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A B S T R A C T   

The basal Datangpo Formation in South China deposited in the Cryogenian interglacial period has gained 
increasing interest with the well development of organic-rich black shale and its hosted manganese (Mn) deposits 
(Mn carbonate), which contain important clues to the paleoclimate and ocean redox of this critical interval in 
Earth’s history. The depositional environment of Mn deposits is still uncertain, as suggested by different suites of 
redox-indicating parameters. In addition, the Mn deposits are notable for their enrichment in organic matter 
(OM), despite the fact that the diagenetic origin for the Mn deposits would result in large consumption of OM. To 
gain insight into these issues, we present the geochemical and molybdenum (Mo) isotopic data of black shale and 
Mn carbonate samples from a new section. The Datangpo Mn carbonates are characterized by low Mo content 
(mostly <3.2 ppm) and slightly light Mo isotopic composition (mostly from +0.07‰ to +0.52‰), suggesting that 
Mo, once adsorbed in Mn-oxide particles, was released in suboxic or anoxic (non-sulfidic) pore water due to Mn- 
oxide reduction and then diffused back into the water column. Hence the extremely light Mo isotopic signatures 
might be rarely preserved in sediments. The Mn carbonate formation accompanied by OM re-mineralization 
within sediments may have caused lower total organic carbon (TOC) content relative to that in black shales. 
However, elevated nutrient input related with hydrothermal fluid activity probably enhanced primary produc-
tivity during the Mn deposition period. It is evidenced by: (1) the Mn-TOC-total inorganic carbon covariation 
displayed by the Datangpo section and (2) a positive correlation between TOC and Mn content when Mn content 
is higher than 10% in a large compiled dataset. A compilation of Mo concentration and Mo isotope data suggests 
that widespread anoxia prevailed during the Cryogenian interglaciation. Instead, Neoproterozoic ocean 
oxygenation was postponed to the Ediacaran.   

1. Introduction 

The Cryogenian Period (~720–635 Ma, namely the Neoproterozoic 
Snowball Earths, Hoffman et al., 2017)is a critical interval during the 
Neoproterozoic Oxidation Event (Och and Shields-Zhou, 2012; Planav-
sky et al., 2010). The breakup of the Rodinia Supercontinent and asso-
ciated lengthening continental margins and intensified magmatic 
activity have been thought to enhance subaerial silicate weathering and 
draw down atmospheric CO2 levels, triggering the global glaciations of 

the Cryogenian (Donnadieu et al., 2004). The Sturtian (~720–660 Ma) 
and Marinoan (~650–635 Ma) ice ages are the most representative 
global glaciations in the Cryogenian (Och and Shields-Zhou, 2012; 
Hoffman et al., 2017; Yu et al., 2020). The end of the Sturtian ice age 
may be related to climate warming caused by the continuous release of 
large amounts of CO2 due to volcanic activity (Hoffman et al., 1998). A 
very high weathering rate in glaciated settings could have fertilized the 
oceans with abundant phosphate (Planavsky et al., 2010), causing the 
increased burial of light organic carbon associated with high rates of 
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primary productivity after the long-lived glaciations (Planavsky et al., 
2010; Mills et al., 2011). The massive burial of reduced carbon must 
have been balanced by a net release of oxygen into the atmosphere, 
leading to the temporary oxygenation of the Cryogenian interglacial 
atmosphere and ocean (Planavsky et al., 2010; Zhang et al., 2015; Lau 
et al., 2017). As expected, organic-rich black shales have been 
frequently observed worldwide during these periods (Fig. 1). Therefore, 
the analysis of redox-sensitive elements and iron (Fe) speciation (Can-
field et al., 2008; Li et al., 2012; Kunzmann et al., 2015; Sperling et al., 
2016; Scheller et al., 2018), as well as molybdenum (Mo) and Fe isotopes 
(Zhang et al., 2015; Cheng et al., 2018; Scheller et al., 2018), has been 
performed on these shales to explore ocean redox conditions in this 
period. Some critical evidence for increasing ocean oxygenation after 
the Sturtian glaciation has been presented by notably increased Mo 
concentrations and Fe isotope values in the black shale from the Data-
ngpo Formation in the Nanhua Basin of South China (Chen et al., 2015; 
Zhang et al., 2015). Therefore, there has been increasing interest on the 
study of this shale unit during the past three years (Yu et al., 2017; 
Cheng et al., 2018; Ye et al., 2018; Bao et al., 2018; Ma et al., 2019; Wei 
et al., 2020). 

The Datangpo Formation is a typical interglacial stratum between 
the Sturtian and the Marinoan glaciations. This stratum is unique among 
its global counterparts for the development of a manganese (Mn) car-
bonate member (well known as giant Datangpo-type manganese de-
posits in China) underlying relatively thick black shale member in the 
basal formation. The formation of Mn carbonate by a diagenetic 
reduction of Mn oxides has special meaning for the Precambrian at-
mospheric/ocean oxygen content, since a strong oxidizing potential is 
required to form Mn oxides (Planavsky et al., 2014, 2018). Molybdenum 
(Mo) isotopes in ancient Mn-enriched sediments and deposits have been 
shown to be a powerful proxy for the assessment of ocean redox con-
ditions in the past (Planavsky et al., 2014, 2018; Cabral et al., 2019). In 
addition, this proxy was also used in the study of the depositional con-
ditions of modern Mn-enriched sediments (Hardisty et al., 2016; Scholz 
et al., 2018). 

The depositional conditions of the Datangpo Mn carbonates is still in 
controversy. Very low molar Corg/P ratios of Mn carbonates have been 
used to suggest a temporary oxic condition associated with episodic 
deep-water ventilations (Yu et al., 2016). In contrast, Fe speciation data 
that are one of the mostly useful proxies for deep-water redox seem to 
suggest an anoxic, but non-euxinic condition (Ma et al., 2019; Wei et al., 
2020). To date, no Mo isotope analysis were performed on Mn carbon-
ates from the Datangpo Formation. What’s more, reaction with organic 

matter in the sediments converts the Mn-oxides to MnCO3, (Calvert and 
Pedersen, 1996; Huckriede and Meischner, 1996), which leads to a 
notable decrease of total organic carbon (TOC) content in Mn carbonates 
relative to black shales (Ma et al., 2019; Wei et al., 2020). By contrast, 
the formation and reduction of Mn oxides are mediated by enhanced 
microbial activities (Yu et al., 2016, 2019), which may increase the TOC 
content of the sediments. This is best shown by Mn carbonates samples 
being also organic-rich, similar to interbedded and hosted shale (Yu 
et al., 2016). Thus far, the OM enrichment characteristics of the Mn 
carbonates in the Datangpo Formation have not been discussed in detail. 

To resolve these problems, a set of samples of Mn carbonates and 
black shales from the Datangpo section (27◦57′53′′N, 108◦54′50′′E) of 
the Datangpo Formation has been compared in terms of their carbon 
contents and isotopes, elemental concentrations, and Mo isotopes. After 
compiling geochemical data, we focus on (1) discussing the depositional 
environment of the Mn carbonates and black shales and their implica-
tions for the oceanic redox conditions between the Snowball Earths and 
(2) determining main factors controlling the OM enrichment in the Mn 
carbonates of the Datangpo Formation. 

2. Geological setting 

The South China Craton consists of two terranes, the Yangtze Block 
and Cathaysia Block, which were amalgamated during the early Neo-
proterozoic. During the breakup of the supercontinent Rodinia from the 
activities of a large mantle plume, the Nanhua Basin developed as a rift 
basin at ~820 Ma between the Yangtze and Cathaysia blocks (Fig. 2A; 
Wang and Li, 2003) and evolved into a passive marginal basin after the 
Cryogenian (Jiang et al., 2011). Neoproterozoic strata in this basin are 
composed of three major units: the lower pre-Cryogenian siliciclastic 
units, the middle Cryogenian glacial and interglacial deposits, and the 
upper Ediacaran mixed carbonate-siliciclastic units (Jiang et al., 2011). 
The two former units generally thicken from the shelf facies in the 
northwest toward the basin facies in the southeast, similar to the vari-
ation in water depths. 

Cryogenian strata consist of two glacial units and one interglacial 
unit: the Chang’an-Fulu-Gucheng/Tiesi’ao glacial unit at the lower part 
(Sturtian ice age), the interglacial unit Datangpo/Xiangmeng in the 
middle, and the upper glacial unit Nantuo (Marinoan ice age). The lower 
glacial unit is further divided into three sub-units: the lower diamictites 
of the Chang’an Formation, the middle-banded iron formations, and 
sandstones of the Fulu Formation, and the upper diamictites of the 
Gucheng/Tiesi’ao Formation. The interglacial Datangpo Formation, 

Fig. 1. (a) Paleogeographic reconstruction of the Cryogenian world (after Li et al., 2013 and Qi et al., 2018) and shale distribution between the Sturtian and 
Marinoan ice ages. (b) Whisker plots showing total organic carbon (TOC) contents of black shale at different intervals during the interglaciation: Poço Verd shale 
(Olcott et al., 2005), Arena shale (Kunzmann et al., 2015; Scheller et al., 2018), MacDonaldryggen shale (Kunzmann et al., 2015), Tindelpina shale (McKirdy et al., 
2001; Kendall et al., 2006), Tapley Hill shale (McKirdy et al., 2001), Aralka shale (Schmid et al., 2018), Datangpo sediment, Fiq Formation shale (Rieu et al., 2007), 
Kaponda Shale, Nguba Group (Batumike et al., 2007), and Twitya shale (Sperling et al., 2016). 
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conformably overlying the Tiesi’ao diamictites and underlying the 
Nantuo diamictites, is well constrained by a high-precision age of 
660.98 ± 0.74 Ma near the base and by the age 657.17 ± 0.78 Ma near 
the top (Rooney et al., 2020 and references therein). During the depo-
sition of Datangpo Formation, the Nanhua Basin was likely a restricted 
basin with limited seawater exchange with the open sea, depending on 
the variation in the sea level (Wang and Li, 2003; Li et al., 2012). This 
feature might be common for rift basins worldwide during the inter-
glacial period (Li et al., 2012). 

The thickness of the Datangpo Formation in outcrops and drill cores 
varies greatly from 10 to 700 m (Li et al., 2012; Yu et al., 2016), which 
was controlled by the paleobathymetry of the Nanhua Basin consisting 
of a series of northeast-southwest trending horsts and grabens, together 
with uncertain glacial erosion (Fig. 2A; Yu et al., 2016, 2017). Never-
theless, the lithological characteristics are similar for the sections 

deposited at different water depths (Fig. 2B; Li et al., 2012; Yu et al., 
2016). The Datangpo Formation can be divided into three major mem-
bers from bottom to top (Yu et al., 2016): the first member, black Mn 
carbonates interbedded with black shale and Mn shale (a few meters); 
the second member, black shale in the middle (a few tens of meters); the 
third member, the grey shale and siltstone in the upper part (a few 
hundreds of meters). 

3. Samples and methods 

3.1. Organic and inorganic carbon 

A total of 33 samples were collected from a 10.5 m section comprised 
of the majority of Members 1 and 2 of the Datangpo Formation (Fig. 3), 
located within the Datangpo mining area in Songtao County (northeast 

Fig. 2. (a) Paleogeography of the study area (after ; Zhou et al., 2004; Yu et al., 2016). The insert shows the location of the Nanhua Basin during the Cryogenian. (b) 
Cross-section for the post-Sturtian interglacial strata in the Nanhua Rift Basin (simplified after Yu et al., 2019). 

Fig. 3. Stratigraphic distribution of Mn, total organic carbon (TOC), and total inorganic carbon (TIC) content, isotopic composition of carbon (δ13Corg, and δ13Ccarb), 
as well as the Mo content and δ98Mo composition. The δ98Mo value of ~1.1‰ occurred in euxinic shale (referenced from Cheng et al., 2018). 
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Guizhou Province, China). Relatively small sample blocks without 
visible veins and pyrite accumulates were selected, and their weathered 
surfaces were polished off with 80-mesh quartz sandpaper and then 
washed with Milli-Q water. The dried samples were first crushed to 0.25 
cm pieces by a corundum crusher and further milled to less than 200 
mesh in an agate mortar. All of the following analyses were performed at 
the Guangzhou Institute of Geochemistry, Chinese Academy of Sciences. 

Raw and de‑carbonated samples (with 5% HCl at 80 ◦C overnight) 
were analyzed by an Eltra CS800 carbon/sulfur analyzer for the total 
carbon (TC) and TOC content, respectively. About 80 mg of sample 
powder were weighed into crucibles and combusted in pure (99.95%) O2 
at 1350 ◦C. The precision was better than 0.2‰ based on the analysis of 
a standard AEB2178. Total inorganic carbon (TIC) content was deter-
mined to be the difference between TC and TOC contents. 

δ13Ccarb analyses were carried out using a DeltaPlus XL (Thermo 
Fisher Scientific) isotope ratio mass spectrometer (IRMS) interfaced to a 
carbonate preparation device via a GasBench II interface. The standard 
GBW-04405, with a δ13C value of +0.57 ± 0.03‰ (VPDB), was used for 
calibration during the analysis. Due to negligible TIC content in black 
shales, only Mn carbonates were analyzed. Analytical precision is better 
than 0.1‰ for δ13Ccarb (VPDB). Organic carbon isotope (δ13Corg) was 
measured on the decarbonated (5% HCl treatment overnight) samples 
using a Thermo Finigan DeltaPlus XL IRMS instrument coupled to a CE 
Flash-1112 element analyzer via a Confo III interface. CASEIN with a 
δ13C value of − 26.98‰ (VPDB) was used for calibration. The precision 
of was better than 0.2‰ (VPDB). All carbon isotopes in samples were 
routinely measured in duplicate, and the average value was used for 
discussion. 

3.2. Major and trace elements 

About 1 g of sample powder was mixed with 11 g of Li2B4O7-Li2BO2 
latent solvent in a platinum crucible and heated to 1100 ◦C in a furnace, 
then cooled to produce a glass disk for major element analysis. Major 
element concentrations were determined using a Thermo Scientific 
Fisher ARL 9900 X-ray fluorescence spectrometer. Analytical precision 
was usually better than 3%. Three rock standards, including RGM-2, 
BCR-2, and BHVO-2, were used for calibration. 

Before trace element analysis, the sample powders were ashed at 
650 ◦C to remove organic matter and digested in HNO3 + HF + HClO4 in 
Teflon pressure vessels to dissolve refractory minerals. Trace elements 
were analyzed by ICP–MS (Thermo iCAP Qc). An internal standard 
(Rhodium) was used to monitor and correct the signal drift of the in-
strument during the measurements. Seven standard rock samples were 
calibrated, including three international standards of W-2A, BHVO-2, 
and AGV-1, and four Chinese standards of GSD-9, GSR-1, GSR-2, and 
GSR-3. The precision is better than ±5%. 

3.3. Mo contents and stable isotopes 

The double-spike method used for the determination of Mo contents 
and isotopic compositions has been reported by Li et al. (2014). Mo 
separation and purification were achieved using an extraction chro-
matographic resin of N-benzoyl-N-phenyl hydroxylamine manufactured 
in-house following the protocols of Li et al. (2014). After the sample 
matrix and interference elements were removed, Mo isotope measure-
ment was performed on a Thermo-Fisher Scientific Neptune-Plus multi- 
collector inductively coupled plasma mass spectrometer (MC–ICP–MS) 
utilizing double spike analysis to correct for instrumental mass bias 
(Siebert et al., 2001). Isotope measurements are made relative to a NIST 
SRM 3134 standard solution and then recalculated relative to the 
Johnson Matthey Specpure Mo plasma standard set to +0.25‰ for in-
ternational comparison (Nägler et al., 2014). The external reproduc-
ibility of the NIST SRM 3134 standard solution is at 0.06‰ (2SD, n = 20) 
for the δ98/95Mo values. The United States Geological Survey black shale 
reference materials SGR-1b and IAPSO seawater standard were 

simultaneously processed with each batch of samples to monitor accu-
racy and gave the δ98/95Mo value of +0.65 ± 0.05‰ and + 2.30 ±
0.09‰ (2 SD, n = 4), respectively. Repeat measurement of IAPSO 
seawater standard over the course of half years yielded a reproducibility 
of 2.31 ± 0.09‰ (2SD; n = 24). The Mo procedural blank was <0.1 ng, 
much less than the Mo contents in the samples. 

4. Results 

According to Mn contents, collected samples could be classified into 
two members (Fig. 3): Mn carbonates with Mn content >20% in the 
lower part and black shale with trace Mn content (<0.1%) in the middle- 
upper part. The shale sample underlying Mn carbonates did not show 
substantial distinctions from other black shales. 

4.1. Carbon content and isotopes 

Both the Mn carbonate and black shale samples containe abundant 
OM, as indicated by relatively high TOC contents of 2.00–6.88 wt% 
(average 4.02 wt%, Table S1 and Fig. 3). The TOC contents in Mn car-
bonates (average 3.45 wt%, n = 10) are slightly lower than those in 
black shales (average 4.26 wt%, n = 23). TIC contents in the Mn car-
bonates vary from 6.50 to 9.83 wt% (Table S1, average 7.54 wt%) and 
show clear co-variations with Mn contents, consistent with the domi-
nance of rhodochrosite in Mn-bearing minerals (Yu et al., 2016, 2019). 
In addition, TOC contents closely correlate with the Mn and TIC contents 
for the Mn carbonates, i.e. first decrease from the bottom to the middle 
part of Mn carbonate member, then increase to the top (shown by red 
arrows, Fig. 3). By contrast, TIC contents of black shales are very low and 
vary little with TOC contents. 

δ13Corg values of all the samples show an overall small variation 
(from − 33.2‰ to − 32.1‰, Table S1, Fig. 3), and they are slightly 
heavier for black shales than Mn carbonates. Interestingly, δ13Corg 
values of Mn carbonates and shales within the lower 4.5 m part of the 
section show the reverse trend for TOC contents, i.e. three cycles of 
decrease-increase upwards (Fig. 3). Coming into the upper 4.5 m part of 
the section, the δ13Corg values of shale samples vary little. The δ13Ccarb 
values of Mn carbonates vary from − 9.6‰ to − 7.4‰ (Table S1), which 
is similar to previously reported results (Yu et al., 2017). From the 
bottom to the top, δ13Ccarb values first decrease followed by an 
increasing trend, which is generally consistent with variations of δ13Corg 
values. However, δ13Ccarb values of the uppermost three Mn carbonates 
did not show a negative shift again, which is different from δ13Corg 
values of these samples. 

4.2. Mo content and isotope composition 

The contents of Mo in black shales vary from 6 to 43 ppm (average 
26 ppm, Fig. 3). By contrast, they vary from 0.6 to 8.8 ppm (average 2.1 
ppm) in Mn carbonates. The MoEF of black shales vary from 6 to 51 and 
from 2 to 10 in Mn carbonates (with one sample having high value of 42) 
(Table S2, EF sample = (X/Al)sample/(X/Al)PAAS (Tribovillard et al., 2006), 
post-Archean Australia average shale (PAAS) composition inferenced 
from Taylor and McLennan (1985)). The δ98Mo values of studied sam-
ples range from − 1.67 to +1.0‰ (Table S2, Fig. 3). The δ98Mo values of 
the Mn carbonates are variable and overall low, ranging from − 1.67 to 
+0.52‰, below that of average oceanic input (~ +0.7‰) (Archer and 
Vance, 2008). By contrast, the black shales display relatively high δ98Mo 
values (from +0.45‰ to +1.0‰, Fig. 3). 

4.3. Nutrient elements 

The contents of nutrient related elements (Fe, P, Cu, Zn, and Ni) in 
the Mn carbonates and black shales are listed in Table S2 and S3. Fe and 
Cu contents in black shales vary from 0.51 to 4.04 wt% (average 2.53 wt 
%) and from 4 to 99 ppm (average 44 ppm), which are close to that in 
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Mn carbonates (Fe: 1.55–3.49 wt%, average 2.43 wt%; Cu:11–67 ppm, 
average 43 ppm). However, P, Zn, and Ni contents in black shales range 
from 0.02 to 0.12 wt% (average 0.05 wt%), from 17 to 65 ppm (average 
34 ppm), and from 3 to 89 ppm (average 29 ppm), respectively, which 
are lower than those in Mn carbonate samples (P: 0.15–0.41 wt%, 
average 0.28 wt%; Zn: 52–213 ppm, average 104 ppm; Ni: 27–49 ppm, 
average 37 ppm). The values of FeEF, PEF, CuEF, ZnEF, and NiEF in black 
shales are obviously lower than that in Mn carbonate (Fig. 4). 

4.4. Rare earth elements (REEs) 

The total REE (
∑

REE) content in Mn carbonates range from 200 to 
271 ppm (average 236 ppm), but in black shales, it has a larger range 
from 135 to 602 ppm (average 248 ppm). When normalized to PAAS 
(Fig. 5), almost all of the samples show REE enrichment relative to 
PAAS. Mn carbonates show light REE and heavy REE depleted but mid- 
REE enriched patterns, while black shales show overall flat REE patterns 
with only a few samples having light REE-enrichment. Moreover, posi-
tive Ce and Eu anomalies are common in the Mn carbonates, ranging 
from 1.13 to 1.44 and from 1.05 to 1.41, respectively. By contrast, a 
negative Eu anomaly (Eu/Eu*) was commonly observed in black shales 
samples, ranging from 0.66 to 0.95 (average 0.83, Table S4). 

5. Discussion 

5.1. Hydrothermal activity and the nutrient-related elements in 
Mn‑carbonates 

Hydrothermal fluid is another important source for Mn ore deposits 
throughout geological history in addition to silicate weathering (Roy, 
2006; Polgári et al., 2012; Maynard, 2014). This is very likely for some 
Neoproterozoic manganese deposits always formed in the interglacial 
stages of rift basins (Roy, 2006). The contribution from hydrothermal 
sourced Mn to the Datangpo Mn carbonates has been demonstrated by a 
combination of element contents with Sr and Nd isotopes (Wu et al., 
2016; Yu et al., 2016). Two lines of elemental evidence obtained in this 
study are consistent with previous conclusions: 1) a positive correlation 
between Eu/Eu* and Mn content, as positive Eu anomalies are charac-
teristic of hydrothermal fluids (Peter and Goodfellow, 1996, Fig. 6a); (2) 
the plots Fe/Ti versus Al/(Al + Fe + Mn) clearly suggest that hydro-
thermal fluid has the greatest contribution to Mn carbonates, medium to 

Mn-rich shales, and the least to black shales. Mn carbonate samples fall 
within the hydrothermal field, indicating the Mn interval exhibits the 
greatest hydrothermal influence (Marchig et al., 1982; Boström, 1983, 
Fig. 6b). 

Strong deep hydrothermal activity brought mantle or deep crustal 
materials into seawater, providing essential nutrients (Fe, Mn, Cu, Zn, 
and Ni) to promote the massive breeding of microorganisms and greatly 
increase OM productivity (Tribovillard et al., 2006; Dick et al., 2013). In 
the modern submarine-hydrothermal plumes, sediments associated with 
fluid events contained high levels of Fe, Mn, Co, Cu, Ni, Pb, and Zn 
relative to typical marine sediments (Shanks and Bischoff, 1977; Laurila 
et al., 2015; Hung et al., 2018). Similarly, such high concentrations of 
metalliferous sediments, which are likely sourced from hydrothermal 
activity, might provide a Precambrian record of ocean chemistry (Pla-
navsky et al., 2011, 2018). Consistent with these modern and ancient 
analogues, the contents of several major and trace elements, Fe, Cu, Zn, 
Ni, and Co, generally increase with Mn content (Fig. 7). Therefore, hy-
drothermal activities likely made a large contribution to the nutrient- 
related elements in Mn‑carbonates. Nevertheless, other factors, such as 
the local redox conditions and weathering effects, could also be possible 
candidates and should be evaluated carefully. 

Compared with black shale, the high EF factors (FeEF, CuEF, ZnEF, 
CoEF, and NiEF) in the Mn‑carbonate samples (Fig. 7) are probably not 
associated with the differences in the redox conditions. The high Fe 
enrichment of sediments, as proxied by the Fe/Al ratio can be used as an 
indicator for anoxic bottom water (Raiswell et al., 2018), while Mo, Zn, 
Co, Cu, Ni, and Pb are associated with sulfides, typically pyrites (Algeo 
and Liu, 2020; Scott et al., 2008). Therefore, relatively high contents of 
these elements, i.e. Fe, Cu, Zn, Co, and Ni, can be generally used to 
indicate anoxic conditions. By contrast, relative P content would be high 
in more oxic conditions, and molar Corg/P ratio thus shows good 
covariation with the EF factors of trace metals (Algeo and Liu, 2020). 
There is still no consensus about the redox conditions during the Mn 
carbonate deposition of the Datangpo Formation; however, the upper 
black shale has been well demonstrated to have been deposited under 
euxinic conditions (Li et al., 2012; Cheng et al., 2018; Ma et al., 2019). 
As a result, EF factors (FeEF, CuEF, ZnEF, CoEF, and NiEF) in the black 
shales should exceed or at least equal the Mn‑carbonate samples, which 
seems to be the opposite of our results (Fig. 7). Although effects of oxic 
or suboxic conditions on the P enrichment could be possible, higher EF 
values of P in Mn carbonates (as high as 35, Fig. 7f) than those of trace 
metals could be partly related to a hydrothermal input. 

Weathering effects on the nutrient input could be assessed by the 
chemical index of alteration (CIA), which has been applied to evaluate 
the degree of chemical weathering and climate changes during the 
Cryogenian interglaciation (Wang et al., 2020). Major element CN–K–Al 
ternary plots (Fig. 8a), showing an ideal straight line parallel to the A-CN 
sideline in response to variable weathering intensity (Taylor and 
McLennan, 1995), reveal that the basal Datangpo sediments are less 
affected by K-metasomatism. According to Nesbitt and Young (1982) 
and McLennan (1993), the calculated CIA values (CIA = 100 × Al2O3/ 
(Al2O3 + CaO* + Na2O + K2O) in molar quantities) of the Datangpo 
black shales and Mn carbonates mostly vary from 60 to 80. Among these 
sample series, CIA values are the highest for black shales, moderate for 
Mn shales, and the least for Mn carbonates (Fig. 8b), which may suggest 
enhanced weathering during the deposition of black shale (Wang et al., 
2020). A significant negative δ7Li excursion for the black shales from the 
Mn carbonate interval also suggests enhanced silicate weathering in-
tensity and nutrient flux during this period (Wei et al., 2020). By 
contrast, the greater enrichment of nutrient elements of Mn carbonates 
than black shales are not related to a weathering effect, but submarine 
hydrothermal fluids. 

Fig. 4. Stratigraphic profiles of element contents for nutrient related elements.  
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5.2. Redox conditions suggested by Mo content and isotopes 

5.2.1. Redox during black shale deposition 
Mo is present as a stable, unreactive molybdate anion (MoO4

2− ) in a 
water solution in the oxic conditions (Algeo and Lyons, 2006), and thus 
little enriched in the sediments deposited under this condition. In the 
presence of free H2S in the bottom water or sediment pore fluids, MoO4

2−

is efficiently converted to particle-active thiomolybdates [MoO xS4-x
2− (x 

= 0 to 3)] (Helz et al., 1996). A post-thiomolybdate step from Mo(VI) 
OS3

2− to Mo(IV)O(S4)S2− or Mo(IV)S(S4)S2− may occur in the euxinic 
sediments or the water column (Dahl et al., 2013). These thiomolybdates 
and Mo(IV)-polysulfides are prone to being absorbed by OM and metal 
sulfides (such as pyrites, Helz et al., 1996; Tribovillard et al., 2004) or 
undergoing equilibrium precipitation as Fe(II)-Mo(VI) sulfides (Helz 
et al., 2011). These processes thus remove Mo from seawater and result 
in Mo enrichment in euxinic black shales. 

As best shown by Fe speciation (Li et al., 2012; Ma et al., 2019; Wei 
et al., 2020), the euxinic conditions dominates the main deposition 
period of the Datangpo black shales (Fig. 9), and the persistence and 
intensity of euxina are more pronounced in deep-water facies than 
shallow water ones (Li et al., 2012). Black shales deposited under the 
euxinic conditions usually show notable Mo enrichment, which is also 
influenced by seawater Mo availability, including the Mo concentration 
in the global ocean and the restriction of local basins (Algeo and Lyons, 
2006). The Mo content of the black shales obtained in this study (6–43 
ppm) falls within the range defined by a large previous dataset, which is 
consistent with mainly euxinic conditions, but an overall small Mo 

reservoir during the Cryogenian interglacial period (Li et al., 2012; Ye 
et al., 2018; Ma et al., 2019; Wei et al., 2020). 

In euxinic conditions, Mo isotopic fractionation is closely related to 
aqueous H2S concentrations ([H2S]aq), and a positive correlation is 
observed between δ98Mo and [H2S]aq (Neubert et al., 2008; Poulson 
Brucker et al., 2009). The δ98Mo values obtained for black shales in this 
study (from 0.45‰ to 1.0‰) fall within the previously reported ranges 
(Cheng et al., 2018; Fig. 10). Although the Fe speciation proxy indicates 
a prevailing euxinic bottom water for Minle black shales, and Fepy/FeHR 
values fluctuating around 0.7 may be associated with transient redox 
variations, especially changes in [H2S]aq. Therefore, Cheng et al. (2018) 
attributed higher δ98Mo values (+1.06‰ ± 0.06‰) to be associated with 
stable and high seawater H2S content ([H2S]aq above 11 μM), and lower 
δ98Mo values (− 0.13‰ to 0.68‰) with weakly euxinic conditions. 
Similar to Cheng et al.’s (2018) data, a moderate linear correlation of 
δ98Mo values with MoEF is observed in the Datangpo section, suggesting 
that the basal Datangpo black shales were deposited under euxinic 
conditions with unstable seawater [H2S]aq (Fig. 10). 

5.2.2. Redox during Mn carbonate deposition 
Compared to the black shales, the depositional environment of Mn 

carbonates in the basal Datangpo Formation is not well constrained yet. 
This issue is mainly related to the inconsistences between several suits of 
redox-sensitive parameters: very low molar Corg/P ratios and Mo content 
of Mn carbonates suggest oxic and suboxic conditions, respectively (Yu 
et al., 2016; Ma et al., 2019), but Fe speciation data clearly suggest a 
ferruginous (non-euxinic) condition (Ma et al., 2019; Wei et al., 2020). 

Fig. 5. PAAS-normalized REE patterns of samples from Mn carbonate and black shale. For comparison, modern marine ferromanganese deposits are also plotted (Bau 
et al., 2014). 

Fig. 6. Discriminant plots of sediments with hydrothermal and hydrogenous origins. (a) Eu/Eu* versus Mn (Peter and Goodfellow, 1996). (b) Al/(Al + Fe + Mn) 
versus Fe/Ti shows percent composition from hydrothermal (Marchig et al., 1982; Boström, 1983). Xiaochayuan (ZK43-6) data at Xiushan are from Ma et al. (2019); 
Datangpo Section data are from this study; and Xixibao data are from Yu et al. (2016). 
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As mentioned above (Fig. 7), both P and Fe contents in Mn carbonates 
have been influenced by hydrothermal fluids to higher values than those 
in black shales. Therefore, Corg/P ratios and Fe speciation data of Mn 
carbonates might have been altered, due to the hydrothermal effect. 
Rarely affected by hydrothermal fluids, the Mo content in Mn carbonates 
could be mainly related to the local redox. Therefore, the Mo contents 
and Mo isotopes were mainly explored for their redox implications for 
Mn carbonates from the Datangpo Formation, as shown to be effective in 
two recent studies, one on Paleoproterozoic Morro da Mina Mn-ore 
deposits and another on modern Mn-enriched sapropel in the Baltic 
sea (Hardisty et al., 2016; Cabral et al., 2019). 

The Datangpo Mn carbonates share two major similarities with the 

Morro da Mina Mn-ore (queluzite ore) and the Baltic sapropel (Fig. 11a, 
b): (1) High OM enrichment; (2) The main Mn-containing mineral is Mn 
carbonate. Having evolved into the greenschist metamorphic stage, the 
queluzite samples are mainly composed of Mn carbonates with some Mn 
silicates (Cabral et al., 2019). The modern Baltic sapropels, though the 
minerals were not analyzed, show positive linear correlation between 
Mn and TIC contents, and thus have Mn carbonate as the major Mn 
containing mineral (Hardisty et al., 2016). However, two major differ-
ences exist. First, both the Morro da Mina Mn-ore and the Baltic sapropel 
samples are highly Mo enriched (mostly higher than 10 ppm and up to a 
few hundreds of ppm, Fig. 11c); by contrast, the Datangpo Mn carbon-
ates are evidently Mo depleted. Second, the three units show different 

Fig. 7. Relationship between Mn content with FeEF, CuEF, ZnEF, CoEF, NiEF, and PEF. Xiushan data are from Wu et al. (2016); Datangpo Section data are from this 
study; and Xixibao data are from Yu et al. (2016). 
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magnitudes of Mo isotopic fractionation (Fig. 11b). Relative to the 
contemporaneous euxinic black shales, the Datangpo Mn carbonates 
(with the two outliers excluded) were depleted in 98Mo by up to 1.03‰ 
(relative to the heaviest value +1.1‰ by Cheng et al. (2018)). The 
queluzite Mn-ore were depleted in 98Mo as large as 2.6‰ relative to 
their hosted graphitic schist (with the heaviest value +0.8‰). The 
modern Baltic sapropels were depleted in 98Mo even up to 3.0‰ relative 
to modern ocean water. Therefore, the Datangpo Mn carbonates are 
distinct from the other Mn-enriched units by Mo depletion and a rela-
tively small Mo isotopic fractionation. 

Though large Mo enrichment and isotopic fractionation exist for both 
The Morro da Mina Mn-ore samples and modern Baltic sapropels, 
different explanations have been suggested, which are related to not 
only the redox characteristics (euxinic, anoxic, or suboxic) but also the 
depositional models of Mn carbonate (direct or two-steps). In the 
modern marine environment, the lighter Mo isotopes could be delivered 
to sediments by: (1) the shuttling of Mn oxides (Scholz et al., 2013, 
2018) and (2) the incomplete conversion of molybdates to tetrathio-
molybdates (Tossell, 2005; Neubert et al., 2008) under weakly sulfidic 

Fig. 8. (a) Chemical weathering ternary diagram after Taylor and McLennan (1995) showing what could be interpreted as a chemical weathering trend. Numbers 
1–4 represent compositional trends of initial weathering profiles for different rocks: 1 granite, 2 monzogranite, 3 granodiorite, 4 tonalite. (b) Whisker plots showing 
CIA values distribution of shale, Mn shale, and Mn ore samples in different sections from Nanhua Basin. Xiushan data are from Ma et al. (2019); Daotuo data are from 
Zhang et al. (2015); Datangpo Section data are from this study; Xixibao data are from Yu et al. (2016). 

Fig. 9. Compiled data of iron speciation for the basal Datangpo shale in Nanhua Basin. The ratio of FeHR/FeT > 0.38 indicates anoxic conditions; FePy/FeHR > 0.7 
suggests euxinic conditions and FePy/FeHR < 0.7 suggests ferruginous conditions (Raiswell et al., 2018). 

Fig. 10. Relationships between δ98Mo and MoEF. Minle data are from Cheng 
et al., (2018); Datangpo data are from this study. 
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conditions. 
Model 1 Mn oxide shuttle and direct Mn carbonate precipitation in 

euxinic conditions. This case is best shown by the Paleoproterozoic 
Morro da Mina queluzite hosted by OM-enriched greenschist (Fig. 12a). 
The extremely large Mo isotopic fractionation (up to 2.6‰) was sug-
gested to be indicative of the signal of preexisting Mn oxides, and a 
strongly sulfidic bottom water can be inferred by common presence of 
molybdenite. Thus, a stratified water column was established during the 
deposition of queluzite. A large amount of dissolved Mn2+, brought to 
the slope facies from the deep water through upwelling, was first 
oxidized to Mn oxides within the surface water. When the Mn-oxide 
particles that have adsorbed abundant light Mo sunk into a lower 
euxinic water body, they were again dissolved into Mn2+, and released 

Mo (light isotopes) were largely captured by OM or pyrite under sulfidic 
conditions. The dissolved Mn2+ were precipitated as Mn carbonates and 
other silicate-associated Mn-bearing minerals upon optimal conditions 
during burial in carbonaceous sediment. The precipitation of Mn car-
bonate may be not necessarily through the diagenetic reduction of Mn 
oxides at water-sediment interface or within the uppermost part of the 
sediments, and therefore can be termed as a “direct precipitation”, as 
shown by what occurs in modern euxinic lakes (Wittkop et al., 2020). 

Model 2 includes Mn oxide shuttling and diagenetic Mn carbonate 
formation during episodic bottom water oxygenation (Fig. 12b). Strong 
Mn enrichment (up to 32%) has been found to be commonly associated 
with the periods of bottom water oxygenation (Häusler et al., 2018), 
caused by major Baltic inflows and medium-intensity inflow events 
(Huckriede and Meischner, 1996; Burchard et al., 2005). Therefore, a 
first formation of Mn oxides at the water-sediment interface and sub-
sequent diagenetic reduction into Mn carbonates within reducing sedi-
ments resulted in large Mn accumulation in the sediments. This model is 
emphasized by many studies for the Mn carbonates hosted by carbo-
naceous sediments, which were deposited in deep-water facies and well 
below the chemocline (Calvert and Pedersen, 1996; Huckriede and 
Meischner, 1996; Polgári et al., 2012). The light Mo isotope enrichment 
in the sediments could be explained by the capture of a large amount of 
light Mo absorbed by Mn oxides (Hardisty et al., 2016). After burial of 
Mn oxides into the sediments, they were reduced and dissolved, and the 
released light Mo was captured by abundant OM or pyrite in sulfidic 
pore water (Scholz et al., 2018). In addition, molybdate conversion to 
tetrathiomolybdate was incomplete under weakly euxinic conditions, 
which can also lead to greatly enriched light Mo (Hardisty et al., 2016). 
For example, large isotopic offsets of up to ~3‰ lower than seawater are 
observed in the Black Sea sediments deposited near the chemocline 
([H2S]aq < 11uM; Neubert et al., 2008). Therefore, these two factors 
could have contributed to the formation of Mn-enriched sapropels with 
Mo enrichment and negative Mo isotope values (Hardisty et al., 2016). 

The PAAS-normalized REE patterns of the Datangpo Mn carbonate 
show no marked fractionations between light REEs, heavy REEs, and 
consistently positive Ce, which are typical of modern marine ferro-
manganese oxide precipitates (Fig. 5; Bau et al., 2014; Xiao et al., 2017). 
Similar to Mn carbonate in the Baltic Sea, the Datangpo Mn deposits 
with 13C-depleted isotopes form in the deep basin floor. Therefore, Yu 
et al. (2016, 2017) inferred that the “episodic ventilation” model could 
be applied to explain the formation of Mn oxides in sediment-water 
interface. After co-burial with organic-rich sediments, Mn-oxides were 
reduced during organic matter oxidation, which led to the formation of 
secondary Mn‑carbonates (Fig. 12c). 

The low Mo concentration and moderately δ98Mo-depleted charac-
teristics in the Datangpo Mn carbonates were attributed to Mo release 
after Mn oxides reduction in non-euxinic sediments (Fig. 12c). The pore 
water could have been anoxic (not sulfidic) or suboxic, and the released 
Mo was not fixed within the sediments and thus diffused back into water 
column (Scholz et al., 2011; Kurzweil et al., 2016). It has been reported 
that even though the dissolved H2S in pore water is low, Mo burial fluxes 
to sediments are ~2–3 orders of magnitude higher than oxic bottom 
water (Scott et al., 2008; Poulson Brucker et al., 2009). If a weakly 
euxinic condition was kept in the pore water, then the Mo content in Mn 
carbonates may be not much lower than that in black shales. Besides 
oxidizing OM (CH2O + 2MnO2 + 2H+ = CO3

2− + 2Mn2+ + 2H2O), the 
Mn oxides also reacted with sulfides and dissolved H2S, e.g. H2S +
4MnO2 + 2H2O = SO4

2− + 4Mn2+ + 6OH− . This reaction would greatly 
consume the sulfides and dissolve H2S. Moreover, relatively low sulfate 
input into Nahua Basin during the interglacial period, inferred by ultra- 
heavy pyrite sulfur isotopes (Chen et al., 2008; Li et al., 2012), may be an 
important factor leading to the less H2S conditions. Since most Mo has 
diffused back into the water column, the light Mo isotopic signatures 
absorbed by Mn-oxides may not necessarily be captured by sediments. 
Therefore, most Mn carbonates are not extremely depleted in 98Mo like 
those in reported data (Hardisty et al., 2016; Cabral et al., 2019). 

Fig. 11. The cross plots of δ98Mo and TOC with Mn and Mo contents in Mn-rich 
sediments, including Paleoproterozoic Morro da Mina Mn-ore deposits, modern 
Baltic sapropel sediments, and the Datangpo Mn carbomate. The δ98Mo value of 
Modern seawater is 2.3‰ (Siebert et al., 2003). The maximum δ98Mo value of 
euxinic shale in the Datangpo Formation is 1.08‰ from Cheng et al. (2018). 
The maximum δ98Mo value of the graphite schist is 0.8‰ in the Morro da Mina 
Mn-ore deposit from Cabral et al. (2019). 
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5.3. OM accumulation mechanisms in the basal Datangpo Formation 

Common high TOC content within black shale is associated with 
increased nutrient fluxes to the ocean as a result of enhanced chemical 
weathering under a relatively warm climate and high atmospheric CO2 
level (Hoffman et al., 1998; Planavsky et al., 2010; Mills et al., 2011; Wei 
et al., 2020). In this scenario, high primary productivity and euxinic 
water body could have been triggered within a rift-type basin like the 
Nanhua Basin with restriction to the open sea depending on the sea level 

(Fig. 13a, Li et al., 2012; Cheng et al., 2018). In return, multiple OM 
would be preserved through the formation of high-molecular-weight 
OM (vulcanization) resulting from the incorporation of inorganic sul-
fur into low-molecular-weight lipids under a sulfidic environment 
(Sinninghe Damsté et al., 1989). Additionally, the Cyclostratigraphic 
study of one typical drill core for the whole Datangpo Formation has 
revealed a duration of 1.3 Myr for the deposition of the black shale 
member (Bao et al., 2018), based on which a linear sedimentation rate of 
~2.5 cm/kyr can be obtained. This sedimentation rate may be also good 

Fig. 12. Formation models for manganiferous sediments and the Mo cycle in the (a) Morro da Mina, (b) Baltic sediments, and (c) Datangpo Mn carbonates. (a) Direct 
precipitation model for Mn-rich carbonaceous sediments at Morro da Mina, modified from Cabral et al. (2019). (b) Diagenetic model for manganiferous sediments at 
the Baltic sea, modified from Huckriede and Meischner (1996), Hardisty et al. (2016), and Häusler et al. (2018). 

Fig. 13. Depositional model showing OM enrichment mechanisms in (a) black shale and (b) Mn carbonate intervals.  

Z. Tan et al.                                                                                                                                                                                                                                      



Palaeogeography, Palaeoclimatology, Palaeoecology 563 (2021) 110169

11

for the OM accumulation (Tyson, 2001). 
Episodic bottom water oxygenation and OM oxidation accompanied 

by the diagenetic reduction of Mn oxides within sediments (see Section 
5.2) are both unfavorable for OM preservation during the period of Mn 
carbonate deposition. Published data were compiled with the present 
results and are shown in Fig. 14. The TOC content of black shales (mostly 
with Mn <1%) varies greatly but shows no relationship with Mn content 
(Fig. 14a). With increasing Mn enrichment, the TOC content in the Mn 
shales (10% > Mn > 1%) progressively decreases (Fig. 14a). The average 
TOC content of black shales (Mn < 1%) is 3.31% (n = 86), notably 
higher than that of Mn shales (average 2.46%, n = 25) and Mn carbonate 
(average 2.45%, n = 58) (Fig. 14b). These results indicate a predomi-
nance of OM consumption or degradation within the Mn-rich interval. 

However, one should note that the formation of a large amount of Mn 
carbonate (Mn > 10%) has not caused the OM content to be significantly 
lower than the Mn shale sample (Fig. 14b). In contrast, the co-variation 
of Mn and TOC contents shown by the Mn carbonates in our study 
section (Fig. 3) calls for other factors to be responsible for this 
phenomenon. 

Both OM and Mn enrichment could be mainly attributed to the high 
primary productivity caused by submarine hydrothermal activity 
introducing abundant nutrients (Figs. 6, 7). In the modern hydrother-
mally active Fiji basin, higher intensity of biological activity, 1–3 orders 
of magnitude higher than the ordinary modern ocean, are associated 
with the area closer to the hydrothermal source (Halbach et al., 2001). 
The hydrothermal contribution could represent up to 25% of the global 
deep ocean organic carbon inventory (Maruyama et al., 1998). In the 
ancient ocean, hydrothermally released Fe during the Paleoproterozoic 
deglaciation could trigger a phytoplankton bloom, possibly including 
cyanobacteria (Kirschvink et al., 2000). Compiled data from multiple 
sections in the Nanhua Basin show that a slight positive correlation 
could be observed between TOC and Mn content (from 10% up to 30%, 
Fig. 14a), suggesting a predominance of OM input over depletion during 
this stage of Mn carbonate formation. Therefore, the statistical results 
support the covariation of TOC and Mn contents elucidated in the in-
dividual sections of this study (Fig. 3). In addition to enhanced primary 
productivity and OM input, the OM preservation also benefits from the 
enhanced microbe activity. For example, Mn2+ oxidation mediated by 
Mn-oxidizing microbes has been suggested to occur within the extra-
cellular polymeric substances (EPS) of the cyanobacteria organic 
network (Yu et al., 2019). These EPS are resistant to chemical or mi-
crobial degradation and thought to be an important contributor to OM 
preservation in ancient sediments (Pacton et al., 2007). In combination, 

both OM and Mn enrichment could be associated with enhanced mi-
crobes and bacteria activity, fueled by the hydrothermal fluids and their 
contained nutrients as shown by the Datangpo Mn carbonates (Fig. 13b). 

5.4. Implications for redox conditions during the Cryogenian interglacial 

The isotopic composition and abundance of seawater Mo provide 
information about the global ocean redox state. In the modern ocean, 
widespread oxygenation supports large seawater reservoirs of Mo, 
which enables strong sedimentary Mo accumulation in the anoxic 
organic-rich marine sediments that cover a small percentage of the 
ocean floor (Scott et al., 2008). Furthermore, the preferential adsorption 
of light Mo isotopes onto the Mn oxides beneath oxygenated waters 
results in heavy Mo isotopic composition in global seawater today 
(δ98Mo = 2.34 ± 0.10‰, Barling et al., 2001, Siebert et al., 2003). 
Therefore, high abundances and δ98Mo values are observed in widely 
oxic oceans, whereas low concentrations and light Mo occurred in a 
pervasively anoxic one (Scott et al., 2008; Dahl et al., 2010). In a strong 
euxinic basin, sediments have the potential to capture a seawater-like 
δ98Mo signature and constrain the oxygenation state of the global 
ocean due to a small isotopic offset between seawater and sediments 
δ98Mo (Δ98Mo ≤ 0.5 ± 0.3% Barling et al., 2001; Neubert et al., 2008). 
Here, the highest δ98Mo from each interval could be used as a minimum 
estimate of seawater δ98Mo (Dahl et al., 2010). 

Low Mo concentrations and δ98Mo values during interglaciation 
indicate a global ocean with extensive anoxic conditions occurring after 
the Sturtian glaciation (Fig. 15, Cheng et al., 2018; Scheller et al., 2018). 
These interglacial strata show similar low Mo concentrations, including 
the Datangpo Fm, the MacDonaldryggen Member, the Arean Fm, and the 
Twitya Fm (Li et al., 2012, Ye et al., 2018; Ma et al., 2019; Kunzmann 
et al., 2015; Sperling et al., 2016; Scheller et al., 2018 and this study), 
which imply that a low Mo reservoir is a characteristic feature of the 
global ocean during the Cryogenian. The Datangpo Fm contains the 
highest δ98Mo value of~1.1‰ (Cheng et al., 2018), while the contem-
poraneous Arean Fm displays a maximal δ98Mo value at ~1.5‰ 
(Scheller et al., 2018). Hence, the best estimates of Cryogenian ocean 
δ98Mo values vary between 1.1‰ and 1.5‰. According to an isotopic 
mass-balance model, euxinic conditions covering 0.1–1.0% of the sea-
floor would lead to oceanic δ98Mo of 1.1–1.5‰ and 3–6-fold lower Mo 
concentrations than the modern ocean (Dahl et al., 2011). Similar to the 
ocean state at ~750 Ma, this is a 2–20 fold greater extent of euxinic 
seafloor area than modern oceans (Dahl et al., 2011). Still, anoxic and 
ferruginous conditions were likely even more pervasive in the deep 

Fig. 14. (a) Cross plots of Mn versus TOC for samples from the different sections in Nanhua Basin. (b) Whisker plots showing TOC content in the Datangpo Formation 
from different Mn contents. Xiushan data are from Wu et al., 2016 and Ma et al., 2019, Daotuo data are from Zhang et al., 2015 and Ye et al., 2018, Datangpo data are 
from this study, Minle data are from Li et al., 2012, and Xixibao data are fm Yu et al., 2016. 
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ocean (Canfield et al., 2008; Li et al., 2012). 
An interval of low δ98Mo and little Mo reservoir between ~750 Ma 

and ~635 Ma (Fig. 15) points to a persistently anoxic pre-Ediacaran 
ocean. Based on high enrichments of Mo and U for Member II of the 
Doushantuo Formation, however, Sahoo et al. (2012) argued oxygen 
buildup beginning only at the early Ediacaran. Furthermore, Kendall 
et al. (2015) reported high δ98Mo and δ238U values for Member IV 
(~560 Ma) of the Doushantuo Formation, showing a widely oxidized 
ocean. A recent model provided by Reinhard et al. (2016b) showed that 
dissolved oxygen concentrations in the ocean are largely constrained by 
marine productivity under low atmospheric oxygen levels (< 2.5% PAL). 
This inference may be supported by evidence of the compilation and 
biogeochemical modeling of global P data (Reinhard et al., 2016a). More 
specifically, high dissolved P concentrations enhanced oceanic produc-
tivity and organic carbon burial, finally promoting more oxidizing 
conditions in the Ediacaran oceans. Therefore, we infer that Neo-
proterozoic ocean oxygenation was postponed to the Ediacaran, rather 
than the Cryogenian. 

6. Conclusions 

Geochemical and Mo isotopic compositions have been analyzed and 
compared for the Mn carbonates and black shales from a new section of 
the OM-rich basal Datangpo Formation in the Nanhua Basin. The redox 
conditions and controlling factors on OM accumulation in the basal 
formation were explored after compiling the data, and three main 
conclusions obtained are:  

(1) Different from typical ancient and modern Mn ore analogs, the 
Datangpo Mn carbonates are characterized by very low Mo con-
tent and slightly light Mo isotopic composition, suggesting 
different scenarios for the Mo behaviors during the Mn ore for-
mation. Constrained by the diagenetic reduction of Mn oxides 
that formed during episodic deep-water ventilations, the Data-
ngpo Mn carbonate developed in suboxic or anoxic (non-sulfide) 
pore waters inferred from the Mo content and isotopes. During 
the reduction (dissolution) of Mn oxides, Mo once absorbed onto 
Mn oxides were released and then diffused back to the water 
column again, resulting in low Mo content in the Mn carbonates. 
This significant desorption and subsequent diffusion process may 
also cause very few opportunities for the capture of large amounts 
of the light Mo isotope that had been preferentially adsorbed by 
Mn oxides.  

(2) The Mn carbonate formation is usually accompanied by the re- 
mineralization of sedimentary OM, which would lower the OM 
content. However, a close relationship between OM enrichment 
and Mn ore formation can be indicated by the co-varied Mn, TOC, 
and TIC contents in the Mn carbonates of this study, as well as the 
slightly increased TOC content with Mn content higher than 10% 
from a large compiling dataset. This result was mainly attributed 
to the higher nutrient input associated with hydrothermal activ-
ity and enhanced primary productivity during the Mn deposition 
period.  

(3) The combination of low Mo concentration and δ98Mo values in 
euxinic shales suggests that widespread anoxia prevailed during 
the Cryogenian interglaciation. In contrast, a compilation of Mo 
isotope data suggests that Neoproterozoic oceanic oxygenation 
likely first developed in the Ediacaran rather than the 
Cryogenian. 

Declaration of Competing Interest 

None. 

Acknowledgements 

This study was financially supported by the National Key Research 
and Development Program of China (2017YFC0603101), National Oil 
and Gas Major Project (2017ZX05008-002-010), the “135” Project of 
GIG-CAS (135TP201602), and State Key Laboratory of Organic 
Geochemistry (SKLOG2016-A01). We thank Dr. Xi Chen for the helpful 
discussions and constructive suggestions. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.palaeo.2020.110169. 

References 

Algeo, T.J., Liu, J.S., 2020. A re-assessment of elemental proxies for paleoredox analysis. 
Chem. Geol. 540. 

Algeo, T.J., Lyons, T.W., 2006. Mo-total organic carbon covariation in modern anoxic 
marine environments: implications for analysis of paleoredox and 
paleohydrographic conditions. Paleoceanography 21. PA1016 23 pp.  

Archer, C., Vance, D., 2008. The isotopic signature of the global riverine molybdenum 
flux and anoxia in the ancient oceans. Nat. Geosci. 1, 597–600. 

Bao, X., Zhang, S., Jiang, G., Wu, H., Li, H., Wang, X., et al., 2018. Cyclostratigraphic 
constraints on the duration of the Datangpo Formation and the onset age of the 
Nantuo (Marinoan) glaciation in South China. Earth Planet. Sci. Lett. 483, 52–63. 

Barling, J., Arnold, G.L., Anbar, A.D., 2001. Natural mass-dependent variations in the 
isotopic composition of molybdenum. Earth Planet Sci. Lett. 193, 447–457. 

Batumike, M.J., Cailteux, J.L.H., Kampunzu, A.B., 2007. Lithostratigraphy, basin 
development, base metal deposits, and regional correlations of the Neoproterozoic 
Nguba and Kundelungu rock successions, central African Copperbelt. Gondwana Res. 
11, 432–447. 

Fig. 15. Mo concentrations and Mo isotopes of sedimentary rocks deposited 
during 750–510 Ma. Mo concentration data sources: Jiang et al. (2006), Leh-
mann et al. (2007), Wille et al. (2008), Zhou and Jiang (2009), Yu et al. (2009), 
Li et al. (2010), Dahl et al. (2010), Wen et al. (2011), Sahoo et al. (2012, 2016), 
Xu et al. (2013), Chen et al. (2015), Kendall et al. (2006, 2015), Dahl et al. 
(2010, 2011), Cheng et al. (2018), Scheller et al. (2018), Ostrander et al. (2019) 
and this study (red squares); δ98Mo data sources: Kendall et al. (2006, 2015), 
Lehmann et al. (2007), Wille et al. (2008), Dahl et al. (2010, 2011), Wen et al. 
(2011), Xu et al. (2013), Chen et al. (2015), Cheng et al. (2018), Scheller et al. 
(2018), Ostrander et al. (2019), and this study (red squares). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Z. Tan et al.                                                                                                                                                                                                                                      

https://doi.org/10.1016/j.palaeo.2020.110169
https://doi.org/10.1016/j.palaeo.2020.110169
http://refhub.elsevier.com/S0031-0182(20)30617-9/rf0005
http://refhub.elsevier.com/S0031-0182(20)30617-9/rf0005
http://refhub.elsevier.com/S0031-0182(20)30617-9/rf0010
http://refhub.elsevier.com/S0031-0182(20)30617-9/rf0010
http://refhub.elsevier.com/S0031-0182(20)30617-9/rf0010
http://refhub.elsevier.com/S0031-0182(20)30617-9/rf0015
http://refhub.elsevier.com/S0031-0182(20)30617-9/rf0015
http://refhub.elsevier.com/S0031-0182(20)30617-9/rf0020
http://refhub.elsevier.com/S0031-0182(20)30617-9/rf0020
http://refhub.elsevier.com/S0031-0182(20)30617-9/rf0020
http://refhub.elsevier.com/S0031-0182(20)30617-9/rf3015
http://refhub.elsevier.com/S0031-0182(20)30617-9/rf3015
http://refhub.elsevier.com/S0031-0182(20)30617-9/rf0025
http://refhub.elsevier.com/S0031-0182(20)30617-9/rf0025
http://refhub.elsevier.com/S0031-0182(20)30617-9/rf0025
http://refhub.elsevier.com/S0031-0182(20)30617-9/rf0025


Palaeogeography, Palaeoclimatology, Palaeoecology 563 (2021) 110169

13

Bau, M., Schmidt, K., Koschinsky, A., Hein, J., Kuhn, T., Usui, A., 2014. Discriminating 
between different genetic types of marine ferro-manganese crusts and nodules based 
on rare earth elements and yttrium. Chem. Geol. 381, 1–9. 

Boström, K., 1983. Genesis of ferromanganese deposits—diagnostic criteria for recent 
and old deposits. In: Rona, P.A. (Ed.), Hydrothermal Processes at Seafloor Spreading 
Centers. Springer, Berlin, pp. 473–489. 

Burchard, H., Lass, H.U., Mohrholz, V., Umlauf, L., Sellschopp, J., Fiekas, V., Bolding, K., 
Arneborg, L., 2005. Dynamics of medium-intensity dense water plumes in the 
Arkona Basin, western Baltic Sea. Ocean Dyn. 55, 391–402. 

Cabral, A.R., Zeh, A., Vianna, N.C., Ackerman, L., Pašava, J., Bernd Lehmann, B., 
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Siebert, C., Nägler, T.F., von Blankenburg, F., Kramers, J.D., 2003. Molybdenum isotope 
records as a proxy for paleoceanography. Earth Planet. Sci. Lett. 211, 159–171. 
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