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Enhanced phosphorus regeneration
linked to Ediacaran ocean oxygenation

Check for updates

Dongtao Xu 1,2,3, XinqiangWang 1,2,3 , Eva E. Stüeken 4, Weiming Xu5,6, Zheng Qin7, Jihua Hao 5,6,
Xiaoying Shi1,2,3 & Dongjie Tang1,2,8

Several pulses of ocean oxygenation events were recognized in the Ediacaran period. However, the
intrinsic triggers behind them remain ambiguous. Herewe report phosphorus speciation data from the
EdiacaranDoushantuo Formation, SouthChina, to elucidate the role of recycledphosphorus in driving
ocean oxygenation. High ratios of organic carbon to organic phosphorus in all samples relative to the
Redfield ratio generally imply preferential release of phosphorus during the remineralization of organic
matter. Notably, ratios of organic carbon to reactive phosphorus exceed the Redfield ratio during
purported oxygenation intervals, but fall mostly below or close to the Redfield ratio in the rest of the
section. Quantitative calculations suggest that enhancedbenthic andwater-column recycling created
a phosphorus influx into the ocean that was comparable to or outpaced that of weathering input. Our
study provides empirical evidence for untangling the mechanisms of the Ediacaran oxygenation.

Mounting evidence has demonstrated that the Earth’s surface environment
underwent several pulses of (if not permanent) oxygenation during the
Ediacaran Period (ca. 635–538Ma)1–3. Although substantial uncertainties
persist regarding atmospheric oxygen levels and the extent of ocean oxy-
genation, it is conceivable that a more oxygenated Earth, coupled with a
sophisticated Ediacaran ecosystem4 was driven by elevated primary pro-
ductivity, which, in turn, is dependent on marine nutrient levels.

Phosphorus (P) is widely regarded as the primary limiting nutrient
modulating changes of primary productivity on geological timescales5. The
principal source of dissolved P to the global ocean is riverine input from
continental weathering6,7. Enhanced continental chemical weathering
would have increased bioavailable P in surface seawater, consequently
fuelingmarineprimaryproductivity8–10. The removal of seawaterP ismainly
through organic matter burial and precipitation of Fe minerals in marine
sediments6,7. However, this drawdownof seawater P can be compensated by
recycled P via remineralization of organic matter and reduction of Fe
(oxyhydr)oxides in the water column and in sediments11–14, driving further
primary productivity. However, not all the regenerated P can be released to
seawater to fuel primary productivity. Depending on the local redox con-
ditions, some, or even all, of the recycled P may be re-trapped in the sedi-
ments through ‘sink switching’, forming authigenic apatite and/or Fe
phosphates (for example, vivianite)13–17. Hence, a detailed reconstruction of

the phosphorus cycle is key for understanding the nature and history of
redox changes in Earth’s surface environment.

Current geological and geochemical evidence, including the onset of
massive phosphorite deposition18, bulk P content in shales19,20, P/Fe ratios in
ironstones9,21, and carbonate-associated phosphate22, all suggest an elevated
seawater P in the Ediacaran ocean. But the reason behind this increase is
contentious.Someresearcherspropose that enhancedweathering following the
termination of Cryogenian glaciationsmay have caused a large input of P into
the earliest Ediacaran oceans, fueling primary productivity, organic matter
burial and ocean oxygenation9,23. However, this idea is challenged since a
transient increase of riverine P input, even by a factor of two, can not easily
match the time span and scale of massive Ediacaran phosphorites18. Alter-
natively, recycled P mobilized by bacterial sulfate reduction of organic matter
has been suggested as the major source of elevated seawater P in Ediacaran
oceans18,22,24–26, but direct evidence for this argument is lacking. To elucidate the
potential role of recycled P in sustaining high dissolved P levels and primary
productivity, we performed analyses of the P speciation in the Ediacaran
Doushantuo black shales collected from the well-preserved Wuhe section in
South China. Our sample set covers an established perturbation in redox
conditions, revealed by Fe speciation2, molybdenum (Mo) and mercury (Hg)
isotopes27,28, enablingus to explore the connectionbetween recycledP, primary
productivity, and oceanoxygenation in the critical transition of Earth’s history.
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Sampling and results
The samples in this study were collected from the Ediacaran Doushantuo
Formation (ca. 635–556Ma) of the Wuhe section (GPS: 26°45ʹ56" N,
108°25ʹ01" E) in JianheCounty, Guizhou Province, SouthChina (Fig. 1a, b).
This section was deposited in a lower slope setting with good connection to
the open ocean2,29. The Doushantuo Formation (~120m) in the section is
dominatedbyblack shaleswith subordinate dolostone. It is divided into four
lithological members that can be roughly correlated with those in Yangtze
Gorge area2. More detailed information about the geological background
and sample descriptions can be found in Supplementary Note 1. Three
Ocean Oxygenation Events (OOEs) have previously been identified in this
section (here termed intervals A, B, and C). They are characterized by
increases in Mo/TOC and U/TOC ratios (Fig. 2), which indicates an
increase in the marine reservoirs of Mo and U during these events2. This
inference is alsopartially supportedbyS-Mo-Tl-Cr isotopic variations in the
same section (Supplementary Fig. 1). Importantly, the study site itself
maintained anoxic and possibly sulfidic conditions, as it likely reflected a
productive upwelling zone, akin to oxygen-minimum zones in the modern
oxygenated ocean30.

Various P phases including crystalline apatite P (mostly in the form of
detrital P and then termed as Pdet), iron-bounded P (PFe), authigenic P
(Pauth), and organic-bound P (Porg) were sequentially extracted and ana-
lyzed (see Methods) following established protocols31. Detailed analyzed
results are provided in Supplementary Table 1. The total P concentrations
(Ptot = Pdet+ Pauth+ PFe+ Porg) exhibit a broad range (115–13164 ppm) in
theDoushantuo Formation, with two prominent increases in the upper part
of members II and III. This trend remains evident when normalized to Al
contents (Fig. 2). In most of the samples, the major components of Ptot are
Pauth (16–3229 ppm) and Pdet (21–10395 ppm), with minor contribution
from PFe (3–266 ppm) and Porg (<1–15 ppm) (Fig. 2). The ratios of organic
carbon to organic P (Corg/Porg) are all markedly higher (>1500) than the
Redfield ratio (106:1) (Fig. 2), while the ratios of organic carbon to reactive P
(Corg/Preac, where Preac is defined as Pauth+ PFe + Porg) scatter around the
Redfield ratio. In OOE intervals, virtually all samples (except one from
interval B) have Corg/Preac higher than 106:1. Conversely, most samples in
the rest of section (termed as non-OOE intervals hereafter) have Corg/Preac
lower or close to 106:1 (Fig. 2).

Discussion
Sediment phosphorus recycling is strongly linked to local redox conditions.
Euxinic conditions are particularly conducive to sedimentary P release due
to the formation of pyritewithmuch lower affinity to P than its precursor Fe

minerals and preferential release of organic-bound P during anaerobic
remineralization of organic matter coupled with bacterial sulfate
reduction11–13,32. Iron speciation data indicate that the Doushantuo For-
mation in theWuhe section was largely deposited in euxinic environments
as most of samples display ratios of highly reactive iron (FeHR) to total iron
(FeT) higher than 0.38 and ratios of pyrite iron (FePY) to FeHR higher than
0.7 (Fig. 2; ref. 2). This observation is further supported by pyrite
morphology33. The exceptions are intervals A and B where variable FeHR/
FeT and FePY/FeHR values point to fluctuating redox conditions between
euxinic, ferruginous (FeHR/FeT > 0.38; FePY/FeHR < 0.7), and even spor-
adically oxic2 (FeHR/FeT < 0.22). Notwithstanding, the euxinic water mass
may have expanded to the photic zone during intervals A, B, and C but
shrunk to a narrow range in deep water areas during other times28,34.

The well-constrained local redox conditions provide a framework for
evaluating the extent of P recycling. The Corg/Porg ratios in our samples
(average 15,755) are over two orders of magnitude higher than the average
modern Redfield ratio and also higher than the ratio found in oligotrophic
seawater of modern oceans (up to 600)35. Comparable Corg/Porg values have
been reported from the ca. 2.5 Ga Ghaap Group in South Africa36, the ca.
650Ma Datangpo/Xiangmeng Formation37 and the ca. 520Ma Mingxinsi
Formation38 in South China. The most resonable explanation for this
observation is the preferential release of Porg relative to Corg during partially
anaerobic remineralizationof organicmatter, as it is theonly knownoriginal
process capable of generating such extremely high Corg/Porg

12,36,37,39. This
inference is consistent with the Fe speciation data indicative of dominantly
euxinic bottomwater conditions2 and universally negative inorganic carbon
isotope compositions (δ13Ccarb) in the interlayered carbonates of the Wuhe
section40, all of which suggest an active microbial sulfate reduction, parti-
cularly conducive to preferential sedimentary P release.

The released P during organic matter remineralization can be recycled
back into the water column to fuel primary productivity, or be trapped as
authigenic phases in the sediment6,12–14. Todetermine the fate of this released
P and the magnitude of a potential benthic P flux from sediments back into
the water column, we resort to the ratios of Corg/Preac as suggested, since
reactive P represents potentially mobile P on early diagenetic timescales31,41.
However, this ratio could be elevated owing to the possible transfer of
authigenic apatite to Pdet during diagenesis (c.f. ref. 42). TheCorg/Preac ratios
in our samples show contrasting distribution patterns between OOE
intervals and non-OOE intervals (Fig. 3). A one-tailed t-test indicates that
the difference between the two groups is significant (p = 0.016). High Corg/
Preac ratios relative to the modern Redfield ratio in OOE intervals could
theoretically be caused by the conversion of authigenic apatite to Pdet. This

Fig. 1 | Location of study area and stratigraphic columns. a Generalized deposi-
tional model of South China during the Ediacaran Period (modified from ref. 59).
b The geological map of the study area represented by the rectangle in (a). Red star
marks the location of the Wuhe section investigated in this work. c Stratigraphic

correlation of Wuhe and Weng’an sections. The detailed information for age
assignment in theWuhe section is provided in Supplementary Fig. 1 andNote 1. The
range of Weng’an biota refers to ref. 57.
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interpretation is at odds with the strong positive correlation between Preac
and Pdet (Supplementary Fig. 2), because one would expect the opposite if
this conversion were substantial. In addition, the average Pdet are
92 ± 52 ppm, 162 ± 164 ppm, and 96 ± 58 ppm in intervals A, B, and C,
respectively, which are similar, or lower than the concentrations that are
typically observed inmodern continentalmargins43 (186 ± 21 ppm). On the
contrary, the non-OOE intervals are featured by high Pdet
(2206 ± 2630 ppm) but low Corg/Preac. If this high Pdet was caused by the
conversion of Preac, the originalCorg/Preacwould have beenmuch lower than
the Redfield ratio. Given these considerations, potential recrystallization of
authigenic apatite is unlikely to be the main cause for the variations of Corg/
Preac in our samples. Sediment Corg/Ptot has also been used to investigate the
extent of P remobilization during early diagenesis44–47. However, the

addition of Pdet in the calculation would inevitably underestimate the
benthic P fluxes (lower Corg/P ratio) and lead to inaccurate estimates of P
retention and regeneration, especially considering that Pdet is the main
component of Ptot in most fine-grained siliciclastic rocks37,38,41.

A more reasonable explanation for the high Corg/Preac is therefore the
enhanced release of recycled P back to water column, a situation similar to
that documented in the Datangpo and Niutitang formations37,38, the ca.
2.5 Ga Ghaap Group36, and the ca. 2.93 Ga Red Lake sedimentary rock48. In
contrast, the low Corg/Preac values in the rest of the section can be attributed
to retention of recycled P in the sediment through ‘sink switching’36,37,41. In
intervals A and B, the benthic P flux is evident (high Corg/Preac) in samples
with varying redox conditions between ferruginous and euxinic inferred
from Fe speciation (Fig. 2). The recycling is, however, largely suppressed in
non-OOE interval samples with persistently euxinic conditions as evi-
denced by Fe speciation (Fig. 2). This seems counterintuitive, because
sedimentaryP release is generallymore efficient in euxinic conditions due to
bacterial sulfate reduction11–13,32. We argue that this ‘unexpected’ outcome
could be related to the change of concentration of pore water H2S.
Experimental work shows that the release of sedimentary P is positively
correlated with the concentrations of pore water H2S, with high H2S
(>0.6mM) resulting in more P release and low H2S favoring more P
retention49. Although it is difficult to precisely quantify the pore water H2S
concentrations during the deposition of the Doushantuo Formation, both
pyrite sulfur isotope compositions (δ34SPY) and mass-independent Hg iso-
topes (Δ199Hg) (Supplementary Fig. 1; ref. 2,28) from the Wuhe section
suggest that seawater sulfate concentrations increased duringOOE intervals
but decreased in between, which could have led to the fluctuation of pore
water H2S. Alternatively, decreased upwelling during sea level lowstands27

would have reduced the delivery of recycled P to the photic zone, which, to
some degree, could increase the chance of their retention in sediments.
However, current data do not allow us to distinguish between these two
possibilities.

Multiple lines of geochemical evidence from the Wuhe section reveal
several short-term OOEs during the Ediacaran2,3,23,27. The OOE hypothesis
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has also been supported by evidence from other sections23,50–52. Enhanced
continental P input after the Marinoan Snowball was proposed as a main
reason for elevated primary productivity and rising oxygen levels9,23. This
viewpoint is challenged by massive Ediacaran phosphorite deposition and
stable median values of P content in mudstone from the Neoproterozoic to
the early Paleozoic18. Alternatively, enhanced supply of recycled P was
deemed as the main factor that resulted in high primary productivity,
triggering OOEs18,22,25,38, though solid evidence was so far lacking. Our P
speciation data provide sound evidence for this argument. In three high-
lighted intervals2, high Corg/Preac ratios indicate efficient sedimentary P
release to seawater, whereas low Corg/Preac ratios in the rest of the section
imply limited P release.

Wedeveloped amass balancemodel to quantify the contributionof the
benthic P flux (Pbenf) to primary productivity (see Model description in
Methods). In this model, the benthic P flux is positively correlated with the
sediment mass accumulation rate (MAR), TOC contents, and Corg/Preac
ratios. With the updated age constraint assigned to the Wuhe section
(Supplementary Fig. 1), theDoushantuo Formation is characterized by very
slowMAR (~0.5 g cm−2 kyr−1). TheTOCandCorg/Preac datawere informed
by our ownanalyses. AlthoughTOCmay vary amongdifferent sedimentary
environments, the TOC contents from the Wuhe section are broadly con-
sistent with the integrated TOC curve of this period53. Admittedly, using
data from only a single section could lead to some uncertainties for model
results. Therefore, we also model a wide range of TOC and MAR (Fig. 4).
Applying the average TOCandCorg/Preac values for the threeOOE intervals
and basic model parameters (Supplementary Table 2), the calculated Pbenf

are 0.84 × 1012mol kyr−1, 1.07 × 1012mol kyr−1, and5.41 × 1012mol kyr−1 for
intervals A, B, and C, respectively (Fig. 4a). Sensitivity tests using Monte
Carlo simulationswithin 2 SDof TOCandCorg/Preac yield consistent results
(Supplementary Fig. 3). Our estimation of Pbenf during the intervals A andB
is one order ofmagnitude lower than the proposed riverinePflux (including
both dissolved and reactive P) during the Ediacaran (Pin,
~5.0 × 1013mol kyr−1, c.f. ref. 7); however, during interval C, Pbenf reached
up to ~11% of Pin, indicating substantial contribution of benthic P to ele-
vated seawater P levels and primary productivity. Notably, our model cal-
culation may represent the most conservative results for the Pbenf for the
following reasons. First,weonly consider a small portionof the total seafloor
area in ourmodel as we estimate that this would have been the area covered
by productive euxinic margins (see Methods); second, MAR in the study
section is likelymuch lower than the correlative strata on other continents54.
If we increased MAR to 10 g cm−2 kyr−1 (about 20 times higher than our
estimate for the Doushantuo Formation), the calculated Pbenf would be
comparable to (for intervals A and B) or much higher (for interval C) than
that of Pin (Fig. 4d).

Although the modeled Pbenf for OOE intervals are all lower relative to
Pin, they only account for a small portion of the total recycled P back to
seawater. A large amount of recycled P would be released during the
remineralization of organicmatter in thewater columnbefore settling down
to sediments or in porewater during early diagenesis. This water column
recycling flux would have been particularly prominent in other parts of the
ocean, where conditions were oxygenated during the OOEs, i.e., away from
the locally anoxic productive margin that characterizes our study site. It is
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estimated that only ~8% of initial organic carbon was buried in the mid-
Proterozoic, which is even less towards the Phanerozoic55. Using 8% as a
conservative estimate for the Ediacaran ocean, the total recycled P would
reach up to 1.84 × 1013mol kyr−1 for interval A, 2.73 × 1013mol kyr−1 for
interval B, and 9.31 × 1013mol kyr−1 for interval C. Therefore, the con-
tribution of total recycled P to primary productivity in intervals A and B
accounts for ~37% and ~67% of Pin, while in interval C this contribution
outpaced Pin

7. For comparison, in the modern ocean, the riverine influx is
very small (ca. 6.46 × 1010mol per year) compared to the amount that is used
by primary producers in the photic zone (ca. 38.74 × 1012mol per year)56,
and this discrepancy is enabled by highly efficient P recycling in themodern
oxygenated water column. Importantly, we are not proposing that the P
cycle deviates from steady state, whereafter total P input by weathering
equals total P burial in sediments. Instead, enhanced recyclingwould simply
have increased the residence time of P in the water column. The enhance-
ment of P regeneration may have been initiated by increased sulfate supply
from continental weathering. The coupled bacterial sulfate reduction and
organicmatter remineralization alongproductive continentalmargins, such
as our study site, would have enhanced the recycled P flux from sediments,
promoting primary productivity and organicmatter burial, and accordingly
short-term oxygenation events as recorded during the Ediacaran24. Elevated
seawater P and ensuing ocean oxygenation may have stimulated animal
evolution, as documented in the Weng’an biota57 (Fig. 1c). Ultimately, the
expansion of oxic P sinks and consumption of O2 by a high organic matter
load may have led to the return of widespread anoxia outside of OOEs.

The P speciation data presented here can also explain the spatio-
temporal distribution of massive Ediacaran phosphorite58. Three phos-
phorite layers were recorded in the Doushantuo Formation in shallow-
water sections. Integrated stratigraphic correlations suggest that these
phosphorite layers were broadly coeval with the OOE intervals59 (Fig. 1;
Supplementary Note 2). We argue that upwelling of recycled P brought
excessive nutrients to the shallow shelf where phosphorites formed under
favorable conditions, as recorded in their modern analogues60.

In summary, our P speciation data and mass balance calculation
provide important insights into the Ediacaran P cycle and its linkage to
ocean redox change. High Corg/Porg and Corg/Preac ratios relative to the
Redfield ratio imply the efficient release of P back to the water column in
these purportedOOE intervals.Conversely, highCorg/Porg but lowCorg/Preac
ratios in between suggest a retention of recycled P in sediments. Mass
balance calculations indicate that the contribution of recycled P to primary
productivity could be comparable to or outpace that of weathering P input.
This work supports the hypothesis that P recycling may have played an
important role in elevated seawater P concentrations, increased organic
matter burial and subsequently Ediacaran OOEs, which, in turn, facilitated
the rapid diversification of animals during this critical period. A similar
mechanism has also been proposed for other oxygenation events or oxygen
oases in thePrecambrian and earlyCambrian36–38,48, providing confidence in
the importance of regional euxinia in driving the global P cycle.

Methods
Phosphorus speciation
Chemical procedures and measurements for P speciation are conducted in
the University of Science and Technology of China following the methods
referring to a modified SEDEX method31. Six operationally-defined phos-
phorus pools were targeted, including Fe (oxyhydr)oxide-bound P (PFe1),
authigenic carbonate fluorapatite-associated P (Pauth), crystalline apatite
(mostly in the form of detrital Pdet), magnetite-bound P (Pmag), crystalline
Fe-bound P (PFe2), and organic P (Porg), extracted using different reagents.
Approximately 150mg powder of each sample is weighed in a 15ml cen-
trifuge tube with 10ml dithionite-citrate-bicarbonate solution (mixture of
0.3M sodium citrate, 1M sodium bicarbonate and 0.15M sodium dithio-
nite, pH = 7.6) and shaken for 8 h at room temperature. After centrifuga-
tion, the residue is cleaned up suing 10ml 1M MgCl2 (pH = 8, NaOH
buffered, sameasbelow) andultra-purewater (resistivity > 18.2MΩ cm) for
twice times. Wherein the supernatants are collected to measure PFe1

concentrations. Subsequently, 10 mL 1M NaAc (pH = 4, HAc buffered) is
added to the residue and shaken for 6h at room temperature. After cen-
trifugation, the residue is washed twice with 10ml 1MMgCl2, then rinsed
by ultra-pure water. The supernatants of this step are collected for Pauth
concentrationmeasurement. The residue is thenmixedwith 10ml 1MHCl
and shaken for 16 h, while the supernatant is analyzed for Pdet concentra-
tion. After being rinsed with ultra-pure water, the residue is treated with
10ml ammonium oxalate for 6 h. Following centrifugation, the residue is
cleaned up using 10ml ultra-pure water twice. The supernatants of this step
are used to measure for Pmag concentration. The residue was then added
with 10ml mixture of 0.3M sodium dithionite and 0.2M sodium citrate
(pH = 4.8, HAc buffered) and shaken for 6 h. After centrifugation, the
residue is washed with 10ml ultra-pure water twice. The supernatants of
this step are used to measure for PFe2 concentration. The residue then
transfers to a ceramic crucible and is ashed at 550 °C for 2 h. The ashed
powder is added with 1M HCl in a 15ml centrifuge tube for 16 h, then
centrifugated. The supernatants of this step are measured for Porg con-
centration. For all extracted phosphorus, it is measured by ICP-OES
(SPECTRO ARCOS III). Replicate analysis of a sample gave a relative
standard deviation of <10% for each step, except for PFe because of the low
concentrations.

Model description
Wedeveloped amass balancemodel to quantitatively determine the benthic
phosphorus flux (Pbenf, unit in mol kyr−1) to evaluate the relative con-
tribution of recycled P to primary productivity in the Ediacaran ocean. In
steady state, Pbenf can be calculated using the following equation:

Pbenf ¼ Pini � Prem ð1Þ

where Pini refers to the amount of initial P in the sediments during
deposition, and Prem represents the amount of P remaining in sedimentary
rocks. Assuming (1) the initial sediment Corg:P remains the same as the
Redfield ratio (106:1), and (2) the reduction of TOC contents due to
decomposition in sedimentwere limited after precipitation, thePini andPrem
can be approximated using the following two equations:

TOCtbf : Pini ¼ 106 : 1 ð2Þ

TOCtbf : Prem ¼ Corg : Preac ð3Þ

The subscript ‘tbf’ inTOCrefers to total burialflux (unit inmolkyr-1) in
the global ocean. For simplicity, TOCtbf can be estimated as the product of
organic carbon accumulation rate (OCAR) and area of seafloor (Asf).OCAR
is mainly dependent on the export flux of organic matter (sediment TOC
contents were used as a proxy of export flux in our model, despite some or
evenmost of themwouldbe remineralized afterdeposition) and theMARof
sediment, both of which varied in different oceanic settings. To avoid this
uncertainty, we only consider the euxinic continental margin sediments.
The area of euxinic sediment is not well constrained. Previous Fe speciation
and Δ199Hg data suggested expanded euxinic environments from the lower
slope to the photic zone28,33, which may cover a large area of continental
margin settings. In modern oceans, continental margins account for ~17%
of global seafloor area61.We use an estimate of 10% euxinic sediment in our
calculation. We also performed a simulation when this value is increased
and decreased by a factor of 1.5. Therefore, TOCtbf can be expressed as:

TOCtbf ¼ OCAR *Asf * 10% ð4Þ

and

OCAR ¼ MAR *TOC ð5Þ

Applying a typical density for sedimentary rocks (2.5 g cm−3), MAR
can be readily calculated if the ages of sedimentary rocks can be well
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constrained. Merging the latter four equations into formula (1), we can
model the Pbenf as function of Corg:Preac.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data reported in this paper can be accessed in the Supplementary
Information and are also available at figshare repository: https://doi.org/10.
6084/m9.figshare.29206409.
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