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ABSTRACT

The Cryogenian Sturtian and Marinoan glaciations stand as the most extreme climate events in Earth history.
Intriguingly, large-scale Mn carbonates characterize the nonglacial interlude of this period in South China. The
formation mechanism of Mn carbonates and the potential correlation underlying this temporal association
remain elusive. Here, we present an integrated petrographic and geochemical study of drill core materials
intercepting the Mn-bearing Datangpo Formation. Rare earth element patterns of these Mn carbonates exhibit
positive Ce anomalies and a lack of Y anomalies, which differ from those of modern seawater but resemble
marine Mn-Fe oxides. These features, combined with negative carbonate carbon isotope compositions (813Cca,b as
light as —9.9 %o VPDB), indicate the presence of oxide precursors and the incorporation of light carbon during
Mn-carbonate precipitation. Phosphate oxygen isotope ratios (6180p) of HCl-extractable apatite reveal a ~4 %o
difference in the average 6180p between Mn-rich and Mn-poor rocks. We propose that the more positive 6180p of
Mn-rich samples may result from the dominance of phosphate released by reductive dissolution of metal oxides
or a heavier oxygen isotope signal of surrounding waters with which isotopic equilibrium has been reached. We
further illustrate how marine invasions into coastal anoxic basins could have triggered the formation of Mn
oxides and highlight the role of glaciation-deglaciation in the development of giant Mn deposits.

1. Introduction

eukaryotic algae (van Maldegem et al., 2019). Recent studies have un-
veiled evidence of mixing between seawater and freshwater in post-

The Cryogenian Period witnessed some of the most intense and long-
lived glaciations over geological history, namely the Sturtian and Mar-
inoan Snowball Earth events. During these events, ice sheets probably
extended to equatorial regions due to runaway ice-albedo feedback,
leading to a near-complete shutdown of the hydrological cycle
(Kirschvink, 1992; Hoffman et al., 2017). Deglaciation of the Snowball
Earth was achieved as soon as atmospheric CO, levels reached a
threshold (Hoffman and Schrag, 2002; Shields, 2005). Strikingly, the
corresponding injection of glacial meltwater could have affected not
only the development of certain deposits but also contemporaneous
ecosystems, such as the competition between cyanobacteria and
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Marinoan sediments (Ahm et al., 2019; Wang et al., 2023a). However,
it remains unclear whether a similar scenario occurred after the Sturtian
glaciation.

In South China, the Sturtian glacial diamictite is overlaid by a unit of
black shales with Mn carbonate interlayers. Although the influence of
meltwater on these post-Sturtian sediments is unexplored, numerous
studies have been carried out regarding the mineralization pathway of
Mn carbonates. Some research attributed the formation of Mn carbon-
ates to the reduction of Mn oxides within anoxic pore waters (Yu et al.,
2016, 2017), yet others indicated direct Mn-carbonate precipitation in
the water column (Cheng et al., 2021; Ai et al., 2023). In the former case,
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episodic ventilation of anoxic basins would be necessary to account for
the accumulation of Mn oxides, aligning with isotopic fractionations
driven by the presence of oxide minerals (Zhang et al., 2015; Liu et al.,
2023). The direct precipitation hypothesis is largely inspired by the
supersaturation of rhodochrosite in modern lakes (Herndon et al., 2018;
Wittkop et al., 2020). It is important to note that without comprehensive
examination, uncertainties may arise when comparing modern and
ancient sediments.

Here, we employ multiple proxies including phosphate oxygen iso-
topes (Slsop), major and trace elements, as well as carbonate carbon
isotope compositions (613Cmrb) to provide insights into Mn cycling and
hydrological conditions after the Sturtian glaciation. Oxygen isotopes
have long been recognized for their utility in monitoring climate and ice
volume variations (Grossman and Joachimski, 2022). However, the
preservation of primary oxygen isotope signature is not equally reliable
across all geological archives. For instance, carbonate oxygen isotopes
are known to be vulnerable to diagenetic and meteoric alterations,
which can compromise the derived results (Knauth and Kennedy, 2009).
In contrast, under abiotic environments of typical marine temperature
and pH ranges, phosphate resists oxygen isotope exchange with ambient
fluids (Lecuyer et al., 1999; Chang et al., 2021), making 6180p a robust
indicator for our research purposes.
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2. Geological setting and samples

The South China block was formed through the assembly of the
Yangtze and Cathaysia blocks at 980-820 Ma (Fig. 1a). After that,
intracontinental rifting took place, generating bimodal volcanism and
rift basins that were subsequently filled by Neoproterozoic sediments
(Wang and Li, 2003; Shu et al., 2021). The rift-drift transition occurred
during the Cryogenian Period. Two diamictite intervals corresponding
to the Sturtian and Marinoan glaciations, respectively, have been well
documented, and are separated by a nonglacial interlude, dubbed the
Datangpo Formation (Jiang et al., 2011; Li et al., 2012). We collected the
Datangpo samples from two drill cores (DT1 and DT2) in northeastern
Guizhou Province. Paleogeographic reconstruction of this region reveals
the existence of a series of NE-SW-trending horsts and grabens (Fig. 1b;
Yuetal., 2016, 2017). The Datangpo Formation here can be divided into
two members (Fig. 1c and d). Member I is black shales interbedded with
Mn carbonates, while in shallow water sections, the Mn carbonate is
replaced by dolostone. Member II refers to thick-bedded siltstone.
Notably, substantial Mn enrichments are mainly located in the centers of
grabens. Zircon U-Pb ages of 658.8 & 0.5 Ma from the basal Datangpo
Formation (Zhou et al., 2019) and 657.2 + 0.8 Ma from the middle of
Member II (Rooney et al., 2020) constrain a maximum duration of 1.6
Ma for Member I deposition (Fig. 1c).

For geochemical measurements, 11 and 50 samples belonging to
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Fig. 1. (a) Tectonic outline of the South China craton. The red rectangle marks the studied area. (b) Paleogeographic map of the studied area (after Yu et al., 2017).
(c) Lithostratigraphy of the Datangpo Formation. Age constraints are from Zhang et al. (2008), Zhou et al. (2019), and Rooney et al. (2020). (d) Stratigraphy
correlation of the lower Datangpo Formation (Member I). Profiles other than the DT1 and DT2 cores are modified from Yu et al. (2017). TSA, Tiesi’ao Formation;

DTP, Datangpo Formation.
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Member I of the Datangpo Formation were obtained from the DT1 and
DT2 cores, respectively. Phosphate oxygen isotope compositions were
determined for 11 samples, including 5 Mn carbonates and 6 Mn-poor
shales. Two Mn-carbonate hand specimens were micro-drilled for
additional trace element analysis.

3. Methods

Elemental mapping was performed on thin sections with a Bruker M4
TORNADO micro-X-ray fluorescence (p-XRF) spectrometer at the Key
Laboratory of Petroleum Geochemistry (KLPG), China National Petro-
leum Corporation (CNPC). The relative contents of elements are illus-
trated as false-color plots. Micro-scale imaging and analysis were
determined using a Thermo Fisher Scientific Apreo scanning electron
microscope (SEM) equipped with a Bruker XFlash 6-30 energy disper-
sive spectrometry (EDS). Mineralogical determination via the QEMS-
CAN mode of operation enables automated pixel-by-pixel spectral
acquisition. The elemental composition was compared with mineral
databases to generate mineral distribution in areas of interest.

For total organic carbon (TOC) analysis, powdered samples were
treated with 5 % HCl at 85 °C to remove carbonate, washed with
deionized water, and dried. TOC values were examined by a LECO CS-
230HC C-S analyzer at the KLPG, CNPC.

Major element concentrations were determined at the Analytical
Laboratory of Beijing Research Institute of Uranium Geology, China
National Nuclear Corporation. Fused discs were prepared in a crucible
(95 % Pt-5 % Au) with 0.7 g of powdered sample, 5.9 g of flux
(LigB4O7-LiF-NH4NO3), and 1 mL of LiBr, and melted under
1150-1250 °C for 10-15 min. Discs were analyzed by a PANalytical
Axios™X wavelength dispersive XRF spectrometer. The analytical pre-
cision was better than 5 %. For trace element analysis, 40 mg of sample
powder was digested in a HNO3-HF (1:4) acid mixture and kept in the
oven at 185 °C for 3 days. After complete digestion and acid evapora-
tion, the sample was diluted with a 2 % HNOj3 solution. Internal spikes of
Rh, In, and Re were added. Trace element measurements were con-
ducted by a Thermo Fisher Scientific X Series 2 inductively coupled
plasma-mass spectrometer (ICP-MS) at the Guizhou Tongwei Analytical
Technology Co., Ltd (GTAT). Analyses of samples and reference mate-
rials yielded a precision of better than 10 %. The abundances of rare
earth elements were normalized to the Post-Archean Average Shale
(PAAS; Taylor and McLennan, 1985) and the ratios of Ce/Ce* and Eu/
Eu* were calculated following the equations below (Lawrence et al.,
2006):

Ce/Ce* = Ceyn/(Pry x Pry/Ndy) (€D)

@

Similarly, the Y anomaly (expressed as Yn/Hoy) was determined by
normalizing the contents of Y and Ho to PAAS, which allows for a
standardized comparison of these elements in a given sample.

Carbonate carbon isotopes were determined for samples with Mn >
1 wt% using a Thermo Fisher Scientific GasBench II linked to a Delta V
Plus isotope ratio mass spectrometer (IRMS) at the Institute of Geology
and Geophysics, Chinese Academy of Sciences. The sample was reacted
with H3PO4 at 72 °C for 1 h. The generated CO, was purified by passing
through two Nafion water traps and a PoraPlot Q chromatography col-
umn and introduced into the IRMS system. Carbonate carbon isotopes
are reported relative to the Vienna Pee Dee Belemnite (VPDB) standard.
The analytical precision of 613Ccarb was better than 0.1 %eo.

A recent P speciation study showed that apatite P (including detrital
and authigenic apatite) accounts for ~95 % of the total P pool in the
Datangpo Formation, while the amounts of organic P and Fe oxide-
bound P are negligible (Bowyer et al., 2023). Therefore, to target the
apatite phase, we extracted phosphate using 1 M HCl. Sample powders
of 3-10 g were reacted with 1 M HCl (50 ml per gram of sample) on a
reciprocal shaker for 16 h. Then, the supernatant was separated from the

Eu/Eu* = Eun/ \/ (Smy x Gdy)
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residue by centrifugation. An aliquot of the supernatant was measured
for P content by ICP-MS at the GTAT. Magnesium-induced co-precipi-
tation was utilized to obtain phosphate. The precipitate was dissolved
with 10 M HNOs and purified by sequential precipitation of phosphate
as ammonium phosphomolybdate and magnesium ammonium phos-
phate. After re-dissolution, the solution was treated with cation resin
(AG 50 W-X8, BIO-RAD) first and then anion resin (AG 1-X8, BIO-RAD)
to remove interfering ions. Phosphate adsorbed on the anion resin was
eluted with 0.2 M NaHCOs. Residual carbonate was removed by 7 M
HNO3 and purging with Njy. The purified phosphate was converted to
AgsPO4 by ammonia volatilization. Bright yellow AgsPOy4 crystals were
obtained without any co-precipitation of other salts. About 0.4-0.8 mg
AgsPO4 was used to determine the 6180p ratio by a high-temperature
conversion-IRMS (Delta V Advantage, Thermo Fisher Scientific). Mea-
surements were conducted at the College of Ocean and Earth Sciences,
Xiamen University according to the method of Chen et al. (2015). The
results were reported relative to the Vienna Standard Mean Ocean Water
(VSMOW). Standard materials including the B2207 silver phosphate
(6180p = 21.7 %o, Elemental Microanalysis), the IAEA-601 benzoic acid
(8'80 = 23.14 %o), and the NBS-127 barium sulfate (§'30 = 9.3 %o) were
used for calibration. The analytical reproducibility was better than 0.3
%o. Parallel 5180p analysis was carried out at the Institute of Geographic
Sciences and Natural Resources Research, Chinese Academy of Sciences
with method described in Wang et al., (2023b). Replicate de-
terminations between the two laboratories agreed within 0.6 %o.

4. Results

Manganese occurs as laminated (Fig. 2a) or massive (Fig. 2b) car-
bonate in lower Member I of the Datangpo Formation. SEM images show
that Mn-carbonates exhibit globule morphologies with an average
diameter of ~5 pm (Fig. 3). Their elemental compositions deviate from
the ideal stoichiometry of rhodochrosite (MnCO3), and are referred to as
Ca-rhodochrosite hereafter. The intergranular spaces are filled by car-
bonate cements/overgrowths possessing lower Mn/Ca ratios. By
QEMSCAN analysis, we discern alternating laminations of coarse- and
fine-grained clastics. The coarse-grained layers mainly consist of quartz
and albite that are sub-rounded or sub-angular in shape (Fig. 4a). Ca-
rhodochrosite is dominantly enriched within coarse-grained layers,
but absent in fine-grained counterparts. On the other hand, in samples
with extremely high Mn contents, substantial Ca-rhodochrosite exists
with negligible fingerprint of detrital particles (Fig. 4b).

Apatite was detected in either euhedral form (Fig. 5a and b) or as
amorphous patches (Fig. 5c and d). Intriguingly, in several samples, we
identified rounded apatite cores that are enveloped by secondary over-
growths (Fig. 5e and f). As depicted in Fig. 5, pyrite framboids are also
common through SEM observations.

Geochemical analysis delineates multiple intervals of Mn enrich-
ments in Member I (Fig. 6). These Mn-rich samples house moderately
positive anomalies of Ce (Ce/Ce* = 0.9-1.4) and Eu (Eu/Eu* = 0.8-1.5)
as well as muted Y anomalies (Yn/Hoy = 0.9-1.1; Figs. 2 and 7). For
samples with Mn > 1 wt%, the Mn contents display positive relation-
ships with Ce/Ce* (R? = 0.78; Fig. 7a) and Eu/Eu* (R? = 0.68; Fig. 7b),
while a negative correlation is seen with §'3Cearp (R? = 0.52; Fig. 7¢).
The alsop ratios of 1 M HCI leachates from core DT2 show significant
fluctuations, spanning from 8.7 %o to 16.3 %o (Fig. 6). Elevated 6180p is
essentially accompanied by high Mn content, and vice versa. Organic
matter is abundant in the Datangpo black shales (TOC = 0.75-4.72 wt%)
with a decreasing trend up-section (Fig. 6).

5. Discussion
5.1. The origin of the Datangpo Mn carbonate

It is controversial whether Mn carbonates in ancient rocks are the
product of diagenetic Mn-oxide reduction (Calvert and Pedersen, 1996;
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Fig. 2. (a) Micro-XRF elemental imaging of sample DT2-A, depth 1427.9 m. The labeled dots delineate micro-drilled sampling locations. (b) Micro-XRF mapping of
sample DT1-B, depth 1317.5 m. (c) PAAS-normalized REE + Y patterns of seawater (x 10%; Zhang and Nozaki, 1996), marine Mn oxides (Bau et al., 2014), and micro-

drilled holes in (a) and (b).

Neumann et al.,, 1997; Yan et al., 2022; Dong et al., 2023) or direct
precipitation from seawater (Havig et al., 2015; Lenz et al., 2015;
Herndon et al., 2018; Wittkop et al., 2020). The nature of these com-
pounds as carbonate or oxide depends on water chemistry and redox
conditions, with each precipitate carrying its own geochemical signa-
ture. Rare earth elements plus Y (REE + Y) have been proven to be useful
in quantifying this issue (Bau et al., 2014; Wu et al., 2016; Tostevin
et al., 2016; Xiao et al., 2017). Specifically, the Ce anomaly can provide
valuable information on depositional redox states. In oxygenated set-
tings, Ce>" is partially oxidized to insoluble Ge*" on the surface of Fe-Mn
oxides, inducing positive Ce anomalies in oxide particles and negative
Ce anomalies in solutions (Koeppenkastrop and De Carlo, 1992; Zhang
and Nozaki, 1996). Similarly, the ratios of Yy/Hoy are also sensitive to
the presence of Fe-Mn oxides. Compared with Y, Ho is preferentially
scavenged onto oxide surfaces. The removal of Ho produces positive Y
anomalies in seawater, whereas Fe-Mn oxides typically have Yy/Hoy
ratios close to or below unity (Bau et al., 2014).

Carbonate rocks precipitated from the water column record
seawater-like distribution of REE + Y. For example, the Ediacaran
Gaoyan Mn carbonates exhibit strong positive Y anomalies that are
thought to reflect direct nucleation of rhodochrosite in seawater (Gao
etal., 2021). As depicted in Fig. 2, the REE + Y patterns of the Datangpo
Mn carbonates resemble those of marine metal oxides but differ strik-
ingly from seawater. We suggest that the positive Ce anomalies and the
lack of Y anomalies point to the inheritance of REE + Y from Mn-oxide
precursors, which were subsequently reduced to Mn®" and fixed as
carbonates. Notably, the magnitudes of Ce and Y anomalies in the
Datangpo samples are less pronounced relative to those found in modern
Mn oxides. Because of the slow reaction kinetics of Ce>* oxidation, large
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positive Ce anomalies are observed in modern Mn crusts with very slow
growth rates (a few millimeters per million years; Bau et al., 2014).
Hence, Mn accumulation during the Datangpo deposition might have
occurred at higher rates than its present-day counterparts. Additionally,
the positive correlation between Mn concentrations and Eu/Eu*, an
indicator of hydrothermal activity (Sverjensky, 1984), suggests that the
development of Mn precipitate could have been limited by hydrother-
mal Mn supply (Fig. 7b). However, modern hydrogenetic Fe-Mn deposits
can also display a subtle positive Eu anomaly due to the enrichment of
middle REE (Bau et al., 2014). Hence, the Eu anomalies in our samples
do not necessarily align with a hydrothermal origin and the positive
relationship could stem from the dilution of detrital materials possessing
flat REE signals.

The diagenetic formation of Mn carbonate from Mn oxide is sup-
ported by the 8'3Ccar, data (Fig. 7c). Carbonates depleted in !3C are
commonly attributed to the incorporation of carbon generated by
organic matter degradation (Neumann et al., 2002; Roy, 2006; Maynard,
2010). Dolostones deposited at shallow sites equivalent to the Datangpo
Mn carbonates yield a mean 613Ccarb of —0.9 %o (Yu et al., 2017). We
take this value to represent coeval seawater composition. In contrast, the
minimum Slscmb of Mn carbonates is —9.9 %o, indicating significant
contributions from pore-water bicarbonate with a much reduced §'3C
(the 613Corg ratios are between —34 %o and —32.5 %o in the zone of Mn
enrichments; Ye et al., 2024b; Fig. 6). Due to diffusive exchange with
seawater, it is implausible to precisely determine the 5!3C of pore-water
bicarbonate from which the Ca-rhodochrosite was precipitated, but our
results agree with Mn-oxide deposition to the basin floor followed by
diagenetic Mn reduction and Mn-carbonate formation.

Might some Mn carbonates stem from the water column? Direct Mn-
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Fig. 3. Backscattered electron photograph and elemental mapping of Mn carbonate. The ratios of Mn/Ca were acquired by EDS analysis.
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Fig. 4. Representative QEMSCAN results of the Datangpo samples. (a) Alternating laminations of coarse- and fine-grained sediments. (b) Substantial enrichment of

Ca-rhodochrosite.

carbonate nucleation has been inferred to take place in modern lakes
(Havig et al., 2015; Herndon et al., 2018; Wittkop et al., 2020). A crucial
piece of evidence corroborating this process is the zonation of Mn par-
ticles, where calcites served as nucleation sites for Mn* to precipitate,
forming discernable Mn-rich rims around calcite cores (Havig et al.,
2015; Herndon et al., 2018). However, the Datangpo Mn globules
exhibit higher ratios of Mn/Ca (2.6) compared with intergranular
cement (0.7; Fig. 3). Such a feature differs from the notion of a preex-
isting core and challenges the direct precipitation pathway. Notably,
throughout our petrographic observation, no relics of Mn oxide were
detected, plausibly because of the high organic matter contents in the
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Datangpo samples, which have facilitated quantitative reduction of Mn
oxides.

5.2. Dynamic hydrological conditions after the Sturtian glaciation

Our QEMSCAN results reveal two modes of Mn occurrence that can
be attributed to varied Mn-oxide sources. The alternating layers of
coarse- and fine-grained sediments in Fig. 4a depict the impact of debris
flows disrupting a background of suspension fallout. Ca-rhodochrosite is
predominantly found within the debris zones but not in the mud layers.
We suggest that Mn oxides might be introduced by debris discharge and
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Fig. 5. Backscattered electron photographs of apatite from the lower Datangpo Formation. (a-b) Euhedral crystals. (c-d) Amorphous apatite patches. (e-f) Detrital
apatite grains (dashed lines) enveloped by diagenetic overgrowths. Ap, apatite.
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undergo reduction to their carbonate form via diagenesis. This type of
Mn mineralization, however, is not volumetrically significant due to the
relatively small proportions of Mn in these samples. Instances of sub-
stantial Mn enrichments occur without any evidence of debris flow
(Fig. 4b), indicating an alternative pathway for Mn oxide precipitation.
In the following, we explore the possible cause of widespread Mn?*
oxidation and why Mn carbonates are associated with the Sturtian
glaciation. To do this, we use the 6180p proxy that can provide powerful
constraints on paleo-environments (e.g., Liang and Blake, 2007; Blake
et al., 2010; Jaisi and Blake, 2010; Goldhammer et al., 2011;
McLaughlin et al., 2013; Zhao et al., 2021; Ye et al., 2024a). The P-O
bound is very stable under most abiotic conditions but can be rapidly
split through enzyme-mediated hydrolysis (Blake et al., 2005; Chang
et al., 2021). In particular, the activity of inorganic pyrophosphatase, a
ubiquitous intracellular enzyme across all three domains of life, can
impose reversible phosphate-water oxygen isotope exchanges, leading
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to a temperature-dependent equilibrium fractionation (Chang and
Blake, 2015):

1000 x Ina,_ = (14.43 £ 0.39) x 1000/T - (26.54 + 1.33) 3

apw = (180/1%0),/(*80/%0),, = (6'%0, + 1000)/(5'%0,, + 1000) (4)

where (180/160)p and (*%0/'°0),, denote the ratios of heavy to light
oxygen isotopes in phosphate and water, respectively, §!%0,, is the
standard delta value of water oxygen isotopes, and T is the temperature
in Kelvin.

Theoretically, phosphate can be preserved in various pools of sedi-
mentary rocks, including loosely sorbed P, metal oxide-bound P,
authigenic/biogenic P, detrital P, and organic P (Ruttenberg, 1992).
While our research did not involve sequential P extraction to differen-
tiate these P phases, a recent investigation on a Datangpo core (ZK102)
adjacent to our sections revealed that ~95 % of the total P reservoir is
composed of apatite P (Bowyer et al., 2023). Considering the absence of
phosphatic fossils in the Datangpo Formation, our HCl-extractable P
mainly represents a mixture of detrital and authigenic apatite. The
precipitation of authigenic apatite takes place in the water column or
mostly near the sediment-water interface (Paytan et al., 2003; Faul
et al., 2005). In environments with heavy organic loading, early diage-
netic phosphogenesis could be very active due to the degradation of
organic matter and redox cycling of Mn-Fe oxides (Ruttenberg, 2014),
which aligns with the observation of apatite overgrowths in our samples
(Fig. 5c and d). Experimental results indicated only a small fractionation
(~1%0) between authigenic apatite and dissolved phosphate during
apatite precipitation (Liang and Blake, 2007). Ideally, the detrital and
authigenic P pools should be separated by adding a 1 M acetate
extraction step to target authigneic P before the 1 M HCI extraction
(Ruttenberg, 1992). Since such sequential extraction was not applied in
our study, we rely on mass balance equations as a compromise for
estimating authigenic 6180p composition:

8'80auth = (Puc1 x 8'®0wuc1 — Paer % 6'20de)/(Prct — Paed) 5)

©

where 880y and 8804 are the HCl-extractable and detrital slsop
values, respectively, Pyc is the P concentration extracted by 1 M HCI,
Pget is the detrital P abundance, (P/Al)qe; represents the P/Al ratio of
detrital background, and Al is the bulk Al content.

We assess 5'80g¢ by compiling available igneous apatite 6180p data
(average = 5.3 &+ 2.3 %o; n = 66; Supplementary material). Although
local input of phosphate with diverse 8'80ge is possible (Jaisi and Blake,
2010), our discussion will focus on the variation between the 880, of
Mn-rich and Mn-poor samples, rather than the isotopic compositions
themselves. A different §'80g4e; would systematically shift 5'80,uth to
either lower or higher values, thereby not affecting our interpretation.
The (P/Al)get ratio is estimated based on the background (P/Al)get of
0.003 (Tan et al., 2021; Shen et al., 2022), which is consistent with the P
flux calculation of Canfield et al. (2020).

The derived 880, compositions vary from 9.4 %o to 17.1 %o
(Fig. 6). Mn carbonates (Mn > 4 wt%) typically have more positive
SISOauth (average = 14 %), while the 618Oauth values of Mn-poor rocks
(Mn < 1 wt%) are relatively lower (average = 10.2 %o). Bootstrap
resampling was performed for the two subsets and the resulting distri-
butions differ significantly (Fig. 8). We consider several factors that may
lead to the disparity in Eilgoauﬂ1 between rocks of different Mn contents.
First, the hydrolysis of phosphate from an organic substrate incorporates
one or two oxygen atoms from ambient water with large kinetic isotope
fractionations, resulting in 6180p ~ 10 %o lower than the equilibrium
ratio (depending on the substrate and enzymes involved; Liang and
Blake, 2006, 2009). As noted above, the Mn**-Mn?" conversion is
accompanied by microbial organic matter degradation. If such a process
dominated the 880, signature, Mn-rich samples should have lighter
SISOauth as a consequence of intense organic degradation liberating

Pdet = (P/ADdet X Alpuik
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Fig. 8. Frequency distributions of mean &80, values from bootstrap
resampling for Mn-rich and Mn-poor samples (n = 1000).

substantial phosphate with light 6180p. However, the 580, values of
the Datangpo Mn carbonates are isotopically heavier than those of Mn-
poor shale, hence organic P hydrolysis alone may not account for the
618Oauth difference.

A second explanation involves various sources of phosphate for
apatite precipitation. Apart from organic matter decomposition, phos-
phate concentration in sedimentary systems can also be regulated by
Mn-Fe redox pumping (Dellwig et al., 2010; Ruttenberg, 2014). When
Mn-Fe oxides are buried under anoxic conditions, their reduction and
dissolution would release large amounts of phosphate, likely facilitating
pore-water supersaturation with respect to apatite. Although the frac-
tionation of phosphate oxygen isotopes during Mn oxide adsorption has
not been studied, the isotopic effect between Fe oxide-bound P and
aqueous phosphate was found to be negligible over geological time-
scales (Jaisi et al., 2010). Accordingly, a mixture of phosphate from Mn
oxide and organic mineralization would result in distinct slsop signals
which could be preserved in apatite phases. For Mn-rich intervals, a
higher fraction of phosphate released from Mn oxides tends to imprint a
more positive 618Op, assuming limited fractionation between Mn oxide-
bound and aqueous phosphate as well as a predominant seawater origin
of phosphate. On the contrary, samples with less influence of oxide
dissolution would exhibit lower 5180p values due to organic enrichments
of our samples and the large isotopic offset through organic P hydrolysis.
To further test this hypothesis, detailed experimental studies on isotopic
fractionation and evaluation of phosphate sources are required.

Third, both laboratory and field studies have proved that equilibrium
6180P can be achieved on the orders of days to weeks via microbial
metabolism (Colman et al.,, 2005; Chang et al., 2021). Assuming
extensive oxygen exchange and isotopic equilibrium between phosphate
and water, a systematic variation in temperature or 620, could explain
the observed §'80,¢ distribution. Temperature change affects the rate
of chemical reactions and metabolic activities. For example, as tem-
peratures rise from 15 to 25 °C, Ny production by denitrification in-
creases from ~30 to > 100 nmol N/(cm® d) (Rysgaard et al., 2004),
which might induce large fractionations in N isotopes. However, an
investigation of N isotopes from a neighboring site revealed no signifi-
cant difference among samples with varying Mn contents (Wei et al.,
2016). Alternatively, the Slsoamh offset may indicate contrasting 6180W
from which the apatite was formed. Under this hypothesis, the lower
5180, of Mn-poor shales could result from enhanced freshwater input
into the basin, whereas the higher 5'%0, compositions of Mn carbonates
point to more seawater-like conditions. Freshwater is distinguished by
5180, signals that are up to 7.7 %o lighter than those of coeval seawater.
Such an interpretation is in line with analyses of B/Ga ratios for the
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Datangpo Formation, unveiling elevated salinity at times of Mn-
carbonate depositions (Cheng et al., 2021). Manganese stored in basin
waters could have been oxidized and deposited as oxides during
seawater intrusion. The reduction of Mn oxides after burial enriched
Mn?* in pore waters, thus promoting the precipitation of Mn carbonates.
Concurrently, authigenic apatite particles formed in the course of inflow
events reflect heavier seawater 5'%0,,.

To aid the interpretation of our data, we employ a two-endmember
mixing PHREEQC model to simulate the precipitation of Mn oxides.
The chemistry of basin water used in the calculation was based on major
ion compositions of the modern Baltic Sea, where deep waters are sul-
fidic (Dellwig et al., 2021). Oceanic ingression was set with oxygen
concentration of 50 pM, ~20 % of the current seawater oxygen level
(Winterer, 2012). As shown in Fig. 9, considerable amounts of Mn oxides
would be precipitated when anoxic basin waters account for ~40 % of
the total water mass, which imply that the actual difference between the
5120, of seawater and meltwater could be greater than 7.7 %. At higher
proportions of basin waters, dissolved oxygen imported by marine in-
vasion was rapidly exhausted without the formation of Mn oxide.

5.3. Implications for Mn mineralization

To explore the secular Mn evolution, we present a compilation of Mn
concentrations (n = 47,072) from the Sedimentary Geochemistry and
Paleoenvironments Project (Farrell et al., 2021), complemented with
recently published literature (Sasmaz et al., 2020, 2021; Schier et al.,
2020; Gao et al., 2021; Zhang et al., 2022; Dong et al., 2023; Fig. 10a).
We note that these samples capture a variety of mineralogy, sedimen-
tation rate, and depositional environment, but our primary intent is to
collect all available data to assess the overall trend. We also note that
some Archean Mn deposits are not shown in Fig. 10a. Due to extensive
metamorphism and supergene modifications, the initial Mn contents of
these Archean rocks are unknown. Kuleshov (2011) proposed that
economically important Archean Mn ores are mainly hosted within
weathered profiles. Moreover, although Mn?* can be oxidized via
oxygen-independent pathways, such as anoxygenic photosynthesis and
UV photooxidation, its large-scale mineralization would require
oxygenated seawater, which is not the case for Archean oceans (Johnson
et al., 2016; Robbins et al., 2023).

Our compilation illustrates remarkable Mn enrichments at the early
Paleoproterozoic and late Neoproterozoic Eras. Strikingly, similar se-
quences of geological events occurred in both eras, encompassing
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Fig. 9. PHREEQC model displaying the sensitivity of Mn-oxide precipitation to
dissolved Mn?' concentration and the mixing ratio between oxygenated
seawater and sulfidic basin water.
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continental rifting and breakup, global glaciations, and changes in sur-
face redox states (Roy, 2006). Rift basins developed through the breakup
of supercontinents as well as concomitant hydrothermal activities pro-
vided an ideal context for the storage of dissolved Mn?*. It could be
accumulated to high concentrations under reducing conditions induced
by ice-sheet isolation or density stratification (Fig. 10b). In periods of
deglaciation, despite the initial injection of meltwater generating a
buoyant layer on the ocean surface, the large temperature differences
between low latitudes and ice-covered regions can stimulate intense
storm systems, thereby accelerating mixing (Higgins and Schrag, 2003;
Allen and Hoffman, 2005). In contrast, the newly formed basins with less
connection to open oceans were more susceptible to the influence of
freshwater. Episodic marine inflows carrying saline and oxygenated
seawater into the basin could have oxidized Mn?" and triggered Mn-
oxide formation. These oxides were either preserved in their oxide
phase or reduced back to Mn?* if the burial conditions were anoxic
(Fig. 10c). Further studies on a broad range of Mn deposits worldwide
are warranted to confirm the detail of this mechanism.

6. Conclusions

Petrographic and geochemical data from the lower Datangpo For-
mation document that the Mn carbonates were primarily precipitated as
oxides and then transformed to carbonate phases during diagenesis. The
differences in alsop between Mn-rich and Mn-poor rocks can be ascribed
to the dominance of phosphate sourced from Mn-Fe oxide or a heavier
oxygen isotope value of seawater compared with that of freshwater. We
further propose an updated framework for Mn mineralization. In our
model, the hydrological condition of the basin was dynamically
controlled by the relative fluxes of freshwater and seawater. Episodic
marine ingression could have brought oxygenated and saline seawater
into the basin, oxidizing Mn?" stored earlier in deep waters. Within
anoxic burial environments, the reduction of Mn oxides and paired in-
crease in pore-water Mn2" concentrations led to Mn-carbonate precip-
itation. A compilation of Mn contents through geological time reveals
pronounced Mn enrichments at both ends of the Proterozoic Eon, which
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