-pebble conglomerates (Fig. 4). 
Finer-grained facies are also present and consist of silt to fine-sand-
sized carbonate sediments with wave-ripple cross-stratification and 
small-scale hummocky cross-stratification. Mud-sized carbonates 
form discrete interbeds in fine-grained shales and quartz siltstones. 
Where the flux of fine-grained siliciclastic sediments was high, car-
bonate mudstones may be preserved only as concretions, but this is 
the exception rather than the rule.

Finally, the four key stratigraphic sections of the SE are located 
in significantly different palaeogeographic locations, as are the 
other supporting sections (Fig. 2). This requires the SE to be glo-
bal in extent.

The case for primary signal
By convention, carbon isotope ratio data are interpreted in the 
context of isotope mass balance, with an input value of approxi-
mately −6‰ (mantle values56) to the global ocean. If primary, the 
constraint imposed by the SE is for the isotopic composition of the 
carbon entering the oceanic reservoir of dissolved inorganic car-
bon (DIC) to be characterized by very low values (≤ −12‰). Inputs 
this low presumably reflect a source of CO2 derived from the oxi-
dation of a reservoir of organic carbon (which is characterized by 

δ13C values of −25‰ to −35‰), be it ancient sedimentary carbon 
or carbon from within the ocean itself. Support for oxidation of a 
pre-existing reduced reservoir at the onset of the SE is also pro-
vided by sulphur isotope data2,36,40. Carbonate-associated sulphate 
reveals a systematic decrease in δ34S whereas a parallel decrease in 
δ34S occurs in coeval pyrite2,36,40.

The observed pattern of systematically variable δ13Ccarb data and 
relatively invariant δ13Corg data2,40,41 was explored using a new model 
of the carbon cycle9. This model invoked a large dissolved and/or 
finely particulate organic carbon reservoir in the ocean, one that 
was substantially larger — and characterized by a longer residence 
time — than the coeval DIC pool. In this framework, oxidation of 
a portion of the 13C-depleted DOC reservoir to CO2 would have 
resulted in a corresponding isotopic depletion of the DIC reser-
voir, which was recorded in coeval marine carbonates. For δ13Corg to 
remain essentially invariant in this scenario, it must be overwhelm-
ingly sourced from ‘fossil carbon’ of the DOC reservoir directly 
and not from DIC-derived primary productivity. This hypothesis 
describes a carbon cycle that is very different from organic carbon 
delivery to sediments today.

1 cm

1 mma

c

d

b

Figure 4 | Representative depositional facies from strata that preserve 
the SE. a, Hummocky cross-stratified intraclast–ooid grainstone 
(limestone) in Shuram Formation, Oman. b, Ooid grainstone/packstone 
(limestone) in Shuram Formation, Oman. c, Wave-ripple cross-stratified 
peloidal grainstone (limestone), Wonoka Formation, Australia. d, Trough 
cross-bedded ooid grainstone (dolostone) interbedded with organic-lean 
red shales in Johnnie Formation, California.
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The idea of a large DOC reservoir of Ediacaran age has garnered 
support2,36,40, but see ref. 57 for a contrary hypothesis. Wide accept-
ance will require resolution of several inconsistencies. For example, 
a large DOC reservoir predicts uniform δ13Corg values for globally 
distributed strata; but δ13Corg values vary between different SE sec-
tions2,40,41. This variability, however, may reflect non-uniform and 
often low concentrations of organic matter2. Indeed, a sharp enrich-
ment in δ13Corg at the base of the SE corresponds to a decrease in 
total organic carbon content2; this trend is common in the geologic 
record58 and may result from post-depositional loss of organics 
(for example, diagenetic remineralization or thermal cracking) or 
analytical challenges with measuring rocks of low organic carbon 
content. Perhaps the largest challenge concerns the chemical and 
physical nature of the DOC pool and the oxidant budget required 
to oxidize it to DIC. Simple calculations suggest that the required 
flux of oxidants would be equal to that available at the surface of 
the Earth today59. Furthermore, if the source of oxidants was largely 
O2 in the atmosphere, it is unclear what processes kept these oxi-
dants and DOC separate for long periods of time (> 1 Myr), only to 
reintroduce them at the onset of the SE. These discordances high-
light the need for development of further hypotheses and measure-
ments that seek to uncover the processes responsible for the pattern 
of the SE. Most recently, a new hypothesis that emphasizes the pri-
mary nature of the SE has been proposed60.  This work involves con-
siderations of the importance of methane cycling.

The case for diagenesis
Carbonate rocks commonly recrystallize and re-equilibrate with 
pore fluids during diagenesis, complicating the interpretation of 
chemostratigraphic data. Large δ18Ocarb depletion relative to sea 
water is considered a hallmark of diagenesis, marked by resetting of 
primary oxygen isotope ratios61–64. Consequently, many early stud-
ies of Neoproterozoic carbonates employed established techniques 
developed for the screening of diagenetic processes, such as the 
retention or loss of mobile trace elements (for example, Sr, Fe and 
Mn),18O/16O ratios and87Sr/86Sr ratios27,28,31,65–67. Because oxygen is 
a principal element of water and carbon is a minor constituent it 
was proposed that alteration of carbon and oxygen isotope ratios 
in carbonate rocks should follow a curve with water-to-rock ratios 
described by a model of two components mixing63. This framework 
suggests that carbon isotope ratios should be differentially buffered 
against post-depositional changes in composition. Nonetheless, 
because the strongly negative δ13Ccarb values (−12‰) of the SE fell 
outside the standard operation of the carbon cycle56, early research-
ers28,47 attributed the SE in part to diagenetic alteration.

Geochemical data support the inference of diagenesis in many 
sections recording the SE, in particular, the covariation of δ13Ccarb 
and δ18Ocarb (Fig.  5)2,41. We know empirically that there is often a 
covariation between these measurements in suites of samples that 
have undergone extensive diagenesis. Furthermore, because the SE 
is poorly recorded in the carbon isotope ratios of organic phases 
in the same rocks (manifest as a lack of covariation in δ13Corg and 
δ13Ccarb)2,40,41 (Fig. 5), this supports the hypothesis that the SE chem-
ostratigraphic pattern is solely the result of diagenetic processes48,49.

In one hypothesis, reaction of SE sediments with 13C-depleted 
meteoric waters is inferred to have generated the SE pattern28,47,48. 
Meteoric waters are characterized by negative δ18O values and can 
acquire 13C-depleted DIC from the oxidation of terrestrial organic 
carbon68. Diagenetic alteration of carbonates from meteoric fluids 
can produce 13C-depleted isotope ratios and co-variation with δ18O 
values. This pattern is clearly recorded in Miocene–Recent platform 
sediments in the Bahamas, where this alteration was facilitated in 
large part by high amplitude sea-level changes tied to glaciation69. 
The isotopic pattern produced by this process is similar in sign to 
the SE, but not in magnitude. Furthermore, the Bahamian rocks 
show evidence of many episodes of subaerial exposure70. Exposure 

processes are also recorded by increased stratigraphic variability in 
point-to-point differences between successive stratigraphic sam-
ples70. Neither of these aspects are observed in SE strata. Moreover, 
the hypothesis that the SE pattern is a result of meteoric diagenesis 
carries an interesting corollary, because it requires the influence of 
a conspicuous reservoir of terrestrial organic carbon. Therefore, in 
one instance48 the Neoproterozoic landscape is predicted to be as 
productive as younger Phanerozoic landscapes, despite the dearth of 
supporting palaeontological evidence. Nevertheless, assuming this 
hypothesis is correct, one would expect extreme excursions such as 
the SE to become progressively more common after the evolution 
and rise of vascular land plants — which definitively increased the 
terrestrial biomass relative to earlier times71–73. However, isotopic 
excursions of the same magnitude or duration (in rock space) as the 
SE are unknown in Phanerozoic strata18,19 (Fig. 1).

Another mechanism potentially responsible for diagenetic 
alteration of carbon isotope ratios results from fluid–rock interac-
tions driven by advection of hydrocarbon-influenced basinal fluids 
during burial and sediment compaction. This process involves oxi-
dation of previously deposited organic matter to form a source of 
13C-depleted carbonate cements and replacement textures. In some 
SE sections, the co-variation of carbon and oxygen coupled with 
the occurrence of organic-rich shales supports the hypothesis that 
burial diagenesis could have produce extremely depleted carbon-
ates49. Whereas some of the key sections contain organic-rich shales 
(Duoshantuo, locally the Shuram), others do not (Wonoka, Johnnie, 
generally the Shuram). Furthermore, in the case of both the Shuram 
and Doushantuo Formations, the δ13Ccarb profiles show increased 
point-to-point variability in the organic-rich parts of the sections. 
For example, the organic-rich carbonate rocks below the EN2 
excursion of the Duoshantuo Formation show larger variance than 
those in the EN3 excursion40. This pattern suggests local alteration 
of the rocks in the vicinity of the organic-rich facies. However, in the 
organic-lean facies that compose the EN3 excursion — interpreted 
as the equivalent of the SE — the 13C-depletion is far greater than in 
the EN2, but yet the data show a striking point-to-point coherence.

The small first differences in δ13Ccarb between samples aligned 
with stratigraphic height are an important attribute observed in 
the key sections. For example, small point-to-point variations are 
observed for data from Nafun Group (Oman), despite significant 
point-to-point changes in sedimentary facies. This diversity of facies 
had different initial porosities and permeabilities (consider an ooid 
grainstone versus lime mudstone), and therefore different reactivi-
ties regarding diagenetic fluid flow and water–rock interaction. A 
paradox thus emerges in which the rocks that are proposed to be the 
most altered show the least spread in the δ13Ccarb values as a function 
of stratigraphic position. At face value, this is not consistent with 
diagenetic alteration of a rock whose starting composition is pro-
posed to be 0‰. One would expect to see a much greater degree of 
scatter in the stratigraphic expression of severely 13C-depleted car-
bon isotope ratios if they arose from burial diagenesis.

It is noteworthy that there are no known isotopic excursions of 
either the magnitude or thickness of the SE in Phanerozoic geologic 
history (Fig. 1)18,19. Yet in this same interval of time we see preserved 
all of the world’s great globally distributed petroleum source rocks74. 
Many are in direct contact with carbonates, or even form the down-
dip facies of self-sourcing reservoirs, such as the Jurassic Smackover 
Formation. The Smackover has been intensely studied to understand 
its diagenesis and in some cases was subjected to significant burial 
depths and temperatures75, at least as great as what is observed for 
the Shuram Formation76–78. Despite the compelling case to be made 
for burial diagenesis79, petroleum migration and even in situ oxida-
tion of organic matter80, no section of Smackover stratigraphy has 
been identified that shows depletion similar to what is known from 
the SE. The same is true for the Ediacaran Khatyspyt Formation in 
Siberia, a known source rock and petroliferous limestone81. Despite 

REVIEW ARTICLE NATURE GEOSCIENCE DOI: 10.1038/NGEO1138

© 2011 Macmillan Publishers Limited. All rights reserved

http://www.nature.com/doifinder/10.1038/ngeo1138


NATURE GEOSCIENCE | VOL 4 | MAY 2011 | www.nature.com/naturegeoscience 289

–15

–20

–25

–30

–35

–40

–15

–20

–25

–30

–35

–40

–15

–20

–25

–30

–35

–40

5

0

–5

–10

–15

5

0

–5

–10

–15

5

0

–5

–10

–15

Oman

South Australia

South China

δ13
C

or
g

δ13
C

or
g

δ13
C

or
g

δ13Ccarb

δ
18O

carb
δ

18O
carb

δ
18O

carb

–15 –10 –5 0 5

δ13Ccarb

–10 –5 0 5 10
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high-resolution chemostratigraphic studies82–84 this organic-rich unit 
displays uniform values of +1 to +2‰. Therefore, it seems that ordi-
nary burial diagenesis also cannot account for the unique attributes 
of the SE. Though it is clear that many SE sections show the hall-
mark patterns of post-depositional alteration, if the unique carbon 
isotope pattern is attributed to diagenetic processes, it must have 
resulted from a style of diagenesis not observed in younger strata.

Extraordinary processes of Ediacaran age
The SE presents a biogeochemical enigma. Its stratigraphic con-
text provides substantial evidence for a global palaeoceanographic 
event; however, this interpretation is seemingly contradicted by 
the lack of covarying δ13Ccarb–δ13Corg data and by the strong cor-
relation between carbonate carbon and oxygen isotope ratios, a 
hallmark of open-system diagenesis in sedimentary basins. Were 
it not for its extreme magnitude, displayed over such a substan-
tial thickness of rock and in globally distributed localities, the 
SE could be simply dismissed as a result of local diagenesis. The 
record of diagenesis observed in the most recent 500 Myr of Earth 
history provides evidence for only modest alteration of primary 
signals. Curiously, to find something as large as the SE one must 
go back further in time, not forward84. In this regard, the SE che-
mostratigraphic pattern is not well explained by hypotheses that 
invoke business-as-usual diagenetic mechanisms. All proposed 
mechanisms for diagenesis fall short in attempting to account for 
the magnitude of the SE without also explaining the absence of 
such large signals in the Phanerozoic record.

Yet geology is about what happened — not what should have 
happened. What can be stated unequivocally is that in at least four 
globally distributed localities there is a single event of Ediacaran 
age that involves extreme 13C depletion over circa 100-m-scale 
stratigraphic thicknesses of carbonate rock. This observation, 
strengthened by the past decade of work, must be held at the core 
of any phenomenological explanation of the SE. The importance 
of stratigraphic context has enabled evaluation of other great 
geologic controversies whose explanation involves unexpected 
and often extraordinary processes (for example, Messinian salin-
ity crisis85; Cretaceous/Tertiary extinction86,87; Permian/Triassic 
extinction88,89; and Neoproterozoic Snowball Earth90). Similarly, it 
is prudent to honour stratigraphic context in evaluating possible 
origins of the SE.

The balance of evidence at this point suggests the possibility of an 
exotic mechanism: a global diagenetic event. The most obvious sce-
nario would involve global sea-level fall associated with the onset of 
glacial conditions91,92. This hypothesis was suggested during presenta-
tions at the 2010 meeting of the Geological Society of America. Very 
simply, the concept involves globally synchronous oscillations of sea 
level that drive fluid flow in sedimentary basins to produce globally 
synchronous but locally expressed diagenetic overprints (L.  Derry 
and P. Swart, personal communication). Although the possibility 
that significant ice existed during SE time cannot be excluded34, it 
has been shown that the well-known Gaskiers glacial event is likely 
to pre-date the SE44. Furthermore, three additional observations can-
not be accounted for by a global sea-level fall: SE strata comprised of 
transgressive to highstand facies; the lack of karst or other subaerial 
exposure surfaces superjacent to the SE; and the absence of isotope 
excursions of a similar magnitude associated with strata deposited 
during periods of known sea-level drawdown18,32,33,37,40,41. Finally, we 
note that for well-documented Proterozoic exposure surfaces, which 
provide definitive evidence in the form of karst for invasion of and 
reaction with meteoric fluids, there is no evidence for carbon isotope 
ratios below −2 to −5 ‰93,94. Therefore, we consider a different mech-
anism by which sediments were deposited under temporally focused 
and globally pervasive conditions that affected their primary com-
position, so that the sediments were preconditioned to subsequently 
influence their reaction potential during burial and diagenesis.

One scenario would propose that the primary inorganic 
composition of sediments was affected by a significant perturbation 
in global redox, driven by a rise in atmospheric oxygen. This could 
have created a set of conditions wherein sediments were primed to 
more efficiently oxidize organic compounds that they encounter, 
either delivered by sinking particles through the water column, or 
later through diagenesis driven by migrating hydrocarbon-rich flu-
ids, thereby producing greater amounts of 13C-depleted DIC with the 
potential for ubiquitous alteration of carbonate rocks. The primer 
would necessarily be sediment composition, enriched in mineral 
electron acceptors (for example, ferric hydroxides, sulphates) with 
high oxidizing potential. The essential point is that such a process 
would tie to a unique interval in Earth history, of global extent, that 
also accounts for the evidence for local diagenesis. This hypothe-
sis explains several of the unique attributes of the SE; however, no 
appropriate data exist to test it. Although we lack confidence at this 
time in this (and other) potential scenarios for global diagenesis, we 
suggest that consideration of such extraordinary mechanisms could 
be a good starting point to construct a hypothesis that honours all 
of the observations and data.

The Ediacaran enigma
For the time being, the SE must be viewed from several perspec-
tives. If it reflects primary seawater composition and perturbation 
of marine DIC, then we must explain the strong correlation between 
carbon and oxygen isotopic values that cannot be accounted for in 
present carbon cycle models. If the SE is diagenetic in origin, then 
perhaps we need to search for an explanation that can account for 
its apparently global distribution — a mechanism that would pre-
dict enhanced chemical modification of buried sediments of very 
similar or possibly identical age. From either perspective, the SE 
presents a tough problem, and one that is ripe for fresh approaches 
and ideas.
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