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The largest reservoir of carbon on Earth resides in the mantle, 
but how it has evolved over the planet’s history and influ-
enced global climate remains an unresolved fundamental 

problem1. According to standard models, there were times when 
the exogenic carbon inputs (igneous and metamorphic degassing) 
outweighed the outputs (silicate weathering, burial sequestration 
and subduction), leading to global warming and rising sea levels2. 
The balance of exogenic atmospheric inputs and outputs during 
the Neoproterozoic is of particular interest because this period was 
marked by major perturbations in the global carbon cycle that have 
been hypothetically connected to changing climate, atmospheric–
oceanic oxygenation and biodiversification before the Cambrian 
explosion of life3,4. Although the details of changes in the partial 
pressure of atmospheric CO2 (pCO2) throughout the Neoproterozoic 
are poorly understood, it seems to have risen from relatively low 
levels as the Earth transitioned from its Snowball Earth state in 
the Cryogenian (approximately 720–635 million years ago (Ma)) 
to a maximum Phanerozoic level during its greenhouse state in  
the Cambrian5.

Recent analyses of a growing worldwide detrital zircon 
database have led to the conclusion that late Neoproterozoic–
Phanerozoic transitions from Earth’s ice to greenhouse states 
coincide with increases in zircon abundance6. Long-term global 
warming has, therefore, been linked to the notion that increases 
in pCO2 are governed by widespread expansion of continental arc 
magmatism6,7. Although increasing exogenic CO2 input has com-
monly been taken to mark surges in carbonate subduction8, sig-
nificant calcareous pelagic deposition did not commence until 
the Cretaceous9. Subduction of carbonated ocean crust and man-
tle, as well as the carbonates stripped off continents and shed into 
adjacent trenches, offer possible carbon inputs into Precambrian 
subduction zones. However, there are fundamental uncertainties 
about the palaeo-temperature and -pressure regimes of ancient 
arcs and whether they met the conditions that are required for 

efficient decarbonation of subducted slabs to fuel substantial 
CO2 emissions1.

It has also been noted that time periods of increased carbon-
atite magmatism seem to correlate with past warmer climates 
(for example, during the Cretaceous and Eocene10, as well as the 
Ediacaran11). A plausible causal link exists, as carbonatite melts 
can degas on ascent, releasing significant amounts of CO2 when 
they reach relatively shallow depths (<​90 km)12. Carbonatites are 
typically made up of ≥​50% carbonate minerals13. Therefore, even if 
the total magma production rate is low, they emit an anomalously 
large amount of CO2 compared with the average arc magma, which 
typically has less than 5,000 ppm of CO2

14. Equally important is the 
fact that this magma type erupts with other alkaline magmas that 
are also highly enriched in CO2

15. The global impact of alkaline 
and carbonatite magmatism is highlighted by studies that have 
shown the potential for these magma types to emit ten- and up 
to fifty-times more CO2 into the atmosphere, respectively, than 
arc magmas16,17. Therefore, the record of alkaline and carbonatite 
magmatism in the rock record may point to significant, punctuated 
CO2 releases from the subcontinental mantle reservoir10; a poten-
tially important process operating outside of the steady state within 
the carbon cycle that warrants investigation.

We carried out a coupled U–Pb age and trace element analy-
sis of 5,715 detrital zircons from 46 sandstone samples (primar-
ily Neoproterozoic–early Palaeozoic in age) widely distributed 
along a ~3,000-km-long swath of the Neoproterozoic–early 
Palaeozoic Pacific-Gondwana margin in Antarctica (Fig.  1 and 
Supplementary Fig.  1). These sandstones are of interest because 
they are known to contain high concentrations of the prototypi-
cal 700–500 Ma zircon U–Pb age population that overlaps with the 
Ediacaran–Cambrian global warming phase that has been linked 
to higher CO2 emissions from continental arcs6. The sources of 
this zircon age population may include exposed and ice-covered 
igneous provinces in Antarctica, such as the Ross orogen18–20, for 
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example, as well as interior areas of Gondwana such as the East 
African orogen21. Regardless of their precise provenance, trace ele-
ments in the detrital zircons can provide constraints on the magma 
types from which the zircons crystallized with a reasonable prob-
ability (see  Methods), thereby providing a test for a postulated 
linkage between carbonatite-alkaline magmatism and global cli-
mate change for the Ediacaran–Cambrian time interval. In par-
ticular, zircons from carbonatites and other alkaline magmas can 
be confidently discerned based on their Lu, Ta and U concentra-
tions (see  Methods)23. The distinct concentrations of these trace 
elements reflect magma production by a low degree of partial 
melting of a metasomatized or carbonated subcontinental man-
tle or recycled oceanic crust that includes sediments22. The new  
U–Pb age and trace element data for detrital zircons are reported 
in Supplementary Table 1.

Evidence for a spike in carbonatite-alkaline magmatism
The zircons with carbonatite-alkaline signatures yield a U–Pb age 
probability peak at 577–553 Ma in all of the study areas that con-
tain a large 700–500 Ma age population (Supplementary Fig.  2). 
The highest numbers of carbonatite-alkaline grains occur during 
the 700–500 Ma (Cryogenian–Cambrian) time interval (n =​ 368; 
17% of this zircon U–Pb age population), whereas lower num-
bers of such carbonatite-alkaline grains characterize earlier time 
intervals. Although some zircons may be misclassified with regard 
to their parent rock types23, this does not explain the systematic 
change in zircon chemistry identified herein for the 700–500 Ma 
zircons found along the continental margin (Supplementary 
Fig. 3), the trace element signatures of which suggest derivation 
from carbonatite and alkaline source rocks. Similarly, age peaks 
shown by large global detrital zircon datasets have been argued 
to represent a preservation bias in which zircons are selectively 
preserved in sedimentary successions deposited over stable con-
tinental shields during supercontinental assembly24. However, 
statistical (χ​2) tests (Supplementary Fig.  4) on the cumulative 
zircon U–Pb age population presented here (Fig.  2a,b) confirm 

that the proportion of carbonatite-alkaline zircons, relative to all 
other rock types, is significantly higher for the 900–400 Ma time 
interval relative to earlier time periods. Within the 900–400 Ma 
time interval, 90% of all the carbonatite-alkaline zircon ages fall 
between 700–500 Ma. We therefore conclude that the carbonatite-
alkaline U–Pb age distribution in the detrital record is not simply 
a bias of preservation, but instead reflects a spike in carbonatite-
alkaline magmatism.

The results outlined above are interpreted to have global signifi-
cance considering three important points. First, in terms of scale, 
the length of the palaeocontinental margin along which we have 
identified evidence for this spike in magmatism is itself roughly 
equivalent to the Nazca–South American convergent plate margin 
along coastal Chile. Second, in terms of regional extent, previous 
analyses of detrital zircon U–Pb age and trace element data have 
also revealed a significant peak from 700–500 Ma of alkaline zir-
cons in Permian–Triassic and younger sediments over an exten-
sive area from distal localities that include southeast Australia, 
southwest Australia, Antarctica (Prydz Bay and Dronning Maud 
Land), India and South Africa25 (Fig. 1). Third, global in situ out-
crop records of carbonatites and kimberlites show the same overall 
increase from 700–500 Ma indicated by our dataset (Fig. 2c,d)26,27, 
a result that lends support to the trace-element-based par-
ent rock classification applied herein. Collectively, these results 
point to widespread enrichment of the Earth’s mantle26 before the 
Cryogenian–Cambrian time interval.

Planetary carbon sequestration and release
Mantle carbon may be primordial or sourced from the crust and 
sediments recycled by subduction1. A general paucity of carbon-
atites along active subduction zones forms part of the basis for argu-
ments that subducted crustal carbonate is not directly involved in 
the generation of alkaline-carbonatite magmas28. However, recent 
boron isotope analyses point to enriched (crustal) signatures 
involved in the generation of carbonatites <​300 Ma in age, as well 
as during two earlier episodes of supercontinental assembly; the 
first at 1,800 Ma and significantly, the second at 570 Ma during the 
spike in carbonatite-alkaline activity identified here29. Importantly, 
this 700–500 Ma spike in carbonatite-alkaline magmatic activity 
also correlates with the appearance of blueschist30 and ultrahigh-
pressure (UHP)31 metamorphism in the rock record (Fig.  2e,f). 
Blueschist facies metamorphism is a hallmark of a cooler subduc-
tion environment, which may in turn foster UHP metamorphism 
by deeper subduction of crust32. The decarbonation of subducting 
ocean lithosphere depends on several variables of which tempera-
ture is a dominant factor1. Warmer subduction zones favour effi-
cient oceanic slab decarbonation at depths beneath the forearc and 
arc, whereas cooler subduction zones allow the transport of carbon 
to greater depths where subducted crust may enrich the mantle1,29,33. 
This suggests that the pulse in CO2-rich carbonatite-alkaline mag-
matism evolved from secular cooling of the Earth’s mantle. The sec-
ular cooling fostered greater sequestration of carbon in the mantle 
reservoir, a process that may have been ongoing during the Meso- 
to Neoproterozoic1,27 and probably increased around the time of 
the first appearance of blueschist and UHP metamorphic rocks 
in the geologic record. Sequestered carbon was in turn released 
when tectonic conditions favoured extraction by a low degree of  
partial melting.

Carbonatite and alkaline magmas show a strong affinity to conti-
nental rifts26,34, implying that they are produced by processes related 
to crustal extension. Carbonatites have also been noted within con-
tractional orogenic belts34, including those associated with subduc-
tion35. However, the magmas in these settings are also presumably 
produced when and where stress fields favour low degrees of partial 
melting in the mantle and rapid magmatic ascent12; for example, 
during episodes of slab rollback or post-collision/post-orogenic 
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extension25,35. Carbonatite and alkaline magmatism spiked during 
tectonic activity that marked the Ediacaran, as the subcontinental 
mantle reservoir released carbon that had previously been seques-
tered during episodes of widespread crustal extension, probably 
occurring with back-arc rifting and post-orogenic extension asso-
ciated with the assembly of Gondwana25,35 700–500 Ma, as well as 
continental rifting (for example, Iapetus rifting36–38 approximately 
615–550 Ma; Fig. 3a).

Global carbon cycle
Shifts towards lower δ​13C in marine carbonates have previously 
been found to correlate with episodes of increased magmatism 
and associated spikes in greenhouse gases that, in turn, may have 
caused ocean acidification and mass extinctions (for example, the 
Permian–Triassic39 and Palaeocene–Eocene boundaries40). The 
possibility of the rapid release of significant CO2 associated with 
carbonatite-alkaline magmatism recorded in our samples there-
fore warrants a comparison to the Neoproterozoic δ​13C isotope 
record. The cumulative carbonatite-alkaline zircon U–Pb age 

population in Fig. 3b shows an increase after 680–670 Ma near the 
end of the Sturtian Snowball Earth glaciation and rise to a peak 
approximately 576–565 Ma. The Neoproterozoic–Cambrian δ​13C 
isotope record shows progressively increasing high average values 
(~5‰) during the preceding 1,000–750 Ma time interval. This pat-
tern is consistent with greater sequestration of organic carbon by 
sedimentary burial, which may have acted in concert with reduced 
continental arc outgassing to plunge the Earth into the global 
snowball Sturtian glaciation6,41.

These high δ​13C Neoproterozoic values, which may also in part 
reflect the enhanced sequestration of carbon into the mantle res-
ervoir, are in turn punctuated by several profound negative excur-
sions that are poorly understood42. The inception of the largest 
negative δ​13C shift yet found in Earth’s rock record, known as the 
Shuram–Wonoka excursion, ranges from approximately 601–
556 Ma, with full recovery of the excursion by 551 Ma43, after which 
the δ​13C isotope record shows lower average values (~0–1‰). 
Although the eruption of several large igneous provinces occurred 
from around 850–720 Ma during a time interval marked by several 
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negative shifts in δ​13C, there are few significant large igneous prov-
inces that are known to overlap in age with the Shuram–Wonoka 
excursion (Fig. 3b). In contrast, our data show that the release of 
previously sequestered carbon from the subcontinental mantle res-
ervoir through carbonatite-alkaline magmatism temporally over-
lapped (within the available age constraints) with this distinct δ​13C  
perturbation.

The Shuram–Wonoka excursion has been attributed to second-
ary (diagenetic) processes42,44, but recent work in Oman, Australia 
and the western United States confirms that, in some localities, it 
reflects a primary (marine) signal43,45,46. The −​12‰ δ​13C nadir of 
the Shuram–Wonoka excursion exceeds what carbon cycle mod-
els typically consider to be the canonical −​7‰ to −​5‰ δ​13C value 
for magmatism4, although we note that the mantle is heteroge-
neous and bimodal in its δ​13C composition (−​6‰ and −​25‰)47. 
Thus, assuming the δ​13C perturbation is a primary signal, mass 
balance suggests that the cause of the excursion may be multifac-
torial, but strongly influenced by a carbonatite-alkaline magmatic 
component.

Our results raise the important question of whether light carbon 
that has been released from a hypothetical large Neoproterozoic 
oceanic carbon reservoir4,42,48 was sourced at least in part from 
greater depths in the mantle. If the prominent increase in car-
bonatite-alkaline magmatism that overlaps with this excursion is 
representative of a global pattern, then it highlights a major CO2 
contribution to the atmosphere. This spike in carbon outgassing 
from the Earth’s mantle is likely to have promoted global warming, 
given the anomalously high proportion of carbon degassed from 
this type of system in comparison to all other magma types. The 
release of significant CO2 is consistent with the planet dodging a 
snowball glaciation during the short-lived ~580 Ma Gaskiers gla-
cial episode49. In addition, the appearance of a significant volume of 
carbonatite-alkaline magmatism-volcanism produced by melting 

of metasomatized, carbon-enriched mantle or oceanic crust marks 
the onset of recycling of a similarly significant volume of crustal 
material, and therefore represents the inception of the modern 
carbon cycle. Further work is needed to expand the sample suite 
to other continental regions and to improve rock classification 
schemes based on zircon trace element geochemistry, which will 
help to further refine the models set forth in this paper and foster 
our understanding of the relationship between the endogenic and 
exogenic components of the carbon cycle through time.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41561-017-0011-6.
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Methods
Heavy mineral separation and imaging. The 46 samples included in this study 
are shown according to their sample localities in Supplementary Fig. 1. Mineral 
concentrates were obtained from these samples by conventional mineral separation 
techniques, namely: panning, heavy liquid separation with bromoform and 
magnetic separation with a Frantz isodynamic magnetic separator. Zircon grains 
were mounted in a standard 1” epoxy mount and polished to 1 μ​m with SiC paper 
and diamond paste. Cathodolumiscence images were obtained using a FEI Quanta 
200 FEG equipped with a GATAN MiniCL detector at the Scientific Center for 
Optical and Electron Microscopy, ETH Zürich, which were in turn used to map the 
subsequent spots of the U–Pb age and trace element analyses.

U–Pb age analyses. The U–Pb geochronology of the zircons was conducted by 
laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) at the 
Institute of Geochemistry and Petrology, ETH Zürich. The analysis involves the 
ablation of zircon with a 193 nm ASI Resolution ArF excimer laser using a spot 
diameter of 29 µ​m. The ablated material is transported by a helium/argon mixture 
to the plasma source of a Thermo Element XR magnetic sector ICPMS (Thermo 
Fisher) equipped with a triple detector (pulse counter, analogue and Faraday cup). 
Masses 202, 204, 206, 207, 208, 232, 235 and 238 were measured, although only 
measurements where all isotopes were detected in pulse counting mode were 
used (<​5 Mc.p.s.). Analyses were obtained using 2.0 J cm−2 energy density set at 
5 Hz for 30 s total ablation time and a total gas blank/background measurement 
time of 9 s. Data were collected in runs of 30 samples bracketed before and 
after by three analyses of the primary zircon reference material GJ-151 as well as 
secondary reference zircons 9150052 and Plesovice53. Data handling and reduction 
were performed with Iolite v2.554 and VizualAge55, respectively, producing ages 
and isotope ratios corrected for mass bias, instrumental drift and downhole 
fractionation using primary reference material. Downhole fractionation54 was 
generally very similar between the primary and secondary zircon reference 
materials, as well as the samples. The pooled secondary reference material ages 
within each analytical session had a standard error (that is, the standard deviation 
of the mean) of ~1–1.5% and an accuracy corresponding to an age within 1–2% of 
the reference Isotope Dilution Thermal Ionization Mass Spectrometry age.

For each analysis, the errors in determining 206Pb/238U result in a measurement 
error of ~1–2% (2σ) in the 206Pb/238U age. The errors in measurement of 206Pb/207Pb 
also result in ~1–2% (2σ​) uncertainty in the 206Pb/207Pb age for grains that are 
>​1,000 Ma, but are substantially larger (1–5%) for younger grains due to low 
intensity of the 207Pb signal. Interpreted ages are based on 206Pb/238U for <​1,000 Ma 
grains and on 206Pb/207Pb for >​1,000 Ma grains. This division at 1,000 Ma results 
from the increasing uncertainty of 206Pb/238U dates and the decreasing uncertainty 
of 206Pb/207Pb dates as a function of increasing age.

Common Pb correction was not applied en masse, but common Pb was 
avoided in two ways: (1) integration windows for age and isotopic ratio 
determination in Iolite were selected only where the 204Pb concentration was 
observed to be minimal to non-existent; (2) Iolite’s Live Concordia feature was 
used to visualize the data in real-time, whereby integration windows were set in 
such a way as to avoid extremely discordant values.

The new U–Pb age analytical data (n =​ 5,665 U–Pb zircon age analyses from 
29 samples) for Marie Byrd Land, south Victoria Land, the central Transantarctic 
Mountains, the Queen Maud Mountains and the Pensacola Mountains are reported 
in Supplementary Table 1. The uncertainties shown in these tables are at the 2σ 
level and include only measurement errors. Analyses that are <​15% discordant (by 
comparison of the 206Pb/238U and 206Pb/207Pb ages) or <​5% reverse discordant were 
not considered. Paulsen et al.56 reported n =​ 1,147 age concordant U–Pb zircon age 
analyses from 16 samples in north Victoria Land that are also used in this study, 
but not included in Supplementary Table 1. Paulsen et al.57 reported n =​ 195 age 
concordant U–Pb zircon age analyses from 1 sample from south Victoria Land 
and Paulsen et al.58 report n =​ 235 U–Pb zircon age analyses from 1 sample from 
the Queen Maud Mountains, the data from both of which are used in this study 
and also included in Supplementary Table 1. In total, n =​ 5,715 U–Pb age analyses 
(including those reported in refs 56–58) meet acceptable concordance thresholds.

Trace element analyses. Trace elements were measured using the same LA-ICP-
MS instrument in an effort to determine the source rock provenance of the igneous 
zircons. Laser spots typically reoccupied the same spot location for the U–Pb age 
analyses for the majority of the new data reported here. For data from north Victoria 
Land (some of which was previously reported in ref. 20), laser spots were selected 
within the same zone for zircons where possible, although the small size of many of 
the zircons mostly precluded this possibility. This does not seem to have significantly 
impacted the results; zircons from the north Victoria Land region are strikingly 
similar in their age versus trace element patterns to those patterns found elsewhere 
over a large area along the Antarctic continental margin. Because trace elements were 
measured in zircons alongside U–Pb age determinations, the analytical parameters 
are identical to those described above. Two standards (either NIST610 or NIST612 
synthetic glass standards) were dispersed every 30 analyses and used for drift 
correction. Drift correction and data reduction were carried out with the MATLAB-
based SILLS software59 and trace element concentrations were normalized to a Si value 
of 151,682 ppm (equivalent to the Si content in a grain that is 99% ZrSiO4). Owing to 

intergrain heterogeneities, it is difficult to assess the accuracy of trace element analysis 
using the 91500 and Plesovice grains. However, the primary reference material GJ-1 
was measured on a single large grain and therefore demonstrates consistent behaviour. 
Pooled GJ-1 analyses typically have a standard deviation of 2–5% and lie well within 
the variable compositions reported in the GEOREM database.

Of the zircons that yielded U–Pb ages that met acceptable concordance 
thresholds, 93% (n =​ 5,340 of 5715) have U/Th ratios of <​10 (based on trace 
element results) suggesting that the zircons we analysed primarily formed during 
magma crystallization60,61, a result consistent with the presence of zircon grains 
with oscillatory zoned interiors and rational crystal faces62.

We applied the ‘Long’ classification and regression tree analysis (CART) 
to the zircon trace element data following ref. 23. The CART tree is a series of 
binary choices in element concentrations through which a zircon’s measured 
trace element composition can be passed to yield an igneous parent rock type at a 
terminal node. The trace element thresholds defining the branches of the tree are 
based on multivariate statistical analyses of trace element concentrations or their 
ratios to distinguish rock types whose zircons may otherwise overlap in bivariate 
chemical plots. Belousova et al.23 showed that the igneous parent rock of a subset 
of zircons that were set aside and not used for defining the classification tree could 
be distinguished with a reasonable probability (>​80%) for carbonatites (84%), 
kimberlites (89%), syenites (100%), Ne-syenite and syenite pegmatites (93%) and 
dolerites (84%). Zircons from other granitoids (65–70% SiO2, 70–75% SiO2,  
>​75% SiO2 and larvikites, a high-potassium granitoid) were distinguished with a 
>​80% confidence with further subdivision into SiO2 classes commonly yielding 
misclassification primarily into higher or lower SiO2 content classes and therefore 
lower confidence23. Basalts were distinguished with a 47% confidence23.

For the purpose of this study, we relied on the higher-confidence portion of the 
CART classification tree that distinguishes alkaline zircons (carbonatites, syenites, 
kimberlites, Ne-syenites and syenite pegmatites) from all other rock types. Zircons 
from alkaline rocks have Lu <​20.7 ppm (carbonatites, syenites and kimberlites) 
or Lu >​20.7 ppm, then U <​38 ppm (Ne syenites and syenite pegmatites). The 
majority of alkaline zircons (described below) in our samples have trace element 
concentrations indicative of carbonatites (Lu <​20.7 ppm, Ta >​0.5 ppm and then 
Lu >​2.3 ppm) and syenites (Lu <​20.7 ppm then Ta <​0.5 ppm). Kimberlites are 
distinguished following Lu <​20.7 ppm, Ta >​0.5 ppm and then Lu <​2.3 ppm. 
Belousova et al.23 found minor rates of misclassification in these fields that yielded 
one of the two other alkaline rock types, a result that probably reflects a common 
petrotectonic relationship of their parental magmas. We excluded zircons with 
U/Th ratios >​10  (n =​ 375) from the CART analysis because the higher ratio can 
develop as a consequence of metamorphism61,63.

One of the key elements used in this classification tree to distinguish between 
alkaline and subalkaline host rock types is Lu. This should therefore emerge in 
an examination of Lu versus age based on the model we present. It is clear that 
an excursion in Lu centred around 600–500 Ma exists (Supplementary Fig. 3). 
The low-Lu excursion highlights the portion of both the Short and Long CART 
classifications that only include alkaline-carbonatite-kimberlite host rock types.

The new trace element analytical data (n =​ 6,612 trace element analyses from 
45 samples) are reported in Supplementary Table 1. Paulsen et al.20 reported 
n =​ 554 trace element analytical data for zircons from 16 sandstones from north 
Victoria Land that are also used in this study, but not included in Supplementary 
Table 1. Paulsen et al.57 reported n =​ 195 trace element analytical data for zircons 
from one sample from south Victoria Land and Paulsen et al.58 reported n =​ 235 
trace element analytical data for zircons from one sample from the Queen Maud 
Mountains, the data from both of which are used in this study and also included in 
Supplementary Table 1.

Statistical analyses. The U–Pb zircon ages are shown on probability density plots 
(PDPs)64 in Fig. 2b and according to their study regions in Supplementary Fig. 2a. 
These diagrams consider each age and its uncertainty (for measurement error only) 
as a normal distribution and sum all ages from a study area into a single curve. The 
samples analysed in this study typically show polymodal age spectra, indicating 
derivation from an age-varied protolith. The samples are dominated by ~1,200–950 Ma 
(Mesoproterozoic–Neoproterozoic) and ~700–475 Ma (Neoproterozoic–Ordovician) 
zircon age populations that reflect global igneous flare ups6, with other subsidiary 
U–Pb zircon age populations that range from ~2,700–1,400 Ma (Mesoarchean–
Mesoproterozoic) similar to previous studies56. A total of n =​ 493 carbonatite (n =​ 190) 
and alkaline (syenite, n =​ 218; kimberlite, n =​ 27; Ne-syenite/syenite pegmatite, n =​ 58) 
U–Pb age analyses met acceptable concordance thresholds. The carbonatite and 
alkaline (kimberlite, syenite and Ne-syenite and syenite pegmatite) U–Pb zircon ages 
are shown on PDPs64 in Figs. 2a and 3b and Supplementary Fig. 2b.

The age ranges and peak ages of clusters reported were determined using Age 
Pick65. The age ranges and peak ages require three or more age contributions at the 
2σ level. The Age Pick program yields the numbers of grain ages that fall within an 
age range (not the number of analyses that make probability contributions to define 
the age range). The Age Pick program also yields the numbers of analyses that 
contribute to an age probability peak at the 2σ level. Probability peaks are required 
to have probability contributions from three or more overlapping analyses. We use 
the 2015 International Chronostratigraphic Chart timescale66 where we discuss the 
age results according to sample region in the Supplementary Information.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Nature Geoscience | www.nature.com/naturegeoscience

http://www.nature.com/naturegeoscience


Articles NAtUrE GEOSCiEnCE

Chi-squared tests were performed to test the statistical significance of changes 
in carbonatite-alkaline zircon abundance in the overall zircon age population. 
These tests compare: (1) the percentages of carbonatite-alkaline zircons for older 
time intervals (500 Myr increments) to the youngest (400–899 Ma) interval, and (2) 
the percentages of carbonatite-alkaline zircons for the >​900 Ma time interval to the 
youngest (400–899 Ma) interval. Cumulative histograms showing the carbonatite-
alkaline percentages, numbers of U–Pb zircon ages and numbers of carbonatite-
alkaline zircon ages are shown in Supplementary Fig. 4. These diagrams show the 
percentages and their range of certainty at the 95% confidence level, as well as the 
resultant P values for each age bin. The statistical analyses were conducted using 
Wizard for Mac.

Data availability. All data analysed in this study were previously published in 
the cited references or are reported in the Supplementary Information. The 
source data for the global compilations of carbonatite, kimberlite, blueschist and 
UHP metamorphic rocks are from refs 30,31,67,68. Localities shown in Fig. 1 for 
approximately 700–500 Ma carbonatite and alkaline rocks and carbonatite-alkaline 
detrital zircons found by previous studies are from refs 20,25,35,69–71. The composite 
carbonate δ​13C chemostratigraphic data, the Sturtian and Marinoan (Snowball 
Earth) and the younger, short-term, regional Gaskiers glaciations, and large 
igneous provinces shown in Fig. 3 are from ref. 41. Paulsen et al.56 reported n =​ 1,147 
age concordant U–Pb zircon age analyses from 16 samples in north Victoria Land 
and Paulsen et al.20 reported n =​ 554 trace element analytical data for zircons from 
these same sandstones.
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