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Subtle Cr isotope signals track

the variably anoxic Cryogenian
interglacial period with voluminous
manganese accumulation and
decrease in biodiversity

Lingang Xu'*, Anja B. Frank(®?2, Bernd Lehmann?3, Jianming Zhu?, Jingwen Mao?, Yongze Ju* &
Robert Frei(®?

Earth’s atmosphere experienced a step of profound oxygenation during the Neoproterozoic era,
accompanied by diversification of animals. However, during the Cryogenian period (720-635 million
years ago) Earth experienced its most severe glaciations which likely impacted marine ecosystems

and multicellular life in the oceans. In particular, large volumes of Mn and Fe accumulated during the
interglacial intervals of the Cryogenian glaciations, indicating large anoxic marine metal reservoirs.
Here we present chromium isotope-, rare earth element-, and redox-sensitive trace element data of
sedimentary rocks from the interglacial Datangpo Formation deposited between the Sturtian and
Marinoan glaciations in South China, in an attempt to investigate the oxidation state of the oceans and
atmosphere. Both the Crisotope and trace element data indicate mainly anoxic water conditions with
cryptic oxic surface water incursions after the Sturtian glaciation. Glacial-fed manganese precipitated
as manganese carbonate in anoxic basins, and the non-fractionated §°*Cr record of —0.10 % 0.06%o
identifies anoxic conditions with a cryptic component of slightly fractionated Cr isotope composition

in manganese ore, in line with distinctly fractionated Mo isotope composition. Both the manganese
carbonate ore and the black shales exhibit very low redox-sensitive element concentrations. Our study
demonstrates that the oxygenation of the seawater, and inferably of the atmosphere, at the beginning
of the Cryogenian interglacial interval was much subdued. The post-glacial rebound then allowed the
Ediacaran biological diversity.

Oxygen concentrations in the atmosphere and in the surface ocean waters have played a significant role in
controlling the evolution of life on Earth. For example, the emergence of eukaryotes and complex multicellu-
lar organisms is consistent with two oxygenation events that occurred ~2.4 billion years ago and during the
later Neoproterozoic era, respectively'. The Cryogenian period was a time of turbulent environmental change,
dominated by two significantly large and widespread glaciation events - the Sturtian- and Marinoan glaciations.
Biodiversity between the two glaciations was comparatively depressed, with only a few microfossil assemblages
documented (ref.?, Fig. 1). Although there was an overall increasing oxygen concentration in the atmosphere and
oceans during the Neoproterozoic era that was in path with the evolution of macroscopic multicellular life?~*, the
oxidation seems not to have taken place in a unidirectional and stepwise increasing manner>®. The sedimentary
sequences formed during the Sturtian-Marinoan interglacial interval either document drawdown of biodiver-
sity?” or the rise of algae®, exhibiting instabilities in the level of biodiversity, which potentially links to fluctuations
in atmosphere and ocean oxygenation.
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Figure 1. Compilation of sedimentary 6**Cr and redox sensitive element data in the context of biological
evolution across the 750-540 Ma interval. (A) Chromium isotope data of shales, iron formations, manganese
formations, and carbonates. The horizontal gray field denotes the 6>*Cr values of igneous silicate Earth (ref.?’).
(B) Temporal trends in Mo enrichments (circles) and Mo/TOC (crosses) in black shales. (C) Temporal trends
in V enrichments (circles) and V/TOC (crosses) in black shale. (D) Diversified appearance of microfossils in
pre-Cryogenian marine sediments, followed by decrease of biological diversification during the Cryogenian
period, which is then characterized by the “Ediacaran biological diversity” (ref.*s). The Cryogenian interglacial
period of the Datangpo Formation in South China records macroalgae and Churia-like fossils at the base (red
solid dots), followed by rare fossils at the upper part (ref.?”). Data compilation, stratigraphic and chronological
details are provided in the Supplementary Information. The §°*Cr data indicate that the ocean experienced low
oxygenation in the aftermath of the Sturtian glaciation and followed by anoxic conditions till the Ediacaran, in
line with evidence from Mo and V records, which document slight enrichment only at the base of the Datangpo
Formation, followed by consistently low abundances of Mo and V, and their ratios with TOC.

Manganese (Mn) and iron (Fe) are geochemically similar elements; their accumulation in the oceans shows
a strong relationship with the redox state of the waters, and ultimately with the level of oxygen in Earth’s atmos-
phere”!. The Neoproterozoic is an era during which Mn deposition has peaked, e.g., co-deposition of Mn-oxides
with BIF interbeds, such as in Namibia and Brazil, and pure Mn-carbonate (rhodochrosite; MnCO;) accumu-
lations in India and South China'!. In the Nanhua basin, South China, giant Mn deposits are associated with
interglacial sediments deposited after the Sturtian glaciation. Although a hydrothermal origin of Mn has been
a popular scenario to explain the formation of these manganese deposits'>!3, continental sources and anoxic
marine redox conditions (refs '*'*) may provide an alternative explanation for their formation.

Chromium (Cr) isotopes have been promoted as a novel proxy for characterizing paleoenvironmental changes
in ancient oceans, offering a link to past changes in atmospheric and marine oxygenation levels, due to the highly
sensitive response of Cr in the surface environment during oxidative weathering processes. Chromium has two
stable oxidation states in nature — the soluble Cr(VI) anions (CrO,>~, or HCrO, ) and the insoluble Cr(III) com-
pounds. Most Cr in Earth’s crust is in rock-forming minerals in its reduced and insoluble state Cr(III). Under
oxidative weathering surface conditions, the insoluble Cr(III) can be oxidized to Cr(VI). The oxidative weath-
ering process results in the preferential release of isotopically heavier Cr and its mobilization into solution as
Cr(VI) compounds, which then are readily delivered to the ocean via riverine transport. In oxic seawater, Cr has
a residence time of 3,000 to 40,000 years'®~'8. Changes in the marine oxidation state can lead to significant isotope
fractionation as Cr(VI) reduction preferentially affects lighter Cr isotopes, leading to enrichment of isotopically
heavy Cr in the remaining unreacted Cr(VI) pool"-".

The stripping of isotopically heavy Cr from seawater into sediments, for example by OM reductive capturing,
can potentially lead to distinctively fractionated 6>*Cr values in the authigenic fraction of reduced marine sed-
iments (i.e., black shale), compared to the igneous silicate Earth pool®. A positively fractionated authigenic Cr
fraction therefore potentially indicates the existence of isotopically heavy surface water, and indirectly, the exist-
ence of an oxidized atmosphere that enabled the mobilization of isotopically heavy Cr form the landmasses. The
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Figure 2. Geochemical signals for rhodochrosite and black shale samples from the Datangpo Formation,
Nanhua Basin. The gray vertical bar represents the crustal average value (ref.*”). The light orange horizontal bars
denote rhodochrosite layers.

absence of such positively fractionated signals in reduced sediments, in contrast, would support the prevalence of
rather low oxygenated atmospheric conditions*%.

Here we report chromium isotope data of the Datangpo Formation in the Nanhua Basin, South China, com-
prising an interglacial marine sedimentary succession deposited between the Sturtian and Marinoan glaciations.
In combination with REE and other redox-sensitive element data, we attempt to characterize the ocean redox
conditions in the Nanhua Basin, in which a large volume of manganese accumulated at the beginning of the
Cryogenian interglacial period. Our data on a total of 38 bulk rock samples plus 12 leachates provide a more
direct assessment of the oxygenation of the basin waters in the transition between the Sturtian and Marinoan
glaciations, and provide potential links to the decrease of biodiversity and to the deposition of giant manganese
mineralization during this time interval.

Geological Setting and Samples

The Datangpo Formation in the Nanhua Basin comprises integrated interglacial marine platform-margin depos-
its between the Sturtian and Marinoan glaciation (Supplementary Information). It is characterized by macroalgae
and Churia-like microfossils in the lower part but by rare fossil occurrences in the upper part of the formation?.
Samples studied herein of the Datangpo Formation are from a drill core in the Songtao area, 400 km northeast of
Guiyang city, the capital of Guizhou province, China. Zircons of tuff layers in the lower and upper horizons of the
Datangpo Formation yielded U-Pb ages of 663 -4 Ma and 655 + 4 Ma**¥, implying a sedimentation period that
lasted a maximum of 16 Ma. The Datangpo Formation is underlain by the Tiesi'ao Formation and overlain by the
Nantuo Formation, two diamictite formations that correspond to the global Sturtian and Marinoan glaciations,
respectively (Supplementary Information). The interglacial Datangpo Formation contains two lithological mem-
bers - Mb.1 consisting of 40-m-thick black shales, and Mb.2 consisting of 190-m-thick silty shales that overlie
the Mb.1 (Fig. 2 and Supplementary Information). The basal part of the Mb.1 is the host of giant manganese ore
deposits. The Mn ore is dominated by stratiform manganese carbonate (mainly rhodochrosite, MnCOj) layers of
variable thickness (0.5-4m), and is interbedded with laminated carbonaceous shales. Rhodochrosite occurs in
oolitic texture and cemented by manganocalcite (Supplementary Fig. 3).
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Figure 3. (A) Correlation between bulk and leachate §>*Cr data for rhodochrosite samples with a positive shift
by a mean of 0.11%o for the leachates, indicating that the leaching method is efficient to enhance the authigenic
Cr isotope fractionation signature. (B) Cr/Ti ratios and §>*Cr values with internal reproducibility (20). The Cr/
Ti ratios have a positive correlation with the bulk §**Cr values (R*=0.50). The gray fields denote the crustal
average values. §°*Cr data of rhodochrosite samples are displayed for bulk rock (black circles) and leachates (red
solid dots). The black solid dots represent the unmineralized black shales.

Cr Isotope Data and Ocean Redox Reconstruction

The bulk chromium isotope signature of a sediment sample results as the weighed sum of contributions from
authigenic and detrital components. In shale samples particularly, authigenic Cr isotope signatures are often
obscured by signals from detrital materials. As our interest lies in the characterization of authigenic compo-
nents, and in order to minimize contributions to the Cr signatures stemming from detrital components, we also
conducted some leachate analyses, designed to preferentially attack the Mn-carbonate fraction of rhodochrosite
ore samples. The black shale samples have a 5**Cr isotope mean of —0.10 4 0.06%o (n = 14), identical with silty
shale of —0.104+0.02%o (n=7), and within the range of unfractionated silicate bulk Earth of —0.12 0.10%o
(Fig. 2). The Cr isotope data on rhodochrosite ore gave a 6°*Cr isotope mean value of 0.01 £ 0.10%o (n=12),
which is slightly heavier than the black shales. The leachate fractions on the same rhodochrosite samples gave
0.11+0.10%o and the data show a proportional relationship between the bulk and the leachate 6>*Cr signatures,
with systematically positively fractionated values in leachates by a mean factor of about 0.1%o (Fig. 3) compared
to bulk samples.

Our Cr isotope data suggest overall anoxic marine conditions for the time of deposition of the manganese
ore. There is, however, a cryptic signal of Cr isotope fractionation in the samples, because there is a systematic
positive shift in Cr isotope composition from black shales to rhodochrosite ore of about 0.1%, plus a positive shift
of the same order of magnitude from the bulk rhodochrosite ore to the leachate fractions. However, these subtle
differences in 6**Cr data allow no clear identification of oxic conditions and limit the redox conditions to close
to the aqueous Cr**/Cr®* equilibrium which is close to the Mn*"/Mn?" boundary?®’. The 6>*Cr values identify
an oxidation state of atmosphere and ocean much lower than for Phanerozoic and modern black shales (ref.?!).
However, the interpretation of a cryptic weakly oxic signal is probably right, given the available Mo isotope data
on the Datangpo Formation, which gave a mean 6°*Mo value of +1.06 £ 0.06%o (SD) for the Mn-bearing black
shales compared to the overlying black shales with average §*Mo value of +0.65 £ 0.31%o (ref.*?). These data can
be interpreted as indicating mildly oxic seawater which delivered Mo to a euxinic environment during manga-
nese ore formation, followed by a larger anoxic seawater reservoir which deposited less fractionated Mo in the
overlying black shales.

We also observe a weakly defined positive correlation between the §°*Cr values and Cr/Ti ratios in the man-
ganese ore samples (R?=0.50, Fig. 3). This relationship is consistent with mixing of authigenic Cr of positively
fractionated Cr signature and a detrital component with the composition of the igneous Earth inventory. Elevated
Cr/Ti ratios in black shales have been interpreted to derive from co-precipitation and scavenging of particle
reactive Cr(III) phases and/or sorption and sequestration of dissolved Cr(VI) onto OM and subsequent shuttling
into the sediment'”. The unmineralized black shale samples studied herein are characterized by even lower Cr/
Ti ratios than the present-day upper continental crust?, indicating a very limited or no authigenic Cr proportion
in these samples, while the Mn ore samples show a weak but distinct authigenic Cr component. In addition, we
observe a negative correlation between Cr and Eu/Eu* (R*= —0.50), which also suggests binary mixing between
components from authigenic manganese carbonates and black shales (Supplementary Fig. 4).

The unfractionated Cr isotope signatures of black shale samples from interlayers and from above the rho-
dochrosite layers could a priori be interpreted by an overwhelming co-sedimentation of isotopically unfraction-
ated Cr(III) associated with detrital components. Low concentrations of redox sensitive elements (e.g., Mo and
V) and their low ratios with TOC of marine black shales have been observed throughout Earth history before the
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Ediacaran, and interpreted as the result of low oxygen concentration in ocean and atmosphere®**. The generally
low concentrations of redox sensitive elements of sediments of the Datangpo Formation indicate the prevalence
of anoxic conditions, also during the sedimentation of black shales studied herein (Supplementary Fig. 5). The
systematically low TOC/S ratios provide independent evidence for such anoxic conditions during the precipita-
tion of the Datangpo black shales (Fig. 2). The global sulfur cycle is intimately linked with marine redox condi-
tions, with low total sulfur content in marine oxic sediments in which oxidative biodegradation of organic matter
is likely to happen®. Therefore, the relatively higher TOC/S ratios recorded in the manganese ore of the Datangpo
Formation may point to a weakly increase of oxygen concentration in the water column during Mn mineraliza-
tion, although we cannot rule out lithological and diagenetic effects imposed on the manganese ore samples to
have caused this. Nevertheless, the basal black shales show slightly elevated but still low Mo and V compositions
and ratios with TOC compared to Ediacaran black shale (Fig. 1B,C), indicating only weakly oxic conditions at
the beginning of the interglacial interval. The black shale - manganese ore interlayers could be interpreted as an
expression of weakly oxidative pulses and compositional changes in the water column after the Sturtian glacia-
tion. Mn ore was deposited during periods of seafloor oxygen incursions, which enabled the precipitation of man-
ganese carbonates. The massive black shale depositional interval overlying this perturbed sequence then shows
the return to more stagnant and pervasive anoxic water column chemistry lasting until the onset of the Ediacaran.

Manganese Formation

The compiled geochemical data of the manganese ore and associated black shales show a strong negative cor-
relation of MnO content with Al,O; and SiO, (Supplementary Fig. 6A,B). Aluminum in marine sediments is
overwhelmingly derived from continental weathering of silicates and of detrital nature. A negative correlation
between MnO and Al,O; (and likewise with SiO,) contents is therefore evidence that manganese in the sediments
and the Mn-ores are not associated with continental detrital components. The manganese ore samples are mix-
tures of detrital and biogenic/authigenic components. Consequently, also rare earth element signatures of manga-
nese ores do reflect these mixtures. Our compiled data show positive correlations between MnO and Eu/Eu*, and
between MnO and Ce/Ce* (Supplementary Fig. 6C,D). Positive Eu anomalies have been regarded as one of the
characteristic features of modern and ancient chemical sediments of submarine hydrothermal exhalative origin®.
For example, the presence of high-temperature hydrothermal vent fluids in the depositional environment of most
Archean and Proterozoic BIFs is indicated by positive Eu anomalies in their REE patterns®. The rhodochrosite
samples studied herein from the Nanhua Basin show positive Eu/Eu* anomalies between 1.11-1.52, with one
exception of a sample exhibiting a Eu/Eu value of 0.94. Such positive Eu/Eu* values could be interpreted to show a
subaqueous hydrothermal imprint on the respective water column from which these carbonates precipitated!>!°.
However, there is no evidence for the former presence of vent outlets and associated alteration features in the sed-
iments, or hydrothermal minerals in the sedimentary record. An alternative explanation for the positive Eu/Eu*
anomalies characterizing these carbonates is mixing of glacial-fed continental water with seawater. Such a process
is commonly characterized by enrichment of middle REE and positive Eu/Eu* anomalies in the precipitates, as
observed for modern glacial-fed rivers®. Although the authigenic signature of manganese carbonates studied
herein is largely obscured by detrital components, we still observe weak positive enrichments of middle REE
(Supplementary Fig. 7) in the respective patterns. We see these features as supporting a glacial-fed river water -
seawater mixing model to explain the formation of the Mn-rich carbonates during the aftermath of the Sturtian
glaciation. Glacial-fed river water input to the ocean may have been pervasive globally in response to an increase
in global temperatures during the interglacial interval.

Independent evidence comes from Ce anomalies. Ce exists in either a trivalent or a tetravalent form, and in
oxygenated water soluble Ce** tends to be adsorbed to Fe and/or Mn (oxyhydr)oxide particles on which oxida-
tion to the highly insoluble Ce** is catalyzed, eventually resulting in positive Ce anomalies in sediments, leav-
ing an overlying water column characterized by negative Ce anomalies®. Positive Ce anomalies are found in
modern hydrogenetic Fe-Mn crusts that precipitated under oxidized seawater conditions*’. Archaean and Early
Proterozoic marine sediments systematically lack negative Ce anomalies, implying that the ambient seawater was
not sufficiently oxidizing to form Ce** (ref.*). Therefore, the positive Ce anomalies in the rhodochrosite samples
(values between 1.09-1.35) are indicative of an oxidized upper water column during Mn deposition, a scenario
which is in line with our model. We note that most black shale samples studied herein exhibit slight negative Ce
anomalies (Supplementary Fig. 6D), also suggesting oxidative pulses at the beginning of the aftermath of the
Sturtian glaciation.

Implications for Co-Evolution of Ocean Anoxia, Bioproductivity, and Mn Precipitation
Macroalgae and abundant Churia-like fossils have been described from within the manganese ore layers in the
lower part of the Datangpo Formation in the Nanhua Basin®. The appearance of these fossils is in line with the
oxidative surface seawater conditions during the formation of manganese ore revealed by our Cr isotope and trace
element geochemical data, and previous Mo isotope data (ref.??). The black shales lack such fossils?’, in accord-
ance with pervasive anoxia in the depositional environment which prevented the thriving of oxygen respiring
organisms. The decrease of biodiversity and ocean productivity during the Cryogenian interglacial period is not
unique to South China records, but other world-wide sedimentary sequences covering this interval have revealed
similar results”*2. This suggests that the chemical and biological evolution during the Cryogenian interglacial
period were probably intrinsically linked on a global scale.

The manganese ore in the Nanhua Basin contains pyrite concretions with anomalously positive S isotope
composition (up to 65%o, ref.!), suggesting a restricted marine basin situation. Manganese carbonate was either
precipitated near the water-sediment interface under dysoxic conditions (ref.**) or during early diagenetic
carbonation'?. On the basis of our data, we consider a seawater redox-control model for the formation of the
giant manganese ore deposits in the Nanhua Basin. At the beginning of the aftermath of the Sturtian glaciation,
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greenhouse conditions may have been pervasive globally, and potentially led to enhanced glacial-fed river water
input into the oceans, ultimately allowing for significant accumulation and concentration of Mn** in seawater.
The periodically weakly oxic conditions in the aftermath of the Sturtian glaciation allowed near-surface organic
matter production and decay under anoxic conditions with CO, from methanogenesis, which precipitated Mn?*
on the seafloor or below as manganese carbonate. Light carbon isotope composition (§'*C down to —10%o, ref.’®)
of the manganese carbonate ores suggests a carbon source from oxidation of organic material by methanogenesis
processes. Although Mn?" is soluble*, precipitation of manganese carbonate is still possible as reported in many
ancient analogues®'!. In cases where sediment pore waters are Ca-rich, mixed Ca-Mn carbonates commonly
form, as observed in the Keogas, Molango, Urucum, and Hotazel manganese deposits*. The oolitic texture of rho-
dochrosite suggests that precipitation of manganese carbonate occurred in shallow seawater, within the wave base
and a shoaling water column. Diagenetic processes unlikely affected the Cr isotope system in the sediments, as
Cr was likely present in form of reduced, stable Cr(III) complexes. The Cr isotope signatures in the rhodochrosite
samples therefore still reflect the original water redox conditions.

In summary, the sediments of the Datangpo Formation in the Nanhua Basin record a stratified basin with a
large anoxic bottom zone and an oxic near-surface reservoir, with turn-around events when pervasive weakly
oxic episodes allowed manganese carbonate precipitation at the seafloor. The low amounts of redox-sensitive
elements in both the manganese ore and the black shales suggest a low level of atmospheric oxygenation, but
with periods of weak oxic conditions during the formation of manganese ore. Recent work on South China and
elsewhere (ref.*®) suggests fluctuating oxygenation states both on land and in the oceans after major glaciations.
Our data build upon emerging evidence for the coupled links between bio-productivity levels, deposition of Mn
and Fe-rich chemical sediments, and the oxygenation of Earth’s atmosphere during the Cryogenian interglacial
period.

Methods
Crisotope analysis. In this study we used drill core samples, which were powdered using an agate disk mill
to minimize metal contamination from the milling process. For black shale bulk digests approximately 10 mg of
sample was required, while the bulk rhodochrosite digests required 20 mg to 50 mg of sample (amounts adjusted
to yield 1 g Cr in the final separate). The powdered samples where weighed into ceramic crucibles and placed in
the oven at 750 °C for 5h to disintegrate the organic component of the samples. Subsequently the samples were
transferred into pre-cleaned Teflon beakers and attacked by a concentrated HF-aqua regia mix on a hotplate at
125°C overnight. In addition, leachates were performed for the rhodochrosite samples to minimize the effect of
detrital dilution. For the leaches, between 200 mg and 300 mg of the powdered sample was reacted with 0.5N HCI
for ~2h on a shaker table (amounts adjusted to yield 0.5 pg Cr in the final aliquot). Subsequently, the samples
consisting of the centrifuged liquid phase were pipetted into pre-cleaned Teflon beaker and dried down on a hot
plate at 130 °C. Finally, the dried down residues were re-dissolved in 6 N HC], aliquoted and dried down again.

A °Cr-**Cr double spike was added to the bulk and leachate samples in a sample to spike ratio of 4:1. The bulk
samples were spiked after the oven and before the addition of the HF-aqua regia mix, while the leachates where
spiked after aliquoting. To ensure spike-sample homogenization, the sample-spike mixtures were re-dissolved in
aqua regia and dried down again. For bulk samples, chromium was separated in two chromatographic column
steps, consisting of an anion and a cation column separation. The leachates on the other hand required the addi-
tion of another chromatographic column step, designed to remove iron before the anion and cation separations
For this procedure, samples were re-dissolved in 1 ml 6 M HCI and passed over an anion exchange columns
(BioRad) loaded with pre-cleaned Dowex AG 1 x 8 anion resin (100-200 mesh, pre-conditioned with 6 M HCI).
Another 5ml of 6 N HCI were added and the 6 N HCl eluates were collected and dried down on a hot plate at
130°C. For the anion chromatographic column step, the samples were re-dissolved in 20ml 0.1 N HCI, which
were doped with 0.5 ml freshly mixed 1 M ammonium persulfate ((NH,),S,0s) solution as an oxidizing agent. To
ensure full oxidation of Cr(III) to Cr(IV), the sample solutions were placed on a hot plate at 130°C for 1 h. The
cooled samples were then passed over anion exchange columns (BioRad) loaded with pre-cleaned Dowex AG
1 x 8 anion resin (100-200 mesh, pre-conditioned with 0.1 M HCI). To wash-out the matrix, first 10 ml of 0.2 N
HCI, then 2ml of 2N HCI and finally 5 ml of pure H,O were passed over the columns before Cr was collected
through reduction with 6 ml 2N HNO; doped with a few drops of 5% H,0,. The collected Cr bearing eluates were
then dried down at 130 °C overnight. For the cation chromatographic column step the Cr-bearing samples pro-
duced during the anion exchange chromatographic procedure were re-dissolved in 2.4 ml 0.5 M HCI. This solu-
tion was passed over cation columns loaded with 2 ml of pre-cleaned Dowex AG50W-X8 cation resin (200-400
mesh, pre-conditioned with 0.5M HCI). Cr was released with 8 ml of 0.5 M HCl and Cr bearing solutions were
dried down on a hot plate at 130 °C, before they could be loaded for Cr isotopic analysis on the thermal ionization
mass spectrometer.

The Cr isotope measurements were carried out at the University of Copenhagen on a IsotopX/GV IsoProbe
T or Phoenix thermal ionization mass spectrometer (TIMS) equipped with eight Faraday collectors. These were
used for the simultaneous collection of the four chromium beams (*°Cr™, >2Cr™, *Crt, >*Cr*) as well as the
“Tit, S'V+ and >°Fe™ masses as monitors for the interferences on respective Cr masses. Chromium separates
were loaded onto outgassed Re-filaments using a mix of 1l of 0.5N H;PO,, 2.5 ul silicic acid and 0.5l of 0.5N
H;BO; as a loading solution. Filament temperatures varied between 1050-1250 °C and the *>Cr beam intensities
were kept at either 0.5 or 1 V. Two runs consisting of 120 cycles were run for every sample. The §>*Cr isotopic
compositions of the samples were determined as the average of the repeated analysis and are reported in per mil
(%0) £ double standard deviation (20) relative to the international standard reference material NIST SRM 979,
reported as §*Cr (%o) = ((P*Cr/**Cr i)/ (**Cr/**Crysr sra979) — 1) X 1000. In cases where the 20 errors were
below the external 2o reproducibility of double spiked NIST SRM 979 of 0.09%o, we employed and assigned that
external reproducibility error to the respective analyses.
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Major-, trace elements, TOC and sulfur concentrations. The chemical dissolution of major elements
was carried out in an ultraclean laboratory and measured using a Finnigan MAT ELEMENT high-resolution
ICP-MS instrument. Approximately 100 mg of ~200 mesh powdered sample was digested with 1 ml HF and
0.5ml HNOj at 190°C for 12 h. The solution was then drained and evaporated to dryness. The final residue was
re-dissolved using 8 ml 40 vol.% HNO;. Subsequently, the sample was heated in an electric oven at 110°C for 3h.
After cooling, the final solution was diluted with 100 ml distilled de-ionized water. The total analytical errors of
the major element analyses are within 6% (10).

To measure the concentrations of trace elements, 25 mg powdered sample was digested in a sealed beaker
using 1 ml 23N HF and 0.5ml 16 N HNO; mix, and heated in the oven at 185°C overnight. After cooling down
to room temperature, add 0.5 ml 16 N HNO; into the beaker and dried the solution on the hotplate. This proce-
dure is repeated twice. Subsequently, add 5ml 50% HNOj; and sealed the beaker again, and heated at 130°C on a
hotplate for 3h. After cooling down, transform sample solution to a pre-cleaned beaker, and diluted the sample
with 25 ml MQ-water for ICPMS measurement. The uncertainties for the trace element contents are between 5%
and 10%.

The TOC contents were determined by potassium dichromate (K,Cr,0;) solution digestion technique. A
total of 0.1 g powdered sample was mixed with 0.1 g silver sulfate (Ag,SO,) and added to 10 ml of a 0.4 mol/l
K,Cr,0,-H,SO, mixed solution. The sample was reacted at 175 °C for 5 minutes and transfer to a new beaker
using 60-70 ml pure water. Next 5ml of a 1.69 g/L H;PO, solution was added into the beaker. Finally 0.2 mol/l
FeSO, solution was added to the solution until a neutral pH was achieved. The TOC content was then calculated
from the required volume of the FeSO, solution. The detection limit for TOC in this study is 0.02% with an
uncertainty of <0.1%. The total sulfur (TS) contents were determined by a Leco infrared carbon/sulfur analyzer.

Received: 11 December 2018; Accepted: 2 October 2019;
Published online: 21 October 2019

References
1. Knoll, A. H. & Nowak, M. A. The timetable of evolution. Science Advances 3, 1603076 (2017).
2. Knoll, A. H,, Javaux, E. J., Hewitt, D. & Cohen, P. Eukaryotic organisms in Proterozoic oceans. Philosophical Transactions of the Royal
Society B 361, 1023-1038 (2006).
3. Canfield, D. E. & Teske, A. Late Proterozoic rise in atmospheric oxygen concentration inferred from phylogenetic and Sulphur-
isotope studies. Nature 382, 127-132 (1996).
4. Canfield, D. E. et al. Ferruginous conditions dominated Later Neoproterozoic deep-water chemistry. Science 321, 949-952 (2008).
5. Canfield, D. E. The early history of atmospheric oxygen: Homage to Robert M. Garrels. Annual Review of Earth and Planetary
Sciences 33, 1-36 (2005).
6. Frei, R., Gaucher, C., Poulton, S. W. & Canfield, D. E. Fluctuations in Precambrian atmospheric oxygenation recorded by chromium
isotopes. Nature 461, 250-254 (2009).
7. Cohen, P. A. & Macdonald, E. A. The Proterozoic record of eukaryotes. Paleobiology 41, 610-632 (2015).
8. Brocks, J. J. et al. The rise of algae in Cryogenian oceans and the emergence of animals. Nature 548, 578-581 (2017).
9. Maynard, J. B. The chemistry of manganese ores through time: A signal of increasing diversity of Earth-surface environments.
Economic Geology 105, 535-552 (2010).
10. Bekker, A. et al. Iron formation: The sedimentary product of a complex interplay among mantle, tectonic, oceanic, and biospheric
processes. Economic Geology 105, 467-508 (2010).
11. Roy, S. Sedimentary manganese metallogenesis in response to the evolution of the Earth system. Earth-Science Reviews 77, 273-305
(2006).
12. Yu, W. et al. Genesis of Cryogenian Datangpo manganese deposit: Hydrothermal influence and episodic post-glacial ventilation of
Nanhua Basin, South China. Palaeogeography, Palaeoclimatology, Palaeoecology 459, 321-337 (2016).
13. Wu, C. et al. Nanhuan manganese deposits within restricted basins of the southeastern Yangtze Platform, China: Constraints from
geological and geochemical evidence. Ore Geology Reviews 75, 76-99 (2016).
14. Li, C. et al. Evidence for a redox stratified cryogenian marine basin, Datangpo Formation, South China. Earth and Planetary Science
Letters 331-332, 246-256 (2012).
15. Zhang, F. et al. Oxygenation of a Cryogenian ocean (Nanhua Basin, South China) revealed by pyrite Fe isotope compositions. Earth
and Planetary Science Letters 429, 11-19 (2015).
16. Campbell, J. A. & Yeats, P. A. Dissolved chromium in the St. Lawrence estuary. Estuarine, Coastal and Shelf Science 19, 513-522
(1984).
17. Reinhard, C. T. et al. Proterozoic ocean redox and biogeochemical stasis. Proceedings of the National Academy of Sciences of the
United States of America, https://doi.org/10.1073/pnas.1208622110 (2013).
18. McClain, C. N. & Maher, K. Chromium fluxes and speciation in ultramafic catchments and global rivers. Chemical Geology 426,
135-157 (2016).
19. Schauble, E., Rossmann, G. R. & Taylor, H. P. Jr. Theoretical estimates of equilibrium chromium-isotope fractionations. Chemical
Geology 205, 99-114 (2004).
20. Degssing, L. N., Dideriksen, K., Stipp, S. L. S. & Frei, R. Reduction of hexavalent chromium by ferrous iron: A process of chromium
isotope fractionation and its relevance to natural environments. Chemical Geology 285, 157-166 (2011).
21. Saad, E. M., Wang, X. L., Planavsky, N. ], Reinhard, C. T. & Tang, Y. Redox-independent chromium isotope fractionation induced
by ligand-promoted dissolution. Nature Communications, https://doi.org/10.1038/s41467-017-01694-y (2017).
22. Reinhard, C. T. et al. The isotopic composition of authigenic chromium in anoxic marine sediments: A case study from the Cariaco
Basin. Earth and Planetary Science Letters 407, 9-18 (2014).
23. Planavsky, N. J. et al. Low Mid-Proterozoic atmospheric oxygen levels and the delayed rise of animals. Science 346, 635-638 (2014).
24. Gueguen, B. et al. The chromium isotope composition of reducing and oxic marine sediments. Geochimica et Cosmochimica Acta
184, 1-19 (2016).
25. Canfield, D. E. et al. Highly fractionated chromium isotopes in Mesoproterozoic-aged shales and atmospheric oxygen. Nature
Communications 9, 2871, https://doi.org/10.1038/s41467-018-05263-9 (2018).
26. Crowe, S. A. et al. Atmospheric oxygenation three billion years ago. Nature 501, 535-539 (2013).
27. Kuang, H. et al. Reappraisal of the significance and origin of Cryogenian benthic macroscopic phototrophs in the Datangpo
Formation, China. EGU abstracts 20, EGU2018-19761 (2018).
28. Zhou, C. et al. New constraints on the ages of Neoproterozoic glaciations in south China. Geology 32, 437-440 (2004).

SCIENTIFIC REPORTS |

(2019) 9:15056 | https://doi.org/10.1038/s41598-019-51495-0


https://doi.org/10.1038/s41598-019-51495-0
https://doi.org/10.1073/pnas.1208622110
https://doi.org/10.1038/s41467-017-01694-y
https://doi.org/10.1038/s41467-018-05263-9

www.nature.com/scientificreports/

29. Zhang, S., Jiang, G. & Han, Y. The age of the Nantuo Formation and Nantuo glaciation in South China. Terra Nova 20, 289-294
(2008).

30. Takeno, N. Atlas of Eh-pH diagrams. Geological Survey of Japan, Open-File Report 419, 1-285 (2005).

31. Cole, D. B. et al. A shale-hosted Cr isotope record of low atmospheric oxygen during the Proterozoic. Geology 44, 555-558 (2016).

32. Cheng, M. et al. Delayed Neoproterozoic oceanic oxygenation: Evidence from Mo isotopes of the Cryogenian Datangpo Formation.
Precambrian Research 319, 187-197 (2018).

33. Scott, C. et al. Tracing the stepwise oxygenation of the Proterozoic ocean. Nature 452, 456-460 (2008).

34. Sahoo, S. K. et al. Ocean oxygenation in the wake of the Marinoan glaciation. Nature 489, 546-549 (2012).

35. Walker, J. C. Global geochemical cycles of carbon, sulfur and oxygen. Marine Geology 70, 159-174 (1986).

36. German, C. R, Klinkhammer, G. P,, Edmond, ]. M., Mura, A. & Elderfield, H. Hydrothermal scavenging of rare-earth elements in
the ocean. Nature 345, 516-518 (1990).

37. Derry, L. A. & Lacobsen, S. B. The chemical evolution of Precambrian seawater — evidence from REEs in banded iron formations.
Geochmica et Cosmochimica Acta 54, 2965-2977 (1990).

38. Tepe, N. & Bau, M. Behavior of rare earth elements and yttrium during simulation of arctic estuarine mixing between glacial-fed
river waters and seawater and the impact of inorganic (nano-) particles. Chemical Geology 438, 134-145 (2016).

39. Bau, M. & Koschinsky, A. Oxidative scavenging of cerium on hydrous Fe oxides: evidence from the distribution of rare earth
elements and yttrium between Fe oxides and Mn oxides in hydrogenetic ferromanganese crusts. Geochemical Journal 43, 37-47
(2011).

40. Hein, J. R. et al. Cobalt-rich ferromanganese crusts in the Pacific. In Croman, D. S. (ed.) Handbook of marine mineral deposits. CRC
Press, 239-279 (2000).

41. Kamber, B. S. & Webb, G. E. The geochemistry of late Archaean microbial carbonate: implications for ocean chemistry and
continental erosion history. Geochimica et Cosmochimia Acta 63, 2509-2525 (2001).

42. James, N. P, Narbonne, G. M., Dalrymple, R. W. & Kyster, T. K. Glendonites in Neoproterozoic low-latitude interglacial, sedimentary
rocks, northwest Canada: insights into the Cryogenian ocean and Precambrian cold-water carbonates. Geology 33, 9-12 (2005).

43. Chen, X,, Li, D,, Ling, H.-E. & Jiang, S.-Y. Carbon and sulfur isotopic compositions of basal Datangpo Formation, northeastern
Guizhou, South China: Implications for depositional environment. Progress in Natural Science 18, 421-429 (2008).

44. Post, J. E. Manganese oxide minerals: crystal structures and economic and environmental significance. Proceedings of the National
Academy of Sciences of the United States of Ameirca 96, 3447-3454 (1999).

45. Johnson, J. E., Webb, S. M., Ma, C. & Fischer, W. W. Manganese mineralogy and diagenesis in the sedimentary rock record.
Geochimica et Cosmochimica Acta 173, 210-231 (2016).

46. Frei, R. et al. Extensive oxidative weathering in the aftermath of a late Neoproterozoic glaciation — Evidence from trace element and
chromium isotope records in the Urucum district (Jacadigo Group) and Puga iron formation (Mato Gross do Sul, Brazil). Gondwana
Research 49, 1-20 (2017).

47. Schoenberg, R., Zink, S., Staubwasser, M. & Von Blanckenburg, F. The stable Cr isotope inventory of solid Earth reservoirs
determined by double spike MC-ICP-MS. Chemical Geology 249, 294-306 (2008).

48. Ogg, J. G., Ogg, G. M. & Gradstein, F. M. A concise geologic time scale, https://doi.org/10.1016/B978-0-444-59467-9.00004-2
(2016).

Acknowledgements

This work was supported by the National Science Foundation of China Grant 41403008, Fundamental Research
Funds for the Central Universities Grant 53200759055, and the China Geological Survey Grant 12120115069801
to L.X. and the Danish Agency for Science, Technology and Innovation Grant 11-103378 and Carlsberg
Foundation Grant CF14-0115 to R.E We thank P. Zhan, W. Pan and Z. An from Geological Team 103 for field
guidance. We acknowledge T. Leeper, T. Larsen, and T. Arting for laboratory support.

Author contributions

LX., J.M., B.L. and R.E. designed the project. L.X. and Y.J. did the fieldwork and collected samples. L.X., A.B.E,
R.E and J.Z. carried out the Cr isotope analysis. L.X., R.F. and B.L. interpreted data and wrote the paper with
intellectual input from all co-authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-51495-0.

Correspondence and requests for materials should be addressed to L.X.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:15056 | https://doi.org/10.1038/s41598-019-51495-0


https://doi.org/10.1038/s41598-019-51495-0
https://doi.org/10.1016/B978-0-444-59467-9.00004-2
https://doi.org/10.1038/s41598-019-51495-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Subtle Cr isotope signals track the variably anoxic Cryogenian interglacial period with voluminous manganese accumulation a ...
	Geological Setting and Samples

	Cr Isotope Data and Ocean Redox Reconstruction

	Manganese Formation

	Implications for Co-Evolution of Ocean Anoxia, Bioproductivity, and Mn Precipitation

	Methods

	Cr isotope analysis. 
	Major-, trace elements, TOC and sulfur concentrations. 

	Acknowledgements

	Figure 1 Compilation of sedimentary δ53Cr and redox sensitive element data in the context of biological evolution across the 750–540 Ma interval.
	Figure 2 Geochemical signals for rhodochrosite and black shale samples from the Datangpo Formation, Nanhua Basin.
	Figure 3 (A) Correlation between bulk and leachate δ53Cr data for rhodochrosite samples with a positive shift by a mean of 0.




