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Upwelling-driven high organic production
in the late Ediacaran

Check for updates

Fuencisla Cañadas 1,9 , Dominic Papineau 1,2,3,4, Thomas J. Algeo4,5 & Chao Li 6,7,8

The Ediacaran ocean (635-541 million years ago) is typically viewed as a stagnant, redox-stratified
ocean with low phosphorus availability. However, this contradicts the high total organic carbon (up to
15 wt%) recorded in the upper Ediacaran Doushantuo Formation in South China. Here, we present a
quantitative reconstruction of primary productivity and sediment total organic carbon using basin-
scale simulations based on various redox-nutrient scenarios. Our results indicate that oceanic
upwelling was the primary driver of enhanced primary productivity, with estimates over 2.5 times the
modern ocean’s average, providing quantitative evidence for oceanic circulation in the Ediacaran
NanhuaBasin.Our results also indicate the development of spatially linkedbut opposing redox trends,
i.e., a ‘redox anticouple’, whereby the expansion of the oxic surface layer occurred concurrently with
intensification of deep-water anoxia due to enhancedPP in surface and its consumption of oxidants in
underlyingwaters. Thismodelmay explain the conflicting redox records across theNanhuaBasin.Our
findings explain the unusually high rates of organicmatter production and preservation in the low-pO2

Ediacaran ocean and provide a mechanism for its progressive oxygenation.

Redox reconstructions of the Ediacaran ocean (635–541 million years ago,
Ma) provide crucial insights into the environmental dynamics of ancient
marine ecosystems. Predominantly, these models depict the deep-ocean
waters as ferruginous, characterized by high iron content and low-oxygen
levels (pO2 ~ 0.1–0.25 present atmospheric level (PAL))1,2. Other geo-
chemical proxies such as redox-sensitive trace metals (e.g., molybdenum
and vanadium) andMoandN isotopesprovide evidence for, at aminimum,
episodes of partial oxygenation of deep-ocean watermasses3–5. The pre-
vailing viewamong scientists is that, during theEdiacaran to earlyCambrian
transition, the global deep ocean was largely anoxic with a distinctly redox-
stratifiedwater columnandavariable redoxboundarybetween thedeep and
shallow watermasses2,6,7. Such redox stratification suggests limited oceanic
mixing, potentially pointing to a stagnant ocean. Additionally, another
relevant feature of the Ediacaran Period, and the Precambrian in general, is
that oceans were characterized by notably low phosphorus (P) reservoirs
and bioavailability8–10, thus limiting primary productivity (PP. This char-
acteristic should, in theory, limit the accumulation of organic matter (OM)
in marine sediments, yet the presence of organic-rich black shales in the

Doushantuo Formation’s Member IV in South China contradicts this
hypothesis, suggesting a more complex interplay of geochemical processes
and biological productivity in Ediacaran oceans.

Organic-rich black shales ofMember IV of theDoushantuo Formation
(ca. 635–551Ma) were widely deposited across the Nanhua Basin during a
lateEdiacaran sea-level transgressionandhighstand11.Thesedeposits exhibit
exceptionally high total organic carbon (TOC) content (to 15 wt%)2,12, which
marks them as invaluable geological archives of OM production and pre-
servationduring the lateEdiacaran.However, the significance ofMember IV
black shales depends on their relationship to (i) the Neoproterozoic Oxy-
genation Event (NOE), the second major rise of oxygen levels in the Earth’s
atmosphere and ocean13, (ii) the global Shuram Excursion14,15, the largest
known negative perturbation of the carbon cycle in Earth history16 [note:
Member IV records the positive shift at its termination], and (iii) early
animal evolution17, offering insights into the paleonvironmental conditions
that supported radiation of complex multicellular life.

The connectionbetween these events hasbeen a subject of considerable
interest in the scientific community. Various studies have proposed
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enhanced PP as the driver for the oxygenation of late Ediacaran oceans18–20

and the recovery from the Shuram Excursion12, through an intense biolo-
gical pump that increased exports of nutrients and organic carbon to sea-
floor sediments, leading to a 13C-enriched dissolved inorganic carbon
budget, which caused positive shifts in δ13Ccarb

12. These observations are
supported by widespread phosphorite deposits, considered as evidence of
increased nutrient availability, in the Doushantuo Fm21,22, and especially in
its Member IV23,24 (Supplementary Fig. S1). However, the occurrence of
phosphorite deposits inMember IV conflictswith the lowP reservoirs in the
Ediacaran10. Furthermore, upwelling processes have been hypothesized as
the main driver of PP in the Ediacaran Nanhua Basin20,22,25 and as the key
mechanism for the expansion of its oxic surface layer and intensified anoxic
conditions in its deeper water column6,17. Enhanced upwelling during the
Shuram Excursion is supported by high barite concentrations in a shelf-
upper slope transect across theNanhuaBasin26. Consequently, it is plausible
to consider that upwelling could have been a critical factor contributing to
increased P availability and the extensive phosphorite deposits. Despite this,
there remains a gap in the existing research, as no studies have yet provided
quantitative evidence directly linking PP and upwelling processes with the
exceptionally high TOC levels observed in the organic-rich shales of
Doushantuo Member IV.

High TOC contents are generally due to high PP and/or enhanced
organic preservation. One of the principal controls on OM preservation is
the redox status of thewater column.Despite efforts to reconstruct the redox
conditions prevalent during the deposition of Member IV, conflicting
observations have arisen, e.g., Fe speciation indicates anoxic to euxinic deep
waters27,28 whereas Mo and U isotope records suggest widespread oceanic
oxygenation during deposition of the black shales of Doushantuo Member
IV29,30. To reconcile these conflicting redox observations, our study employs
a synthesis of traditional PP equations alongside basin-scale reconstructions
of multiple redox-nutrient scenarios potentially applicable to Member IV.
This methodology aims to delineate the factors influencing marine pro-
ductivity over time and to accurately reconstruct the paleoenvironmental
conditions conducive to the generation and preservation of the large
amounts of OM preserved in Member IV. By comparing the TOC values
measured in rock samples against those predicted by our simulations, our
study provides a coherent explanation for the anomalously high organic
content of Member IV black shales, and it offers insights into oceanic
circulation and mechanisms of oceanic oxygenation during the late Edia-
caran, a period marked by rapid diversification of early animal life.

Simplified methodology, scenarios and dataset
The methodology used in this study integrates conventional productivity
equations and computer simulations to recreate the environmental redox
conditions for OM accumulation in Doushantuo Member IV, allowing
model-data comparisons of laboratory measurements versus simulated
TOC values. TOC analyses at geochemical laboratories strictly measure
present-day TOC content, which is generally lower than original (i.e., pre-
burial) sediment TOC values31. To address this uncertainty, we applied a
simple calculation from ref. 32 to estimate the original TOC content. Thus,
throughout the text, “TOCmc” refers to measured TOC that has been cor-
rected for burial loss of carbon, while “TOCS” refers to the equivalent (pre-
burial) TOC estimated from the computer simulations. The computer
simulations were run with the software OF-Mod (Organic Facies Model-
ling), provided by the Norwegian SINTEF company. The methodology is
divided into three steps (a methodological workflow is shown in Supple-
mentary Fig. S2), as briefly described below, and a comprehensive
description can be found in the Supplementary Methods, including para-
meters used, assumptions and limitations of the methodology.

The first step creates the inorganic boundary conditions of a model
scenario. The software uses data from palaeobathymetric charts, sea-level
curves, palaeo-coastlines, and sand fractions estimated from palaeogeo-
graphic maps, in this case, adapted from ref. 33 (Fig. 1a), to reconstruct the
basin-wide distribution of linear sedimentation rates (LSR) and sediment
dry bulk densities (DBD) of Member IV (see Supplementary

Tables S1 and S2 for parameters and equations and Supplementary Fig. S4).
The product of DBD and LSR is the bulk accumulation rate (BAR). These
inorganic parameters are essential inputs of the conventional productivity
equations explained in the next step.

The second step consists of quantitative PP reconstructions ofMember
IV shales in six stratigraphic sections spanning a range of palaeoenviron-
ments. In these calculations, we focused on four principal parameters (see
Supplementary Table S3 for equations):
• Primary productivity (PP), which measures the biological production

of OM in the ocean.
• Organic Carbon Flux to the sediment surface (OCFss) is defined as the

OC sinking flux that reaches the sediment surface31,34.
• Organic carbon accumulation rate (OCAR),whichmeasures the burial

flux based on the preserved quantity of TOC in the sediment31.
• Preservation factor, calculated as OCAR/PP, represents the fraction of

PP ultimately buried (and thus preserved) in the sedimentary record34.

The calculation of PP from TOC has been approached in various ways
in the scientific literature, primarily through two types of methods: multi-
variate regression techniques making use of relationships of individual
variables in large regional or global datasets (e.g., ref. 35), and techniques for
TOCcorrection based on site-specific carbon-loss processes (e.g., refs. 36,37).
Theparametersused in these equations areTOC,LSR,DBD,andwaterdepth
(WD). A comprehensive evaluation is presented in ref. 38 and suggests that
equations accounting for site-specific carbon-loss processes tend to offer
better correspondence between measured and estimated productivity levels.
Addressing these methodological uncertainties, we evaluated four different
productivity equations (Supplementary Fig. S6) ultimately selecting the
equation proposed by Knies and Mann37 because (i) it is a process-based
equation that is expected to yield robust estimates of paleoproductivity38

(see SupplementaryMethods), and (ii) it is an integral feature of theOF-Mod
software and, thus, expected to yield good consistency between productivity
estimates and models. To gain a clearer understanding of how variations in
key parameters (e.g., TOC, LSR, DBD, and WD) affect PP, we conducted a
sensitivity analysis across the four main depositional environments
(see Supplementary Methods and Supplementary Fig. S7).

The final step simulates the distribution of TOC at a basinal scale. This
spatial distribution is based on the interrelated aspects of PP and redox
conditions during deposition and burial39. In developing these models, we
utilized the software’s advanced features to simulatediverse spatial patternsof
PP alongside varying redox conditions. This enabled us to effectively dis-
tinguish between areaswith oxic and anoxicwater columns. Additionally, we
integrated PP and preservation factor values that were quantitatively deter-
mined in the previous step (see Supplementary Table S4 for parameters).

In light of the multiple redox scenarios mentioned above, the present
study examined four different redox-nutrient scenarios intended to represent
the environmental conditions that allowed for the production and pre-
servation of OM. In these scenarios, TOCS values are compared to estimates
based on TOCmc. The four scenarios were built using the same inorganic
boundary conditions but applying different redox-nutrient conditions.
(1) Anoxic scenario: non-upwelling margin with a low-oxygen atmo-

sphere simulated with a predominantly anoxic water column having a
shallow chemocline, as proposed for the Ediacaran ocean in South
China by Li et al.2.

(2) Oxic scenario: non-upwelling margin with a well-oxygenated atmo-
sphere simulated with a predominantly oxygenated water column and
ventilated seafloor, as proposed by refs. 40,41.

(3) Anoxic+ upwelling scenario: upwelling margin with a low-oxygen
atmosphere simulatedwith additional PPcontributions fromnutrient-
rich upwelling areas and a predominantly anoxic water column.

(4) Oxic+ upwelling scenario: upwelling margin with a well-oxygenated
atmosphere simulatedwith additional PPcontributions fromnutrient-
rich upwelling areas, leading to expansion of the oxic surface water
mass and deepening of the chemocline during the Shuram Excursion,
as proposed by refs. 3,5,12.

https://doi.org/10.1038/s43247-024-01632-z Article

Communications Earth & Environment |           (2024) 5:461 2

www.nature.com/commsenv


Our dataset is from the Doushantuo Formation Member IV in the
Nanhua Basin, which is located in the interior of the Yangtze Block (South
ChinaCraton).Weuse 14 stratigraphic sections distributed across the basin.
Of these, six sections are from our current study (Supplementary Data S1),
while the remaining eight sections are sourced from existing literature. The
geological context, along with a generalized stratigraphic chart of the
Ediacaran in theupperYangtze regionand the relevant radiometric ages, are
provided in the Supplementary Notes and illustrated in Fig. 1 and Supple-
mentary Fig. S2.

Results
The facies types ranged from coastal tidal flats (WD 0m) to deep-water
settings (WD~1000 m), per the distribution illustrated in Supplemen-
tary Fig. S4a-b. After assigning a sand fraction to each facies, the
resultingDBDdecreases from0.94 g cm−3 in the intrashelf to 0.81 g cm−3

in the basin (Supplementary Fig. S4c and Supplementary Table S5).
Similarly, the LSR estimates obtained from modelling (see Supplemen-
tary Table S2 for the equation) decrease from 0.34 in the intrashelf to
0.03 cm kyr−1 in the basin (Supplementary Fig. S4d and Supplementary
Table S5). As such, BARs vary from 0.31 g m−2 yr−1 in the intrashelf to
0.02 g m−2 yr−1 in the basin.

All parameters related to productivity exhibit consistent trends,
showing an upward shift from Member III to Member IV across all
examined sections, with the peak values observed mostly in the lower
slope environment. Figure 2 highlights this trend, showing a rise in
TOCmc from 0.5 to 18%, and PP escalating from a range of 10–102 to

102–103 gCm−2 yr−1, with the lower slope areas peaking at
~1700 gCm−2 yr−1. The OCFss rose from <10 gCm−2 yr−1 in Member III
to nearly 103 gCm−2 yr−1 in Member IV. Similarly, the OCAR increased
from 10−3 gCm−2 yr−1 in Member III to 1 gCm−2 yr−1, with the intrashelf
areas yielding the highest values. Additionally, the preservation factor,
reported as a dimensionless fractional value, remained relatively low,
ranging from 10−4 to 10−5. The full dataset is presented in Supplementary
Data S1, and the mean values and standard deviations (1sd) of these
parameters are given in Supplementary Table S5.

Across the 14 study sections, TOCmc displays variations, with
average values of 4.9 ± 1.8% in intrashelf areas, 5.4 ± 0.3% in upper
slope areas, 12.5 ± 1.8% in lower slope areas, and 4.7 ± 0.3% in basinal
areas (see Supplementary Fig. S5 and Supplementary Table S5).
Simulated TOC differs across the four redox-nutrient scenarios. In the
anoxic scenario, there is an insignificant correlation between TOCS

and TOCmc (R
2 = 0.03; p = 0.55; note: only p ≤ 0.05 is considered sig-

nificant), with the highest TOCS values around 3% in the upper slope
area. The oxic scenario shows a weak TOCS–TOCmc correlation
(R2 = 0.30, p = 0.043), with peak TOCS values of ~1.5% in the intrashelf
and ~2.0% in the basin. The anoxic+ upwelling scenario exhibits a
non-significant correlation (R2 = 0.09, p = 0.29), with similar values for
TOCmc and TOCS in the intrashelf and upper slope but significant
disparities in the lower slope and basin (3–4% versus 12.5%). Notably,
the oxic+ upwelling scenario yields a strong TOCS–TOCmc correla-
tion (R2 = 0.80, p = 0.001), especially in the lower slope area where
TOCS is 11.3 ± 1.5% compared to TOCmc of 12.5 ± 1.8%.

Fig. 1 | Maps and stratigraphic sections. aMap of China, with the Nanhua Basin in
red, within the Yangtze Block, and reconstructed Ediacaran depositional environ-
ments with the platform-to-basin transect studied in red (X–X′). The Yangtze Block

and Cathaysia Block form the South China craton. b Stratigraphic sections studied
and correlation of the Doushantuo Fm. Member IV.
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Discussion
Inorganic influence on organic carbon accumulation and
preservation
Burial of OM is a key process in the Earth’s carbon cycle contributing to the
oxygenation of the atmosphere. This occurs because organic carbon burial
in sediments prevents it from re-entering the atmosphere as carbon dioxide
(CO2) through decomposition, preventing the consumption of oxygen by
aerobic decomposers. The most important parameters that influence the
burial of OM inmarine sediment are LSR, redox conditions, and the flux of
OM to the seafloor42.

The relationship between LSR and OC has been treated by multiple
studies31,36,43,44, which provided robust relationships for LSR→OCAR
transfer functions. One of the key factors impacting our PP and OCAR
calculations is the lack of a measurable dilution effect in sediments, which
refers to the addition of an inorganic fraction that reduces the OC con-
centration of the sediment39. The extremely low sedimentation rates,
between 0.34 and 0.03 cm kyr−1, rule out dilution effects meaning that OM
preservation was not affected by the input of an inorganic fraction. This is
because dilution typically has an effect only when LSR exceeds
~10 cm kyr−1, i.e., the rate at which the main effect of siliciclastic accumu-
lation shifts from prevention of OM oxidation (i.e., OM preservation) to
dilution of OM (due to no further increase in OM preservation)42.

The low LSRs observed inMember IV can be explained by the tectonic
settingof the study area.TheNanhuaBasin is an intracratonic rift basin in the
interior of theYangtzeBlock (SouthChinaCraton45). Intracratonic basins are
formed within the stable interiors of continents, representing regions of low
tectonic activity and long-term stability, leading to slow subsidence over long
periods.As a consequence, intracratonicbasinsdisplayunique sedimentation
patterns compared to basins located at tectonically active margins. The low
LSRs observed in Member IV are comparable to those of other Neoarchean
andPaleoproterozoic basins46 and are attributable to the intracratonic basinal
setting of the Doushantuo Formation and its deposition during a prolonged
interval of sea-level transgression and highstand11.

A comparison of our sampleswithmodern BAR andOCAR (n∼4000)
compiled by Schoepfer et al.36 shows that the highest OCARs are found in
anoxic settings, correlating with high TOC content (Fig. 3a). Our results
show a robust positive correlation between BAR and OCAR (R2 =+0.913)
as observed generally in sedimentary systems31,44. Interestingly, our findings
are within the 1–10% OC range, aligning with sediment deposition in
suboxic to anoxic conditions47. However, our samples plot in the range of
BARs-OCARs associated with oxic settings in the modern ocean, partly
attributable to the exceptionally low LSRs of Member IV. It is important to
note, however, that the BAR-OCAR compilation by Schoepfer et al.36 does
not include any intracratonic basinal data, rendering a comparisonwith the
Nanhua Basin uncertain.

Preservation factor values, ranging from 10−3 to 10−5 for Member IV,
are plottedonaBAR-Preservation factorplot (Fig. 3b)with a similar slope to
the modern ocean dataset from ref. 38 but shifted towards higher pre-
servation at lower sedimentation rates, which may serve as an indicator of
anoxic conditions in deep basinal settings. Globally, most marine OM is
remineralized to its inorganic constituents such that only 0.1–0.5% of pri-
mary productivity is preserved in the sediment48. Thus, the exceptionally
high preserved TOC values in Member IV, averaging between 3.2% and
12.8%, in combination with a low preservation factor, suggest that primary
productivity operated at rates large enough to yield high TOC values,
consistent with our calculated PP values of up to 1700 gCm−2 yr−1.

Quantitative evidence for upwelling-driven high PP in late
Ediacaran ocean
The two additional critical factors affecting the burial of OM in marine
sediments are the rate of production of OM and the marine redox condi-
tions favouring its preservation during deposition. In this context, we have
analyzed the results ofTOCmcversusTOCS for fourdistinct redox scenarios,
derived from various combinations of redox-nutrient conditions:
(1) Anoxic scenario (Fig. 4a): this scenario is characterized by a low-

oxygen atmosphere (~0.1% PAL)49, predominantly anoxic waters, and

Fig. 2 | Results from paleoproductivity equations. a Carbonate carbon isotopes
representing the Shuram Excursion and its recovery along Member IV to positive
values. Black line represents the recovery from the Shuram Excursion to positive
values. Cross symbols are from ref. 27 and dots are from ref. 12. Colours refer to the
different paleoenvironments. bMeasured and corrected TOC values (TOCmc).
c Primary productivity (PP) calculated with the ref. 37 equation. d Organic carbon

flux to the sediment surface (OCFss). eOrganic carbon accumulation rate (OCAR).
Vertical dashed line in (a) shows the standard Peedee belemnite value. The salmon-
coloured area in (c) represents the global range of long-term primary productivity in
the modern ocean from ref. 53. Intrashelf sections: Xiangerwan, Zhimaping, and
Qinglinkou. Upper slope section: Taoying. Lower slope section: Xiajiaomeng. Basin
section: Fengtan.
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Fig. 4 | Results for the oxic and anoxic environmental models. a Represents an
anoxic scenario illustrating a non-upwelling margin under a low-oxygen
atmosphere. b Represents an oxic scenario characterized by a non-upwelling
margin within a well-oxygenated atmosphere. In (a) and (b), the left map
displays the distribution of primary productivity (PP) and the anoxic fraction
across the basin, the centre map shows the TOCS based on the interplay
between PP and redox conditions and the plot on the right shows the

correlation between TOCmc and TOCS values. TOC simulated TOC; TOCmc

measured and corrected TOC. Sections are from this study (bold) and the
literature. XG Xiangerwan, JL Jiulongwan, ZM Zhimaping, QK Qinglinkou, WC
Wuhe core, JQ Jiuqunao, MS Maoshi, TY Taoying, SP Siduping, SG Songtao, XJ
Xiajiaomeng, LB Longbizui, FT Fengtan, YW Yanwutan. The coloured circles
overlaying this map correspond to the average TOCmc values from Member IV
organic-rich samples, as compiled in Supplementary Fig. S5.

Fig. 3 | Inorganic influence on organic carbon
accumulation and preservation. a Bulk accumula-
tion rates (BAR) versus organic carbon accumula-
tion rates (OCAR) for the studied samples. Modern
ocean data compiled by Schoepfer et al.36. Dashed
lines represent the % of OC present in the
sediment47. b Averaged BAR versus organic carbon
preservation factor. (L95) dataset is based on satellite
chlorophyll measurements, and the Oregon State
(OS) dataset is based on in situ measurements using
the 14C uptake method integrated over the depth of
the photic zone and averaged by L95 oceanic
province36. The preservation factor is dimensionless.
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a non-upwelling margin. In this scenario, the chemocline position is
high, andPP is limitedmainly to shallow-shelf areas, yieldingTOCS up
to 3%. However, this model also yields a spatial distribution of TOCS

values opposite to that of TOCmc—specifically, TOCS values peak in
intrashelf areas near shallow high-productivity zones, whereas TOCmc

is higher (to 12.5 ± 1.8%) in the basin. This is represented by the
absence of a correlation between TOCmc and TOCS (R2 = 0.03,
p = 0.55). In this scenario, anoxic conditions likely favoured the
preservation of OM once deposited. However, PP was mainly limited
to shallow-shelf areas. This factor may explain why higher TOCmc

values (up to 3%) are found in intrashelf areas, where the influence of
both nearshore PP and oxic surface layer effects converge, and where
higher BARs would have facilitated the preservation of OM.
Conversely, lower TOCmc values (∼2%) are found in the basin, where
limited PP comes from the thin oxic surface layer, and where the
inorganic parameters are characterized by lower BARs relative to the
intrashelf area. There, the TOCS and TOCmc differ by more than 10%.

(2) Oxic scenario (Fig. 4b): this scenario is characterized by a relatively
oxygenated atmosphere (~10% PAL)49, predominantly oxic waters,
and a non-upwelling margin. In this scenario, TOCS consistently
averages ∼2% across the basin, though slightly elevated values are
observed in the basin centre. This pattern starkly contrasts with the
peak TOCmc of 12.5 ± 1.8% identified in the basin area, resulting in a
weak correlation (R2 = 0.30, p = 0.043). PP was mainly limited to
shallow-shelf areas, and OM likely experienced enhanced reminer-
alization during its descent to the seafloor through oxic waters.
Moreover, oxygenated shallow facies for Member IV are based on Fe
speciation, S isotopes, and U and Mo concentration and isotope
data29,30. However, these studies did not identify a potential source of
oxygen. One possibility could be bacterial sulfate reduction coupled
with pyrite burial50, which releases on a mole-for-mole basis almost
twice asmuchO2 as organic carbon burial

51. However, the consensus is
that the oxygen released through pyrite burial is roughly offset by the
oxygen consumed during pyrite weathering50. Thus, even if pyrite
burial contributed to the lateEdiacaranO2production, thismechanism
does not explain alone the amount of oxygen produced.
In our simulation,we introduced two additionalmodels that feature a
nutrient-enriched zone of high productivity along the upper slope—
this area benefits from the upwelling of nutrients that boost PP.
Despite suggestions of a limited phosphorus (P) reservoir in the
predominantly anoxic Ediacaran oceans9, recent studies of P cycling
during the Shuram Excursion indicate two notable periods of global
high P concentrations, with seawater P levels increasing from ~2 to
~4–5 µM10. Our study aligns with the timing of the second such
episode, implying that the increased availability of phosphorus in
seawater could have enhanced PP. This hypothesis is further
supported by the discovery of widespread phosphorite deposits
withinMember IV23,24, suggesting a broader environmental impact of
these elevated phosphorus levels.

(3) Anoxic+ upwelling scenario (Fig. 5a): this scenario is characterized by
a low-oxygen atmosphere (~0.1% PAL)49, predominantly anoxic
waters, and an upwelling margin. In this scenario, the introduction of
an additional zone of PP predominantly influences shallow environ-
ments, achieving comparable TOCS and TOCmc values. For instance,
in the intrashelf area, TOCS values are around 3 ± 2%, aligning more
closely with the TOCmc of 4.9 ± 1.8% for the same area. A similar trend
is observed in the upper slope, where TOCS of 5.0 ± 1.0% closely
matches TOCmc values of 5.4 ± 0.3%. Conversely, TOCS values in
deeper environments remain stable ~3–4%, markedly lower than the
corresponding TOCmc leading to a very weak correlation (R2 = 0.09,
p = 0.29). This pattern suggests that the upwelling processes might not
have been robust enough to substantially boost PP or to sufficiently
oxygenate the water column. As a result, the model predicts anoxic
conditions and reduced TOCS levels in the basin. Although anoxic
conditions generally favour the preservation of OM, the relativelymild

upwelling likely did not elevate PP to levels that would match the
observed TOCmc values.

(4) Oxic+ upwelling scenario (Fig. 5b): this scenario is characterized by a
relatively oxygenated atmosphere (~10% PAL)49, transitional
oxic–anoxic waters, and an upwelling margin. In this scenario, the
highest TOCS values (~11.3 ± 1.5%) are found directly beneath the
upwelling zone, concurring with TOCmc values of 12.5 ± 1.8% for the
lower slope area. This model demonstrates an excellent correlation
between TOCS and TOCmc values, particularly in the lower slope
region. Additionally, the results from the upper slope area also show a
strong match, with TOCS values of 4.5% closely aligning with TOCmc

values of 5.4%. These findings lead to a very strong correlation
(R2 = 0.80, p = 0.001), underscoring the model’s effectiveness in repli-
cating observed TOC distributions. Elevated PP and OM sinking flux
typically result in higher O2 consumption in the deep-water column
and a stronger tendency towards the development of anoxia.
Accordingly, this scenario envisions a vertical gradient of oxygenation
of thewater column, initiated from themid-slope area and intensifying
towards the basin, driven by an active biological pump. This is
modelled as an anoxic gradient ranging from 1 (anoxic) to 0 (oxic).
However, it is important to highlight that the oxygenation of the water
column by this mechanism was likely a complex and multifaceted
process involving both vertical and lateral variation. Therefore,
considering the basin-scale perspective of this study, a lateral redox
gradient has also been integrated into the analysis. An outlier in this
context is the Fengtan section (not included in the TOC correlation),
which exhibits notably lower TOCmc values compared to TOCS values
(4.5% versus ~10%). Several explanations could account for this
discrepancy. It is conceivable that only a restricted area beneath the
upper slope received substantial OM, which avoided remineralization;
however, if this were the case, similar phenomena should be observable
in other basin-margin sections like Yanwutan or Longbizui, yet they
are not. Alternatively, Fengtan’s notably low BAR (0.04 gm−2 yr−1)
might explain the diminished TOCmc, as lower rates could hinder OM
preservation. Jarvie32 found that LSR does have a pronounced effect on
TOC preservation, even in anoxic settings. Moreover, the notably low
LSR imply that OM at the sediment–water interface could be exposed
to even a small flux of oxygen over a long period. However, if this were
the case, we would expect to observe analogous patterns across other
deep sections as well. Nonetheless, the mismatch between TOCS and
TOCmc could signify spatial heterogeneity in the oxygenation of the
Ediacaran Nanhua Basin, impacting specific areas of the basin floor.

Our models show that the best fit of the simulated versus measured-
corrected TOC, the oxic+ upwelling scenario, requires a nutrient-rich
upwelling-driven process. The tropical location of the Yangtze Craton,
positioned between 20° and 30° N during the period from 580 to 530Ma52,
likelyplayed a crucial role in connectingupwellingwithwind-drivenEkman
transport. This process is similar tomodernwind-drivenupwelling systems,
which predominantly occur in tropical and subtropical regions. The
remarkable increase in PP, yielding values 2.5 times (Fig. 2c) over average
modern PP rates53, aligns with findings from the Ediacaran–Cambrian
transition in South China, providing a comparative framework for our
results54,55. Collectively, these results suggest that the late Ediacaran envir-
onment was characterized by initially low PP rates (10–100 gCm−2 yr−1) in
Member III, with an abrupt increase in palaeoproductivity and organic
carbon burial around theMember III–Member IV boundary to peak values
up to 1700 gCm−2 yr−1 in Member IV. High PP rates were sustained
through Member IV and possibly also into the overlying upper Ediacaran
Dengying Fm. Thereafter, PP values fell to∼1000 gCm−2 yr−1 in Cambrian
Stage 2 (~526Ma)55 and then decreased further to near-modern values
(10–200 gCm−2 yr−1) by ∼518Ma54. Therefore, our findings offer com-
pelling quantitative evidence of an extraordinary increase in organic pro-
ductivity in the late Ediacaran, with peak production reached during the
deposition of Member IV of the Doushantuo Formation.
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Previous studies have hypothesized the existence of upwelling in
the Ediacaran Nanhua Basin20,22,56,57. Indeed, refs. 15,58 suggest this
mechanism was crucial for the expansion of oxic surface waters and
the deepening of anoxic conditions in the water column. However,
although upwelling was likely a major reason for increased nutrient
availability during the deposition of Member IV based on our mod-
elling results, nutrient fluxes from continental weathering cannot be
excluded. Recent studies10 suggest that elevated continental weathering
during the first part of the Shuram Excursion, supported by increased
87Sr/86Sr10,59, accelerated P cycling via release of P during oxidation of a
large dissolved organic carbon (DOC) pool60, and the concurrent CO2

release further increased the weathering flux of P to the ocean10.
During the last stage of the Shuram Excursion, which corresponds to
Doushantuo Member IV, continental weathering decreased10,59. How-
ever, the accumulated P reservoir from the first part of the Shuram
Excursion continued to play a major role via upwelling for the high
organic production and TOC content of Member IV10. Also sup-
porting the upwelling hypothesis, recent studies in upper slope areas
document extensive early diagenetic and authigenic barite formation
linked to upwelling-driven productivity during the Ediacaran26, mostly
occurring during the recovery part of the Shuram Excursion, as well as
during the Late Ordovician–Early Silurian61. Building on these
insights, we conclude that our simulations of multiple redox-nutrient
scenarios and quantitative paleoproductivity estimates offer a

quantitative and comprehensive evaluation of the environmental
conditions during the deposition of Doushantuo Member IV.

Implications for a redox anticouple in the late Ediacaran Ocean
Acomparisonof the four redox scenarios of the present study shows that the
best match between TOCS and TOCmc is obtained in the oxic+ upwelling
model.However, unlike inmodernoceans that experienceupwelling-driven
oxygen minimum zone development, which is spatially constrained and
surrounded by oxic waters, the dissolved oxygen levels in Ediacaran oceans
may have been modulated by an unusual mechanism, at least locally. We
suggest that, during this period, a pronounced redox anticouple (i.e., syn-
chronous but opposite redox changes in shallow and deep environments)
developed in oceanic areas subject to intense upwelling. Heightened PP and
oxygenproductiondue to upwelled nutrients caused the ocean-surface layer
to become more oxidizing, gradually forcing the chemocline downward in
the ocean.At the same time, increased PP led to a greater sinking fluxofOM
(i.e., intensified biological pump) that depleted deeper oceanic watermasses
of oxidants, including dissolved oxygen, sulfate, and nitrate, causing a shift
towards more intensely reducing conditions.

A combination of upwelling-driven surface nutrient supply and P
regeneration in the deeperwaters is likely to have created apositive feedback
loop for PP47. This may have been the case for the Nanhua Basin, with the
upwelling process also advecting deep-waterDOC that, after being oxidized
at the redoxcline, released a large amount of P10 that served to sustain PP in

Fig. 5 | Results for the oxic and anoxic environmental models introducing
upwelling processes. a Represents an anoxic+ upwelling scenario illustrating an
upwelling margin under a low-oxygen atmosphere. b Represents an oxic+
upwelling scenario characterized by an upwelling margin within a well-oxygenated
atmosphere. In (a) and (b), the left map displays the distribution of primary pro-
ductivity (PP) and the anoxic fraction across the basin, the centre map shows the
TOCS based on the interplay between PP and redox conditions and the plot on the

right shows the correlation between TOCmc and TOCS values. TOCS simulated
TOC, TOCmcmeasured and corrected TOC. Sections are from this study (bold) and
the literature. XG Xiangerwan, JL Jiulongwan, ZMZhimaping, QKQinglinkou,WC
Wuhe core, JQ Jiuqunao, MS Maoshi, TY Taoying, SP Siduping, SG Songtao, XJ
Xiajiaomeng, LB Longbizui, FT Fengtan, YW Yanwutan. The coloured circles
overlaying this map correspond to the average TOCmc values from Member IV
organic-rich samples, as compiled in Supplementary Fig. S5.

https://doi.org/10.1038/s43247-024-01632-z Article

Communications Earth & Environment |           (2024) 5:461 7

www.nature.com/commsenv


surface waters. On the other hand, under conditions of intensified deep-
water anoxia, the recycling of P from the sediment back into the water
column was likely particularly intense due to the rapid reduction of
P-bearing Fe-(oxyhydr)oxides and the preferential release of P from
decaying OMduring sulfate reduction47. This boost in PP led to higher OM
production and burial levels and enhanced release of O2, which ultimately
supported organisms with higher aerobic requirements and fostered
marine ecosystem diversity. Thus, the development of opposing
redox trends in shallow versus deep oceanic waters may be a key to
understanding (i) the conflicting redox interpretations based on multiple
geochemical proxies, and (ii) unusually high levels of OM preservation
as well as early oceanic oxygenation mechanisms and their relationship to
early animal radiation.

Conclusions
This study simulated the distribution of TOC content in organic-rich
shales of Member IV of the upper Ediacaran Doushantuo Formation
along a platform-to-basin transect in the Nanhua Basin using multiple
redox-nutrient scenarios. Calculations of palaeoproductivity rates in
Member IV indicating ~2.5 times greater than those in the modern
ocean, suggest that this period was marked by exceptionally high PP.
Among the various redox-nutrient scenarios simulated, the oxic+
upwelling scenario aligns most closely with actual observations,
demonstrating a strong correlation (R2 = 0.80, p = 0.001) between
simulated and measured TOC values, and thus more accurately reflects
the paleoenvironmental conditions that were likely present during the
deposition of Member IV. This finding offers, to the best of our
knowledge, the first quantitative evidence for upwelling processes and,
thus, intense oceanic circulation in the Ediacaran Nanhua Basin.
Upwelling processes likely led to self-sustained primary productivity
and intensification of the biological pump, producing the expansion of
the oxic ocean-surface layer and concurrent intensification of deep-
water anoxia, representing a “redox anticouple”, reconciling conflict-
ing redox records observed from different proxies across the basin.
This pattern of redox evolution may have been responsible for unu-
sually high rates of OM production and preservation during the
recovery from the largest negative δ13Ccarb excursion in Earth history
(i.e., the late Ediacaran Shuram Excursion), providing a plausible
mechanism of oceanic oxygenation and its relationship to early animal
radiation. Our study highlights the value of an integrated modelling
approach to investigating the productivity-redox dynamics of ancient
depositional systems.

Data availability
All data generated or analyzed during this study are available in the pub-
lished article (and its Supplementary Information files).
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