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A carbon isotope challenge to the snowball Earth
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event on the basis of their d13Ccarb of about 25%, 87Sr/86Sr of ,0.7078
and Pb–Pb carbonate age of 627 6 32 Myr (Fig. 1a; Supplementary
Information section 2). The measured d13Corg values (n 5 29) are
homogeneous, with an average value of 227.3 6 0.5% (Supplementary Table 1). d13Ccarb values are also very homogeneous, averaging
24.8 6 0.6%, consistent with previous results on the same unit and on
other cap carbonates worldwide (Supplementary Fig. 8). The resulting
D13Ccarb–org values average to 22.7 6 0.8% (Fig. 1a).
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The snowball Earth hypothesis postulates that the planet was
entirely covered by ice for millions of years in the Neoproterozoic
era, in a self-enhanced glaciation caused by the high albedo of the
ice-covered planet. In a hard-snowball picture, the subsequent rapid
unfreezing resulted from an ultra-greenhouse event attributed to
the buildup of volcanic carbon dioxide (CO2) during glaciation1.
High partial pressures of atmospheric CO2 (pCO2 ; from 20,000 to
90,000 p.p.m.v.) in the aftermath of the Marinoan glaciation
( 635 Myr ago) have been inferred from both boron and triple
oxygen isotopes2,3. These pCO2 values are 50 to 225 times higher than
present-day levels. Here, we re-evaluate these estimates using paired
carbon isotopic data for carbonate layers that cap Neoproterozoic
glacial deposits and are considered to record post-glacial sea level
rise1. The new data reported here for Brazilian cap carbonates,
together with previous ones for time-equivalent units4–8, provide
pCO2 estimates lower than 3,200 p.p.m.v.—and possibly as low as
the current value of 400 p.p.m.v. Our new constraint, and our reinterpretation of the boron and triple oxygen isotope data, provide a
completely different picture of the late Neoproterozoic environment, with low atmospheric concentrations of carbon dioxide and
oxygen that are inconsistent with a hard-snowball Earth.
Thousands of carbon isotope data have been reported for
Neoproterozoic successions in the past decade4–8, yet the full palaeoenvironmental significance of these data is still largely unappreciated.
In particular, coupled carbon isotope data from organic carbon and
carbonate have the potential to solve the longstanding conundrum of
carbon dioxide concentrations in the aftermath of Neoproterozoic
glaciations. This is possible because the difference between the carbon
isotope ratio for carbonates (d13Ccarb) and that for associated organic
matter (d13Corg), D13Ccarb–org, depends strongly on the concentration
of dissolved CO2 in the ocean ([CO2]aq, ref. 9), which can be related to
pCO2 (ref. 10). This is illustrated by the decrease of D13Ccarb-org in the
past 20 Myr to today’s value of ,22% (ref. 9), which accompanied the
drawdown of atmospheric pCO2 to the pre-industrial value of
280 p.p.m.v.. In contrast, earlier in the Phanerozoic eon, D13Ccarb–org
mostly remained in the range 28–32% (ref. 9), except for brief episodes
of lower D13Ccarb–org, such as those reported in the upper Ordovician11
and at the Permo-Triassic boundary12.
We obtained paired d13Ccarb and d13Corg values for post-glacial cap
carbonates from western Brazil. Cap carbonates are the stratigraphic
horizon marker defining the base of the Ediacaran period (635–
542 Myr before present). They were supposedly deposited during the
post-glacial sea level rise, in a supersaturated ocean and ultragreenhouse climate resulting from high atmospheric CO2 levels following a snowball Earth1. The studied cap carbonates come from the
southeastern margin of the Amazonian craton, away from the metamorphic Paraguay belt13. They form a transgressive systems tract
directly above diamictites of the Puga Formation, starting with pink
stromatolitic dolostones of the Mirassol d’Oeste Formation (,13 m
thick) deposited in shallow oxic waters, overlain by dark grey limestone and shale of the Guia Formation (,50 m thick) deposited below
storm wave base. These strata have been correlated to the Marinoan

–30

c

–20

–10

0

4
U–Pb zircon
635.2 ± 0.6

10
Inner shelf
Outer shelf
Outer slope
Possibly altered
sample

South China

2
0
–30

Age (Myr)
87Sr/86Sr

–20

δ13Corg (‰)

Lithology
Dark grey limestone
Dark grey dolostone
Pink dolostone
Bitumen pockets

–10

0

10

δ13Ccarb (‰)

Δ13Ccarb–org (‰)

Sedimentological features
Planar lamination
Crystal fans
Megaripple
Striated clast

Tube structures
Stromatolite
Diamictite

Figure 1 | Isotope and age data for cap carbonates. Paired carbon isotope
data (d13Corg and d13Ccarb) for cap carbonate successions from Brazil
(Amazonia), North China and South China (this work and refs 4-8), along with
geochronological data and 87Sr/86Sr ratios (see Supplementary Information
sections 2.1 and 2.3 for references). Potentially altered 87Sr/86Sr values for
Zhamoketi cap dolostones are shown in grey.
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Instituto de Astronomia, Geofı́sica e Ciências Atmosféricas, Universidade de São Paulo, Rua do Matão 1226, 05508-900 São Paulo, Brazil. 3UMR CNRS 7566 G2R, Nancy-Université, CNRS, BP 239, 54506
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D13Ccarb–org 5 ep – D2 1 Dcarb

(1)

where ep is the photosynthetic fractionation factor between dissolved
CO2 and organic matter and depends on [CO2]aq; D2 is the potential
increase in d13Corg during early diagenesis, set here at 11.5% (see
Methods); and Dcarb is the isotopic depletion of dissolved CO2 relative
to carbonate. Dcarb is temperature-dependent and can be estimated
from the carbon isotope fractionation between carbonate species
(Methods).
The range of ‘normal’ ep values recorded for most of the Phanerozoic
eon9 (Fig. 2b) matches the low D13Ccarb–org of cap carbonates
(22.3% , D13Ccarb–org , 24.1%) only for temperatures higher than
80 uC. However, the activase of the photosynthetic enzyme (Rubisco)
is ineffective above 45 uC (ref. 20), and only non-phototrophic
hyperthermophiles can survive in extremely warm environments21.
As temperatures above 80 uC would be at odds with the presence of
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All other Marinoan cap carbonates for which paired carbon isotope
data are available present similarly low D13Ccarb–org values (Fig. 1). In
North China, the 10-m-thick Zhamoketi cap carbonate, deposited
above the Tereeken diamictite4, shows a very stable D13Ccarb–org signal
of 23.6 6 1.5% (n 5 52, Fig. 1b). In South China, D13Ccarb–org data for
the 3–6-m-thick Doushantuo cap carbonates are available for six
sections located along a north–south transect across the Yangtze
platform5–8. These sections reveal again a low D13Ccarb–org signal, with
an average of 22.7 6 1.4% (n 5 105, Fig. 1c). Other cap carbonate
successions also show systematically low values: the Noonday dolomite,
Death Valley (average 19.1 6 2.7%, n 5 9)14, the Maieberg Formation,
Namibia (average 18.7 6 0.8%, n 5 8)15 and the Tepee dolostone,
Western Canada (single value of 22.4%)16. These sections are not considered further, owing to their much smaller data sets.
We have evaluated the extent to which post-depositional processes
may have overprinted d13Ccarb (ref. 17) and d13Corg (ref. 9) in these
sections. Available indicators (petrography, Mn/Sr and d18Ocarb;
Supplementary Information sections 3 and 6, respectively) and the
smooth chemostratigraphic trends observed in different successions
with similar d13Ccarb (Fig. 1) argue against a significant diagenetic
overprint for the d13Ccarb data. As for d13Corg, isotope effects associated
with early diagenesis are minor and taken into account in the D2
parameter of equation (1) below (Supplementary Information section
5.1). In addition, molecular organic geochemistry and Rock-Eval
pyrolysis data for Brazilian cap carbonates (Supplementary Information section 4) show that the organic matter experienced low thermal
maturity and only moderate oxidative weathering, the d13Corg signal
being thus not significantly affected by these processes (Supplementary Information section 5). After screening for post-depositional
effects, 26 data (out of 186) were eliminated, and a grand mean
D13Ccarb–org of 23.2 6 0.9% was calculated for the three cap carbonate
sequences (Fig. 1). The strong similarity in paired carbon isotope
values among the three sequences constitutes the most compelling
argument against a first-order diagenetic control on their low
D13Ccarb–org.
Anomalous D13Ccarb–org values in Neoproterozoic successions were
previously interpreted as the result of organic matter input from a large
dissolved organic carbon (DOC) pool in the ocean6. A large DOC
reservoir can accumulate only in anoxic waters and would buffer the
d13Corg, thus decoupling the d13Ccarb and d13Corg signals. However,
several authors have recently challenged this hypothesis, on the basis of
mass balance calculations6,18. Moreover, to account for the consistently
low D13Ccarb–org values observed here, cap carbonates must form
exclusively in DOC-rich anoxic waters. This contradicts geochemical
and magnetic data showing that the basal haematite-bearing cap
dolostones were deposited in oxic surface waters19.
We thus consider that the cap carbonates and associated organic
matter originated from the same surface water, so their D13Ccarb–org
can be expressed as9
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Figure 2 | Relationship between photosynthetic fractionation factor (ep),
temperature and CO2 concentrations. a, Dissolved CO2 in the ocean
([CO2]aq) and atmospheric pCO2 versus ep for three photosynthesizer growth
rates (m, in d21), obtained from the relationship [CO2]aq 5 182 m(V/S)/(25.3ep),
and assuming chemical equilibrium between ocean and atmosphere. In this
equation27, 25.3% is the isotope effect associated with carbon fixation, and the
coefficient 182 is partly dependent on cell membrane permeability. b, ep–T
interval compatible with D13Ccarb–org values of cap carbonates
(22.3 , D13Ccarb–org , 24.1%). At 45 uC, average D13Ccarb–org implies an ep of
18.8%, and hence a [CO2]aq of 55.9 mmol l21, corresponding to an atmospheric
pCO2 of 3,200 p.p.m.v.. See text and Methods for details. The shaded area in
b shows the range of ep observed during most of the Phanerozoic eon.

autotroph and heterotroph fossils within and above glacial deposits22,23
(Supplementary Information section 4), the low D13Ccarb–org recorded
in cap carbonates instead implies low ep values (from 18.8% at 45 uC to
16.9% at 25 uC), similar to those of today24.
The low ep values of cap carbonates are consistent with a low
[CO2]aq during their deposition, regardless of the speciation of carbon
(CO2 or HCO32) and of its uptake mechanism. In some modern
settings, ep is shifted towards lower values, probably because the system
is significantly driven by the active uptake of HCO32 (refs 25, 26). But
controlled experiments show that the relative contribution of this
carbon uptake mechanism decreases significantly as [CO2]aq
increases25. For instance, it did not influence ep for most of the
Phanerozoic, when [CO2]aq was probably much higher than today9.
Therefore, this mechanism could account for the systematically low ep
deduced here only if [CO2]aq during cap carbonate formation were
low—probably below the present-day range of 10–20 mmol kg21. In
the case of dissolved CO2 uptake, ep values can be directly related to
[CO2]aq by empirical equations, which include physiological parameters such as the ratio of cellular volume to surface area, (V/S),
and the growth rate (m) of photosynthesizers. We used the [CO2]aq–ep
equation from ref. 27 for modern unicellular algal species (Fig. 2a); other
equations give similar or lower estimates (see Methods). Figure 2a shows
three curves of [CO2]aq as a function of ep for different growth rates and
for a V/S of 1 mm. Taking a maximum temperature of 45 uC and a
conservative growth rate of 2 d21, which is rarely attained even in
modern high-productivity settings (Supplementary Information section
1), we estimate an absolute [CO2]aq upper limit of 56 mmol kg21.
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neglecting multiplicative constants, where CO2,trop is CO2 crossing the
tropopause from the stratosphere, with D17O(CO2,trop) < 1% in the
modern atmosphere; and tO2 is the residence time of O2 with respect to
photosynthesis and respiration (assumed to be in steady state), which
is ,1,200 years in the modern atmosphere.
Recently, Bao et al.3 reported a negative D17O anomaly (approximately 20.7%) in barites intercalated in Marinoan cap carbonates, and
interpreted it as a proxy for high atmospheric pCO2 . Abiotic laboratory
experiments and experiments with iron-oxidizing organisms have
shown that 8–16% of sulphate oxygen is incorporated from atmospheric O2 (ref. 29), with the remainder from water. Therefore, using
a 10% value for atmospheric O2 incorporation in sulphate, the observed
D17O(barite) anomaly of 20.7% implies a D17O(O2) of about 27%.
According to equation (2), D17O(O2) depends on two quantities: pCO2
and the ratio pO2 /tO2 , which is the photosynthetic O2 flux. In their
model, Bao et al.3 assumed an atmospheric pO2 of ,20% at the end
of the Marinoan glaciation, thus resulting in a high pCO2 of
,10,000 p.p.m.v. (Fig. 3, after ref. 3). We interpret these data otherwise,
considering lower O2 fluxes (that is, lower pO2 and/or higher tO2 ), in
agreement with available evidence for low pO2 levels in the early
Ediacaran (0.2–10%)30,31. In such a case, for 1% pO2 and a modern
tO2 , a pCO2 as low as , 600 p.p.m.v.—in the range of pCO2 values
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Theoretically, much higher [CO2]aq values could also produce the
low ep observed in cap carbonates, but only for extremely high cellular
volume and V/S ratios. We note, however, that even if large organisms
did flourish just after the glaciation, the increase in cell volume of the
biomass would probably be counterbalanced by a large decrease in
growth rates. Growth rate and cell volume are related by a powerlaw, m 5 aVb (a being a normalization factor and b a size-scaling
exponent usually taken as 20.25, ref. 28), which would partly buffer
the [CO2]aq estimates for higher cell volume and consequently for
higher V/S ratios (Supplementary Information section 1).
Assuming that atmosphere and ocean are in chemical equilibrium,
our [CO2]aq estimates can be converted into an atmospheric pCO2 of
3,200 p.p.m.v. for the upper estimate (T 5 45 uC and m 5 2.0 d21) and
,400 p.p.m.v. for a temperature and growth rate similar to presentday values (T 5 25 uC and m 5 0.5 d21) (Methods). These low pCO2
estimates are in apparent contradiction to the extremely high estimates
of 20,000 to 90,000 p.p.m.v. derived from boron isotope2 (d11B) and
triple oxygen isotope3 (D17O) data. If correct, the whole data set can
nonetheless be reconciled into a new environmental picture for the
early Ediacaran period.
Boron isotopes, provided that the d11B of sea water is known, can be
used as a proxy for seawater pH, from which atmospheric pCO2 can be
inferred. Kasemann et al.2 have reported a ,4% decrease in d11B in
the Marinoan cap carbonates of the Maieberg Formation (Namibia),
which they interpret as resulting from a seawater pH decrease from 8.8
to #7, in response to a transfer of CO2 from a high-pCO2 atmosphere
into the surface ocean. As the boron isotopic composition of
Neoproterozoic oceans remains unknown, however, only variations
in pH can be obtained from d11B values2, not the absolute seawater pH.
Therefore, the reported d11B decrease is also compatible with low
atmospheric pCO2 , assuming a higher seawater pH. This new proposal
finds additional support from the global presence of shallow-water
marine carbonate in the glacial aftermath, indicating high levels of
carbonate saturation, which require elevated seawater pH.
Triple oxygen isotopes measured on sulphates can also be used to
constrain atmospheric pCO2 (ref. 3). The acquisition of a negative D17O
signature of sulphate occurs in two steps: acquisition of a negative
D17O by the oxygen in the atmosphere, followed by transfer of the
anomaly to sulphate during oxidative alteration of pyrite in exposed
terrestrial sediments. The relationship between pCO2 and D17O(O2) is
given by
pCO2
D17 O(O2 )!{D17 O(CO2,trop )
tO
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Figure 3 | Relationship between pCO2 (p.p.m.v.) and D17O(O2) for 20% and
1% O2, assuming a modern value for O2 residence time of 1,200 yr. The
linear relationship between pCO2 and D17O(O2) (dashed curves) breaks down
for large D17O(O2) values3. The curve for 1% O2 implies a factor of 20 reduction
in the photosynthetic O2 flux relative to the modern oceanic O2 flux. The
hatched region shows the range of maximum D17O anomalies measured in
Marinoan barites and carbonate-associated sulphates (Supplementary
Information section 7). Both 1% and 20% O2 can explain the measured D17O,
but imply greatly different values for pCO2.

predicted here from paired carbon isotopic data—would be sufficient
to produce the observed D17O(barite) of about 20.7% (Fig. 3).
In conclusion, the low D13Ccarb–org values reported here for
Marinoan cap carbonates not only provide a lower pCO2 estimate than
previously thought, but also allow the re-interpretation of d11B and
D17O isotopic data. The new environmental picture deduced from this
integrated interpretation, with low atmospheric pCO2 , high seawater
pH and low atmospheric pO2 (associated with low O2 fluxes), represents a substantial challenge to the hard-end-member snowball Earth
picture1.

METHODS SUMMARY
Samples were ground in an agate mortar, then sieved to ensure a grain size of
,140 mm. For carbonate isotope analyses, we used 100% H3PO4 to extract CO2
successively from calcite and dolomite, in a two-step dissolution process (4 h at
25 uC for calcite, then 2 h at 80 uC for dolomite). We measured carbon and oxygen
isotope compositions of the evolved CO2 using a gas chromatograph coupled to a
GV Instruments Analytical Precision 2003 mass spectrometer. The external reproducibilities (1s) for d13Ccarb and d18Ocarb measurements are 0.1% and 0.2%,
respectively. For C and N quantification, and organic carbon analysis, samples
were decarbonated in 6 N HCl overnight at room temperature, followed by 2 h at
80 uC. Residues were washed with distilled water, centrifuged and dried at 50 uC.
Samples of decarbonated powder (10–60 mg) were loaded into quartz tubes along
with copper oxide wires. The tubes were connected to a vacuum line and sealed
under secondary vacuum (,1025 mbar), then heated at 950 uC for 6 h. The resulting CO2 and N2 were purified on a vacuum line and manometrically quantified
using a Toepler pump. Total organic carbon content, nitrogen content and hence
C/N are deduced from the CO2 and N2 quantification with a precision of 610%
relative to the measured value. The carbon isotope composition was measured
using a dual-inlet Thermo Finnigan Delta1XP mass spectrometer. The reproducibility of the d13Corg measurement is 60.1% (1s). All isotopic results are given
in d notation calibrated to V-PDB (Vienna Pee Dee Belemnite). Rock-Eval analyses and organic geochemistry were performed using standard methods,
described in the online Methods section.
Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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pCO2 reconstruction. As explained in the main text, ep is calculated from
D13Ccarb–org, knowing Dcarb and D2 (fixed at 1.5; Supplementary Information
section 5.1). Dcarb can be decomposed as the sum of the isotope fractionation
factor between carbonate and HCO32 (D13Ccarb–HCO32) and the one between
HCO32 and CO2aq (D13CHCO3–CO2aq). Three sources of D13Ccarb–HCO32 are available:
the D13CCaCO3-HCO3- for inorganic calcite precipitation of 0.9% at ambient temperature32; the D13Cdolomite–HCO32, which ranges from 3.3% to 1.2% at ambient
temperature33; and the D13Ccalcite–HCO32 of 21.2%, estimated in ref. 9 from the
difference between modern carbonate sediments and surface seawater HCO32. We
chose this smallest value of D13CCaCO3–HCO32, to ensure that the ultimately derived
pCO2 estimate represents an upper limit. Since D13CCaCO3–HCO32 may change
slightly with temperature, we used the variation of 0.01% uC21 also proposed in
ref. 9. In contrast, D13CHCO3–CO2aq is strongly temperature-dependent and is calculated using the formula D13CHCO3–CO2aq 5 9866/(T1273)224.12 (ref. 34).
[CO2]aq is calculated from ep using the relation obtained by Popp et al.27 from
cultures of unicellular algae (Fig. 2). Other [CO2]aq–ep equations have been determined but most of them were obtained for single species at a local scale (in lakes)
and do not take into account variations in physiological parameters35. Equations
based on mixed phytoplankton populations36,37, which take into account V/S and
m, yield [CO2]aq estimates inferior to those obtained using Popp et al.’s equation.
Hence, the choice of this equation provides an upper estimate of [CO2]aq.
Moreover, the equation used here is more compatible with the algal signature of
molecular organic data (Supplementary Information section 4).
Finally, [CO2]aq is converted into pCO2 , assuming that ocean and atmosphere
were at equilibrium as they are today24. Although episodic events of high growth
rate can drive the ocean–atmosphere system out of equilibrium owing to the
rapid drawdown of ocean CO2 by photosynthesizers, they are typically local
and occur on short timescales. The ubiquitous and homogeneous isotopic record
of cap carbonates points instead to a global and persistent process. We used
Henry’s law: pCO2 5 [CO2]aq/k0. The Henry constant (k0) is expressed as a function of temperature (T) and salinity (S)38 as follows: ln(k0) 5 9345.17/
T 2 60.2409 1 23.3585 ln(T/100) 1 S [0.023517 2 0.00023656T 1 0.0047036 (T/
100)2].
We have tested salinity values from 15 to 50 mM (modern value being 35 mM). In
the main text, we present only the value corresponding to the highest pCO2 estimate
obtained with a high salinity of 50 mM.
Carbon isotope analysis, C and N quantification. Samples were ground in an
agate mortar, then sieved to ensure a grain size of ,140 mm. Powdered samples
were reacted with 100% H3PO4 at 25 uC for 4 h to extract the CO2 from calcite, and
then at 80 uC for 2 h to extract CO2 from dolomite. Carbon and oxygen isotope
compositions were measured using a helium continuous flow mass spectrometer
(AP 2003). Isotopic compositions are given in the d notation relative to the V-PDB
(Vienna Pee Dee Belemnite). The external reproducibilities (1s) for d13Ccarb and
d18Ocarb measurements are 0.1% and 0.2%, respectively. d13Ccarb values measured
on calcite and dolomite were similar, except in the lower part of the dolomite
where calcite d13Ccarb values were lower by a maximum of 2%. Because
petrographic observations of these dolostones attest to the secondary character
of calcite (Supplementary Information section 3), only the dolomite d13Ccarb
values were considered. For C and N quantification, and organic carbon analysis,

samples were decarbonated in 6N HCl overnight at room temperature, followed
by 2 h at 80 uC. Residues were washed with distilled water, centrifuged and dried at
50 uC. Samples of decarbonated powder (10–60 mg) were loaded into quartz tubes
along with copper oxide wires. The tubes were connected to a vacuum line and
sealed under secondary vacuum (,1025 mbar), then heated at 950 uC for 6 h. The
resulting CO2 and N2 were purified on a vacuum line and manometrically quantified using a Toepler pump. Total organic carbon content, nitrogen content and
hence C/N are deduced from the CO2 and N2 quantification with a precision of
610% relative to the measured value. The carbon isotope composition was measured using a dual-inlet Thermo Finnigan Delta1XP mass spectrometer at the
IPGP, and is expressed in d notation calibrated to V-PDB (Vienna Pee Dee
Belemnite). The reproducibility of the d13Corg measurement is 60.1% (1s).
Molecular organic geochemistry. Analyses were performed at Henri-Poincaré
University of Nancy. The soluble organic matter was extracted with dichloromethane at 100 bar and 80 uC using an Accelerated Solvent Extractor ASE 200.
A blank was performed before each extraction. Two extraction cycles were performed to ensure a complete extraction. Elemental S was removed by introducing
HCl activated Cu chips in vials containing the solvent and the extract.
Dichloromethane was evaporated using a Zymark TurboVap LV. The extracted
organic matter was fractionated into aliphatic and aromatic hydrocarbons on a
silica column by successive elution of pentane and pentane/dichloromethane (65/
35). Aliphatic hydrocarbons were diluted in hexane (4 mg ml21) and analysed on a
HP5890 Serie II Gas chromatograph coupled with a HP5971 Mass Spectrometer
(GC–MS) following the procedure described in ref. 23.
Rock-Eval analyses. Because a TOC content of 0.3% is required for a meaningful
determination of Rock-Eval parameters, the bulk-rock organic matter was first
concentrated by HF and HCl mineral dissolution using a kerogenatron. Analyses
were carried out on the organic concentrate using a Rock-Eval 6 Turbo device at
the Institut Français du Pétrole following the classical methodology39. The RockEval parameters used were the hydrogen index (HI, mg HC per g TOC) and
oxygen index (OI, mg CO2 per g TOC) also described in ref. 39.
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