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The molybdenum cycle in the oxygenated
Neoproterozoic ocean was coupled to
manganese carbonate mineralization
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The Neoproterozoic oxygenation event is a milestone in Earth’s history, yet the redox structure and
elemental cycling of the Neoproterozoic ocean remain debated. Here, we investigated iron speciation,
molybdenum, and nitrogen isotopes in black shales and manganese carbonates from the upper
Ediacaran Doushantuo Formation, South China, to examine the links between redox state,
manganese mineralization, and molybdenum cycling. In both lithologies, high pyritic iron ratios (> 0.8)
indicate a localized euxinic zone, while estimated seawater molybdenum (1.9%.) and sediment
nitrogen isotopic compositions (4.19 + 1.96%.) resemble modern values, suggesting oxygenated
surface waters over euxinic depths. Negative molybdenum isotope in manganese(ll) carbonates
points to manganese(lV) oxide reduction, acting as a molybdenum shuttle from oxygenated surface to
euxinic deep waters. Periodic euxinic contractions drove manganese(ll) oxidation and mineralization,
shaping molybdenum cycling. This study highlights essential manganese(ll) oxidation for manganese
carbonate mineralization and offers new insights into molybdenum geochemistry and ancient ocean

oxygenation events.

The Neoproterozoic oxygenation event (NOE; ca. 0.80-0.55 Ga) is a mile-
stone for the co-evolution of life and Earth’s habitability, with an obvious
rise in atmospheric and oceanic oxygen (O,) levels from the early to late
Ediacaran'’. This shift created favorable environmental conditions for the
emergence of multicellular organisms, including metazoans™”. Repre-
sentative evidence for the progressive oxidation of the Ediacaran Ocean
includes an increase in redox-sensitive trace elements®, elevated oceanic
sulfate (SO,*) and phosphorus (P) availability"*, and an aerobic component
to the nitrogen (N) cycle’. However, other geochemical proxies, such as high
proportions of highly reactive iron (Fe) minerals and heavy isotopic com-
positions of pyrite (§*'S,,,) in sediments, paradoxically indicate widespread
anoxic to euxinic deep Ediacaran seawaters*”. The main challenge lies in
determining whether mid-to-deep ocean waters were ferruginous, euxinic,
or oxic beneath oxygenated surface layers. Furthermore, it remains unclear
whether the previously reported oxygenated, ferruginous, or euxinic con-
ditions of the paleo-ocean during the NOE were global phenomena or
restricted to local environments™. These conflicting signals complicate the
spatial redox picture of the Ediacaran Ocean. Reconciling these divergent
paleoenvironmental proxies is essential for understanding the spatial redox

structure and associated biogeochemical cycling, as well as their role in
shaping early life during the NOE.

South China provides an ideal area for investigating this key scientific
issue due to its extensive sedimentary records. A globally unique, black
shale-hosted, manganese (Mn) carbonate deposit occurs at the upper
Ediacaran Doushantuo Formation, along the northern margin of the
Yangtze Block, which is potential to provide new insights into constraining
the oceanic redox state. The mineralization of Mn(II) carbonates (from
herein referred to as Mn carbonates) is thought to require the reduction of
Mn(IIL, IV) oxides (from herein referred to as Mn oxides), with organic
matter, ferrous Fe or methane being electron donors'™". Consequently, it is
believed that Mn carbonates are indicative of an oxygenated ocean'*".
However, other studies suggested that Mn carbonate minerals can pre-
cipitate directly from O,-deficient seawater containing high levels of dis-
solved Mn (>200 uM) without undergoing Mn redox cycling'®”. This
controversy surrounding the Neoproterozoic Mn carbonate precipitation
pattern further complicates our understanding of the unclear redox con-
figuration of the sedimentary basin during the deposition of the Doush-
antuo Formation.
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In this study, we utilized a combination of three geochemical proxies to
elucidate the paleo-ocean’s redox state and Mn carbonate mineralization
regime. Nitrogen isotopes (8'"°Ny.4) and Fe speciation constrain the redox
conditions of surface”® and bottom waters', respectively, offering insights
into the water column’s redox profile. Additionally, molybdenum (Mo)
isotopes (8°*Mo) were used to track ancient marine redox conditions and
Mn cycling due to the strong affinity for Mn oxides™. Particularly, we
explored the influence of Mn oxide shuttles on §*Mo values and further
reconstructed contemporaneous seawater molybdenum isotopic composi-
tions (8”*Moy,), which provide constraints on the Mn mineralization pro-
cess and the redox conditions of Neoproterozoic oceans comprehensively.
The distinct §*Mo values in turn allow us to reveal the variable Mo cycling
patterns under the fluctuating redox state of Neoproterozoic oceans.

The study area is located in Chengkou County, situated in the
Chonggqing region, along the northern margin of the Yangtze Block, South
China (Fig. 1a, b). Regionally, the Doushantuo Formation can be correlated
with its counterpart along the southeastern margin of the Yangtze Block
(Supplementary Note 1). The uppermost layer of the Doushantuo

Formation (i.e., Member IV; <557.8 + 0.8 Ma)' is characterized by organic-
rich black shales (Fig. 1c). Mn carbonates with variable thicknesses (ranging
from 0.35 to 2.80 m) occur within Member IV of the Doushantuo Forma-
tion along the margins of the rift basin, while they are absent in the deeper
central basin™”. Five Mn ore exploration areas occur in the Chengkou
region, with our samples being collected from the Xiuqi Mn ore exploration
area (Fig. 1b). Our findings demonstrate that Mn(II) oxidation are pre-
requisite for Mn carbonate mineralization in the Doushantuo Formation.
Periodic contractions of euxinic deep zone in stratified slope setting drove
Mn(II) oxidation and associated Mo cycling.

Results

Petrography and minerology

Lithologically, our samples are divided into black shales and Mn carbonates.
The black shales contain widely distributed laminar organic matter (Sup-
plementary Fig. Sla) and are composed of detrital quartz, dolomite intra-
clasts, and pyrite (Supplementary Fig. S1b). In the Mn carbonates, spherical
and ellipsoidal Mn carbonate minerals are distributed throughout the
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Fig. 1| Location and geological setting of study area. a Paleogeographic map of the
Yangtze Platform during the Ediacaran Period (modified from ref. 55). b Geological
map of the northern margin of the Yangtze Platform (modified from ref. 22).

¢ Simplified stratigraphy of the Doushantuo Formation on the Yangtze Platform
(modified from refs. 22,55). Numbers I-IV refer to the members I-IV of the
Doushantuo Formation.
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Fig. 2 | Iron speciation results and enrichment factors of redox-sensitive elements for Member IV of the Doushantuo Formation. a Box-and-whisker plot of Fer. b Plot
of Feyr/Fer versus Fe,,,/Feyg. ¢ Box-and-whisker plots of Ugg, Mogg, and Vig. d Plot of Ugg versus Mogy.

samples, and a combination of powder X-ray diffraction and in situ Raman
spectroscopy analyses identified these spherical and ellipsoidal structures as
rhodochrosite cemented by kutnohorite (Supplementary Fig. Slc-f).
Notably, only fine-grained todorokite, a Mn oxide detected by Raman
spectra, was found within the individual Mn carbonate, closely associated
with fine pyrite (Supplementary Fig. S1g, h).

Elemental geochemistry

The geochemical results are presented in Supplementary Data 1 and Sup-
plementary Fig. S2. The Mn contents of the Mn carbonates are markedly
higher compared with the black shales (averages of 20.18 + 7.98 wt.% and
0.68 + 0.83 wt.%, respectively). The redox-sensitive elements uranium (U),
Mo, and vanadium (V) are enriched in all samples. The Ugg values of the Mn
carbonates and black shales are similar (averages of 6.71 and 6.54, respec-
tively), whereas Mogr and Vg values are higher for the Mn carbonates
(averages of 96.11 and 13.77, respectively) compared with the black shales
(averages of 22.49 and 5.07, respectively).

Nitrogen isotopes, Fe speciation, and Mo isotopes

The 8Ny q values of the Mn carbonates and black shales are semblable
(averages of 4.65%o and 4.31%o, respectively). The Fe speciation ratios of the
Mn carbonates are slightly lower than those of the black shales, with Feyp/Fer
and Fe,,,/Fepr 0f 0.53-0.98 and 0.79-0.95 for the Mn carbonates and 0.90-0.96
and 0.79-0.95 for the black shales, respectively. The §*Mo values are negative
(—1.30%o to —0.04%o, with an average of —0.74%o) for the Mn carbonates, but
positive (0.05%o to 1.00%o, with an average of 0.43%o) for the black shales.

Discussion
The §"°N,.q measurements for both Mn carbonates and black shales con-
sistently exceed 0%, with averages of 4.65%o and 4.31%o (Supplementary

Data 1 and Supplementary Fig. S2), respectively, indicating an oxygenated
upper water column. This is because quantitative nitrification in an oxy-
genated ocean maintains a large nitrate reservoir. Partial denitrification then
releases isotopically light N, in the redox transition zone, resulting in high
8"Nieq values™*. Conversely, in anoxic settings where nitrate is scarce,
limited denitrification occurs, preserving more biologically fixed N and
resulting in 8'"°Nq values of ~0%o (see Supplementary Note 3)*. Notably,
our 8N4 values are slightly lower than those in the modern ocean (5%o)™,
suggesting slightly less oxidation in the surface water column compared to
the present counterpart’. Furthermore, we compiled Ediacaran sedimentary
N isotope data from multiple paleocontinents, including the Amazon craton
(Brazil), Nanhua Basin (South China), northwest Canada, and northeast
Svalbard, across different sedimentary environments (i.e., shelf margin and
inner shelf)”***. Notably, both our data and the compiled N isotopic
datasets are consistent with, though slightly lighter than, modern marine
sediments (Supplementary Fig. S3), indicating oxygenated shallow seawater
and a redox structure similar to that of the modern ocean. The consistency of
Ediacaran N isotopic compositions across multiple cratons likely reflects a
global rather than local redox signal.

With the exception of two Mn carbonates, most of our samples,
deposited under low accumulation rates, have Fer contents exceeding
0.5 wt.% (Fig. 2a). This suggests that Fe speciation is a reliable redox proxy
for the bottom waters (see Supplementary Note 4)"**’. All samples have
Fepr/Fer > 0.38 and Fe,,,/Feyg > 0.7 (Fig. 2b), indicative of anoxic condi-
tions with free hydrogen sulfide (H,S) in bottom water. These conditions
result in Fe sulfides being the primary form of reactive Fe under euxinic
conditions (Fig. 2b)".

Collectively, the positive §°N,.q values and high Fe speciation ratios
suggest that the water column was characterized by upper oxygenated
waters overlying anoxic bottom waters (Supplementary Fig. S4).
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Fig. 3 | Correlations between Mn contents and Vg and §**Mo values. a Mn
contents versus Vg values for all samples. b Mn contents versus §**Mo values
for all samples. ¢ Mn contents versus §*Mo values for Mn-depleted black shales.
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d Mn contents versus §°*Mo values for euxinic black shales in other sections in the
study area (data from ref. 42).

Typically, Mn carbonates precipitated directly from anoxic water with
high dissolved Mn concentrations can retain contemporaneous seawater
geochemical signals', such as carbon (C) isotopes (§"°C,y1,). However, Mn
carbonates in the Doushantuo Formation exhibit distinctly negative §"°C_ .y,
values (as low to —11%o)”, which are significantly lighter than normal
Ediacaran seawater (>0%o)’""', equivalent sequence in other sections’”,
and associated Mn-depleted dolostones™. Additionally, there is a negative
correlation between Mn contents and C isotope values in both Mn carbo-
nates and nearby Mn-bearing black shales containing small amounts of Mn
carbonate minerals in this study””, indicating a reduction of Mn oxides
coupled with organic C mineralization”. Furthermore, our finding of
residual Mn oxides (i.e., todorokite)* within individual Mn carbonates,
along with positive cerium (Ce) anomalies™, indicates that todorokite is
likely primary, not a product of post-diagenetic or supergene alteration. Two
lines of evidence further support this assertion. First, todorokite only
appears in individual Mn carbonates, rather than in samples with particu-
larly high Mn contents, and is found between Mn carbonate minerals in
close association with fine-grained pyrite (Supplementary Fig. S1). The well-
preserved pyrite suggests that todorokite did not result from diagenetic
oxidation, as pyrite would oxidize more readily than Mn(II) minerals™.
Second, our samples were extracted from cores buried more than 700 m
deep with no signs of exposure, ruling out supergene oxidation of Mn
carbonates to form Mn oxides. Therefore, we posit that Mn carbonates in
the Doushantuo Member IV in this study did not form through direct

precipitation in anoxic waters but rather involved the reduction of a Mn
oxide precursor'.

Here, we present additional robust evidence supporting the presence of
high-valent todorokite precursors in the formation of Mn carbonate. First,
the Mogg and Vg exceed the Ugg in Mn carbonates (Fig. 2¢). Furthermore,
our samples plot within the particulate shuttle field on a plot of Ugg—Mogg
(Fig. 2d), indicating that Mn oxides facilitated the enrichment of Mo and V.
This enrichment is attributed to the greater affinity of Mo and V for Mn
oxides, which has minimal effect on U enrichment™-"’.

Second, we observe a positive correlation between Vg values and Mn
contents (R* = 0.5023, P <0.01; Fig. 3a), providing further evidence for the
presence of Mn oxides. This correlation results from V’s stronger affinity for
Mn oxides compared to Mo™. In this context, Mn oxides facilitate the
transport of soluble V>* from the oxic water column to euxinic deep waters,
where V subsequently settles into the sediment pile as insoluble V**
hydroxides. Consequently, Vg is proposed as a qualitative tracer for Mn
oxide shuttles”.

Third, the §*Mo values for Mn carbonates are consistently negative,
reaching a minimum value of —1.3%o (Supplementary Data 1), in contrast
to the positive values observed in Mn-depleted black shales (up to 1.0%o;
Supplementary Figs. S2, 3b). Importantly, there is a strong negative corre-
lation between Mn contents and §®Mo values (R*=0.8073, p<0.01;
Fig. 3b), indicating the probable involvement of Mn oxide shuttles. This
correlation is attributed to the preferential sequestration of isotopically
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lighter Mo from seawater by Mn oxides, leading to large isotopic
fractionations”. Consequently, the Mn carbonates inherit the isotopically
light Mo signals from their Mn oxide precursors'.

Collectively, while the direct precipitation of Mn carbonate minerals in
an oxygen-depleted environment - another possible pathway for their for-
mation that has been verified in many cases'® - cannot be completely ruled
out, our findings support the conclusion that the Mn carbonates in the
Doushantuo Formation primarily originated from the reduction of Mn
oxide precursors.

Previous studies reported near 0%o or slightly negative §*Mo values of
organic-rich shale within Doushantuo Formation Member IV in several
sections in South China”*’, which were ascribed to the operation of Mn
oxide shuttles in oxygenated marine waters or non-quantitative thiomo-
lybdate formation. The former suggests an oxygenated environment, while
the latter indicates a weakly euxinic one. Although the Mn contents of black
shale are indeed higher than that of Post-Archean Australian Shale (PAAS)
and/or Upper Continental Crust (UCC) due to the influx of deep hydro-
thermal fluids, which elevated the Mn background concentration in
ambient seawater”*), there is no extreme enrichment of Mn in the shales as
observed in the Mn carbonates. Whether these low Mo values arise from
the operation of Mn oxide shuttles requires further investigation. By con-
trast, other studies have reported heavy §*Mo values (~1%o) in black shales
of Member IV in our study area", which they attributed to relatively O,-
depleted depositional conditions. The geological implication of the distinct
8"Mo values in the black shale in Member IV remains unclear, leading to
the above conflicting interpretations. Clarifying what sedimentary Mo
isotopes represent is crucial for constraining the ocean’s redox state.
Accordingly, reconstructing §*Moy,, values could provide new insights into
the paleo-oceanic redox configuration (Supplementary Note 5).

The presence of Mn oxide precursors led to larger Mo isotopic frac-
tionation. Conversely, the low Mn contents (0.68 + 0.83 wt.%) in the black
shales suggest that Mn oxide shuttles had a negligible effect on the §*Mo
values. We have also ruled out the possible influence of Fe oxides on the
8"Mo values of Fe-rich black shales (Supplementary Fig. S5 and Supple-
mentary Note 6). Therefore, black shales can serve as a basis for recon-
structing ”*Mog, . The regression lines in plots of §*Mo values versus Mn
contents of the euxinic Mn-depleted black shales show intercepts of
8"Mo = 1.35%0-1.45%o (Fig. 3¢, d), indicating that §*Mo,, may be around
1.45%o as the heaviest Mo isotope value in strongly euxinic sediments, such
as the sulfidic black shales, generally represents the lightest §*Moy,, value
(since lighter Mo preferentially sinks to sediments)*’. Notably, the heaviest
Mo isotope value for black shales of the Doushantuo Formation Member IV
reported in previous studies from South China is about 2%o’*’, which is
obviously higher than the estimated §”Mo,, values of 1.45%o and thus
suggests an underestimation of §*Mo,. Interestingly, in highly euxinic
waters (e.g., the modern Black Sea), there is typically an isotopic offset
(A**MOgeawater-sediment = 0.5 * 0.3%o) between the dissolved Mo species and
authigenic solid-phase Mo (see Supplementary Note 5)*. This information
helps reconcile the contradictory §*Mo, estimations. Accordingly, we
conservatively applied this fractionation (i.e, 0.5%o) to recalculate the
8*Mo, value during the deposition of the Doushantuo Formation Member
IV. The recalculated results imply that the global §*Mos,, value during
deposition of the upper Doushantuo Formation should be higher than 1.9%o
(i.e., 1.4 + 0.5%0), which is consistent with the heaviest Mo isotope values of
black shales in South China (i.e., 2%o0)”**". This aligns with the basic principle
of sedimentary Mo isotope geochemistry, that is, the heaviest Mo isotope
value in sediments is basically similar to that of seawater at the same
period**. If the fractionation value of 0.5%o is not introduced, the heaviest
Mo isotopes in sediments (~2%o) will be much higher than the calculated
seawater Mo isotopic values (i.e., 1.4%o), which is inconsistent with the basic
Mo geochemical principle***. Hence, it is concluded that our estimation of
the Ediacaran 8°Mo value of seawater is more reasonable.

Geological records indicate a correlation between estimated §**Moy,
values and atmospheric O, levels (Fig. 4a, b). Essentially, higher atmospheric
O, levels coupled with more oxygenated oceans lead to the sequestration of

isotopically light Mo from seawater by oxide shuttles and limited free H,S*.
Both mechanisms are known to retain isotopically heavier Mo isotopes in
seawater, thereby increasing §*Moy,, values. Consequently, the modern
oxygenated ocean typically exhibits higher §*Mog, values (2.34%o)*
compared with O,-depleted oceans (e.g, during the Toarcian OAE;
Fig. 4c)*™", which provides insights into the explanation of the gradually
increases in estimated §”*Moy,, values during the Great Oxidation Event
(GOE) and NOE (Fig. 4a, b). Conversely, extremely low §”*Moy,, values
since the Phanerozoic eon correspond to major extinction events and
anomalous C isotopic excursions, which are mostly associated with ocean
deoxygenation (Fig. 4c). Within this framework, the paleo-oceanic redox
state can be accurately reconstructed from the §*Moy,, values during the
deposition of the upper Doushantuo Formation. The near-modern §*Moy,,
value during the termination of the Doushantuo Formation suggests slightly
less oxygenated seawater than the modern ocean. This can be attributed to
the preferential sequestration of isotopically light Mo into sediments in
oxidized oceans, resulting in higher §**Mo,, values, consistent with the
conclusions drawn from the N isotope proxy.

The maximum offset (3.2%o; Fig. 5a) between the lowest §*Mo value
(—1.3%o0) of the Mn carbonates and the calculated §*Mo,, value (1.9%o)
slightly exceeds the theoretical Mo isotopic fractionation attributed to the
Mn oxide shuttle (3%o; see Supplementary Note 5)*. Similarly, the mini-
mum offset (0.9%o; Fig. 5a) between the highest §*Mo value (1.0%o) of the
black shales and the estimated §*Mos, value also surpasses the theoretical
sulfide-dependent Mo isotopic fractionation (0.7%o; Supplementary
Note 5)*. These observations can only be explained by a combined influence
of both Mn oxides and sulfide®. Specifically, the Mo isotopic fractionation is
primarily controlled by the Mn oxide shuttle in the Mn carbonates, whereas
sulfide-dependent transformation dominates in the black shales.

Various pathways of Mo sequestration from seawater lead to distinct
Mo isotopic fractionations, thereby influencing the contemporaneous
8*Mo,, values. When Mo sources and sinks in the ocean reach a dynamic
equilibrium, contemporaneous 8**Mo, values offer insights into changes in
the relative proportions of Mo between oxidized and reduced sinks™*. In this
study, the first calculated late Ediacaran §**Mog, value is ~1.9%o. We
adopted a simple steady-state isotope mass balance model to quantitatively
evaluate the origins of the different Mo isotopic signals in the Mn carbonates
and black shales. The equations are as follows:

698M05ink = 598NIOSW - (A%Mooxic xfoxic + A98N[Omod stub + AgsNIOeux Xfeux)
O
foxic +fsub +feux =1 (2)

where 8*Mog, and §*Moy,, represent the Mo isotopic compositions of the
sediments and seawater, respectively. foyic foubs ad foux denote the fractions
of the oxic, suboxic to weakly euxinic, and strongly euxinic sinks, respec-
tively. This model shows that §* Moy value is influenced by three factors:
(1) variations in fosie, fout» a0d foug (2) changes in A*Mogyie A’ Momed,
and A****Mo.,; and (3) alterations in §**Mo,. Here, the average §**Mo
values of the Mn carbonates and black shales are —0.73%o0 and 0.43%.,
respectively (Supplementary Data 1). The estimated contemporaneous
8*Moy,, value ranges from 1.8%o to 2.0%o. A*Mogyic (3%0)”, A*Mogy,
(0.7%0)*, and A*Mo,y (0.5%0)* are the Mo isotopic fractionations of the
above three distinct Mo sinks, respectively. The variation in foyic, foub a0d foux
values thus becomes the most potential factor in controlling the
§*Moy;, value.

The modeling results show redox evolution curves of Mn carbonate
and black shale with certain §*Moy,, value by plotting fuic/ (foxic + fomz)
and f,,, (Fig. 5b). To obtain light §*Mo values for the Mn carbonates, fyyic
and f, vary from 80.0% to 89.6% and from 0% to 18.4%, whereas for the
black shales, f,xic and f.,, range from 29.1% to 42.8% and from 0% to 65.2%,
respectively (Fig. 5b; Supplementary Data 1). This suggests that Mo in the
Mn carbonates primarily originated from sorption onto precipitating Mn
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oxides in the oxygen-rich water (i.e., oxic sink), whereas Mo in the black
shales was predominantly enriched under strongly euxinic condition (i.e.,
strongly euxinic sink). Sensitivity analysis shows that the distinct decreases
in sediment 6”Moygy, correspond to the increases in f. These imply
greater oxygenation in the seawater during the deposition of Mn carbonates
compared to the black shales (Fig. 5b). Furthermore, this model highlights
that higher §*Moy,, values (e.g., 1.8%o versus 2.0%o) within the same
lithology correspond to a higher £,y values (Fig. 5b), consistent with the
higher §*Mos,, values observed in more oxygenated oceans.

In addition, the relationship between Mogg-Ugg, as well as Mo-TOC,
illustrates a more pronounced effect from open seawater during the
deposition of Mn carbonates compared to black shales (Figs. 2d, 6a; Sup-
plementary Note 7). Due to lower dissolved Mo concentrations in euxinic
seawater compared with oxygenated seawater”, the elevated [Mo],q in the
bottom waters (Fig. 6b) during Mn carbonate deposition reflects the con-
traction of the euxinic zone. This combined effect of open ocean influences
and a corresponding shrinking euxinic zone during Mn mineralization can
be attributed to the widespread oxygenated Ediacaran ocean’.

Notably, the anaerobic photochemical oxidation of Mn carbonate and
anoxygenic photosynthesis can also produce Mn oxide under high ultra-
violet irradiation during the Archean, especially during the pre-GOE period
with low O, level™™". However, these pathways are not applicable in the
deposition of the Doushantuo Formation Member IV of this study. This is
because the Doushantuo Formation was deposited at the end of NOE when
the atmospheric oxygen concentration and oceanic dissolved oxygen con-
tent increased to some extent compared with those pre-GOE. The increase

of atmospheric O, concentration promoted the establishment of a strato-
spheric ozone shield, which filtered high-energy ultraviolet light™. Under
this condition, the photochemical oxidation of rhodochrosite is inhibited. In
addition, the accumulation of oxygen in the Earth’s surface layer is a
favorable oxidant for Mn oxidation. The transformation of Mn with varied
valence will be mainly regulated by redox conditions. Oxygen-driven bio-
logical or abiotic oxidation of Mn tends to be the main way of Mn oxide
formation before the precipitation of Mn carbonate minerals in this
period™. This aligns with the temporally coupled relationship between
sedimentary Mn and atmospheric O, concentrations™. In this regard, the
contraction of the euxinic zone, to some extent, likely transformed local
euxinic waters into oxygenated deep waters, serving as the primary driver for
the oxidation of dissolved Mn(II) in previously anoxic waters and subse-
quently triggering Mn mineralization during the deposition of the Doush-
antuo Formation Member IV.

There is also a positive correlation between authigenic Mo (Mo,ya,)
concentration with pyritic Fe (Fe,y) and total organic carbon (TOC) con-
tents (Supplementary Fig. S6a, b). This not only indicates the importance of
sulfide (ie., the transformation of molybdate to oxythiomolybdate as a
mechanism of fixing Mo into euxinic sediments) but also organic matter asa
primary carrier of Mo. Although Mn oxides transported Mo from shallow to
deep waters, the adsorbed Mo was subsequently released into euxinic waters
after Min oxide reduction and then captured by organic matter and sulfides,
thus decoupling the Mn and Mo contents (Supplementary Fig. S6c). There is
a clear negative correlation between Mn contents and §*Mo values (Fig. 3b),
reflecting the significant influence of Mn oxides on Mo isotopic
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fractionation. Notably, Mn oxides exert a greater impact on §”*Mo values in
the Mn carbonates compared to that in the black shales, as indicated by the
stronger correlation (R* =0.590 for Mn carbonates versus 0.266 for black
shales; Supplementary Fig. S6d).

Hence, we propose two distinct patterns of Mo cycling during the
deposition of Mn carbonates and black shales in the upper Doushantuo
Formation of South China. Paleogeographic reconstruction suggests that
our section was located in a slope setting, evidenced by the co-existence of
black shales and Mn carbonates™ and abundant gravity-driven sedimentary
structures (such as meter-scale slump folds from soft sediment
deformation)”. During the contraction of the euxinic zone at the shelf
margin slope, an increased influx of oxygenated open seawater oxidized the
dissolved Mn(II) in previously anoxic waters to insoluble Mn oxides. The
strong affinity of Mo and V for Mn oxides, combined with the preferential

adsorption of isotopically light Mo (A; = 3%o), caused V and isotopically
light Mo to be sequestered into Mn oxides. As Mn oxides were later reduced
in the Mn reduction zone, the adsorbed molybdate was released and gra-
dually converted into thiomolybdate in euxinic waters (A, = 0.7%o), which
was then fixed by organic matter and sulfides (A3 =0.5%o). The Mn(II)
released by Mn oxide reduction in the O,-depleted water column then re-
precipitated as Mn carbonate, inheriting negative §*Mo values. These Mn
oxide shuttles preferred enriching Mo and V compared with U (Fig. 7a) and
thus appeared to be the main controlling factor on Mo isotopic fractionation
during this stage (Supplementary Fig. S5).

By contrast, the broader euxinic zone at the shelf margin experienced
minimal influence from oxygenated open seawater during the deposition of
the Mn-depleted black shales. The effects of Mn oxides on §*Mo values (A;)
were thus weaker, with euxinic conditions dominating the Mo species
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transformations and isotopic fractionations (A, and A;). Consequently, the
black shales record §”*Mo values are slightly lower than §*Moy,, but higher
than those in Mn carbonates (Fig. 7b). With U displaying a low affinity for
Mn oxides, the enrichment levels of U in both Mn carbonates and black
shales remain consistent. However, the enrichment levels of Mo and V
decrease markedly in the black shales compared to the Mn carbonates due to
a limited effect of the Mn oxide shuttle.

Our geochemical data from Mn carbonates and associated black shales
in the upper Doushantuo Formation, located on the northern margin of the
Yangtze Block in South China, revealed key insights into local paleo-oceanic
redox conditions, Mn mineralization processes, and Mo cycling during the

NOE. The presence of near-modern 8*Mog, (1.9%0) and 8"Ngq
(4.19 + 1.96%o) values, alongside elevated Fe speciation ratios, indicate that
the paleo-oceanic redox structure resembled that of the modern oxygenated
ocean, albeit with localized deep, euxinic zones on the shelf margin. The
contraction of these euxinic zones, driven by increased oxygenation,
facilitated the oxidation of dissolved Mn to insoluble Mn oxides, which
played a critical role in the subsequent Mn carbonate mineralization. This
transition between anoxic and oxygenated conditions also regulated Mn-
associated Mo cycling, explaining the observed low §*Mo values in the Mn
carbonates. Our findings suggest that Mn carbonates serve as a record of
oxidation events in deep time, capturing redox fluctuations during the NOE.
These localized shifts in redox conditions were pivotal for Mn cycling and
mineralization, as well as for regulating the coupled Mo cycling process.

Methods

Samples

A total of 18 samples were collected, including 11 Mn carbonates and 7 black
shales. All samples were washed with Milli-Q water before being ground to
powder (200 mesh) using an agate mortar and pestle. The powders were
separated into several aliquots for geochemical analyses, including N iso-
topes, Fe speciation, and Mo contents and isotopes.

Petrographic and mineralogical examination

The petrographic observation was performed using a Nikon LHS2H100C21
optical microscopy under transmitted and reflected light model. Powder
X-ray diffraction analyses of bulk samples involved a Rigaku Dmax Rapid II
X-ray diffractometer with a rotating anode Mo target X-ray source. Data
processing and mineral identification were performed using the Jade
6.0 software. High-resolution in situ micro-mineralogical identification on
thin sections was determined using micro-Raman spectroscopy (LabRAM
HR Evolution) equipped with a diode-pumped solid-state laser of the
wavelength of 532 nm (green). Mineral identification was based on the
RRUFF Database (http:/rruff.info/) of standard minerals.

Elemental analyses and calculation

The major and trace element data (except for Mo), and TOC contents were
obtained from our previous works™*. Enrichment factors (EFs) and
authigenic (auth) trace element contents were standardized relative to the
UCC* and are defined as Xgp=[X/Allgmple/[X/Allucc” and
[X]auth = [X] sample — [X]UCC/ [AI]UCC X [Al] sample57) r eSPeCtiveIY» where X
represents trace elements such as Mo, U, and V.

Isotopic and Fe speciation analyses
Nitrogen isotopes were analyzed by a Thermo Fisher Elemental Analyzer
coupled to a Thermo EA-Isolink-Delta V Plus stable isotope ratio mass
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spectrometer (IRMS) via a Thermo Conflo III Interface. For the extraction
of pyrite, we adopted the Cr reduction method proposed by Canfield*”. Iron
speciation, including Fe_,, (Fe in carbonate), Fe,y (Fe in oxides), and Feyag
(Fe in magnetite), was determined by sequential extraction following the
protocols of Poulton and Canfield”’. Molybdenum contents and isotopic
compositions were determined using the double-spike method according to
the protocols of Li”. The detailed analytical methods are presented in
Supplementary Note 2.

Data availability

The data underlying the research presented in our paper is available in the
Supplementary Information and the data table has been deposited in
Figshare®' (Zhang Bin®, https://doi.org/10.6084/m9.figshare.27135192.v1).
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