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A B S T R A C T

The Neoproterozoic oxygenation event (NOE) likely began earlier than 800Ma, raising oxygen levels in the
Earth’s atmosphere-ocean system and, thus, setting the stage for the emergence and diversification of animals.
However, the redox history of the oceans during the following Cryogenian Period (∼720–635Ma) remains
poorly constrained. Here, we present a biogeochemical study based on Mo-isotope (this study) and Fe, C, Mo
abundance data (previously reported data) for black shales of the ∼660-Ma Datangpo Formation in the Minle
section of the Nanhua Basin, South China. Iron speciation data indicate that the study samples were most likely
deposited under euxinic conditions. The studied samples yield two clusters of δ98Mo data: +0.98‰ to +1.14‰
[+1.06 ± 0.06 (SD) ‰] and −0.13‰ to +0.68‰ (+0.65 ± 0.31‰), respectively, with the higher values
found mostly in the lowermost black shales. The variably lower δ98Mo values probably do not reflect con-
temporaneous open-ocean seawater composition owing to lower aqueous H2S concentrations caused by sub-
stantial watermass restriction (as evidenced by Mo-TOC covariation patterns), whereas the high δ98Mo values
may record contemporaneous Cryogenian seawater values. The seawater δ98Mo values from our study at
∼660Ma are similar to previously reported seawater δ98Mo values at ∼750Ma (+1.11‰) and ∼640Ma
(+1.15‰), implying the existence of widespread oceanic anoxia throughout the Cryogenian. Because the
subsequent Ediacaran Period shows evidence of greater oceanic oxygenation based on multiple geochemical
proxies, our findings suggest that the process of oceanic oxygenation proceeded slowly during the Cryogenian
Period. This may have been an important factor in delaying the first appearance of metazoans until the late
Cryogenian and their diversification until the Ediacaran.

1. Introduction

The Cryogenian Period (∼720–635Ma) of the Neoproterozoic was
an important interval in Earth’s history that coincided with the emer-
gence of animals (Erwin et al., 2011), a rapid rise of marine planktonic
algae (Brocks et al., 2017; Hoshino et al., 2017), a major tectonic re-
organization (Li et al., 2008), intense climate perturbations including
the development of ‘Snowball Earths’ (Hoffman et al., 1998), the onset
of the decoupling between organic and inorganic carbon isotopes
(Swanson-Hysell et al., 2010), and atmospheric oxygen increases (e.g.
Och and Shields-Zhou, 2012; Planavsky et al., 2014). These tectonic,
climatic, environmental, and biological events are considered to have

been interconnected, one example being the rise in oceanic oxygen
levels as a trigger for the emergence of animals (Knoll and Carroll,
1999).

The first metazoans appeared during the Neoproterozoic. The in-
terglacial period between Snowball Earths (∼660–640Ma) may have
served as a window for the development of the earliest animals. Maloof
et al. (2010) reported possible animal body fossils (sponges) from strata
of this age (∼659–635Ma), consistent with biomarker evidence in-
dicating that the simplest animals (i.e., sponges) may have appeared
during this period (> 635Ma) (Love et al., 2009). Despite uncertainty
in the age of the first metazoans, it is well established that early animals
diversified rapidly following the termination of the Gaskiers Glaciation
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at ∼580Ma (Xiao and Laflamme, 2009; Xiao et al., 2016).
The oxygenation history of the Neoproterozoic is also subject to

uncertainties. Whereas chromium (Cr) isotope data from shales and
iron formation support a rise in atmospheric oxygen levels above 0.1%
PAL (present atmospheric level) at ∼800Ma (Cole et al., 2016;
Planavsky et al., 2014), Cr isotope data from carbonates suggest that
this increase in pO2 occurred earlier, i.e., by the late Mesoproterozoic
(∼1.1 Ga) (Gilleaudeau et al., 2016). A study of fluid inclusions in
evaporites from the Officer Basin of Australia suggests that oxygen le-
vels reached nearly 50% PAL by ca. 815Ma (Blamey et al., 2016). On
the other hand, other datasets suggest that significant oxygenation of
the oceans may have been delayed until the Ediacaran or later (Canfield
et al., 2007; Dahl et al., 2010; Fike et al., 2006; Kendall et al., 2015;
Sahoo et al., 2012; Sperling et al., 2015). Although uranium and iron
isotope evidence suggests an episodic/progressive increase of oxygen
levels in the ocean shortly after the Sturtian interglacial at
∼660–640Ma (Lau et al., 2017; Zhang et al., 2015), iron speciation
and elemental data from the same time interval suggest that strong
oceanic anoxia may have persisted at least in some marine basins (e.g.
Li et al., 2012; Scott et al., 2008). Thus, geochemical evidence supports
a degree of oceanic oxygenation by the end of the Ediacaran (Kendall
et al., 2015), but existing uncertainties in the redox history of Cryo-
genian oceans make evaluation of its relationship to early animal
evolution difficult.

Apparent contradictions about the redox state of the Cryogenian
oceans may reflect a large degree of spatiotemporal heterogeneity (e.g.
Li et al., 2010, 2015) and/or the limited insights provided by local
redox proxies (Cheng et al., 2017). Molybdenum isotopes in organic-
rich black shales have been shown to be a powerful proxy for assess-
ment of average global-ocean redox conditions in the past (Arnold
et al., 2004; Dahl et al., 2010). However, one of the difficulties in
generating long-term paleo-ocean oxygenation records based on this
proxy is the uneven distribution of black shales in space and time. For
example, black shales are relatively rare during the Late Cryogenian
interval of Snowball Earth development. The presence of ∼660-Ma
black shales in the Datangpo Formation of the Nanhua Basin of South
China thus provides an opportunity to track the evolution of Late
Cryogenian global-ocean redox conditions. The only existing Mo-iso-
tope study from this interval investigated strata dating to ∼640Ma,
i.e., the late stage of the post-Sturtian interglacial (Kendall et al., 2015).
In this study, we analyze black shales of the lowermost Datangpo For-
mation, dating to ∼660Ma, in order to explore possible changes in
oceanic redox conditions during the early post-Sturtian interglacial. We
assess our results in the context of the oxygenation history of the at-
mosphere and oceans throughout the Cryogenian Period and draw in-
ferences concerning its relationship to the evolution of the earliest
animals.

2. Geological setting

During the Neoproterozoic, South China consisted of two separate
terranes, the Yangtze Block and the Cathaysia Block (Fig. 1A). Begin-
ning at ∼850Ma, a series of large mantle plume events led to the
breakup of the supercontinent Rodinia (Li et al., 2003). As a result, the
Nanhua Basin developed as a rift basin along the southern margin of the
Yangtze Block and progressively evolved into a passive continental
margin during the Ediacaran (Jiang et al., 2003; Wang and Li, 2003).
Paleogeographic reconstructions show that water depths increased
southeastward across the Yangtze Block during the interglacial Cryo-
genian, and a semi-restricted basin was likely formed (Fig. 1B; Wang
and Li, 2003). The Nanhua Basin accumulated a thick sedimentary
succession from the mid-Neoproterozoic to the Ordovician. Two glacial
diamictite intervals (the lower Gucheng/Tiesiao/Changan Formation
and the upper Nantuo Formation) corresponding to the global Sturtian
and Marinoan Glaciations serve as important stratigraphic markers
within this succession. The Cryogenian consists mainly of glacial tillite

and interglacial shales, whereas the Ediacaran consists of mixed car-
bonate-siliciclastic units (Jiang et al., 2011).

The Datangpo Formation occurs between the Sturtian and Marinoan
glacial diamictites and associated glaciogenic strata. This formation
contains a characteristic sequence of lithologies, including (from the
base of the unit upwards) manganese-bearing carbonate, black shale,
and siltstone, reflecting a gradual long-term shoaling (Wang and Li,
2003). The thickness of the Datangpo Formation varies from<130m
in shelf areas to> 500m in the basin center (Wang and Li, 2003). U-Pb
ages from near the base and top of this formation indicate that de-
position occurred between 663 ± 4Ma (Zhou et al., 2004) and
654.5 ± 3.8Ma (Zhang et al., 2008).

The Minle section is located in Minle Town, Huayuan County, in
northwestern Hunan Province. At Minle, the Datangpo Formation is
∼220m thick, representing an average sedimentation rate of
∼24mMyr−1. Here, the Datangpo Formation consists of (1) a basal
carbonate member, including a lower dolomite bed (< 1m thick) and
an upper Mn-carbonate bed (∼2m thick, mainly rhodochrosite) (not to
scale in Fig. 1C), (2) a lower black shale member (∼30m thick), and
(3) an upper grey shale member (∼180m thick) (Fig. 1C). In the gray
shale member and upper portion of the black shale member (i.e., >
20m in Fig. 1C), the strata mainly accumulated under oxic/suboxic
(anoxic porewater but oxic water column) conditions, as shown by Fe
speciation analysis (Feng et al., 2010; Li et al., 2012). The samples show
no enrichment in Mo, and thus are not suitable for Mo isotope analysis.
For this reason, we focused our investigation on the lower portion of the
black shale member of the Datangpo Formation (0–20m in Fig. 1C),
which Fe speciation data indicate to have been deposited under euxinic
conditions (Feng et al., 2010; Li et al., 2012). At the average sedi-
mentation rate cited above, the 20-m-thick study interval re-
presents< 1Myr of sediment accumulation around 660Ma.

3. Methods

Fifteen samples were selected and analyzed for Mo-isotope com-
positions (δ98Mo) in this study. The study section is the same as that
analyzed for S isotopes and Fe speciation by Feng et al. (2010) and Li
et al. (2012). However, all samples were collected from the same out-
crop by the same research group using the same field logging system
and, thus, can be integrated into a single dataset without concern about
stratigraphic mismatches. Sample powders (∼200mesh) were ashed at
600 °C for ∼8 h to remove organic matter. For Mo isotope analysis,
10–100mg (depending on the Mo content) of oxidized powder were
weighed into a Teflon bomb. After addition of a 97Mo-100Mo double
spike, each sample was digested first with HF+HNO3 at 190 °C for
48 h and then with HCl at 120 °C for 10 h. Afterward, the solution was
dried, re-dissolved, and processed using ion-exchange chromatography
to separate Mo from the sample matrix using a two-stage column pro-
cedure with chelating resins described in Cheng et al. (2016) and Chen
et al. (2015). The resins GPM-1M and AG50-X8 (Bio-Rad) allowed re-
covery of> 95% of total Mo. Mo isotope compositions were de-
termined by a Thermal Scientific Neptune multicollector-inductively
coupled plasma-mass spectrometry. Samples from Feng et al. (2010)
were analyzed in the SKL-GPMR (State Key Laboratory of Geological
Processes and Mineral Resources) of the China University of Geos-
ciences (Wuhan) and samples from Li et al. (2012) were analyzed in the
SKL-MDR (State Key Laboratory for Mineral Deposits Research) of
Nanjing University. The data are reported as parts per thousand (‰)
variation of δ98Mo relative to the Johnson Matthey ICP Mo standard
solution (lot 602332B) and NIST SRM 3134, which were used in SKL-
GPMR and SKL-MDR, respectively, where δ98Mo is defined as
(98/95Mosample/98/95Mostandard− 1)× 1000. The long-term external re-
producibility of the isotope ratio measurements on the mass spectro-
meter is less than 0.09‰ (± 2 SD). Data from the SKL-GPMR were re-
calculated relative to NIST SRM 3134=0.25‰ as described by
Goldberg et al. (2013). Then, a correction for detrital Mo was made
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following Eqs. (1) and (2) using the following values: Aldet= 8.04%,
Modet= 1.5 ppm, and δ98Modet=+0.40‰ (Dahl et al., 2011;
McLennan, 2001). All of the δ98Mo data in the Discussion section of this
study refer to the authigenic component, i.e. δ Moauth

98 .

⎜ ⎟= ⎛
⎝
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×f Mo
Al

Al
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det

det
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sample (1)

= − × −δ Mo δ Mo f δ Mo f( )/(1 )auth sample det det det
98 98 98 (2)

We note that Cole et al. (2017) challenged use of a single average
crustal value in correcting for the detrital fraction. However, when the
detrital Mo fraction is small, as in the present study (< 15%, average
11%), uncertainties in δ98Moauth related to crustal compositional values
are negligible (< 0.05‰). Even if the lowest crustal value of 0‰ was
used for the correction, the δ98Moauth increases only by ∼0.1‰. Con-
sequently, our correction method results in only limited uncertainty in
absolute δ98Moauth estimates and does not affect the secular trends in
δ98Moauth reported in this study.

4. Results

The Mo-isotope data collected in this study and accompanying
geochemical data published previously for the Datangpo Formation in

the Minle section are given in Table 1 and summarized in Fig. 2. δ98Mo
ranges from −0.13‰ to +1.14‰, but the δ98Mo profile shows two
discrete intervals: (1) the lowermost 6m is characterized by higher and
relatively uniform δ98Mo (+0.98‰ to +1.14‰, average
+1.06 ± 0.06 (1σ) ‰), and (2) the interval at 6–20m is characterized
by lower and more variable δ98Mo (−0.13‰ to +0.68‰, average
+0.65 ± 0.31‰).

5. Discussion

5.1. Bottom-water redox conditions of the Nanhua Basin

The Fe speciation data for the Minle section reported by Feng et al.
(2010) and Li et al. (2012) are used here as an independent geochem-
ical proxy to evaluate bottom-water redox conditions. Chemically ac-
tive iron can be redistributed through redox cycling from oxic shelves to
deeper anoxic basins (Lyons and Severmann, 2006). Moreover, if eu-
xinia develops in the deepwater environment, reactive iron can react
with aqueous H2S, forming pyrite that accumulates in the sediment.
Thus, anoxic marine sediments generally have high concentrations of
reactive Fe (FeHR), which includes pyrite (Fepy) and other Fe phases
[e.g. ferric oxides (Feox), magnetite (Femag), and carbonate minerals
(Fecarb)] that can form pyrite through reaction with H2S during early
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Table 1
Geochemical data of the Datangpo black shales at Minle.a

Sample Lithology Depth FeT Fepy FeHR/FeT Fepy/FeHR TOC Mo Alb Mo/TOC δ98Moc δ98Moauthd

m wt.% wt.% wt.% ppm wt.% ppm/% ‰ ‰

ML68 Black shale 18.8 4.48 1.92 0.64 0.67 3.64 6.0 8.14 1.6
ML-11 Black shale 17 0.60 0.00 0.10 0.30 4.70 10.4 7.00 2.2
ML70 Black shale 16.8 2.32 1.07 0.67 0.69 4.77 18.0 8.01 3.8 0.50 0.50
ML-10 Black shale 16 0.30 0.20 0.70 0.90 3.90 3.8 6.80 1.0
ML-09 Black shale 15 0.40 0.20 0.40 1.00 3.6 5.0 7.30 av 1.4 0.05 -0.06
ML72 Black shale 14.8 3.68 0.69 0.36 0.52 3.77 12.0 8.47 3.2 0.43 0.43
ML-08 Black shale 14 0.30 0.20 0.50 1.00 3.10 8.6 9.00 2.8 0.07 0.00
ML74 Black shale 12.8 4.39 1.94 0.68 0.65 2.77 20.0 9.10 7.2 0.52 0.53
ML-07 Black shale 12 0.40 0.20 0.40 0.90 2.10 10.2 10.10 4.9 -0.04 -0.13
ML-06 Black shale 11 0.40 0.20 0.40 1.00 1.90 3.6 10.90 1.9
ML-05 Black shale 10 1.90 0.20 0.10 0.80 2.00 14.0 7.10 7.0 0.34 0.34
ML77 Black shale 9.8 5.24 2.11 0.66 0.61 2.56 22.0 8.97 8.6 0.94 1.02
ML-04 Black shale 9 2.40 2.30 1.00 0.90 2.40 15.0 4.20 6.3 0.66 0.68
ML-03 Black shale 8 1.70 2.00 1.00 0.90 1.60 7.0 5.70 4.4 0.61 0.66
ML-02 Black shale 7 2.60 1.90 0.90 0.80 1.70 9.0 7.30 av 5.3 0.60 0.65
ML-01 Black shale 6 4.40 1.92 1.00 0.90 1.90 39.0 7.60 20.5 1.07 1.10
ML79 Black shale 6.8 4.16 3.70 0.66 0.70 2.61 31.0 7.63 11.9
ML80 Black shale 4.8 0.38 0.01 0.26 0.09 1.87 7.0 10.95 3.7
ML81 Black shale 2.3 1.83 0.69 0.60 0.63 1.67 29.0 7.94 17.4 0.94 0.98
ML82 Black shale 0.4 2.56 1.64 0.80 0.80 1.84 37.0 11.04 20.1 1.01 1.07
ML83 Black shale 0 0.6 0.38 0.88 0.72 1.92 29.0 8.01 15.1 1.08 1.14

a Mo-isotope data are from this study while rest data are from Feng et al. (2010) (ML68 to ML83) and Li et al. (2012) (ML-01 to ML-11).
b The superscript “av” refer to the average Al concentration of all samples since no data were reported in the original study.
c Mo isotope data of ML68 to ML83 are reported relative to JMC and samples of ML-01 to ML-11 are reported relative to NIST SRM 3134=0.25‰.
d Mo isotope data are reported relative to NIST SRM 3134=0.25‰ and corrected for the detrital contribution.
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burial. Generally, the ratio of FeHR to total Fe (FeT) is< 0.22 in oxic
facies but> 0.38 in anoxic facies (Poulton and Canfield, 2011). Given
FeHR/FeT values that are indicative of anoxia, Fepy/FeHR> 0.7 suggests
euxinic conditions (i.e., aqueous H2S) and Fepy/FeHR< 0.7 suggests
ferruginous conditions (i.e., aqueous Fe2+) (Poulton and Canfield,
2011; Raiswell and Canfield, 1998). However, these thresholds are not
absolute, and redox interpretations can be uncertain when samples plot
close to the boundaries; in this case, crossplots between different Fe
species may help to clarify redox conditions (Li et al., 2012).

The Datangpo black shale samples show variable FeHR/FeT and
Fepy/FeHR ratios (Fig. 2). Iron concentrations vary significantly, espe-
cially in the upper part of the section (Fig. 2). Since low FeT contributes
to low analytical precision in Fe-speciation analysis, only samples with
FeT> 0.5% are considered here. Most samples show FeHR/FeT ra-
tios> 0.38, indicating an anoxic depositional environment (Fig. 3A).
The Fepy/FeHR ratios of these samples vary from 0.61 to 0.90, straddling
the boundary between euxinic and ferruginous conditions (Fig. 3A).
Because the study samples were collected from outcrop, it is possible
that some of the Fepy was converted to Feox, making the measured Fepy/
FeHR ratios minimum values. However, Feox comprises only a minor
proportion of FeHR (< 10%), and no negative correlation is observed
between Fepy and Feox, which argue against significant weathering in-
fluences on our samples (Feng et al., 2010; Li et al., 2012). On the other
hand, a strong linear relation is observed between Fepy and FeHR
(R2=0.94, p < 0.01) (Fig. 3B), suggesting that the amount of pyrite
iron was regulated by the availability of FeHR rather than H2S (Li et al.,
2012). Although this does not negate the possibility of transiently fer-
ruginous or fluctuating redox conditions (e.g. Cheng et al., 2017), we
infer that the Datangpo black shales are likely to have accumulated
under dominantly euxinic conditions.

5.2. Hydrographic conditions of the Nanhua Basin and Cryogenian oceanic
Mo reservoir

The behavior of Mo in seawater is mainly a function of ambient
redox conditions. In oxic waters, Mo is present as the soluble, con-
servative molybdate anion ( −MoO4

2 ), generally leading to little authi-
genic enrichment of the sediment above continental crustal background
concentrations (1–2 ppm), although slowly accumulating Fe-Mn no-
dules and crusts are sometimes enriched to hundreds of parts per mil-
lion (Algeo and Maynard, 2004). In contrast, the Mo removal rate is
100- to 1000-fold greater in euxinic waters than in oxic waters, leading
to large authigenic enrichments that can exceed 100 ppm (Dahl et al.,
2013b; Scott and Lyons, 2012; Scott et al., 2008). In weakly oxygenated
waters with sulfidic conditions developed in the porewaters, Mo is
mildly enriched in the underlying sediments. In the modern oceans, Mo
concentrations in such settings are< 25 ppm (Scott and Lyons, 2012),
but values in comparable settings may have been much lower in more

poorly oxygenated Proterozoic oceans. Ferruginous watermasses may
not accumulate large amounts of authigenic Mo because most adsorbed
Mo will be released back to the water column during early diagenetic
processing (Cheng et al., 2016; Morford et al., 2009). Despite having
been deposited under euxinic conditions (see Section 5.1), the Da-
tangpo black shales show rather low Mo concentrations (6–36 ppm,
average 21 ppm), which are significantly lower than those of modern
permanently euxinic environments (Dahl et al., 2013b; Scott and Lyons,
2012).

In addition to local redox variation, seawater Mo availability also
influences authigenic Mo enrichment (Algeo and Lyons, 2006). Since
our samples were mostly deposited under euxinic conditions (see Sec-
tion 5.1), the low Mo abundance of the Datangpo black shales was most
likely a consequence of limited aqueous Mo availability during their
deposition. The degree of basinal restriction and the size of the global
oceanic Mo reservoir are the two main factors controlling seawater Mo
availability in a marginal basin (Algeo and Lyons, 2006; Scott et al.,
2008).

Generally, a positive linear relationship is observed between Mo and
total organic carbon (TOC) concentrations in sediments, indicating the
importance of organic carbon for authigenic Mo uptake (Algeo and
Lyons, 2006). This relationship may result from adsorption of thiomo-
lybdates [ = −−

−MoO S ( x 1 4)4 x x
2 ], which form from −MoO4

2 under the
influence of H2S and are particle-reactive to organic matter (Algeo and
Lyons, 2006; Dahl et al., 2016). However, other pathways of authigenic
Mo enrichment, e.g., formation of Fe-Mo-S nano-minerals (Helz et al.,
2011), are also possible. These processes are often associated with re-
duction of Mo from +6 to +4 (Dahl et al., 2013a). Thus, the linear
relationship between Mo and TOC may reflect the roles of organic
matter as a substrate during trace-metal adsorption and/or as an elec-
tron donor during reduction. By normalizing Mo concentrations to TOC,
the Mo/TOC ratio removes the effect of variable organic carbon con-
centrations in the sediment and, thus, serves as a proxy for Mo avail-
ability in the seawater source reservoir (Algeo and Lyons, 2006).

In modern restricted marine basins, a linear relationship between
seawater Mo concentrations and sediment Mo/TOC ratios is observed,
supporting Mo/TOC as a proxy for seawater Mo availability in modern
and ancient oceans (Algeo and Lyons, 2006). Importantly, the Mo/TOC
ratio can also provide information about the secular dynamics of semi-
restricted basins; for example, after a deepwater renewal event by open-
ocean waters, Mo concentrations may spike and then decline slowly as
aqueous Mo is drawn down, even as TOC holds steady or increases
owing to an intensification of reducing conditions between deepwater
renewal events (Fig. 4A) (Algeo and Lyons, 2006). Although their Mo
enrichments are much lower relative to modern euxinic sediments (see
above), this pattern of secular covariation of Mo and TOC is observed in
the Datangpo black shales (Fig. 4B), suggesting that (1) semi-restricted
hydrographic conditions occurred in the Nanhua Basin during the
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interglacial interval, consistent with paleogeographic reconstructions
(Wang et al., 2003; Fig. 1B) and (2) aqueous Mo availability was limited
through Mo uptake by the sediments at this time.

In addition to basinal restriction, the size of the Mo reservoir in the
global ocean at a given time in the past can influence seawater Mo
availability. The uniformly low aqueous Mo availability in the inter-
glacial Nanhua Basin (Fig. 4B; see above) suggests that the Cryogenian
oceanic Mo reservoir was small. Given that individual basins are subject
to both local and global effects, recognition of the global signal requires
compilation of Mo/TOC data from multiple coeval basins. The compi-
lation of Scott et al. (2008) suggests that the early Neoproterozoic was
characterized by low seawater Mo concentrations compared to the
Phanerozoic, although the available data for this interval are still rather
limited.

5.3. Controlling factors on Mo isotopic composition of Datangpo black
shales

5.3.1. Hydrological restriction of the Nanhua Basin
In the Cryogenian, the Nanhua Basin was a silled basin that gra-

dually evolved into a semi-closed basin during deposition of the
Datangpo Formation (see Section 5.2). This hydrological change may
have affected seawater δ98Mo in the basin and, in turn, sediment δ98Mo.
Seawater δ98Mo in a semi-closed marginal basin is determined by the
relative contributions from riverine Mo versus global-ocean Mo. In the
modern Black Sea, aqueous Mo is mainly seawater-sourced, despite
only a limited connection with the Mediterranean through the Bosporus
Strait (Neubert et al., 2008). In such systems, open-ocean-derived Mo
predominates because of the much higher Mo concentration in seawater
relative to river water (105 nM vs. an average of 6 nM for the modern)
(Archer and Vance, 2008; Collier, 1985).

The Cryogenian oceanic Mo reservoir was much smaller than to-
day’s (see Section 5.2 and Scott et al., 2008), so riverine Mo inputs may
have been relatively more important to seawater δ98Mo in restricted
marginal-marine basins. Modern riverine Mo shows a broad range of
δ98Mo values with an average of +0.7‰ (Archer and Vance, 2008),
which is much lower than the modern seawater δ98Mo of +2.3‰.
Therefore, input of riverine water will lower seawater δ98Mo in a re-
stricted marginal basin. The average crustal δ98Mo signature (0 to
+0.4‰) likely has not fluctuated much during Earth’s history because
magmatic processes result in very limited Mo isotopic fractionations
(Voegelin et al., 2014; Yang et al., 2017). In the Cryogenian, the δ98Mo
of the riverine source to the ocean was likely intermediate between
crustal and modern average riverine δ98Mo values (i.e., 0 to +0.7‰)
although the local rivers draining into the Nanhua Basin may have had
δ98Mo values different from those of modern rivers. Therefore, if evo-
lution of the Nanhua Basin into a more restricted basin during de-
position of the Datangpo Formation led to relatively greater Mo inputs
from riverine sources, then watermass δ98Mo and, in turn, sedimentary
δ98Mo would have decreased. Indeed such a δ98Mo trend is observed in
the Datangpo black shales (Fig. 2), consistent with increasing riverine
control upsection within the study units.

For seawater δ98Mo to be nearly identical to that of its riverine
source requires an extremely small marine Mo reservoir, which would
lead to negligible authigenic Mo accumulation in the sediments (Wille
et al., 2008). Although Mo concentrations in Datangpo Formation
samples with lighter δ98Mo values are indeed lower than samples with
uniformly high δ98Mo (average 11.9 ppm vs. 31.2 ppm, p < 0.01), they
are still much higher than typical crustal values (∼1–2 ppm). More-
over, we note that any mixing of Mo from multiple sources is unlikely to
result in basinal δ98Mo values that are outside the range of the end-
member components of the mixed system. In the Minle section, two
samples show δ98Mo values as low as −0.06‰ and −0.13‰, which is
probably lower than the riverine source and, thus, provides evidence
for additional controls on the Mo-isotopic composition of the lower
Datangpo black shales (see Section 5.3.2).

5.3.2. Local redox variations and variable [H2S]aq concentrations
Sedimentary δ98Mo is closely related to local watermass redox

conditions. In oxic waters, Mo is readily scavenged by adsorption to Fe-
Mn oxides, with a stable fractionation between Mn-adsorbed Mo and
seawater (δ98Moseawater− δ98MoMn-absorbed= 3‰) and variable frac-
tionations between Fe-adsorbed Mo and seawater
(δ98Moseawater− δ98MoMn-absorbed= 0.83–2.19‰) depending on the
mineral types (Barling and Anbar, 2004; Goldberg et al., 2009). As
argued in Section 5.1, iron speciation data for the Datangpo Formation
indicate a euxinia water column in our study area. Therefore, the in-
fluence of Fe-Mn adsorption was less significant.

In euxinic facies, Mo isotopic fractionation is closely related to
aqueous H2S concentrations ([H2S]aq). When [H2S]aq exceeds the
threshold value of 11 ± 3 μM, most aqueous −MoO4

2 is transformed to
−MoS4

2 and quantitatively removed to the sediment (Helz et al., 1996).
Under these conditions, Mo isotopic fractionation will be zero and the
sediment will acquire a Mo-isotope signature equal or close to δ98Mosw
(δ98Mosw− δ98Mo ≤0.5‰) (Barling et al., 2001; Nägler et al., 2011;
Neubert et al., 2008; Siebert et al., 2006). When [H2S]aq is< 11 ±
3 μM, Mo uptake by the sediment is accompanied by a fractionation of
up to −3‰, and a positive correlation is observed between δ98Mo and
[H2S]aq (Neubert et al., 2008; Poulson et al., 2009).

Local [H2S]aq concentrations are controlled by multiple factors. H2S
is derived from the reduction of sulfate during microbial decay of or-
ganic matter, and it can be re-oxidized to sulfate, form pyrite through
reaction with reactive iron, or decompose into HS−, S2− and [H2S]aq,
with the latter closely related to the pH and temperature (Canfield,
1999). For these reasons, local [H2S]aq concentrations can change even
at short timescales (months to years) (Arnold et al., 2012), leading to
variable sedimentary δ98Mo, unless local [H2S]aq remains persis-
tently> 11 μM. The Fe speciation proxy indicates a euxinic water
column for the Minle section, but this proxy is insensitive to transient
redox variations (Cheng et al., 2017; Tessin et al., 2016) or changes in
[H2S]aq. In fact, ferruginous water conditions may have existed at least
part of the time because Fepy/FeHR was close to 0.7. The cluster of
samples with uniform, higher δ98Mo values (+1.06 ± 0.06‰) formed
under either stable or variable [H2S]aq above the 11 μM threshold,
which is consistent with little to no fractionation between the sediments
and contemporaneous seawater. Conversely, the cluster of samples with
more variable and lower δ98Mo values (−0.13‰ to +0.68‰) may
reflect variation at [H2S]aq lower than 11 μM during their deposition.

Positive linear correlations between δ98Mo and Mo/TOC
(R2= 0.63, p < 0.01; Fig. 5A) and between δ98Mo and Mo con-
centrations (R2=0.64, p <0 .01; Fig. 5B) are observed. These corre-
lations possibly indicate that the Mo isotope ratios, Mo availability, and
[H2S]aq in the Nanhua Basin covaried strongly. The lower Datangpo
black shales accumulated when the Nanhua Basin was relatively well-
connected to the open ocean, and their highest δ98Mo value (+1.1‰)
may therefore record that of contemporaneous global seawater at
∼660Ma (see Section 5.2). The Datangpo samples with the highest
δ98Mo values show relatively high Mo concentrations (mean 31.2 ppm)
and high Mo/TOC values (mean 15 ppm/wt.%). These values are higher
than for sediments in the modern semi-restricted Black Sea (∼4.5 ppm/
wt.%) and Framvaren Fjord (∼9 ppm/wt%) (Algeo and Lyons, 2006),
suggesting higher Mo concentrations in Nanhua Basin seawater. In
contrast, the upper Datangpo black shales accumulated when the
Nanhua Basin was more restricted, which may have resulted in a sig-
nificant reduction in sulfate relative to the contemporaneous open
ocean (see Section 5.2) and, thus, to lower [H2S]aq, lower Mo con-
centrations, and lower δ98Mo in the sediment.

5.4. Mo isotopic composition of Cryogenian seawater and oxidation state of
the global Cryogenian ocean at ∼660Ma

The δ98Mo of modern seawater is uniform because the residence
time of Mo in the ocean (∼440 kyr) is much longer than the mixing
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time of seawater (∼1–2 kyr) (Miller et al., 2011). In the Cryogenian
ocean, the Mo reservoir was much smaller (see Section 5.2) and had a
correspondingly shorter residence time, resulting in spatially hetero-
geneous δ98Mo. The low Mo concentrations of global seawater at that
time may have had biological consequences. For example, Mo is an
important cofactor in nitrogen fixation, and if seawater Mo con-
centrations fall below ∼5% of the level in the modern ocean, organic
productivity is likely to decline (Anbar and Knoll, 2002; Zerkle et al.,
2006). This process would generate a negative feedback on the abun-
dance of Mo in seawater, because lowered productivity would lead to
less intensely reducing conditions, and therefore a less vigorous sink for
Mo removal to the sediment (Anbar and Knoll, 2002; Zerkle et al.,
2006). This negative feedback would be expected to sustain seawater
Mo concentrations at ≥5% of their modern value through time. If the
Mo budget of the modern ocean is typical of the past (Reinhard et al.,
2013), then 5% of the modern seawater Mo concentration is equivalent
to a residence time of ∼22 kyr (Miller et al., 2011). This value is still
much longer than the seawater mixing time of ∼1–2 kyr, so we infer
that Mo in the ocean of the study interval was probably well mixed.

Mn-carbonate ores at the base of the Datangpo Formation yielded a
δ98Mo of +1.6‰ (Chen et al., 2015), which is higher than the inferred
seawater δ98Mo (+1.1‰) from the Minle section. Fe speciation data for
these Mn-carbonates indicated an anoxic but ferruginous depositional
environment (FeHR/FeT=0.24–0.71, average 0.45; Fepy/
FeHR=0.19–0.62, average 0.35), which may have led to significant
Mo-isotopic fractionations between the sediments and con-
temporaneous seawater. A two-stage process of Mo uptake has been
proposed for their formation: initial formation as Mn-oxides in the
water column, followed by decomposition and reprecipitation as Mn-
carbonates in sediment porewaters (Zhang et al., 2013). During this
process, Mo adsorbed by Mn-oxides in the water column would have
been released into the porewater, which may have superimposed
complex fractionation effects linked to an oxic water column with ef-
fects from anoxic pore waters, yielding a Mo-isotopic signal in the
closed system (Morford et al., 2009), with values that could be higher
than those of contemporaneous seawater (Reitz et al., 2007).

The oxygenation state of the global ocean at a given time in the past
can be estimated from contemporaneous seawater Mo isotopes using an
isotopic mass-balance model (Arnold et al., 2004; Chen et al., 2015;
Dahl et al., 2010). In today’s oceans, Mo removal to oxic-suboxic facies
and euxinic facies represents 35–50% and 5–15% of the total Mo sink
flux, respectively (Dahl et al., 2010; Scott et al., 2008). Adsorption of
Mo by Mn-oxides in oxic facies results in a fractionation of –3‰ relative
to seawater Mo, whereas adsorption of Mo by Fe-oxides/oxyhydroxides
in suboxic facies results in a fractionation of−0.8‰ to−2.2‰ relative
to seawater Mo (Barling and Anbar, 2004; Goldberg et al., 2009;
Poulson et al., 2009). As a consequence, the composition of modern
seawater (+2.3‰) is substantially higher than riverine δ98Mo (average
+0.7‰) (Siebert et al., 2003). When the global ocean becomes more
widely oxic, the removal of isotopically light Mo is enhanced, driving
seawater δ98Mo (δ98MoSW) to higher values.

An isotopic mass-balance model has been used in a number of stu-
dies to reconstruct the average global-ocean oxygenation state based on
δ98Mosw (Arnold et al., 2004; Chen et al., 2015; Dahl et al., 2010), and,
for this reason, we refer the reader to Dahl et al. (2011) for a detailed
description of the model. For an ocean in steady-state:

+ = + +F δ F δ F δ F δ F δR R O O E EH H SAD SAD (3)

where F= flux, δ= δ98Mo, R= rivers, H= low-temperature hydro-
thermal fluids, O=oxic waters, SAD= sulfidic at depth and weakly
euxinic waters ([H2S]aq< 11 μM), and E= strongly euxinic waters
([H2S]aq> 11 μM).

The left side of Eq. (3) represents Mo inputs from rivers and low-
temperature hydrothermal fluids, which are assumed to have invariant
δ98Mo values of +0.4‰ and +0.8‰, respectively (Dahl et al., 2011;
McManus et al., 2002). The right side of Eq. (1) represents Mo removals
from the ocean in oxic settings (O), sulfide accumulating at depth inside
the sediments plus weakly euxinic settings (SAD), and strong euxinic
environments (E), which yield Mo isotopic fractionations of ca. −3‰,
−0.7‰, and 0‰, respectively, relative to seawater Mo (Barling and
Anbar, 2004; Chen et al., 2015; Poulson et al., 2006). If oxic sinks
dominate the total sink flux, then δ98MoSW will shift toward modern
seawater isotope value (+2.3‰). Conversely, if euxinic sinks dominate
the total sink flux, then δ98MoSW will shift toward that of the riverine
sources (+0.7‰). Thus, from the perspective of euxinic facies, higher
δ98MoSW values signals more oxic conditions, and lower δ98MoSW va-
lues indicate more reducing conditions in the global ocean.

Previous studies have reported a much lower than modern δ98MoSW
(+1.0‰) for the mid-Proterozoic, implying greatly expanded areas of
reducing sedimentation in oceans of that age (Arnold et al., 2004;
Kendall et al., 2009). Similarly, a δ98MoSW of +1.1‰ for the Datangpo
black shales suggests that the oxygenation state of the global ocean was
much lower at ∼660Ma than today. Although large uncertainties exist
in the modeling calculation described above, a seawater Mo isotope
composition of +1.1‰ implies an oceanic redox state in which Mo
removal to strongly euxinic facies was roughly ∼30–70% and to oxic
facies was less than 15%, contrasting with modern values of ∼5–15%
for strongly euxinic sinks and ∼35–50% for oxic sinks (Chen et al.,
2015; Dahl et al., 2011, 2010; Kendall et al., 2017). This conclusion is
consistent with a stratified ocean-redox model for the Cryogenian in
which oxic waters developed only in the ocean-surface layer, euxinic
waters existed at mid-depths (thermocline region), and ferruginous
waters dominated in the deep ocean (Canfield et al., 2008; Hood and
Wallace, 2015; Li et al., 2012).

5.5. Evolution of Neoproterozoic-early Cambrian ocean redox conditions
(∼750–510Ma)

Secular variation in the oxygenation state of the Cryogenian ocean
can be reconstructed based on seawater Mo isotope compositions. Dahl
et al. (2011) reported δ98MoSW of +1.11‰ for the ∼750-Ma Walcott
Member of the Chuar Group, Grand Canyon, which formed in a rift
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basin with a connection to the open ocean. Kendall et al. (2015) re-
ported δ98MoSW of +1.15‰ for the ∼640-Ma upper Black River Do-
lomite in Tasmania. These δ98MoSW values are almost exactly the same
as our results for the ∼660-Ma Datangpo black shales (Fig. 6B). In
addition, all three formations show similar low Mo concentrations
(Fig. 6C). These observations suggest that the average oxygenation state
of the global ocean did not change significantly from 750Ma to 640Ma,
which is consistent with the argument proposed by Kunzmann et al.
(2015). However, this does not preclude local changes in redox con-
ditions. Furthermore, the existing seawater Mo isotope data are rela-
tively sparse, so there may have been fluctuations in ocean-redox
conditions during the 750–640-Ma interval that are not yet recognized.
For example, Baldwin et al. (2013) reported δ98Mo of +0.7‰ for a syn-
Sturtian-age iron formation and argued for a δ98Mosw of +1.8‰.

However, Mo isotopic fractionation during adsorption by Fe oxides is a
process related to pH and to the diagenetic history of the Fe oxides
(Goldberg et al., 2009), which is unknown for the oceans of this period.
Nevertheless, such transient events are not contradictory to our main
inference, i.e., that anoxic waters dominated in the Cryogenian ocean,
which is consistent with the conclusions of Canfield et al. (2008) and
Guilbaud et al. (2015).

Oceanic conditions during the Ediacaran were different from those
of the Cryogenian. Episodic increases in oxygen levels in Ediacaran
oceans have been inferred from a wide range of proxies including Fe
speciation (Canfield et al., 2007), trace elements (Partin et al., 2013;
Scott et al., 2008), CeS isotopes (Fike et al., 2006; Kunzmann et al.,
2017; Li et al., 2017a; McFadden et al., 2008), chemiluminescence
(Wang et al., 2015), Ce anomalies (Wallace et al., 2017), Zn/Fe ratios

Fig. 6. Biological evolution (A), sedimentary Mo isotopes
(B) and Mo concentrations (C) during 750–510Ma. Mo
isotope and concentration data are from Neoproterozoic
euxinic marine facies. Biological data sources: Erwin et al.
(2011), Love et al. (2009), Peterson et al. (2004), Xiao
et al. (2016); δ98Mo data sources: Chen et al. (2015, 2016),
Cheng et al. (2017), Dahl et al. (2011), Kendall et al.
(2015), Kurzweil et al. (2015), Wen et al. (2015) and this
study; Mo concentration data sources: Chen et al. (2015,
2016), Dahl et al. (2011), Feng et al. (2010), Kendall et al.
(2015), Kurzweil et al. (2015), Sahoo et al. (2012), Li et al.
(2012), Wen et al. (2015), Cheng et al. (2017). To give a
first order constraint on the evolution, we merged the
sample ages to several key points: 750Ma, 660Ma,
640Ma, 630Ma, 560Ma and 530Ma.
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(Liu et al., 2016), I/(Ca+Mg) ratios (Hardisty et al., 2017), and many
other indicators. The earliest oxygenation event might occur in the
wake of the Marinoan Glaciation at ∼630Ma (Sahoo et al., 2012).
Although Mo isotope data are lacking, the Mo concentrations of euxinic
facies show a pronounced increase at that time (Fig. 6C). From
∼630Ma to 550Ma, δ98Mo in the Doushantuo Formation increased to
+2.0‰, which is close to the modern seawater value of +2.3‰
(Fig. 6B) (Kendall et al., 2015). At the same time, the seawater Mo
reservoir may have increased to a size similar to that of the modern
ocean (Scott et al., 2008). Thus, both Mo concentration and Mo isotope
data indicate that the oxygen levels of the atmosphere-ocean system
were higher in the Ediacaran than in the Cryogenian. δ98MoSW may
have reached modern values for the first time in the early Cambrian at
∼521Ma (Chen et al., 2015) or slightly earlier (Wen et al., 2011),
corresponding to permanent (Chen et al., 2015) or episodic (Dahl et al.,
2017, 2010) or stepwise (Jin et al., 2016; Li et al., 2017b) oxygenation
of the ocean, any of which may have triggered the Cambrian Explosion
(Jin et al., 2016; Knoll and Carroll, 1999; Li et al., 2017b).

The evolution of seawater Mo isotopes and reservoir size from
∼750Ma to 510Ma (Fig. 6) indicates a persistently anoxic Cryogenian
ocean, with evidence of oxygen buildup beginning only at ∼630Ma.
On the other hand, increases in atmospheric oxygen levels (> 0.1%
PAL) likely began around 750–800Ma (Blamey et al., 2016; Cole et al.,
2016; Frei et al., 2009; Planavsky et al., 2014), which was 120–170Myr
earlier than evidence for substantial oceanic oxygenation. A modeling
study by Reinhard et al. (2016b) argued that, under low atmospheric
oxygen levels (< 2.5% PAL), dissolved oxygen concentrations in the
ocean are largely controlled by marine productivity. This inference may
be supported by evidence of a fundamental shift in the marine phos-
phorus cycle between ∼800 and 635Ma, as suggested by recent com-
pilation and biogeochemical modeling of global P data (Reinhard et al.,
2016a): specifically, increasing marine P availability enhanced oceanic
productivity, finally leading to greater oxygenation of Ediacaran
oceans. On the other hand, an elevated influx of reductants such as
Fe2+ in the Cryogenian (as inferred by the global appearance of iron
formation) (Konhauser et al., 2017; Kump and Seyfried, 2005) may
have buffered oceanic oxygenation during the Cryogenian. Further re-
search is needed to fully explain the delay in oceanic oxygenation fol-
lowing an atmospheric O2 rise at 750–800Ma.

5.6. Implications for the emergence and diversification of early animals

Oxygenation of the atmosphere-ocean system has been widely re-
garded as the trigger for the emergence and diversification of animals
during the Neoproterozoic and Cambrian (e.g. Knoll and Carroll, 1999;
Li et al., 2017b), although the relationship between these events might
be quite complicated (e.g. Erwin, 2015; Erwin et al., 2011). Molecular
clocks (Peterson et al., 2004), fossil steroids (Love et al., 2009) and
possible sponge fossils (Maloof et al., 2010) place the earliest metazoan
appearances in the Cryogenian Period (Fig. 6A). However, the earliest
undisputed body fossil assemblages with macroscopic and morpholo-
gically complex life forms (Yuan et al., 2011), as well as other complex
multicellular eukaryotes, such as possible embryos of early metazoans
(Xiao et al., 1998) and sponges (Yin et al., 2015), are found in the
Ediacaran (Fig. 6A). Due to the physiological need of animals for O2,
metazoan evolution during the Ediacaran is thought to have been fa-
cilitated by increased oxygen availability in the ocean (e.g. Fike et al.,
2006; McFadden et al., 2008). However, experiments have recently
shown that early sessile animals may have survived at oxygen levels of
0.5–4% PAL (Mills et al., 2014). Furthermore, Fe speciation data do not
support a statistically significant increase in oceanic oxygen con-
centrations during the Ediacaran, indicating that animal diversification
probably depended not on a large rise in oxygen levels but, rather, an
increase past critical functional and ecological thresholds (Sperling
et al., 2015). Therefore, existing evidence and the results of the present
study indicate that this critical oceanic oxygenation first developed

likely in the Ediacaran rather than in the Cryogenian, which is con-
sistent with the early evolution of the animals. In other words, although
atmospheric oxygen levels during ∼800–750Ma may have increased,
the persistent oceanic anoxia of the Cryogenian may have delayed the
diversification of metazoans until the Ediacaran.

6. Conclusions

In order to explore the oxygenation state of the Cryogenian ocean,
we carried out Mo isotopic analyses of the ∼660-Ma Datangpo black
shales in the Minle section of the Nanhua Basin, South China, and
compared these data to previously published ocean-redox proxies. Our
study found:

(1) Iron speciation data indicate a continuously euxinic depositional
environment during deposition of the studied black shale succes-
sion.

(2) The Nanhua Basin was a silled basin that had an open connection to
the global ocean during deposition of the lower part of the black
shale succession (0–6m) but that developed increasing watermass
restriction during deposition of the upper part of the black shale
succession (6–20m).

(3) Datangpo black shales yield Mo isotopes in two clusters. The lower
black shales have uniformly high δ98Mo values [+1.06 ± 0.06
(SD) ‰] that are inferred to reflect the δ98Mo of contemporaneous
seawater (ca. +1.1‰), and the upper black shales have more
variable, lower δ98Mo values (+0.65 ± 0.31‰) that reflect frac-
tionations due to [H2S]aq below the 11M threshold.

(4) Seawater δ98Mo was constant around +1.1‰ from ∼750 to
640Ma, indicating dominantly anoxic conditions in the global
ocean. The oxygenation of the ocean was delayed relative to that of
the atmosphere by an interval of 120–170Myr, likely causing a
delayed diversification of early metazoans until the Ediacaran.
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