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ARTICLE INFO ABSTRACT
Keywords: Economically important manganese deposits are hosted in the Middle Permian Maokou Formation of Zunyi,
Geomicrobiology northern Guizhou, South China. During the Middle Permian, the intense rifting related to the initial stage of the

Maokou formation

' Emeishan Large Igneous Province (ELIP) led to the development of carbonate platforms and inter-platform
Mn-metasomatism

troughs. The manganese deposits occur in the transitional zone between carbonate platforms and troughs.

Rhodochrosite 0 . . e .
Anatase Previous studies emphasized that the hydrothermal activities at the bottom of the trough basin controlled the
Marcasite formation of manganese deposits. In this study, new sedimentary, mineralogical, and stable isotope evidence are

acquired from this manganese deposit, indicating that the microbially-mediated metallogenic mechanism also
made an important contribution for the Middle Permian manganese deposition. The metallogenesis of this
manganese deposit is highly like the combination of hydrothermal and microbial processes. Manganese ores in
Zunyi are manganese carbonate, showing massive and clastic structures, no macroscopic nor microscopic
lamination are found, samples are coarse-grained, diagenetically recrystallized with abundant mineralized mi-
crobial and microfossil biosignatures. FTIR, EPMA, and Raman analyses recognize micrometer-scale cyclic
mineralogical assembly and help reconstruct the proposed new model of microbial manganese metallogenesis.
Hydrothermal activity in the basin provided dissolved Mn?* ions into the anoxic basal watermass. In the syn-
genetic stage, microbial systems could be subdivided into three categories: (1) cyanobacterial system, (2) Mn-
biomat system and (3) Fe-biomat system. Cyanobacterial activity led to the precipitation of calcite, and it
could be partially affected by Mn-metasomatism and transformed to Mn-bearing calcite. Mn-oxidizing microbes
led to the precipitation of manganese bio-oxide (5-MnO>) near the redoxcline of the basin. Fe-biomat system was
responsible for the precipitation of Fe-oxides (hematite) and Fe-hydroxides (ferrihydrite and lepidocrocite). After
burial, manganese oxides reacted with the organic matter in the sediments through the microbially-mediated
processes during the early diagenesis and the Mn-metasomatism of the cyanobacterial carbonate jointly
contributed to formation of early diagenetic manganese carbonate ore. The redox fluctuations between oxic/
suboxic and anoxic zones led to the re-oxidation process and resulted in cyclic marcasite. Anatase cycles observed
in samples were interpreted as the diagenetic product of Fe-biomat system.
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1. Introduction

As a general framework, based on our experiences on demand of Mn
and Fe deposit formation we found that the syngenetic situation (double
microbial ore forming system — suboxic in the case of Fe and oxic in the
case of Mn - is similar, but the result is variable outlook of deposits
concerning mineralogy (in Mn deposits Fe is in the shadow, in Fe de-
posits Mn is in the shadow). Naturally metal source is needed. Geo-
dynamic situation refer to rifting (or failed rifting) zone, and distal
hydrothermal discharge. What cause differences? Among others, accu-
mulation ratio differences (if the accumulation is slow, a part of the
organic matter will be oxidized by atmospheric oxygen, and less amount
of reactive organic matter will be buried), mass balance differences
(accumulating organic matter (type and mass), metal oxide concentra-
tion and type, other forming minerals, etc.). We can surf from site to site
through geological time, till now the results support the above detailed
conditions (Polgari et al., 2012a, 2012b; Bodor et al., 2016; Molnar
et al., 2017; Yu et al., 2019; Polgdri et al., 2019, 2012a, 2012b; Biondi
etal., 2020 current volume; Yu et al., 2021 current volume). The oxygen
supply can be the result of currents, cyanobacterial ventilation (Yu et al.,
2019a, 2019b). Further, these are starving basins, because if there is a
considerable debris contribution, microbial biomat system will be
destroyed, or diluted. Further, such systems provide information on
paleoenvironmental conditions (Eh, pH).

Formation ages of sedimentary manganese deposits in China range
from Mesoproterozoic to Quaternary (Fan and Yang, 1999). In South
China, several important manganese deposits occurred in Neo-
proterozoic, Ordovician, Devonian, Carboniferous, Permian and Triassic
strata (Fan and Yang, 1999; Xu et al., 2019). The Zunyi manganese
metallogenic belt outcrops occurs in the northern Guizhou Province,
southwestern China and extents to the western boundary of Guizhou,
where a series of large to medium scale manganese deposits are
concentrated in this metallogenic belt with a total manganese reserve
larger than 150 million tons (Fig. 1A B). The manganese deposits are
preserved in the Middle Permian Maokou Formation. Recent
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geochronology study constrains the age of manganese deposits to >263
Ma, according to the zircon U-Pb ages from the overlying claystone and
the conodont biostratigraphic zone (Yan et al., 2020). Thus the forma-
tion age of manganese deposits should be before Middle Capitanian
Stage.

Late Middle Permian (Capitanian) witnessed some drastic changes in
the Earth’s geological history, including the eruption of Emeishan Large
Igneous Province (ELIP) (Zhong et al., 2007; Xu et al., 2008; Shellnutt,
2014; Shellnutt et al., 2020), the Guadalupian mass extinction (Day
et al., 2015; Rampino and Shen, 2019), and the global regression event
(Isozaki et al., 2007; Kofukuda et al., 2014). The onset of volcanism of
the ELIP started from ca. 263 Ma, probably began from submarine
volcanism and the consequent violent, phreatomagmatic-style eruptions
(Jerram et al., 2016; Yan et al., 2020). It then transited to voluminous
flood volcanism during the main eruption stage (He et al., 2007), and
covered >30,000 km?. Magmatic activities of ELIP may last for ~7 myr
(263-256 Ma), and caused the regional uplift in the central zone of ELIP
due to the axisymmetric doming and consequent uplift and rifting in the
central and adjacent areas (He et al., 2010; Wang et al., 2018). At the
end of Guadalupian, a mass extinction event happened, although the
ages of the marine extinction remain unclear but mostly occured at
~260 Ma (Jin et al., 1995; Day et al., 2015), thus it coincided with the
activities of ELIP, the low global sea-level and the low Sr isotope record
in the marine deposits (Korte and Ullmann, 2018). Reasons of the
extinction event could be complicated: the severe environmental crisis
in marine (e.g., anoxic and acidification) played an important role for
the losses of ~70% species in marine invertebrates (Isozaki and Servais,
2018) and at least 56% of plant species (Day et al., 2015). Rapid sea-
level fallen happened during the Capitanian and it reached its mini-
mum to the Phanerozoic around the Guadalupian (Middle Permian)-
Lopingian (Late Permian) boundary, causing the widespread discon-
formity in sedimentary sequences (Isozaki et al., 2008; Kofukuda et al.,
2014). This sea-level decline probably indicates the cooling event during
the transition from the late Paleozoic icehouse to the Mesozoic green-
house regime (Isozaki et al., 2007).
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Fig. 1. A-Location of study area in China and the main tectonic subregions of China; B-Main manganese mining deposits and the study area in Guizhou Province,
South China; C-Geological map of the southern Zunyi area, Guizhou, South China, stars mark the studying sections. ELIP in Fig. 1A = Emeishan Large

Igneous Provence.
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Previous studies on the Middle Permian manganese deposits in Zunyi
emphasized the key role of the hydrothermal activities in the
manganese-forming basins. A series of evidence support this argument,
including: (1) lamellar, massive, banded, and brecciated structures of
ore (Xu et al., 2019); (2) hydrothermal paragenetic gangue minerals, e.
g., rutile, barite, pyrite, and chalcopyrite (Gao et al., 2018); (3) REEs of
manganese ores are characterized by enrichments of La, Ce, Nd and Y
((e.g., monazite and xenotime; Liu et al., 2008, 2015; Xu et al., 2019);
and (4) elements discrimination diagrams indicate the hydrothermal
source for manganese deposits (Gao et al., 2018). In these studies, some
clues imply the strong geobiological activities during the formation of
the manganese deposits in Zunyi, such as the abundant organic matter,
micro-laminae, and nodules in the manganese ores (Liu et al., 2015; Gao
et al., 2018). Recently, evidences of the microbially mediated manga-
nese metallogenesis have been widely reported in the ancient (Pre-
cambrian to Mesozoic) and modern manganese deposit (Blothe et al.,
2015; Polgari et al., 2019; Yu et al., 2019b; Biondi et al., 2020). The
background information about the role of microorganisms in the for-
mation of sedimentary deposits are given in detail in Polgari and Gyollai
(2021 current volume). The Permian basin in Zunyi, South China
perfectly accord with the favorable conditions for formation of manga-
nese deposits: It was located in the rifting zone with strong basal hy-
drothermal activities (Xu et al., 2019), the redox condition transformed
from anoxic to oxic-anoxic (Xu et al., 2021), and most important, high
productivity and intense microbial activities (Shi et al., 2016). These
clues lead to the possibility of contribution of microbial processes to the
enrichment of manganese deposit in Zunyi.

In this study, we elaborate the re-examination of the manganese ore
samples in the manganese deposit of Zunyi, northern Guizhou, South
China. Based on new evidence achieved from petrological, mineralog-
ical, geochemical and stable isotopic analyses, microbially-mediated
mechanism as metal enrichment factor is proposed to be a “missing
link” between the hydrothermal manganese source and the manganese
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deposits.

2. Geological setting

The study area is in the western South China Block (Fig. 1A). A series
of Permian manganese deposits have been discovered in the NNE-
trending in Guizhou Province (Fig. 1B). Due to a series of tectonic
movements from Paleozoic to Mesozoic [e.g., Guangxi (a Late Ordovi-
cian to Late Silurian tectonic movement in the South China Block), the
Indochina and the Himalaya movements], Silurian, Devonian, Late
Triassic and Cretaceous strata are absent in this area (Fig. 1C). During
the Early Permian to Middle Permian, the South China Block was in the
low-latitude area, the sedimentary sequence in the block was dominated
by shallow marine carbonate deposits (Yu et al., 2019a). During Late
Middle Permian, sedimentary differentiation began to develop in the
South China Block and led to the coexistence of carbonate platforms and
inter-platform troughs. This sedimentary differentiation was reflected in
the lithology and thickness variations of the Maokou Formation. The
Maokou Formation can be divided into three members in the study area
(Fig. 2): (1) the 1st Member is mainly composed of massive and thick
bioclastic limestone with siliceous nodules and lenses, with thickness of
100 — 150 m; (2) the 2nd Member is dominated by thin carbonaceous
limestone, siliceous limestone and siliceous rock, with thickness of 10 —
80 m; and (3) the 3rd Member in the carbonate platform environment is
the bioclastic and micritic limestone, while in the interplatform trough
basin environment, thin-layer siliceous rock developed. Manganese de-
posits (Mn-bearing carbonate) occurred in the transitional zone between
interplatform trough and the carbonate platform and in the interplat-
form trough (Liu et al., 2019). Thickness of the manganese deposit is
<10 m. Based on the conodont fossils in the Maokou Formation of Zunyi,
the Maokou Formation started the deposition at the Middle Wordian
(Middle Guadalupian) and terminated during the end of Capitanian
(Bgmrhnp, 1988). Between the Maokou Formation and the overlying
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Fig. 2. Lithological columns of the Maokou Formation in the Masangtai, Tiechang, Shangji, Hehsangchang and Xinglong sections, the manganese deposit in the
Xinglong section is magnified and showing the sampling positions. Locations of these sections are shown in Fig. 1.
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Longtan Formation, there is a parallel unconformity, indicating the
sedimentary hiatus around the Guadalupian-Lopingian Boundary (GLB).

Changes of thickness and lithology of the Maokou Formation imply
the carbonate platform to the deep-water trough co-existed during
Middle Permian, and the final exposure indicate that the study area went
through the swift sea-level decline during the transition of Middle-Later
Permian. Activities of the ELIP and the consequent tectonic effects are
likely the major factor controlling the regional sea-level changes. The
early stage of the ELIP accompanied with the submarine volcanic
eruptions (Jerram et al., 2016; Yan et al., 2020) and the rifting system in
the western South China Block (Wang et al., 2018). However, the tec-
tonic background of the western South China Block during early period

nate rock
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of the ELIP is still in debate. Previous studies contribute it to the early
subsidence of lithosphere due to the mantle plume activities (Wang
et al., 2018), a recent study argues that the western South China Block
was still in the back-arc region of the Permian Paleo-Tethys subduction
zone at that time (Zhu et al., 2019). The exposure surface on the topmost
Maokou Formation indicates a sudden regression, which reflects a major
global sea-level drop at the GLB (Isozaki et al., 2008; Kofukuda et al.,
2014), and it was reinforced in the South China Block by regional crustal
doming linked to ELIP emplacement (He et al., 2010).

e
arbonate rocks,
~ - ‘,\

Fig. 3. Field photos of the sections in this study. A, B-The boundary between the 1st Member and the 2nd Member of the Maokou Formation in the Xinglong section
and the Heshangchang section, respectively; C, D-Siliceous rocks in the 2nd Member of the Maokou Formation in the Xinglong section and the Heshangchang section,
respectively; E, F-Manganese deposit in the 3rd Member of the Maokou Formation in the Xinglong section and the Heshangchang section, respectively.
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3. Sampling

Totally five sections (Masangtai, Tiechang, Xinglong, Shangji,
Heshangchang) are analyzed in this study, both are located in southeast
of Zunyi city, northern Guizhou (Fig. 1). The Masangtai and Tiechang
sections (Fig. 2) are represent the typical carbonate platform deposits of
the Maokou Formation. Three members of the Maokou Formation are
well preserved in two sections: the 1st Member is massive and thick
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bioclastic and micritic limestone with scattered siliceous nodules, the
thickness of this Member is 100-110 m; the 2nd Member consists of
~20-m-thick siliceous limestone and carbonaceous limestone with
interbedded thin siliceous layers; the 3rd Member returns to the car-
bonate deposit, containing 60 to 70-m-thick bioclastic and micritic
limestones. No manganese deposit is found in Masangtai and Tiechang
sections, the Maokou Formation is overlain by the white claystone of the
Upper Permian Longtan Formation. The Shangji, Heshangchang and

Fig. 4. Typical samples and thin sections from the manganese deposit of the middle Permian Maokou Formation in the Xinglong section. A, B- Sample XL-4; C, D-
Sample XL-5. Yellow lines indicate the analyses pathways, arrows show the moving direction.
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Xinglong sections all contain manganese deposit, representing by the
Xinglong section, three sections show similar lithological features (Fig. 2
and Fig. 3). The Xinglong section is ~3 km southeast of Longping
village, the 1st and 2nd members of the Maokou Formation in the
Xinglong section is similar with the Masangtai and Tiechang sections,
being composed of limestone and siliceous limestone, respectively
(Fig. 3A B C D). The 3rd Member of the Maokou Formation in the
Xinglong section is a 3-m-thick black manganese-bearing carbonate
deposit, with massive, clastic and laminated structures (Fig. 3E F).
However, in different sections, thickness of the manganese deposits
show variation, for example, in the Heshangchang section, thickness of
the manganese deposit is only about 0.5 m. All surficial manganese
deposits in the field show strong weathering, and the manganese car-
bonate deposits have transformed into manganese oxides deposits. Thus
we chose the fresh, unaltered samples from the mining underground
tunnel for this study. Totally five samples (XL-1 to XL-5 in ascending
order) were taken from the manganese deposit of the Xinglong section
with equal interval (~0.6 m, Fig. 2).

Collected samples are massive dark gray or black, fine- to coarse-
grained manganese carbonate ore with diagenetic sedimentary fea-
tures, lacking of macroscopically visible lamination (Fig. 4). Two
representative manganese ore samples (XL-4 and XL-5) were sent to
Institute for Geological and Geochemical Research, Hungary for further
analyses (Table S1). From the rock samples four thin sections were made
(XL-4A, XL-4B, XL-5A and XL-5B).

4. Methods

Preliminary microtextural observations raised microbially mediated
mineralization that is why adequate methods were chosen (Table S1).
Mineral assemblage of such kind of systems is very fine grained and
poorly crystallized, that is why very sensitive, high resolution, in situ
methods were used with low excitation energy (FTIR, Raman spectros-
copy). Also, they offer organic matter identification as well. Excitation
energy of FTIR is the least, so it is the best for poorly crystallized
microbially mediated minerals, even Raman with its higher excitation
energy can cause transformation of minerals to more stable forms, e.g.
ferrihydrite to goethite or hematite (Biondi et al. 2020). XRD is not
adequate on such fine grained microbially mediated poorly crystallized
samples, as they are XRD amorphous. So, to get information on miner-
alogy and organic matter, FTIR and Raman are the perfect methods.

4.1. Optical rock microscopy (OM)

Petrographic structural-textural studies were made on three thin
sections (XL-4A, XL-5A, and XL-5B) in transmitted light (NIKON
ECLIPSE 600 rock microscope, Institute for Geology and Geochemistry,
Research Centre for Astronomy and Earth Sciences, - IGGR RCAES,
Budapest, Hungary). In total 71 photos were taken. The samples do not
show macroscopic lamination, that is why the thin sections were pre-
pared on different orientations. Transmitted and reflected methods were
used.

4.2. Cathodoluminescence (CL) observation

Cathodoluminescence (CL) was carried out on two thin sections (XL-
5A, XL-5B) using a Reliotron cold cathode cathodoluminescence appa-
ratus are mounted on a BX-43 Olympus polarization microscope.
Accelerating voltage was 7-7.7 keV during the analysis. Cath-
odoluminescence spectra were recorded by using an Ocean Optics
USB2000 + VIS-NIR spectrometer. Spectrometer specifications are
350-1000 nm wavelength range, and 1.5 nm (FWHM) optical resolu-
tion. 34 photos were taken.
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4.3. Fourier transform infrared spectrometer (FTIR)

Fourier transform infrared (FTIR) was used for in situ micro-
mineralogy and organic material identification on four thin sections,
using a Bruker FTIR VERTEX 70 equipped with a Bruker HYPERION
2000 microscope with a 20 x ATR objective and MCT-A detector. During
attenuated total reflectance Fourier transform infrared spectroscopy
(ATR) analysis, the samples were contacted with a Ge crystal (0.5 pm)
tip with 1 N pressure. The measurement was conducted for 32 s in the
600-4000 cm ! range with 4 cm ! resolution. Opus (version 5.5) soft-
ware was used to evaluate the data. The equipment cannot be used for
Mn-oxide determination because those peaks fall in the <600 cm
range. Contamination by epoxy glue, glass was taken into consideration.
Totally 139 FTIR spectra were taken at 16 parts in four thin sections,
mineral phases in samples are summarized in Table S2.

4.4. Raman spectroscopy

High resolution in situ micro-Raman spectroscopy was used for
micro-mineralogy and organic matter identification and distribution on
4 thin sections (XL-4A, XL-4B, XL-5A, XL-5B, line profiles are shown on
Fig. 4). A Thermo Scientific DXR Raman Microscope was used, with a
532 nm (green) diode pumped solid-state (DPSS) Nd-YAG laser using 1.5
mW laser power, 50x objective lens in confocal mode (confocal aperture
25 um slit). Acquisition time was 1 min and spectral resolution was ~2
em™! at each measurement (Szeged University, Hungary); the distance
between each point was 10 um and the measurement time was 10 min.
Diagrams were organized on peak height versus analytical spot number
of each of the phases along the Raman scanned section. Intensities were
normalized to the highest peak for each spectrum.

The spectra were elaborated in two ways:

(1) Diagrams were organized in terms of peak height versus analyt-
ical spot number of each of the phases along the Raman scanned section
(intensity of main minerals and organic matter in general). (2) A
detailed determination of all spectra was also made. These results are
summarized in Table S3, in which the mineral composition can be fol-
lowed from point to point, as well as the type of organic matter. Aside
from the profile analyses, descriptions of the mineral phase transitions
were also constructed for clarification of mineral transitions in three
photos and two profiles.

The following Raman bands were used for normalization: rhodo-
chrosite: ~1086 cm ™, calcite: ~1083 cm ™, kutnohorite: ~1093-96
cm_l, apatite: ~965 cm_l, quartz: ~463 cm_l; carbonaceous matter:
~1605 cm L. Identification of minerals was made with the RRUFF
Database (Database of Raman - spectroscopy, X-ray diffraction, and
chemistry of minerals: http://rruff.info/), and cited papers given in
Table S3. Contamination by epoxy glue was taken into consideration.

In total, 12,325 spectra were determined for micro-mineralogical
and organic matter composition and also for the distribution of min-
erals and organic matter according to the thin section profiles. The
pathways of analyzed profiles are shown in Fig. 4.

4.5. Major element analysis

Whole rock major elements analyses were carried out by the ALS
Chemex Laboratory (Guangzhou, China) on five samples from the
Xinglong section. Each whole-rock sample was crushed to 60 mesh in a
corundum jaw crusher and then powdered in a tungsten carbide ring
mill to finer than 200 mesh. Major-element measurements were made
using a Shimadzu 1800X X-Ray fluorescence (XRF) unit with a detection
limit of 0.1-1 ppm and an analytical precision better than +3% of re-
ported values. Loss-on-ignition (LOI) was used to determine total vola-
tile content.
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4.6. Electron probe micro-analyser (EPMA)

EPMA analyses include back scattered electron images, X-ray
element maps, and also spectra with composition. Element composition
and microtextural features of four thin sections (XL-4A, XL-4B, XL-5A,
XL-5B) were determined at 1-2 pm spatial resolution on carbon-coated
sample using a JEOL Superprobe 733 electron microprobe with an INCA
Energy 200 Oxford Instrument Energy Dispersive Spectrometer, run at
20 keV acceleration voltage, 6 nA beam current and count time of 60 s
for the spot measurement and 5 min for line-scan analysis. Olivine,
albite, plagioclase and wollastonite standards were used; we estimated

Ore Geology Reviews 136 (2021) 104259

that the detection limit for the main elements was below 0.5% based on
earlier measurements with various samples (IGGR RCAES, Budapest,
Hungary). 355 spectra were acquired (element maps were also elabo-
rated), and 24 back scattered electron images were made.

4.7. Stable C and O isotope study

513C and 5'80 were measured on carbonates (whole rock samples)
(rhodochrosite, kutnohorite, calcite, n = 2) and also on organic matter
(n = 2) using a Finnigan Delta V continuous-flow mass spectrometer
equipped with a Thermo Flash element analyser (IGG RCAES, Budapest,

Fig. 5. The mineralized microbially produced micro-texture (MMPT) in thin section XL-4A. Panels A, C, E are showing the genal microscopical feature of this sample,
with obvious nodules and grains floating in the micritic matrix. Panels B, D, F are zoom-in photos of the yellow rectangle in panels A. C. E, MMPTs are denoted by
red arrows.
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Hungary). Three sets of samples were measured for comparison. Results
are given in per mil (%o) versus V-PDB (13C) and SMOW (180) standards.
Standard deviation of the data is below 0.1%. based on the reproduc-
ibility of sample triplets and laboratory standard data. Measurements in
case of carbonate were organic matter free and in case of organic matter
carbonate free.

Ore Geology Reviews 136 (2021) 104259
5. Result
5.1. Petrography

Sample XL-4A do not show macroscopic nor microscopic lamination.
The sample is coarse-grained, diagenetically recrystallized. Debris ma-
terial is not visible. Diagenetic sedimentary features can be observed
(vein fillings), and coarse calcite mineralization was detected. Miner-
alized microbial and microfossil biosignatures are common (red arrows
in Fig. 5 B D F). Mineralized microbial biosignatures occur as woven
textures, filamentous forms with pearl necklace-like inner texture,

B. XL-5A

Fig. 6. The mineralized microbially produced micro-texture (MMPT) in thin section XL-5B. A and B are showing the mineralized microbial network (reflection light
photos, red arrows). C and D are showing the MMPTs (red arrows, transmission light photos). E is presenting the tube-like structure, bright minerals are pyrite
(reflection light photo). F automorphic calcite in micrometer scale.
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vermiform and coccoid forms. Brownish Fe-bearing and organic-rich
parts are very characteristic (Fig. 5). XL-5A and XL-5B samples simi-
larly to XL-4A, do not show macroscopic nor microscopic lamination. In
XL-5A sample very characteristic, representative mineralized microbial
network can be observed on reflective photos (Fig. 6A B). Debris ma-
terial is not visible. The samples are coarse-grained, diagenetically
recrystallized. Brownish Fe-bearing and organic-rich parts can also be
observed. In XL-5B sample, coarse calcite mineralization was detected
(Fig. 6 C F). Mineralized microbial biosignatures are common (red ar-
rows) (Fig. 6).

Microfacies of the manganese ore samples are wackestone and
packstone. Abundant fossils are found within these samples, assembly of
foraminifers (Archaediscus sp.), Echinoid spines, calcareous alga
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fragments, crinoid and Echinoderm plates and bryozoan indicate that
manganese deposit was deposited in shallow warm sea water. Echinoid
spines and Archaediscus sp. constrain the deposition age to Permian.
Please see Fig. S1 for detailed information of micropaleontology.

5.2. Mineralogy

In microscopic photos, dark brownish obscure part occur in the
manganese ore samples (Fig. 7A C E), which does not show CL, indi-
cating organic matter and/or Fe-bearing minerals. Diagenetic carbon-
ates show bright orange CL, indicating the feature of manganese
carbonate minerals, e.g., rhodochrosite, Mn-bearing calcite, and kut-
nohorite (Fig. 7B D F). The small differences in CL can reflect

Organic
4~ matter

Diagenetic
carbonate

e-bearing
carbonate

Diagenetic
4~ carhonate

Organic

matter
Diagenetic
carbonate

Fig. 7. Polarize microscope and cathodoluminescence (CL) photos of sample XL-4 (A, B, C, and D) and sample XL-5 (E and F), paired photos show the same view field
of polarize microscope and CL photos. Bright orange phases are mixed carbonates, bluish phase on B is quartz.
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transitional mineral phase of mixed carbonates. Dull orange CL can
represent Mn-bearing carbonate affected by Fe-quenching. Blue CL parts
(Fig. 7B) can represent segregated quartz. Debris component was not
detected by CL.

From FTIR observations, the main Mn mineral is rhodochrosite,
other manganese carbonates include kutnohorite and Mn-bearing
calcite, siderite and dolomite also occurred (Fig. 8, Table S2). Fe
oxide-hydroxide as ferrihydrite and hematite and locally pyrite was
determined (Fig. 8C D E F). In mineralized microbial network, ferrihy-
drite, hematite, braunite, aegirine, albite and rhodochrosite occurred
(Fig. 8CD). The organic matter is frequent. Besides ore minerals, apatite,
feldspar (albite) and quartz were also detected.

According to the Raman spectroscopy, the main mineral distribution
was evaluated visually based on series of Raman profiles using 10 ym
scale (Fig. 9, Fig. S2-S5). Sample XL-4A, XL-4B and XL-5B show similar
characteristic in the mineral distribution, mineral composition curves
are dominated by Mn and Fe minerals’ cycles (Table S3). Mn mineral
assemblage includes: Oxides and hydroxide: pyrolusite, ramsdellite,
jacobsite, todorokite, psilomelane, manjiorite, manganite, pyrophanite;
Carbonates: rhodochrosite, kutnohorite, Mn-bearing calcite; Oxides-sili-
cates: braunite, serandite; Sulfides: rambergite, alabandite. Fe mineral
assemblage includes: Oxides and hydroxides: ferrihydrite, lepidocrocite,
hematite, goethite, magnetite, anatase; Carbonates: siderite, ankerite;
Silicates: nontronite, celadonite Sulfides: pyrite, marcasite. Other mineral
assemblage includes: Oxides and hydroxides: quartz; Silicates: albite,
mica, montmorillonite; Phosphates: apatite; Sulfates: Na-jarosite,
johannite (uranyl sulphate). The mineralized Mn cycles are formed by
alternating rhodochrosite and organic matter or kutnohorite and
organic matter. Rhodochrosite and kutnohorite are occasionally over-
lapped, but tend to show independent peaks. The mineralized Fe cycle in
sample XL-4 mainly consists of pyrite, it frequently formed cycles in the
mineralogical curve (Fig. 9 and Fig. S2). Besides, quartz also show the
cyclic feature. Sample XL-5A is a representative sample containing
peculiar minerals (Fig. S3). Mn cycles and Fe cycles are both observed in
this sample, the Mn cycles are represented by the mineral cycles of
alternating rhodochrosite and organic matter or kutnohorite and
organic matter, which are similar with the sample XL-4A and XL-4B. For
mineralized Fe cycles, pyrite is the dominant Fe-bearing mineral phase,
while marcasite (FeSs, the polymorphic form of pyrite) and anatase
[(TiO2) FeyTi(1.x)O2x)OHx] are also observed in this sample. In the
mineralogical curve, various Fe-bearing minerals show cyclic changes
(Fig. S3 and Fig. S5): The Interval I (0 — 10,000 pm on Fig. S3-Distance/
um) contains only pyrite, the Interval II (10,000 — 25,000 pm) shows the
mineral assembly of marcasite + quartz + pyrite + anatase, and the
Interval III (25,000 - 30,700 pm) contains Fe-bearing minerals of
anatase + pyrite.

5.3. Geochemistry

Five samples (XL-1 — XL-5) were acquired whole rock major elements
results (Table 1), showing similar geochemical composition. Dominant
element in these samples is MnO (24.01 wt% — 25.02 wt%). CaO (10.35
wt% — 13.60 wt%) and MgO (4.03 wt% — 5.51 wt%) are also high. Al,O3
(3.19 wt% — 6.00 wt%) and SiO3 (5.64 wt% — 11.00 wt%) are relatively
low, TFe;03 and TiO, show moderate contents, ranging from 2.14 wt%
to 2.39 wt% and 0.24 wt% to 0.65 wt%, respectively. NapO (0.04 wt% —
0.09 wt%) and K;0 (0.06 wt% — 0.08 wt%) are very low in Zunyi
manganese ore samples. Total organic carbon (TOC) shows variations
between 0.03 wt% and 0.26 wt%.

EMPA data support the results of other methods concerning miner-
alogy. The material is very fine-grained, so the analyses often give
“mixed” composition. Some elements, like Ca, Mn, Mg and Fe, in car-
bonate minerals show highly variable composition. In total of 96 points
give the valid geochemical composition results for different carbonate
types, results were summarized in CaO-MnO-MgO triangle diagram
(Fig. 10). The diagram indicates a transitional carbonate mineral series
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within the manganese ore samples, including calcite, Mn-bearing
calcite, kutnohorite with variable composition (Ca-(Mn + Mg)), and
rhodochrosite (Ca-, and Ca + Mg-bearing). Ion substitutions between
Ca?*, Mg?*and Mn?* are common, according to the mineral phases.

Element distribution of samples is shown in Fig. 11. Fe occurs in
different mineral phases: carbonates (siderite, mixed carbonate), oxide-
hydroxide, sulfides (pyrite, marcasite), anatase (Fe-bearing), and clay
minerals (celadonite, nontronite). Distribution of Ti and Fe show su-
perposition in the biomat-like microtexture of some parts in thin sec-
tions, concentrated in the periphery of the Mn carbonate minerals
(Fig. 11A Q).

5.4. Stable C and O isotope results

Paired inorganic carbon isotope (5'3Ccu,) and organic carbon
isotope (613C0rg) results in the manganese ore samples show similar
composition (Table 1 and Fig. 12). Values of 5'3Cuy, are low, ranging
from —9.44%0 to —6.81%0, while 613Corg values are relatively high,
ranging from —23.13%o to —15.01%.. Oxygen isotope (6180 SMOW)
values range from 25.50%c to 26.10%o. Acquired carbon and oxygen
isotope data are accordant with the published isotope data (Xu et al.,
2019), which reported the §'3Car values and §'80gyow values of the
manganese ores range from —18.15%0 to —0.55%0 (average —7.78%o)
and 21.64%o to 26.07%o (average 24.54%o), respectively.

6. Discussion

6.1. Microbial and mineralogical systems in the Permian manganese
deposits of Zunyi

Based on new sedimentological and mineralogical evidences, mi-
crobial contribution in the studied manganese ore samples of the
Permian Maokou Formation in Zunyi are showing as common features
(Figs. 5 and 6). Besides, the mineral assembly and the variable organic
matter contents in manganese ore samples indicate the microbially-
mediated mechanism of the ore beds. These characteristics are similar
to the reported cases dominated by the microbially-mediated metallo-
genesis (Polgari et al., 2012b; Biondi and Lopez, 2017; Yu et al., 2019b;
Biondi et al., 2020). Thus, we argue the manganese-rich deposits of the
Permian Maokou Formation in Zunyi occurred as microbialites. Two
microbial ore-forming systems are during the fixation of the manganese
oxides, including the Fe-oxidizing metabolic process (Fe-oxidizing mi-
crobes) and Mn-oxidizing metabolic process (Mn-oxidizing microbes).
Intense cyanobacterial activities also happened in this process, reflect-
ing by abundant low- or non-manganese carbonate within the manga-
nese ores. According to Castanier et al. (1999), the carbonate particles
are produced by ionic exchanges through the cell membrane by autot-
rophy, which is non-methylotrophic methanogenesis and cyanobacterial
photosynthesis. Carbonatogenesis is the response of heterotrophic bac-
terial communities to an enrichment of the milieu in organic matter.
After a phase of latency, there is an exponential increase of bacterial
numbers together with the accumulation of metabolic end-products
deriving a pH increase and an accumulation of carbonate and
hydrogen-carbonate ions (Dupraz and Visscher, 2005; Dupraz et al.,
2009). Mn- and Fe-replacement via early diagenesis influence the calcite
composition.

6.1.1. Manganese systems

6.1.1.1. Syngenetic manganese system. The syngenetic manganese min-
erals (e.g., Mn-oxides, Mn-hydroxides) are usually hard to preserve in
the ancient manganese carbonate deposits. They could easily transform
to carbonate minerals during the early diagenesis (Burke and Kemp,
2002; Johnson et al., 2016b). In this study, a small quantity of Mn-oxides
and Mn-hydroxides minerals such as todorokite and manganite along
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with hydrocarbons were identified by the Raman and FTIR analyses
(Table S2 and Table S3). We consider them as remnants of the original
sedimentation, for these syngenetic minerals were not entirely
destroyed during diagenesis. Precipitation of Mn-oxide and Mn-
hydroxides formed the protore of manganese deposit in the Maokou
Formation, the initial product of microbial enzymatic Mn(II) oxidation
may lead to the formation of bio-oxides/ hydroxides (e.g., todorokite,
manganite), similar to the modern microbial simulation experiments
(Bargar et al., 2005; Vandieken et al., 2012). The microbial (enzymatic)
Mn(II) oxidation requires obligatory oxic condition, this bio-oxide is an
amorphous oxide similar to 8-MnO, (as todorokite and manganite
detected by Raman in XL-4 and XL-5 samples, Table S3), which is
thought to be a disordered thermodynamically unstable 7-A-vernadite
(hexagonal phyllomanganate) containing Mn(IV) vacancy defects, with
very small particle sizes (<20 nm lateral dimensions), and having only
two or three MnO layers stacked along the c-axis (Villalobos et al.,
2003). The bacterial cells not only directly oxidized Mn(II) to Mn(IV),
but also influenced the cation composition of the Mn-oxide mineral
being produced during the early stages of Mn oxidation process (Bodel
et al., 2007). Mineralogical changes similar to these are commonplace in
natural settings where bacterial oxidation of Mn(II) occurs and may
liberate absorbed metal ions or alter the rates of Mn-oxide surface pro-
cesses, such as the degradation of organic matters. It is noteworthy that
microbes may exploit such mineral transformation reactions to indi-
rectly control chemical conditions in the vicinity of the cell (Man-
dernack et al., 1995). Other two possible pathways for formation of
mixed carbonate mineral phases include Mn-metasomatism of calcite
(Molnar et al., 2017) and primary rhodochrosite precipitation (Wittkop
et al., 2020). The former is accomplished by the process that the Mn?*
ions in water replace the Ca?* of the calcite produced by cyanobacteria
and resulting in the formation of Mn-bearing calcite; the latter is an
innovative mechanism that believes primary Mn-carbonates are
precipitated in environments with high concentrations of dissolved Mn
(>200 pM), and where Fe and Mn are partitioned by S cycling, photo-
ferrotrophy, or microaerophilic Fe-oxidation.

6.1.1.2. Diagenetic manganese system. Rhodochrosite and kutnohorite
are considered as diagenetic products forming the main Mn ore.
Composition of kutnohorite reflects Ca — (Mn + Mg) cation composition,
existence of Mn-bearing calcite within the samples indicate the possible
process of Mn-metasomatism (Fig. 10). Mn-bearing carbonate phases in
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the samples show transitional geochemical compositions. In the
diagenesis, the syngenetic Mn-oxide/hydroxides stabilized and formed
relatively pure mineral phases (such as pyrolusite, ramsdellite, Table S3)
and/or variable-cation-bound forms such as pyrophanite, romanechite,
manjiorite and jacobsite (Polgdri et al. 2012ab; Maynard, 2014; Johnson
et al., 2016b; Biondi et al., 2020). Activities of heterotrophic microbes
during the early diagenesis led to the precipitation of rhodochrosite.
5!3Cear, values of samples are moderately negative, between
—9.44%o to —6.81%o. Concerning carbonate formation three models can
be discussed: (1) Abiogenic mixed syngenetic carbonate formation
(heavy C signal); (2) Cyanobacterially mediated syngenetic calcite for-
mation and Mn- and Fe-replacement via early diagenesis (both C isotope
signals can occur), and (3) Diagenetic mixed carbonate formation via
organic matter decomposition (light C signal). Measured values will be
the resultant of the different C sources, which moderate negative char-
acter refer the major contribution of heavy C source. Microtextural
features of samples clearly show that sediment surface was colonized by
cyanobacteria. Carbon isotope data of the Permian manganese and
carbonate deposits in Zunyi give the direct evidence for the reaction
between syngenetic Mn-oxide/hydroxides and organic matter (Fig. 12),
the inorganic carbon isotope records in the manganese ore samples
(—17%o to ~—5%0) are much lower than non-manganese carbonate
(0.5%o to 5%o), indicating that the carbon source partly originate from
the oxidized organic matter (Xu et al., 2019 and this study). This
observation is widely existed in the manganese carbonate deposits in
different ages around the world (Polgari et al., 1991; Yu et al., 2017).
These poorly mineralized cryptocrystalline minerals mixed in a variable
amount of the micro-laminae as a manifestation of mineralized man-
ganese cycles. Manganese sulfide (MnS) minerals (ramsbergite and
alabandite) are observed in both XL-4 and XL-5 samples, they usually co-
exist with kutnohorite. Appearance of MnS minerals indicate that the
manganese-rich sediments once reaching the depth of sulfate reduction
zone (SRZ) with excess of organic matter, which is accordant to the
observation of microbial involved mineral synthesis experiment and
modern marine sediments in Baltic sea (Burke and Kemp, 2002).

6.1.2. Iron systems
6.1.2.1. Syngenetic iron system. Fe-oxides (hematite) and Fe-hydroxides

(ferrihydrite and lepidocrocite) in the samples represent the remnant of
syngenetic Fe-bearing minerals (Fig. 8 and Table S2). Considering the
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Table 1

Compositions of major elements, organic carbon, C and O isotopes for Middle Permian Mn ore samples in Zunyi, South China.

5'3Ccarb 5'3Corg 5'%0

C organic
wt.%

SUM

LOI 1000
wt.%

P,0s BaO SO3

wt.%

TiO,
wt.%

Na,0 K20

wt.%

Si0y Al,O03 TFe,03 MnO MgO CaO
wt.% wt.% wt.% wt.% wt.%

wt.%

Sample

VPDB, %o VSMOW, %o

wt.% VPDB, %o

wt.%

wt.%

wt.%

26.10

—21.23
—22.45

-7.13
—8.54
—6.81
—7.40
—9.44

0.03

99.71

42.64
41.18
40.42
40.35
40.04

1.90
0.61
0.61
0.69

0.

0.02
0.01
0.01
0.02
0.01

0.01
0.01
0.01
0.01
0.01

0.24
0.54
0.60
0.65
0.65

0.06
0.07
0.08
0.08
0.08

0.04
0.05
0.07
0.09
0.07

13.60
10.35
11.15
11.30
10.45

5.51
4.03
4.26
4.37
4.04

24.47
25.02

24.01

2.39
2.38
2.34
2.26
2.14

3.19
4.

5.64

XL-1

25.70

0.16
0.26
0.20

0.

99.79

79

10.75
10.48
10.04
11.00

XL-2
XL-3
XL-4

X

25.50

—-23.13
—-22.11
—15.01

99.46
99.21

5.

25.60

24.24
24.16

5.11
6.00

25.60

21

99.20

55

L-5
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Fig. 10. CaO-MnO-MgO triangle diagram for the EPMA - EDS analyses of
samples XL-4A, XL-4B, XL-5A and XL-5B.

Permian manganese deposits in Zunyi formed in the weakly oxidizing to
reducing condition environments (Gao et al., 2018), several possible
ferrous-oxidizing mechanisms can be proposed to explain the precipi-
tation of Fe-bearing minerals: (1) Microbial neutrophilic, micro-aerobic
Fe(II) oxidizing bacteria in weak alkaline and suboxic environment
(Hallbeck and Pedersen, 1990; Ehrenreich and Widdel, 1994; Kon-
hauser, 1998; Ehrlich, 2002); (2) Nitrate-reducing Fe(I) oxidizers in
suboxic/anaerobic conditions (Straub et al., 1996); and (3) Photo-
ferrotroph metabolism in anoxic/anaerobic light-demanding conditions
(Konhauser, 1998; Konhauser et al., 2017).

7. Diagenetic iron system

Microbial poorly-ordered Fe-bearing minerals (e.g., ferrihydrite and
lepidocrocite) in the Fe-rich biomat would transformed into more or-
dered and stable minerals, such as goethite, hematite and anatase (a
Fe3* Ti**-bearing oxide), which have been observed in the Raman
spectra (Table S3). In XL-4 and XL-5 samples, the anatase cycles are well
established (Figs. 9, 13, Fig. S2, S3, S4 and S5). EPMA measurements
determined Fe-content in the anatase in mineralized biomat-like
microtexture (Fig. 11). Occurrence of siderite and ankerite within
samples may indicate that sediments had reached the Fe reduction zone
(FeZR, suboxic diagenetic zone). Aegirine is a trace mineral in XL-5A.
Previous study of the end-Neoproterozoic manganese deposit in Uru-
cum, Brazil reported this mineral as the main component of the man-
ganese ores. Aegirine, as a more stable Fe-bearing mineral phase,
occurring in cyclic micro-laminae alternating with braunite in Urucum,
it is the diagenetic mineral formed by Fe-oxidizing bacteria (Biondi
et al., 2020). The syngenetic Fe-oxides and Fe-hydroxides (ferrihydrite)
transformed to aegirine and segregated silica during early diagenesis
(Herdianita et al., 2000). Aegirine micro-laminae represent the Fe-
oxidizing microbial cycles, and braunite represents the Mn cycle in
silicified and stable form (Johnson et al., 2016a). This aegirine and
braunite assembly should form in oxic-suboxic condition (Baturin,
1988). High-resolution Raman investigations show that aegirine con-
sumes silica in hematitic biomat toward the silica fixation (Biondi et al.,
2020). In short, the reported authigenic formation of aegirine fits well
with our results, the source of Na was more likely came from the
decomposition of cell and sequestered element in extracellular poly-
meric substances (EPS) or/and the hydrothermal activities.

Marcasite (FeSy) is a peculiar mineral in XL-5A, which has an
important role in the interpretation of diagenetic conditions (Table S4
and Fig. S5). Marcasite occurs together with the mineral assembly of
quartz + pyrite + anatase in the sample (Table S4 and Fig. S5). As
marcasite occurs in the form of cycles, it supports that this mineral
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Fig. 11. EPMA back-scattered images (left) and EDS elements scanning images (right) of A, B sample XL-4 and C-sample XL-5. Analyzed elements included Ca, Mg,
Fe, Mn, Si, Al and Ti. Ca, Mg, Fe, Mn represent mixed carbonate phases, on B white Fe enrichment is pyrite, Ti represent anatase, Al represent clay minerals, Si on B
represent quartz (strong green part) and probably clay minerals (light green part). For more results please see supplementary materials.

represents the diagenetic product of Fe-biomat, which marcasite formed
under special diagenetic conditions. Precipitation of marcasite needs an
acidic environment, however, there is a sufficient number of diagenetic
marcasite are found from normal marine sediments (Bottcher, 2011;
Schieber, 2011), as well examples of marcasite that has inverted to
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pyrite (Schieber, 2011), suggesting that it might be widespread in the
marine realm than previously thought. Formation of pyrite occurs in the
condition of pH = ~6, but the formation of marcasite demands pH < 5.
Thus, the relative abundance of pyrite versus marcasite in sediments
should be a function of pH. Because marine waters are slightly alkaline
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Fig. 12. Carbon and oxygen isotope data from the Permian manganese deposit in the Maokou Formation of Zunyi, northern Guizhou, South China (Xu et al., 2019
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(pH = ~8), it has been presumed that marcasite cannot form in marine
sediments during the early diagenesis. Yet, regardless of this, diagenetic
marcasite unquestionably occurs in marine sediments (Maynard, 1983).
During the early diagenesis, pre-existing sulfide grains are wholly or
partially destroyed, in order to supply dissolved Fe?*, or readily soluble
iron [e.g., Fe(OH)s] for the growth of new iron sulfides. Iron sulfide
destruction to sulfate results in acidity (SO%’ + H™) and dissolved ferrous
ion (Fe?"). The associated lowering pH in the pore water also promotes
larger concentration of Fe2* (Maynard, 1983). Such a setting favors re-
precipitation of marcasite in the presence of HS influx from underlying
sediments (Murowchick and Barnes, 1986; Schoonen and Barnes, 1991).
Re-oxidation of reducing, organic and iron sulfide-rich sediments
(“burndown”) has been studied extensively (Egger et al., 2017), and
marcasite can potentially be used as a mineral based indicator of
burndown events. Marcasite as a common component, occurs intimately
associated with calcite dissolution and precipitation of diagenetic
quartz. This mineralogical triumvirate makes chemical sense because
marcasite formation, calcite dissolves and dissolved silica (segregated
silica) precipitates all require low pH conditions. Amorphous silica
segregation is derived by either the destruction of opaline components,
organic complexes or the transformation of ferrihydrite (Baele et al.,
2008).

7.1. Combination of hydrothermal and microbial metallogenic mechanism

Published studies on the Permian manganese deposits in the Maokou
Formation of Zunyi emphasize the significance of the hydrothermal
activities during the metallogenesis (Liu et al., 2008, 2015; Gao et al.,
2018; Xu et al., 2019). Several reasons are proposed to explain the hy-
drothermal fluids facilitate the formation of manganese deposits: (1)
hydrothermal vents at the bottom of the basin provided sources of Mn
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and Fe influxes for the seawater; (2) injection of hydrothermal fluids
into the seawater probably led to the stratification of the basin water-
body and formed the oxic surface water and anoxic bottom water; and
(3) hydrothermal activities led to the enrichment of REEs in manganese
ores. These studies mentioned the biogenic factor that limited to
enhance primary productivity and anoxic waterbody caused the
increased organic carbon burial, which participated in the formation of
manganese carbonates. However, based on new evidences of this study,
we proposed that biogenic factor may play an important role during the
manganese metallogenesis than previously thought.

Based on our results, an innovative metallogenesis mechanism
involving both hydrothermal and geobiological processes is proposed to
explain the formation of manganese deposit of the Maokou Formation in
Zunyi. Basal seawater probably contained high content of Mn(II) which
was supplied by distal hydrothermal fluids during the rifting activities at
that time (Fig. 14A). Initial fixation of manganese should happen near
the redoxcline of the basin, that is why the manganese deposits of the
basin concentrated in the slope or the deep shelf margin environments
(Liu et al., 2019), neither in the center of the basin nor in the platforms,
the former is dominated with thin-layer siliceous rock and latter is pure
limestone. The first step of the microbially-mediated manganese
enrichment began with two important mechanisms in the oxic condi-
tion: (1) Enzymatic Mn(II) oxidation resulted in the precipitation of
8-MnO, bio-oxide (todorokite, manganite) as very fine-grained ooze into
the cyanobacterial organic and carbonate network; (2) Metals were
sequestered in extracellular polymeric substance (EPS) and other
organic materials including carboxyl, sulphinic acid, phosphate groups,
anions on amino groups. These processes sequestered dissolved Mn(II)
into solid phase.

During the manganese enrichment stage, microbial mats were jointly
organized by at least three types of microbial systems, including the (1)
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Fig. 13. Reflected optical rock microscopy image (A) and Raman scanning results (B and C) of mineralogical distribution of a nodule in sample XL-4A, arrows in
Fig. 13A indicate the moving direction (photos on B and C are optical rock microscopy images, transmitted light, 1 N).

cyanobacterial system, (2) Mn-biomat system and (3) Fe-biomat system.
Intense carbonate formation by cyanobacterial activities can be
demonstrated by the widespread calcites, and they were partially
affected by Mn-metasomatism and formed Mn-bearing -calcite
(Fig. 14B). It is interesting to observe peaks of Mn-bearing calcite/
rhodochrosite and kutnohorite show no overlapping (Fig. 11, Fig. S2,
Fig. S3 and Fig. S4). Thus, we explain that Mn-bearing calcite/ rhodo-
chrosite represent one system, indicating the co-existence of cyanobac-
teria and Mn-biomat (Fig. 14C). The kutnohorite cycles represent a more
diagenetic level between direct carbonate formations (autotrophy) or
heterotrophic cycles between autotrophic ones in the pause of autotro-
phic carbonate formation. Cyclic anatase in manganese carbonate ores
of Zunyi is proposed as fossil Fe-biomat system. Similar anatase cycles
have been observed in the Early Carboniferous manganese deposits in
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the central Guangxi, South China (Yu et al., 2021 current volume).
Anatase biosignatures are reported as peculiar unique ones in impact
suffered hydrothermal locality (Glamoclija et al., 2009), but our finding
fits well with their proposed mineralized biosignature. Ti is bound on
organic matter, and via decomposition and release of cations occurred,
and in the ample of Fe>* the Eh-pH conditions under low temperature
realized in the form of anatase crystal structure. The Fe content of
anatase is not documented in that paper, but EPMA and Raman analyses
detected that Fe exists together with Ti in mineralized biomat-like
microtexture (Fig. 11 and Fig. 13). Based on these, the anatase cycles
can be interpreted as the diagenetic product of Fe-biomat system. Pyrite
in the mineral assemblage refers to anoxic, acidic conditions which
could be favorable for Fe-bearing anatase mineralization.

After burial, cyanobacterial, Mn-biomat and Fe-biomat systems were
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combined. Considering the deposition depth was around the redoxcline,
the redox conditions could range from suboxic to anoxic, at this contact
zone between oxic/suboxic and anoxic conditions, a re-oxidation pro-
cess occurred and resulted in cyclic marcasite within sample XL-5A.
Ramsbergite and alabandite formation can be explained by the Mn
sulfide — kutnohorite formation model established by Burke and Kemp
(2002). Mn-sulfide crystals grew after deposition of a Mn-oxide lamina.
The precipitation of Mn-sulfide in preference to Mn-carbonate requires a
high excess of free sulfide relative to alkalinity and an environment
completely depleted in Fe, otherwise Fe-sulfides would precipitate. High
in situ HyS and alkalinity concentrations should be present below the
Mn-oxide lamina. Large amounts of Mn?" can be produced rapidly by
bacterial Mn reduction (and possibly by direct chemical reduction) of
the Mn-oxide lamina, this provides a favorable environment for the
formation of Mn sulfide and kutnohorite. For cyanobacterial and Mn-
biomat systems, their behaviors during the early diagenesis have been
discussed in detail in previous studies of the ancient microbially-
mediated manganese deposits (Polgari et al., 2012b, 2019; Biondi and
Lopez, 2017; Yu et al., 2019b; Biondi et al., 2020). Bio-oxide (5-MnQ3)
reacted with the organic matter in the sediment through the microbially
mediated processes and the Mn-metasomatism of the cyanobacterial
carbonate jointly composing the main process during the formation of
early diagenetic manganese carbonate ore, left the negative carbon
isotope features of the manganese ores (e.g., 613C3arb of —9.44%o to
—6.81%o in Zunyi manganese ores, Fig. 12). Thus, the combination of
hydrothermal and microbial processes contributed to the formation of
the Middle Permian manganese deposits in Zunyi.
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8. Conclusions

Based on new sedimentary, mineralogical, and isotope evidences
acquired from this study, we proposed that microbially-mediated met-
allogenic mechanism made the important contribution for the formation
of the Middle Permian manganese deposits in the second Member of the
Maokou Formation in Zunyi, South China. Manganese ores in Zunyi on
macroscopic level show massive, clastic structures. Samples in thin
sections are coarse grained, diagenetically recrystallized with abundant
mineralized microbial and microfossil biosignatures. High resolution
mineralogical investigations provided micrometer-scale cyclic occur-
rence of minerals and organic matter, as robust evidence of microbial
contribution. Microbial and mineralogical systems in the manganese
deposits could be subdivided into three categories: (1) cyanobacterial
system, (2) Mn-biomat system and (3) Fe-biomat system. During the
manganese metallogenesis, hydrothermal activities at the bottom of
basin provided sufficient dissolved Mn?" ions into the anoxic basal
waterbody. Near the redoxcline, cyanobacterial activities led to the
precipitation of calcites, and they could be partially affected by Mn-
metasomatism and formed Mn-bearing calcite, Mn-oxidizing microbes
led to the precipitation of manganese bio-oxide (5-MnO;), Fe-biomat
system was responsible for the formation of Fe-oxides (hematite) and
Fe-hydroxides (ferrihydrite and lepidocrocite). During the -early
diagenesis, manganese oxides reacted with the organic matter in the
sediment through the microbially mediated processes and the Mn-
metasomatism of the cyanobacterial carbonate jointly contributed to
formation of early diagenetic manganese carbonate ore. The redox
fluctuations between oxic/suboxic and anoxic conditions led to the re-
oxidation process and resulted in cyclic marcasite. Anatase cycles
observed in samples were interpreted as the diagenetic product of Fe-
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