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Enhanced continental weathering drove a
transient oxygenation event during the
largest Ediacaran carbon isotope
excursion
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Zhihui An6, Erhao Shan2, Meng Zhang2, Tingyu Yang2 & Pengju Liu7

The largest Ediacaran carbon isotope excursion (the Shuram excursion, SE) has been proposed to
coincidewith a transient oceanic oxygenation event. However, themechanisms responsible for theSE
and the associated oxygenation remain unclear. In this study, we investigated the role of silicate
weathering during the SE bymeasuring Li isotope compositions from two suites ofmarine carbonates
in the Ediacaran Doushantuo sections. Our results reveal a pronounced negative lithium isotope
excursion during the SE, which cannot be attributed to mineralogical effects and argues against a
diagenetic origin for the SE. Instead, box model simulations of lithium-strontium cycles suggest a
pulsedphaseof enhancedcongruent continentalweatheringduring theSE. This increasedweathering
would have significantly elevated the input of essential nutrients into the ocean, boosting primary
production, which in turn led to transient oceanic oxygenation. This process may also explain the
negative δ13Ccarb excursion, as it could result from the oxidation of upwelling dissolved organic carbon
in shallow seawater. Continental weathering likely played a crucial role in regulating climate, seawater
chemistry, and Earth’s surface oxidation state during the SE.

The late Ediacaran Period was a pivotal time in Earth’s history, marked by
the biological evolution of early metazoans around 574 − 541Ma, com-
monly referred to as the “Ediacara biota”1. Concurrent with this event,
extremely negative carbonate-carbon isotope (δ13Ccarb) values were recor-
ded in Ediacaran basins worldwide, known as the Shuram Excursion (SE)2.
During the SE,δ13Ccarb dropped from+3‰–−12‰before gradually rising
to ~+4‰ over ~7million years (SE duration: ~574.0 ± 4.7 to
567.3 ± 3.0Ma)3, making it the largest negative inorganic carbon isotope
excursion in Earth’s history.

The mechanisms driving the SE remain debated, with hypotheses
ranging from post-depositional diagenesis and global marine transgression
to recycled carbonatite eruptions and the oxidation of dissolved organic
carbon (DOC)2,4–7. The correlation between δ13Ccarb and δ18Ocarb values in
carbonates has led to the suggestion that the SE could be a result of later

diagenetic alteration, meaning it might not represent true seawater
signatures5,7. However, the global nature of the SE, along with recent in-situ
petrographic andhigh-resolutionC-OandCa isotope analyses, supports the
idea that the SE signal primarily reflects seawater conditions with minimal
alteration bymeteoric fluids or late-stage diagenesis6,8. Onewidely proposed
explanation for the SE involves deep ocean oxygenation, leading to the
oxidation of 13C-depleted organic carbon reservoirs9,10. This mechanism
seems conducive to the radiation of the Ediacaran biota. Although still
debated11,12, the oxygenation hypothesis has gained additional support from
various geochemical proxies, including elemental (P, Mo concentrations,
and iron speciation) and isotopic (S, U, Tl, and triple-oxygen) signatures in
carbonate and shale formations10,13–18, as well as organic redox proxies19.
This oxygenation event appears transient (~7Myr) and closely coincides
with the SE3. Despite recent advances, the trigger and cause of the
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oxygenation event, the source of the oxidants, and the extent of oceanic
oxygenation during the SE remain subjects of ongoing debate5,11,13,18. It has
been suggested that increased weathering inputs of sulfide and nutrients,
such as phosphorus (P), drove extensive sulfur oxidation and boosted pri-
mary production in the SE ocean. This process may have invoked further P
release during marine organic matter oxidation, leading to P-O cycling
distinct from that in modern oceans20. Understanding whether enhanced
continentalweatheringoccurred simultaneously is crucial forunraveling the
origin of the SE, yet direct evidence supporting such weathering has been
lacking. The primary geochemical evidence suggesting enhanced weath-
ering during the SE comes from the seawater 87Sr/86Sr record, which shows
an increase from <0.708 to ~0.70921. However, 87Sr/86Sr is not a straight-
forward proxy for continental weathering, as it is influenced not only by
riverine input from continental weathering (more radiogenic) and mantle
input frommid-ocean ridges and seafloor (less radiogenic), but also by the
weathering of different lithologies, such as basalt and granite.

The lithium (Li) isotopic composition of seawater (δ7LiSW), primarily
reconstructed from marine biogenic or abiogenic bulk carbonates, has
proven to be a valuable tracer for continental weathering22–28. As one of the
main sources of Li in seawater, the riverine flux of Li and its isotopic
composition is crucial for linking continental silicate weathering to varia-
tions in seawater Li isotopes24. The dissolved Li flux is positively correlated
with the denudation rate25. Dissolved δ7Li in global rivers generally exhibit a
negative correlation with weathering intensity and Li concentrations ([Li]).
Elevated riverine δ7Li values (up to 42‰) correspond to intermediate to
high silicate weathering intensity and moderate [Li] levels (0.01 to 0.2 μM),
occurring under incongruent weathering regimes where secondary clay
minerals form abundantly. In contrast, low riverine δ7Li values
(approaching continental crust values of 0-4‰) are associated with con-
gruentweathering regimes. Thesemay reflect either high silicateweathering
intensity with low [Li] or extremely low chemical weathering intensity
combined with intense physical erosion, resulting in high [Li] levels of up to
~1 to 10 μM25. By applying static or dynamic box models of
seawater23,24,26,28,29 and incorporating past seafloor spreading rates to esti-
mate hydrothermal and subduction reflux fluxes, riverine Li input can be
constrained using reconstructed δ7LiSW. This provides a foundation for
using marine bulk carbonate δ7Li to trace past continental silicate
weathering23,24,26,28.

In this study, we use Li isotopes as a proxy for continental weathering,
providing direct geochemical evidence of a pulse of enhanced congruent
continental weathering coincident with the SE. This enhanced weathering
likely increased the influx of essential nutrients, such as P, Fe, and Ca, into
the ocean, boosting primary production, or transporting oxidants like sul-
fate directly into marine environments13. These processes could have con-
tributed to the rise of O₂ in the ocean and atmosphere, as well as the SE,
through the oxidation of upwelling DOC in shallow seawater.

Results
OurLi isotope analyses focus onmarine carbonates collected from theCJYZ
and JLWsections, twoprofiles of theEdiacaranDoushantuoFormation that
recorded the SE in the Three Gorges area, South China30 (Fig. 1). The data
presented here reveal a pronounced Li isotope excursion across the SE
(Fig. 2). In the CJYZ bulk carbonates, δ7Licarb declines from~+16.5 ± 5.7‰
to ~+7.5‰, followed by an increase to+14.7‰, which correlates well with
δ13Ccarb signals. Samples leached in both 0.3M and 0.5M acetic acid exhibit
consistent trends in δ7Li and elemental ratios (Fig. 2a), validating the
reproducibility of the data. However, the Li isotopic excursion in the CJYZ
section is incomplete due to the absence of carbonate deposition during the
peak of the SE.

The JLW section displays similar patterns, with δ7Licarb dropping
from ~+14.1 ± 3.8‰ to ~+6.6 ± 3.9‰, followed by an increase
to ~+17.2 ± 3.0‰. This distinct Li isotope excursion recorded in bulk
marine carbonates also coincides broadly with the increases in seawater Sr
isotopes31. The Li/(Ca+Mg) ratio remains consistently lower at 5.9 ± 6.7
μmol/mol during the SE, compared to the pre-SE (13.1 ± 9.7μmol/mol) and

the end-SE period (16.5 ± 13.5 μmol/mol) in the JLW section. Meanwhile,
Sr/(Ca+Mg) exhibits a “W-shaped” pattern across the section, with a
decreasing trend in the pre-SE strata, a rebound at the onset of SE
(~0.1 mmol/mol) to the mid-SE (0.3mmol/mol), and a subsequent decline
to ~0.15mmol/mol toward the end of the SE, followed by a rapid increase
end-SE (Fig. 2). High Sr/Ca ratios observed in the mid-SE are consistent
withfindings fromSE sections inChina,Australia, theUSA,Canada,Oman,
and Peru6,21, suggesting that these secular changes in Sr/(Ca+Mg) may
represent a global trend during the SE.

Evaluations of clay contaminations
Clay minerals contain significantly higher Li concentrations and much
lighter δ7Li values than carbonate minerals, meaning even a small degree of
clay contamination could lower the Li isotopic composition of acetic-acid
leachate27. Since the concentrations of Al, Li, and Sr differ substantially
between clay and carbonate minerals, we used these elements to assess the
extent of clay contamination. The Al/(Mg+Ca) molar ratios of the samples
range from 0.03 to 0.55mmol/mol (average 0.24mmol/mol) for the CJYZ
section and 0.03 to 0.93mmol/mol (average 0.30mmol/mol) for the JLW
section—values that are significantly lower than those found in alumino-
silicate rocks (~4780mmol/mol for post-Archean average shale, and
~35300mmol/mol for Low-Calcic Shales)32, suggesting little clay mineral
contamination (<0.02%).

To further screen for potential clay contamination, conservative
thresholds of Li/(Mg+Ca)> 40 μmol/mol, Al/(Mg+Ca)> 0.64mmol/mol,
and Al/Sr > 6mol/mol were applied here to screen for possible clay con-
tamination (Supplementary Fig. 1). A total of 13 out of 179 samples have
been screened, and the trend of Li isotopes persists. No negative correlation is
observed between δ7Li and element ratios of Li/(Mg+Ca), Al/(Mg+Ca), and
Al/Sr. The samples with relatively low δ7Li often exhibit low Li/(Mg+Ca)
and Al/Sr values (Supplementary Fig. 1b, c). These observations strongly
argue against clay mineral control of the Li isotopic variations in the acetic-
acid leachate. Therefore, we consider the Li isotopic variations of acetic-acid
leachate faithfully reflecting the signal of carbonates.

Evaluations of mineralogical effects
The two studied profiles exhibit different sedimentary sequences across the
SE30,33. The CJYZ section consists mainly of dolostones in the pre-SE and
terminal of SE, with a 20meter-thick black shale unit deposited during the
peakof theSE.As a result, theCJYZsection recordedan incompletenegative
Li isotopic excursion in the dolostones, with a data gap corresponding to the
black shale deposition during the climax of the SE (Fig. 2a). In contrast, the
JLW section has amore complete carbonate record across the SE, capturing
a detailed Li isotopic excursion (Fig. 2b). Notably, while the CJYZ section
contains only dolostones, the JLW section includes both dolostones and
limestones.

One could argue that these mineralogical differences might
contribute to some variations in Li isotopes. Indeed, studies of
modern carbonate suggest that the mineralogy of marine carbonates
strongly influences the Δ7Lisw-carbonate, with Δ7Lisw-aragonite ≈ 2.0‰34

and Δ7Lisw-calcite = 6.1 ± 1.3‰35. Limestones would exhibit lighter Li
isotopic values by ~4‰ compared to their aragonite counterparts.
Therefore, the observed Li isotopic excursions cannot be fully
attributed to changes in mineral composition. Moreover, despite the
differences in depositional thickness, mineralogy, and sedimentary
sequences between the two sections, both profiles reproduce similar
values and secular trends in Li isotope compositions, as well as ele-
mental concentrations (such as Al/(Mg+Ca) and Mn/Sr). This sug-
gests that the recorded variations most likely reflect genuine seawater
changes rather than artifacts of mineralogical differences.

Evaluations of diagenesis effect
All sedimentary rocks undergo diagenesis; the key question is whether
diagenetic alteration has substantially modified the original Li isotopic
signatures in the studied carbonates. Diagenesis can have complex impacts

https://doi.org/10.1038/s43247-025-02420-z Article

Communications Earth & Environment |           (2025) 6:438 2

www.nature.com/commsenv


on the Li isotope composition of carbonates: rock-buffered diagenesis
generally preserves the Li isotope composition of the precursor carbonate,
whereas fluid-buffered diagenesis introduces variable Li isotope signatures
depending on the characteristics of the reacting fluids22. Seawater-buffered
diagenesis, for instance, would elevate δ7Li values in marine limestones and
dolostones, causing them to approach the composition of ambient

seawater22,34. Conversely, meteoric diagenetic carbonates, likely shaped by
sediment-buffered conditions, tend to inherit the original δ7Li signatures of
primary carbonates34.

One possible scenario could involve seawater-buffered diagenesis for
the pre-SE and end-SE intervals and meteoric alteration or sediment-
buffered diagenesis during the SE, which might explain the observed

Fig. 1 | Paleogeographic and geological maps of the Ediacaran Doushantuo Formation in South China. A Paleogeographic reconstruction of the Ediacaran Yangtze
platform19,57. Red triangles are the sample location. B Geological map of the Yangtze Gorges area, Hubei Province30.
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negative Li isotopic excursion during the SE. However, we consider this
scenario highly unlikely for several reasons. First, recent in-situ carbon
isotope studies have shown that the extremely negative δ13Ccarb observed are
primary products of the Ediacaran surface environment rather than pro-
ducts of diagenesis8,36. Thus, the global presence of the SE and the coupled
δ7Licarb and δ

13Ccarb variations in both the CJYZ and JLW sections strongly
suggest a primary seawater origin.Additionally, the SEhas beenproposed to
coincide with a marine transgression event, which reduces the likelihood of
carbonate sediments being exposed tometeoric alteration. On the contrary,
transgression would increase the potential for seawater-buffered diagenesis
during the SE6. Furthermore, a seawater-buffered diagenetic process in the
pre-SE and the end of SE would be expected to yield significantly lower Sr/
(Mg+Ca) ratios, higher Li/(Mg+Ca) ratios, and positive correlations in Li/
(Mg+Ca) vs.δ7Licarb

22,34, which is not observed in either section (Supple-
mentary Fig. 1c).

A numerical mass-balancemodel of earlymarine carbonate diagenesis
was used to quantify the influence of diagenesis on the Li isotopic compo-
sitions of the studied bulk carbonates37,38. This model forecasts diagnostic
trajectories in cross-plots of δ7Li vs. Li/(Mg+Ca) and Sr/(Mg+Ca), illus-
trating the conditions from sediment-buffered to fluid-buffered diagenesis
(Supplementary Fig. 3). During transgression, seawater flooding in shallow-
water settings is suggested to primarily induce seawater-buffered
diagenesis6. In locations closest to the fluid source (Box 1), fluid-buffered
diagenetic alteration of aragonite to dolomite results in simultaneous shifts
in Li/(Ca+Mg), Sr/(Ca+Mg), and δ7Li values. At the farthest point along
the flow path (Box 100), sediment-buffered diagenesis leads to lower Sr/(Ca
+Mg) and Li/(Ca+Mg) ratios and a more muted Li isotopic shift (Sup-
plementary Fig. 3).

The best-fit scenario for the CJYZ samples suggests at least two
phases of diagenetic alteration, although some data points fall outside the
range of the diagenetic model. Modeling #1, applied to pre-SE samples,
andModeling #2, for SE and end-SE samples, indicate a decline in δ7LiSW
from ~+20‰ to SE levels of ~+15‰ (or lower for the lack of data during
the climax of the SE in this section). The JLW section can be best modeled
by four stages of diagenetic alteration, suggesting a decrease of δ7LiSW
from pre-SE (~ +20‰, red to orange dots in Modeling #3) to SE (the
initial stage of SE ~+15‰,Modeling #4; SE climax at ~+ 12‰,Modeling
#5), followed by a return to ~+20‰ at the end-SE (Modeling #3, blue
dots). Although this diagenetic modeling does not capture the full com-
plexity of natural processes, it nonetheless reveals a significant negative
shift in seawater Li isotopes during the SE, even with extensive diagenetic
alteration.

Reconstructed seawater Li isotopes
Consider that our samples may be affected by seawater-buffered diagenetic
process. Conservative fractionation factors of Δ7Lisw-dolostones ~ 2.0 ± 2‰
and Δ7Lisw-limestones ~ 6.1 ± 2‰ were used to calculate the seawater Li iso-
topic compositions34,35. Estimated δ7Lisw values agree well between the two
sections, showing large excursions of > 5‰ in theCJYZ section (incomplete
due to the absence of carbonate during black shale deposition) and~5–10‰
in the JLW section during the SE. A baseline δ7Lisw of approximately
+18 ± 3‰ is observed for pre- and the end of SE, dropping to around
+6.9 to 15‰ during the SE. These SE values are significantly lighter than
those of modern seawater, aligning with recent findings that suggest Pre-
cambrian seawater may have sustained lower δ7Lisw values, averaging
around ~ 6–16‰27.

Constraining the Li concentration and Li inventory of SE seawater
from the Li/(Mg+Ca) ratios of the studied carbonates is challenging. Li
partitioning between seawater and carbonates can be influenced by various
factors, including temperature, pH, carbonate growth rate, and
mineralogy39,40. Therefore, the observed lowerLi/(Mg+Ca) ratios during the
SE compared to pre-SE in these sections do not necessarily reflect a reduced
Li inventory; instead, they may result from the factors such as higher
temperatures, slower calcite growth rates, increased pH, or a shift in
mineralogy from dolostone to limestone, with mineralogical change likely

being the dominant factor. The CJYZ section, composed exclusively of
dolostones, does not show this Li/(Mg+Ca) shift into the SE, suggesting that
the observed low Li/(Mg+Ca) ratios in the JLW section are likely due to
mineralogical differences.

Secular variations in seawater strontium concentration can be inferred
from bulk carbonate sediments when mineralogical and diagenetic effects
are accounted for41. Since aragonite has a significantly higher Sr distribution
coefficient than calcite (DSr arag ≈ 1 versusDSr calc ≈ 0.1)41, the higher Sr/(Mg
+Ca) ratios observed in pre-SE and end-SE dolostones likely reflect the
signaturesof precursor aragonites. The change in Sr/(Mg+Ca) ratios during
the SE, which consists mostly of limestones in the JLW section, cannot be
explained solely by mineralogical or diagenetic effects. Instead, this shift
aligns with the secular Sr isotope trend, suggesting a change in seawater Sr
inventory during the SE (Fig. 3b).

In summary, SE seawater was characterized by a negative Li isotope
excursion and a positive Sr isotope excursion (with a possibly elevated Sr
inventory), both of which closely correlate with δ13Ccarb in the samples
studied30,33.

Restrict or open ocean?
Determiningwhether the reconstructed seawater Li isotope values represent
a restricted environment or open oceanwaters is crucial for interpreting the
data. In the modern ocean, lithium has a short mixing time (~1000 years),
which is much less than the residence time of Li in seawater (~1million
years)24. Consequently, seawater Li isotopic composition remains homo-
geneous bothhorizontally and vertically, even in semi-restricted seas like the
Mediterranean42. Furthermore, seawater has significantly higher Li con-
centrations (~25.7 μM) than freshwater (~0.2 μM), leading to dominant
seawater Li isotopic signatures in shelf and gulf environments and even
influencing estuarine river waters in delta regions43. The JLW and CJYZ
sections were likely deposited in an inner-shelf environment30,33. Numerous
geochemical proxies—including C, O, S, Ca, and Mg isotopes, as well as
carbonate-associated phosphate concentrations—show strong correlations
between the JLW section and global SE sections5,6,13,18,33,36. These observa-
tions suggest that the Li isotopic signatures in the studied sections likely
reflect global open ocean water.

Modeling Li-Sr system changes during the SE
The Li isotope records, combined with the seawater Sr isotope secular
trend and geochronological constraints on the SE3, provide a foundation
for quantitatively constraining Li and Sr geochemical dynamics. Possible
scenarios explaining Earth system changes during the SE were explored
using our newly developed dynamic box model (see method and Sup-
plementary Note 4 for model details). The model is driven by factors such
as tectonic uplift (U), seafloor spreading rate (R), the exposed areas of
basalt (Abas) and granite (Agran), weathering intensity (WI), and tem-
perature (T). The modeling period spans from 585Ma to 555Ma, cov-
ering three stages: pre-SE (585–574Ma), the SE (~574–567.3Ma), and
post-SE (~567.3–555Ma). Background parameters were adopted from
present-day values and adjusted to align with the geological and geo-
chemical records of the Ediacaran period (Supplementary Tables 2–3).
We tested each scenario individually to determine whether it captured
one or more main characteristics of the SE and then combined these with
geological constraints to evaluate the best-fit scenario.

Increased seafloor spreading (Scenario 1a) results in a marked decline
in seawater Sr isotopes, an increase in Sr inventory, and amild decrease in Li
isotopes, which contrasts with the observed data. A scenario with reduced
spreading (Supplementary Fig. 6), while compatible with the Sr isotope
increase during the SE, predicts a low Sr inventory and slightly elevated Li
isotope compositions, whichdiverge fromobserved data. Increased tectonic
uplift (Scenario 2) aligns with seawater Sr and Li isotope trends if the
weathering regime shifts from incongruent in the pre-SE to congruent in the
SE (Supplementary Fig. 7). However, this would require an unrealistic
increase in tectonic uplift (~2.3 times pre-SE levels) to produce the Sr and Li
isotope shifts and would also necessitate highly congruent weathering
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conditions throughout the SE. Increased tectonic uplift would further
reduce pCO2, leading to global cooling, likely causing a sea-level drop and
higher Li/(Ca+Mg) ratios in carbonates.

A scenario with a larger global exposed granite area (Scenario 3) or a
pulsed injection of CO2 into the atmosphere (Scenario 4) approximates the
Sr isotope data but has minimal effect on δ7Li (Supplementary Figs. 8–9).
Scenario 4 would also require an unrealistically high pCO2 (~62 times
present-day levels) tomatch theSr isotope trend. In contrast, seawaterδ7Li is
highly sensitive to changes in chemical weathering intensity (scenario 5),
while Sr isotopes remain largely unaffected (Supplementary Fig. 10). Thus,
no single process reproduces the observed trends in Li and Sr isotopes.
Combining Scenarios 4 and 5 (Scenario 6)fits well with the Li and Sr isotope
data (Supplementary Fig. 11), though it contradicts themodern observation
that higher temperatures are usually accompanied by increased weathering
intensity.

Finally, by combining elements of Scenarios 2, 4, and 5, wemodeled an
increase in tectonic uplift concurrent with a moderate CO₂ injection at the
onset of the SE, followed by a decline in chemical weathering intensity and
continued CO₂ consumption via enhanced weathering (Scenario 7). This
combinationbest captures the keyaspects of the SE (Fig. 3).Therefore, based
on available geological constraints, we selected Scenario 7 for further
discussion.

Enhanced congruent continental weathering during the SE
Our modeling results indicate that multiple geological processes must be
integrated to match the observed secular change in Li and Sr isotopes
across the SE. The coupled variations in δ7Licarb and δ13Ccarb in the

investigated samples should thus be interpreted in a global, coherent
context.

In the Shuram Formation, Oman, the SE spans hundreds of meters of
stratigraphic thickness, with an estimated duration of at least 7 million
years2,3,6. To simulate the seawater δ7Li and 87Sr/86Sr perturbations during
the SE, a pulse of enhanced continental weathering lasting ~7Myr is
required (Fig. 3). Our dynamic box model (Scenario 7) suggests a pulsed
increase in tectonic uplift (to ~1.3 times themodern level) concurrentwith a
moderateCO2 injectionat the SEonset. This increase likely led to a rapid rise
in global surface temperatures (~1.5 °C) and an accelerated hydrological
cycle44. Elevated tectonic uplift would have exposed fresh minerals for
weathering, fostering high erosion rates and enhanced, near-congruent
chemical weathering. As CO2 was subsequently consumed by enhanced
weathering, pCO2 and temperature would gradually decrease, leading to a
slowdown inweathering rates and a return to pre-SEweathering conditions.

A pulsed increase in riverine input during the SE, with Friv rising to ~
12 × 1010 mole/yr and δ7Liriv decreasing to+7‰, aligns well with observed
seawater δ7Li trends (Fig. 3a). This riverine boost likely stemmed from
increased riverine dissolved [Li] as the weathering regime shifted from
incongruent to congruent. Concurrently, the continental weathering rate
(Silw) increased to ~ 20 × 1012 mol C/yr during the SE, about 1.6 times the
modern value (Fig. 3d), driven by higher uplift and temperatures in the
model. Such conditions suggest a nutrient surplus during this interval.
Calculations show a relatively short Li residence time (τLi = InventoryLi /
FluxLi) of 0.3–0.5Myr at the SE onset due to high Li fluxes, enabling rapid
δ7LiSW changes, which extended to ~1.1Myr as the seawater Li inventory
reached its maximum. This modeling closely matches observed data, with

Fig. 3 | Modeling results (scenario 7) that best
replicate the observed Li and Sr isotope pertur-
bations across the SE event. For detailed driven
parameters please see the Supplementary Table. 3.
Time and duration of the Gaskiers (~ 580Ma, cyan
band)45, the rise of the Transgondwanan Super-
mountains (~580−550Ma, yellow arrow)48, and the
Shuram excursion (~574−567.3 Ma, light pink
region)3 are also shown. aModeled δ7LiSW (blue
line) matches the observed seawater Li isotope var-
iations (pink dots are the JLW samples; yellow dia-
monds are CJYZ samples; pink line is the smoothing
spline fits of the data) during the SE. b Modeled
seawater 87Sr/86Sr (blue line) mimic compilation
values (gray crosses31) and high-resolution radio-
genic Sr isotope excursion (green dots and the green
line is the smoothing spline fits) in the Doushantuo
Formation21. cModeled seawater Sr inventory (NSr)
shows a first increase and subsequently decline
trend. d The modeled silicate weathering rate shows
pulsed rises from baseline values of
10.5 × 1012mol C/yr to ~20 × 1012mol C/yr in the SE
event, largely due to the abrupt increase in uplift (U)
and temperature (T) during the SE in the model.

5

10

15

20

25

0.7076

0.7080

0.7084

0.7088

0.7092

0.9

1.2

1.5

555560565570575580585
5

10

15

20

25

7 L
i SW

pre-SE post-SESE

574.0±4.7 Ma 567.3±3.0 Ma

a

b

d

c
87
Sr
/86
Sr
sw

N
(S
r) S

W
Si
lw
(1
01
2
m
ol
C
/y
r)

Age (Ma)

Gaskiers glaciation

rise of the Transgondwanan Supermountains

https://doi.org/10.1038/s43247-025-02420-z Article

Communications Earth & Environment |           (2025) 6:438 5

www.nature.com/commsenv


an initial drop in δ7LiSW from ~+18‰ to and then maintained at low
values (~+13‰) for ~ 3-4Myr at ~ 573–569Ma, followed by a rapid rise to
~+19‰ at the end of SE (Fig. 3a).

The long-term seawater Sr isotopic trend, togetherwith Sr isotope data
from local carbonate successions, constrains the Sr isotope modeling.
During the SE, seawater 87Sr/86Sr values increase from 0.7081 to 0.7089 and
then retreat to ~0.7085 (Fig. 3b)21. In model Scenario 7, pulsed uplift and
temperature increase effectively replicate the seawater 87Sr/86Sr and Sr
inventory changes, matching published data, and aligning with Li isotope
modeling to support pulsedenhanced continentalweatheringduring the SE.
Unlike δ7LiSW, a prolonged decline in

87Sr/86Sr in the aftermath of the SE is
observed (Fig. 3a, b), likely due to the large Sr inventory and, consequently, a
longer Sr residence time in SE oceans.

While pulsed enhanced continental weathering aligns well with
observeddata, theprecise geological driver for thisweatheringpulse remains
somewhat uncertain. The Gaskiers glaciation (~ 580Ma), which predates
the SE with a relatively short duration of ~340 kyr, appears an unlikely
candidate45. Increased CO2 degassing following the opening of the Iapetus
Ocean after ~615Ma may have facilitated continental weathering, but its
mild impact on weathering and timing does not fully align with SE
dynamics46. The rise and growth of the 8000-km-long, >1000-km-wide
Transgondwanan Supermountains, formed during the India-Africa colli-
sion between ~580–550Ma47, likely fostered favorable conditions for con-
gruent weathering with high denudation rates48. Concurrently, the collision
of the Amazon and Rio de la Plata Cratons in South America with the
Congo-Tanzanian and Kalahari Cratons in Africa (~590–550Ma) gave rise
to the 4000-km-long, 400-km-wide Adamastor Orogen49. The presence of
the oldest lawsonite-bearing blueschists and eclogites confirms significant
crustal thickening between ~580 and 550Ma, broadly overlapping the
SE2,6,48. Higher erosion rates associated with these orogens likely increased
sedimentation rates, supporting congruent weathering and a pulse of high
Friv with low δ7Liriv lasting ~7 Myr50.

Active collisional orogens are also significant global CO2 sources
51 and

CO2 injection into the atmosphere from both magmatic and metamorphic
processes likely coincided with tectonic uplift. A pulse of mantle-derived
CO2 from carbonatite-alkaline magmatism may have occurred during the
SE, as supported by a pronounced peak in cumulative U–Pb age data for
carbonatite-alkaline detrital zircons at ~576 Ma52. Although precise con-
straints on pre-Cambrian volcanic CO2 emissions are limited, rapid
increases in atmospheric CO2 concentration (up to ~1300 ppm) in the Late
Ediacaran have been suggested in connection with the SE event53. This
would have initiated a warm period, accelerating the hydrological cycle and
likely causing a sea-level rise consistent with SE marine transgression
events6. As CO2 and freshly exposedminerals were subsequently consumed
by enhanced weathering, pCO₂ and temperatures likely declined, leading to
a stabilization of weathering rates and a return to pre-SE conditions by the
SE’s end.

Driving mechanisms of SE and oceanic oxygenation
Although there is ongoing debate regarding whether the SE coincided with
oceanic oxygenation11,12, many geochemical studies suggest that the SEmay
represent Earth’s first documented widespread deep-ocean oxidation
event13–16,18–20,54. A growing body of evidence suggests that marine oxyge-
nation during the SE was transient, with the deep ocean only partially
oxidized, indicating the widespread coexistence of oxic and anoxic zones
across the seafloor3,19,55. Furthermore, there remains debate over whether
atmospheric and oceanic oxygenation were coupled during the SE19,54.

Numerical modeling indicates that atmospheric oxygen levels
increasedmonotonically from~630Ma to ~590Ma, stabilizing at ~0.6 PAL
for the remainder of the Ediacaran, whereas deep-ocean oxygenation
occurred only transiently during the SE54. In contrast, organic geochemical
proxies (e.g., pristane/phytane ratios) reveal two distinct phases of marine
oxygenation in the Ediacaran, first at 630–600Ma and again during the SE,
with these proxies exhibiting a negative correlation with carbon isotopes,

supporting the hypothesis of coupled atmospheric-deep ocean oxygenation
during the SE19.

In a world with an oxygenated atmosphere but an anoxic ocean, a
massive sulfate (SO₄²⁻) influx at the onset of the SE may have served as a
direct electron acceptor for DOC oxidation, releasing organically bound
CO2 and P. This process would have elevated oceanic P levels and
atmospheric pCO₂, further enhancing P input via silicate weathering.
This interpretation is supported by SE carbonate P records, which
document two pulsed increases in marine P concentrations during the
falling and rising limbs of the SE20. A five-stage model has been proposed
to explain these P fluctuations, incorporating positive feedback from
large-scale DOC oxidation on P availability and negative feedback from
ocean anoxia on P burial20. Alternative mechanisms, such as sustained
water-column ventilation and atmospheric O₂-driven sulfur oxidation
during the SE, have also been suggested13. However, regardless of whether
atmospheric and oceanic oxygenation were coupled, all these mechan-
isms require an external trigger to initiate sulfate delivery or water-
column ventilation.

Pulse-enhanced continental weathering may represent the most
plausible external driver for SE oceanic oxygenation. Initially, it would
increase the flux of terrestrial nutrients into the ocean, with potential
additional contributions from intensified evaporite or pyrite oxidative
weathering (supplying sulfate to the ocean). The rise in P availability would
have directly stimulated shallow-marine primary productivity, while con-
current sulfate input could have oxidized the DOC reservoir, liberating
organically boundPandCO₂, thereby initiatingpositive feedbackonmarine
productivity and continental weathering. The high organic carbon burial
rates during the SE, as evidencedby thewidespread occurrence of Ediacaran
black shales and organic-rich mudstones in Oman, China, northwestern
Canada, East Greenland, Svalbard, central Australia, North Africa, India,
Pakistan, and Siberia, support pulsed increases in marine primary
productivity48. Additionally, elevated temperatures and an intensified
hydrological cycle during the SEmayhave strengthened oceanic circulation,
enhancing water-column ventilation (Fig. 4).

The initial decoupling and subsequent covariation of δ13Corg and
δ13Ccarb during the SE succession suggest the presence of a large, ultimately
oxidized DOC reservoir in the Ediacaran Ocean9. Oxidation of upwelling
DOC may have triggered the negative carbon isotope excursion observed
during the SE. This process likely occurredmost frequently in slope regions
where oxygenated waters interacted with DOC upwelling, whereas in
shallow-water settings, particularly in restricted basins, DOCupwelling was
limited or absent (Fig. 4). This model aligns with observations that Shuram
carbon isotope excursions are most pronounced in slope environments but
diminish or disappear in shallow-water settings6. Nevertheless, key uncer-
tainties persist, particularly regarding whether sulfate or O₂ (derived from
algal photosynthesis or ventilation-introduced atmospheric oxygen) served
as the primary electron acceptor for DOC oxidation.

Ventilation-driven oxidation13 not only lacks a clear external trigger
but also fails to constrain the termination process of the SE. At the SE onset,
the deep oceanwas oxygen-poor butmay have received a substantial sulfate
influx via enhanced evaporite weathering54. A “sulfate-driven” DOC oxi-
dation mechanism could operate more rapidly and at greater depths than
P-driven photosynthetic O₂ production, which would primarily oxidize
DOC at oxic-anoxic interfaces via upwelling. In either scenario, DOC
reservoir oxygenation may have persisted until its depletion or until con-
tinental weathering weakened due to negative feedback effects, reducing
nutrient inputs and allowing primary productivity to recover to pre-SE
levels.

Based on coupled variations in δ7Licarb,
87Sr/86Sr, and δ13Ccarb, we

propose that pulse-enhanced continental weathering likely served as the
primary trigger for seawater oxidation and played a central role in shaping
climate,marine chemistry, andEarth’s surface oxidation state during the SE.
Increased nutrient availability, coupled with a transient rise in O₂ confined
to shallowcontinental shelves,mayhave created favorable conditions for the
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evolution and proliferation of oxygen-utilizing “Ediacaran biota” in the late
Ediacaran56.

Conclusions
High-precision Li isotope measurements from marine carbonates in the
Chenjiayuanzi and Jiulongwan sections reveal pronounced declines in Li
isotopes during the Ediacaran Shuram Carbon Isotope Excursion, coin-
ciding with elevated seawater 87Sr/86Sr values. Evaluations of potential clay
contamination,mineralogical effects, and diagenetic alterations suggest that
the observed Li isotope trends likely reflect a primary feature of SE ocean
conditions. Geochemical modeling indicates that pulsed, enhanced con-
tinental weathering occurred during the SE, potentially driven by the uplift
of theTransgondwananSupermountains andAdamastorOrogen.Thismay
have led to a pulsed increase in tectonic uplift (to ~1.3 times modern levels)
coupled with a moderate CO₂ injection into the atmosphere at the onset of
the SE. Elevated tectonic uplift would have exposed fresh primaryminerals,
fueling weathering. Together with a rapid increase in global surface tem-
peratures (~1.5 °C) and an accelerated hydrological cycle, these likely cre-
ated conditions conducive to high erosion rates and enhanced, near-
congruent chemical weathering (Fig. 4).

As CO₂ and freshly exposed minerals were progressively consumed
by this intensified weathering, pCO₂ and temperature would eventually
decrease, leading to a slowdown in the weathering rate and a return to the
pre-SE weathering regime. Such pulsed continental weathering during
the SE likely increased nutrient influx to the oceans, boosting primary
production and potentially triggering an oxygenation event. This oxy-
genation may have contributed to the observed negative δ¹³Ccarb

excursion by oxidizing upwelling DOC (Fig. 4). Though transient, this

Late Ediacaran oxygenation event may have stimulated the evolution and
proliferation of large oxygen-utilizing Ediacaran biota on shallow con-
tinental shelves.

Our findings provide direct geochemical evidence for pulse-enhanced
continental weathering during the SE, suggesting it played a key role in
regulating climate, seawater chemistry, andEarth’s surface oxidation state in
the SE world. Additionally, high CO₂ levels in the early SE may have led to
decreased seawater pH, a hypothesis that could be further tested through
boron isotope analyses.

Methods
Sampling
The Three Gorges area in South China preserves several well-exposed
sections of Ediacaran-age strata, which include the Doushantuo and Den-
gying formations. The Doushantuo Formation is widely distributed across
South China and was deposited in shelf marine environments along a
passive continental margin57. It is subdivided into four lithostratigraphic
members (I− IV). The SE (referred to as DOUNCE/EN3 in the Yangtze
Gorges area) begins at the Member II/III boundary and ends at the base of
the Dengying formation.

Samples for this study were collected from the Chenjiayuanzi (CJYZ)
and Jiulongwan (JLW) sections, both of which correspond to the SE in the
Yangtze Gorges area (South China) (Fig.1). These newly collected samples
come from the same locations as those in previous studies30,33, allowing
alignment ofCandO isotopic trendswithourLi isotopedata, thoughnot on
a one-to-one basis.

The CJYZ section is 180m thick and lies directly above the Nantuo
glacial diamictite. From bottom to top, it consists of a 2m-thick cap car-
bonate (Member I); a 103m-thick black shale with intercalations of thin to
thick dolostone beds containing chert nodules (Member II); a 55m-thick,
light gray, medium- to thick-bedded dolostone with thin muddy dolostone
layers, and the upper portion containing abundant 10–50 cm thick
black chert bands, nodules, and silicifiedoolitic dolostone (Member III); and
a 20-m-thick black shale with lenticular dolostone layers (Member IV)30.

The JLW section, located ~10 km southeast of CJYZ, features a similar
profile. It consists of a 5m-thick cap dolostone (Member I); a 70m-thick
sequence of organic-rich shale and dolostone beds with abundant pea-sized
chert nodules (Member II); a 70m-thick dolostonewith bedded chert in the
lower part and limestone-dolostone “ribbon rocks” in the upper part
(Member III); and a 10m-thick organic-rich shale unit that is widespread
across the Yangtze Gorges area (Member IV)33.

A total of 179 fresh carbonate samples (30 from CJYZ and 149 from
JLW) were selected from DoushantuoMembers III, IV, and the base of the
Dengying Formation (DYFm.) for Li isotopic analysis. Due to poor outcrop
conditions, there is a short gap in the samples from the JLW section prior to
the SE. The samples were broken into small pieces in a sample crushing
laboratory, handpicked to avoid fractures, veins, or weathering, and then
powdered to 200 mesh for Li isotope and elemental analysis.

Lithium isotope and elemental analysis
A chemical leaching method using dilute acetic acid was applied to analyze
the Li isotopic composition of the carbonate fraction in dolostone and
limestones. In this study, we conducted two batches of analyses on theCJYZ
samples, using 0.3M and 0.5M acetic acid, respectively, to verify the
robustness of the analytical procedure. Each sample underwent cleaning,
leaching with dilute acetic acid, and purification of Li using an organic
solvent-free liquid chromatography method. After adjusting to a targeted
concentration (10 or 50 ng/g), Li isotopes were measured on two Neptune
PlusMC-ICP-MS instruments at the University of Science and Technology
of China and Hefei University of Technology.

Each measurement was bracketed before and after by a L-SVEC
standard. The in-run precision for 7Li/6Li measurements was ≤ 0.2‰ for
one block of 40 ratios. External precision, based on long-term monitoring
of two in-house standards, LiQC =+8.8 ± 0.3 ‰ (2 SD, 2 years, n = 186)
and LiUSTC-L = -19.3 ± 0.2 ‰ (2 SD, 2 years, n = 64), as well as analysis of

Fig. 4 | Schematic presentation of the climate-ocean redox change before
(~580–574Ma) and during (~574–567Ma) the Shuram Excursion.
A Incongruent weathering and limited nutrient supply in an anoxic pre-SE world.
B The rise of the Transgondwanan Supermountains caused continental uplift and
injection of CO2 into the atmosphere, leading to global warming, accelerated
hydrological cycle, possible sea-level rise, and enhanced, near-congruent continental
weathering during the SE. Enhanced continental weathering profoundly increases
the nutrient inputs to the ocean and boosts primary production, leading to an
oxygenation event and possibly the negative δ13Ccarb excursion by oxidizing the
dissolved organic carbon reservoir on the continental shelf. DOC: dissolved organic
carbon. DIC: dissolved inorganic carbon.
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international rock reference materials, including BHVO-2 =+4.3 ± 0.4‰
(2 SD, n = 8), GSP-2 = -0.8 ± 0.2‰ (2 SD, n = 29), and AGV-
1 =+5.9 ± 0.4‰ (2 SD, n = 9), demonstrated precision better than 0.5‰.

Elemental concentrations were measured at the Hefei University of
Technology on an Agilent™ 7900 Q-ICP-M for each leached solution.
Detailed methods for Li isotopic and elemental are provided in the Sup-
plementary data Tables 4–5.

Numerical model of diagenesis
We employed a 1D-advection reaction model to simulate the flow of
diagenetic fluid, such as seawater, through permeable carbonate
sediments37,38. The model assumes a homogeneous sediment composition
and divides the flow path into a specified number of segments, each with a
consistent volume (1m³) and porosity (0.5) (box 1 toN). The dissolution of
the original sediment and the simultaneous formation of diagenetic
minerals were simulated over time. Diagenetic trajectories (ranging from
“fluid-buffered” to “sediment-buffered”) were constrained using cross-plots
of δ7Li vs. Li/(Mg+Ca) and Sr/(Mg+Ca). A detailed description of the
model is provided in the Supplementary Data.

Geochemical box modeling of Li-Sr cycles
Dynamicboxmodelingwas applied to constrain seawaterSr-Lifluctuations.
The model is based on previously published Sr and Li isotope box models
and the COPSE reloadedmode23,24,44,46, with revisions to the Sr-Li cycles and
flux functions to better reflect the geological conditions of the Ediacaran
period (see Supplementary Table. 7 for equation references). The driving
forces include tectonic uplift (U), seafloor spreading rate (R), the exposed
area of basalt (Abas) and granite (Agran), weathering intensity (WI), and
temperature (T and pCO2). Modeling parameters are detailed in Supple-
mentary Tables 2–3. For a comprehensive description of the model,
including differential equations, present-day reservoir sizes, and fluxes,
please refer to the Supplementary Table. 7.

We ran the Sr-Li model forward in time from 585Ma to 555Ma using
pre-established parameters for the driving factors (Supplementary Table 3).
The model estimates seawater Sr and Li isotope trends, successfully repro-
ducing key patterns, suggesting that the modeled processes provide a
plausible representation of global biogeochemical cycles during the SE.

Data availability
All data supporting the findings of this study are available within the paper
and its Supplementary Information. Supplementary Tables 1–3 are pro-
vided in the Supplementary Information file, while Supplementary
Tables 4–8 are included in the Supplementary Data 1 file. Supplementary
Data 1 are publicly available at https://doi.org/10.6084/m9.figshare.
29069771.

Code availability
Code for diagenesis modeling (in Python) is posted on GitHub (https://
github.com/yangty95/1D-advection-reaction-model.git).
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