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Abstract
Unlike modern Mn(IV)-dominated manganese nodules, ancient manganese deposits primarily contain Mn(II) (manganous) mineral phases. The general assumption is that these manganous minerals formed post-depositionally from a Mn
(IV) precursor phase during diagenesis and metamorphism. However, recent studies have shown that aqueous Mn(II) may
combine with either CO2–
or H4SiO4(aq) to nucleate and precipitate as primary manganous phases within anoxic waters.
3
(aq)
These ﬁndings thus make it diﬃcult to assess what comprised the primary mineral assemblage of ancient Mn deposits, which
in turn, has implications for understanding the redox fabric of the past marine water column. Here, we investigate the paragenesis and oxidation state of various Mn minerals (oxides, carbonates, and silicates) from the late Devonian Xialei and middle to late Permian Zunyi manganese deposits in South China. Through characterization of the micro-scale distribution,
composition, and speciation of diﬀerent Mn-bearing mineral phases, we provide evidence to support an oxidative mechanism
during Mn cycling at the time of deposition. We document the presence of a residual oxide phase (hausmannite; Mn3O4) that
represents a primary to early formed Mn(III)-bearing oxide preserved in Mn(II)-carbonate nodules. Additionally, we observe
spherulitic textures comprised of mixed-valence Mn(II,III,IV)-silicates enclosed in diagenetic Mn(II)-carbonate laminations.
Our results allow for the construction of a paragenetic model for these deposits beginning with the reduction of a primary Mn
(IV) phase and the subsequent precipitation of intermediate Mn(III)-oxide or -silicate mineral phases. Following continued
exposure to reducing conditions during early diagenesis, Mn(III)-oxides were then replaced by Mn(II)-carbonates. Similarly,
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Mn(III)-silicates were transformed into various Mn(II)-silicates during late-stage diagenesis and metamorphism. This model
suggests that the accumulation of various divalent Mn mineral phases in ancient sediments may, therefore, be indicative of
deposition under a water column with a suﬃcient oxidizing potential to induce Mn(II) oxidation.
Ó 2022 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION
Earth’s Archean atmosphere generally lacked free oxygen (O2). Only after two oxygenation events – the Paleoproterozoic Great Oxidation Event (GOE, 2.5–2.3 Ga) and the
late Neoproterozoic (NOE, 0.8–0.5 Ga) did atmospheric O2
ﬁnally approach levels characteristic of the modern atmosphere (Fig. 1; e.g., Lyons et al., 2014; Alcott et al., 2019;
Planavsky et al., 2021). Redox-sensitive elements, such as
Mn and Fe, have the potential to record paleoredox conditions and have been used to evaluate changes in the redox
state of the atmosphere and oceans over the course of
Earth’s history (Planavsky et al., 2011; Poulton and
Canﬁeld, 2011; Johnson et al., 2013; Reinhard et al., 2013).
Manganese, the third most abundant transition metal in
Earth’s crust, has the highest oxidation states of all the ﬁrstrow transition metals (Armstrong, 2008). Similar to Fe(II),
Mn(II) is highly soluble and may be transported long distances under anoxic conditions. As such, it is expected that

hydrothermal venting associated with submarine volcanism, along with an additional minor contribution from
crustal silicate weathering, would have led to a buildup of
dissolved Mn(II) in the ancient oceans (Post, 1999;
Maynard, 2010; Johnson et al., 2016a). To concentrate
Mn into signiﬁcant sedimentary deposits, Mn(II) needs to
be oxidized to insoluble Mn(III) or Mn(IV) (Calvert and
Pedersen, 1996). Unlike Fe(II), however, the oxidation of
Mn(II) requires higher redox potentials, eﬀectively requiring the presence of free dissolved oxygen (O2) (Tebo
et al., 2004; Morgan, 2005; Dick et al., 2009; Hansel
et al., 2012; Planavsky et al., 2014; Johnson et al., 2016a;
Lingappaa et al., 2019). Moreover, given strong kinetic
inhibition, Mn(II) oxidation is either microbially mediated
through direct enzymatic activity (Tebo et al., 2005), or catalyzed by metal oxide surfaces coupled to the reduction of
O2 or O2-derived species such as superoxide (Morgan, 2005;
Hansel et al., 2012). Based on an earlier hypothesis of direct
photosynthetic Mn(II) oxidation (Johnson et al., 2013),

Fig. 1. Mass-age distribution of sedimentary manganese and iron ores in the context of the oxygenation of the atmosphere and hydrosphere.
GOE—Great Oxidation Event; NOE—Neoproterozoic Oxidation Event; orange dashed lines bracket the duration of the oxidation events
(modiﬁed from Bekker et al., 2014; Alcott et al., 2019). Black stippled lines on the ‘‘Deep Ocean” bar denote uncertainty regarding deep ocean
redox in the late Neoproterozoic and early Paleozoic.
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recent experiments have shown the potential for the oxidation of Mn(II) in anoxic aqueous solutions by anoxygenic
phototrophs (Daye et al., 2019) or through photochemical
oxidation by ultraviolet light (Anbar and Holland, 1992;
Liu et al., 2020). Although plausible, these processes are
inhibited by the presence of reductants (e.g., Fe(II);
Planavsky et al., 2014). Furthermore, the low rates of these
processes make them unlikely to be geologically signiﬁcant.
In this regard, Mn is rather unique in its environmental
speciﬁcity for O2 as an electron acceptor, in contrast to
many of the other redox-sensitive transition metals (e.g.,
Fe) which can be oxidized under anoxic conditions through
either a microbial pathway or with alternative oxidants
such as nitrate (NO–3; 10Fe2+ + 2NO–3 + 24H2O M 10Fe
(OH)3 + N2 + 18H+) (Sørensen et al., 1987). The accumulation of appreciable Mn(III,IV) oxides or complexes in the
geologic record should, therefore, reﬂect ﬁrst-order changes
in the availability of O2 and paleoenvironmental redox
conditions.
The distribution of manganese metallogenesis throughout the geological record - from the Archean to recent times
- is associated with the progressive oxidation of the Earth
system (Fig. 1). To this end, eﬀectively all economically
exploitable Mn deposits were deposited in the aftermath
of the GOE (Gutzmer and Beukes, 1996; Roy, 2000,
2006; Bekker et al., 2010; Maynard, 2010; Ossa et al.,
2016). Consequently, Mn deposition within ancient sediments is generally considered to provide a window through
which to evaluate the accumulation of oxygen in Earth’s
early atmosphere and oceans (e.g., Maynard, 2010;
Johnson et al., 2016a, 2016b; Johnson, 2019). Most ancient
Mn deposits, however, consist mainly of Mn(II) minerals
(either as carbonates or silicates) that have experienced
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both diagenesis and varying degrees of low to moderate
grades of metamorphism. As such, many, if not all, minerals in Mn deposits today are the products of the combined
eﬀects of diagenesis and later alteration (Maynard, 2010;
Johnson et al., 2016a; Johnson, 2019). Identifying the
original precipitates of Mn deposits is, therefore, critical
to understanding how Mn deposits formed and how they
reﬂect the composition and redox state of ancient seawater.
While it is diﬃcult to pinpoint the amorphous precursor
phases that originally formed in the water column, it is possible to determine the earliest formed mineral phases and
their subsequent diagenetic to paragenetic sequence.
In light of geochemical similarities shared by Mn and
Fe, traditional models of oxygenated waters assumed the
primary Mn minerals comprised Mn(IV) oxides, e.g., pyrolusite (MnO2) in a manner analogous with Fe(III)oxyhydroxides characterizing the primary Fe precipitates
(Maynard, 2010; Johnson et al., 2016a; Konhauser et al.,
2017). In this light, the reduced Mn(II) mineral phases in
the sedimentary rock record are regarded as diagenetic or
metamorphous products, much the same as Fe(II) minerals
that are inferred to have formed through dissimilatory Fe
(III) reduction (e.g., Konhauser et al., 2005). Based on carbon isotope data, the presence of Mn(II)-carbonates, such
as rhodochrosite (MnCO3) and kutnohorite [CaMn
(CO3)2], were attributed to the reduction of primary Mn
(III/IV) oxides coupled to the oxidation of organic matter
in anoxic sediment column (Fig. 2a; e.g., Calvert and
Pedersen, 1996; Van Cappellen and Wang, 1996;
Maynard, 2010). In addition, a distinct Mn(II,III)-silicate
formation pathway has been proposed through an intermediate valence Mn(III) mineral phase: following the oxidative precipitation of Mn(IV), microbially mediated

Fig. 2. Three potential pathways for the genesis of Mn minerals in ancient manganese deposits. (a) oxidation of soluble Mn(II) in an oxic
water column and the subsequent transformation of Mn(IV)-oxides to Mn(II)-carbonates and Mn(II)-silicates during diagenesis in anoxic
sediments and subsequent metamorphism. Later surface oxidation leading to the formation of Mn(III/IV)-oxide or -silicates is also possible
(e.g., Maynard, 2010). (b) The oxidation of soluble Mn(II) to Mn(IV)-oxides under oxic water column conditions and the formation of
metastable Mn(III)-oxide phases during sediment diagenesis. Later siliciﬁcation of precursor Mn(III)-oxides forms Mn(III)-silicates, which
are then transformed to Mn(II)-silicate during metamorphism (e.g., Johnson et al., 2016a). (c) In the absence of an oxidative mechanism in the
water column, direct Mn(II)-carbonate or Mn(II)-Si gel precipitation leads to the export of Mn(II) to anoxic sediments (e.g., Herndon et al.,
2018; Wittkop et al., 2020).
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reduction could have produced (semi-)stable Mn(III) oxides, such as bixbyite (Mn2O3), that was further reduced
and combined with SiO2 during early diagenesis to form
braunite (Mn(III)6Mn(II)O8SiO4) (Robie et al., 1995;
Johnson et al., 2016a). These mixed-valence silicates could
then be transformed to Mn(II)-silicates, such as tephroite
(Mn2SiO4), caryopilite ([Mn]3[Si2O5][OH]4), pyroxmangite
([Mn,Fe]SiO3), rhodonite (MnSiO3), and spessartine (Mn3Al2[SiO4]3) during low-grade metamorphism. However, no
Mn(III) oxide phases have been described in the geological
record that could validate the early stages of this pathway
(Fig. 2b; e.g., Johnson et al., 2016a).
Alternatively, it has been proposed that Mn(II)carbonate phases can directly accumulate in sediments
below anoxic bottom waters following nucleation on biogenic calcite in an oxygen-minimum zone because the addition of calcite triggers oversaturation with respect to Mn
(II)-carbonate (Fig. 2c; Farquhar et al., 2014; Herndon
et al., 2018; Wittkop et al., 2020; Gao et al., 2021; Chen
et al., 2022). Similarly, Mn(II) silicates can form through
the primary accumulation of an amorphous Mn(II)-Si gel
under anoxic conditions before undergoing postdepositional transformations and secondary oxidation to
form a variety of Mn(II,III)-silicates (Fig. 2c; Flohr and
Huebner, 1992; Manceau and Gallup, 2005; Brusnitsyn,
2006; Brusnitsyn et al., 2017). This pathway is similar to
that proposed for banded iron formations (BIF) in the
2.63–2.45 Ga Hamersley Group of Western Australia and
the equivalent-aged Transvaal Supergroup of South Africa,
where an initial Fe(II)-silicate phase, e.g., greenalite ([Fe]3Si2O5OH4)) has been proposed to be the primary mineral
phase which was subsequently oxidized to hematite
(Fe2O3) and magnetite (Fe3O4) during post-depositional
processes (Rasmussen et al., 2013, 2015, 2017). However,
the potential to do this over a basin scale has recently been
challenged by Robbins et al. (2019), who demonstrated that
given realistic hydrogeological constraints it is improbable
for a BIF to have been pervasively oxidized postdepositionally. In addition, the genesis of these Mn(II,
III)-silicates has also been attributed to the input, sequestration, and alteration of detrital silicates (Lenz et al.,
2014; Herndon et al., 2018). None of these proposed mechanisms require Mn(IV) oxides to be present as the primary
minerals and thus, they decouple the formation of appreciable Mn deposits from an oxidative mechanism. In short, the
ﬁdelity of ancient manganese deposits as reliable proxies for
examining paleoenvironmental redox conditions is not
settled.
Previous studies have mostly investigated the existence
of primary manganese oxides in sedimentary manganese
deposits by describing the whole rock geochemistry (such
as C, S, Mo, and Ti isotopes), thus indirectly constraining
the formation process of Mn(II)-carbonates and silicates
(e.g., Maynard, 2010; Planavsky et al., 2014; Ostrander
et al., 2019; Yan et al., 2020b). However, due to the diversity of minerals in manganese ores, many of which are terrigenous clastic components, the geochemical information
often has multiple plausible explanations, so a variety of
smaller-scale and more detailed methods such as petrography are needed for a comprehensive judgment. Neverthe-

less, only a few previous studies have identiﬁed microscale Mn(IV) oxide inclusions in a carbonate matrix to date
(Johnson et al., 2016a; Zhang et al., 2020; Fang et al., 2020;
Li et al., 2022). In addition, manganese-bearing minerals
are often characterized by mixed valences [Mn(II),
Mn(III), Mn(IV)], e.g., hausmannite (Mn3O4). Thus, determining the proportions of each valence state is critical for
understanding the paragenetic sequence, as well as the local
and global redox implications of Mn ore deposits. To better
understand the sequence of mineralogical changes that
occur during the formation of Mn deposits, from deposition through diagenesis and metamorphism, we carefully,
and systematically investigated representative samples from
the Late Devonian Xialei and middle-late Permian Zunyi
manganese deposits, in South China. These deposits are
of signiﬁcant interest as they not only comprise the largest
Mn deposits in China but they oﬀer a unique opportunity
to examine the various paragenetic pathways that may
reﬂect the processes that led to the formation of signiﬁcant
Mn ore deposits elsewhere. Previous studies indicate that
both of these deposits are characterized by a variety of
Mn-bearing minerals including oxides, carbonates, and silicates, and were deposited under strongly redox-stratiﬁed
waters (Chen at al., 2013; Yan et al., 2013; Wei et al.,
2016) with Mn(II) sourced from seaﬂoor hydrothermal
vents (Zeng and Liu, 1999; Gao et al., 2018; Xu et al.,
2021). Furthermore, the existence of parallel-to-bedding
nodules and spherulite textures, mainly containing Mnsilicates, is noteworthy in the Xialei Mn deposit (Zeng
and Liu, 1999).
In this work we evaluate the paragenesis of various Mn
minerals using a combination of petrographic observations
and scanning electron microscopy (SEM) over a range of
scales. Electron probe micro-analyzer (EPMA) mapping
and Laser Raman spectroscopy are further used to evaluate
the chemical composition of these minerals. These petrographic and geochemical observations and measurements
are then coupled to micro-scale synchrotron-based microX-ray adsorption near-edge structure (l-XANES) spectroscopy and X-ray photoelectron spectroscopy (XPS)
analyses to characterize the redox speciation of Mn. The
collective observations enable us to infer the likely primary
minerals that concentrated Mn in these ancient sediments
and the post-depositional processes that led to the mineralogy we observe today. Finally, we provide an assessment
about whether the identiﬁed Mn-bearing minerals indeed
reﬂect paleoseawater composition and redox conditions.
2. GEOLOGICAL SETTING
2.1. the middle to late Permian Zunyi manganese deposit
The  262 Ma Zunyi manganese deposit was formed
contemporaneous with the early subaqueous eruption of
the Emeishan Large Igneous Province (ELIP) and it corresponds to the J. altudaensis biostratigraphic zone of the
Capitanian Stage (Fig. 3a; e.g., Zhu et al., 2019; Yan
et al., 2020a). A drowning event resulted from the subsidence of the restricted shallow water carbonate platform
during the Emeishan volcanism (Fig. 3b; Sun et al., 2010;
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Fig. 3. (a) Simpliﬁed geological map showing the distribution of the middle-late Permian Emeishan Large Igneous Province (ELIP) and
contemporaneous sedimentary manganese deposits in South China (modiﬁed from Bagherpour et al., 2018). Dashed black lines indicate the
boundaries of the three Emeishan Large Igneous Province (ELIP) zones. Text labels—names of the provinces; white circles and labels in
italics—respective provincial capitals; green circles—the location of studied regions of the manganese deposits reported by Liu et al. (2005)
including the Gexue, Nayong, and Zunyi manganese deposits; purple polygon—Zunyi Mn deposit. Inset shows the location of the study area
within China. (b) Map showing the lithofacies distribution, paleogeography, and Fe/Mn deposits formed during the middle-late Permian in
central-western Guizhou (modiﬁed from Chen et al., 2003). Purple polygon is the studied Tongluojing site of the Zunyi manganese deposit. (c)
Simpliﬁed stratigraphy of the Zunyi manganese deposit along with relative sampling locations. Legend in panel f. Ages from Yan et al.
(2020a). (d) Geodynamic models of Late Devonian manganese mineralization in the southwestern South China Block (SCB) in the context of
Palaeo-Tethyan evolution (modiﬁed from Chen et al., 2018). The simpliﬁed geological map shows the location of sedimentary Late Devonian
manganese deposits in the southwestern SCB (Chen et al., 2018). Purple polygon—location of the studied Xialei mine in Daxin County,
Guangxi Province. Inset details the wider tectonic situation. (e) Late Devonian paleogeography of the southwestern SCB. The lithological
associations of the depositional facies are explained as follows. Open platform—limestone, marlstone, and packstone; restricted platform—
marlstone-dolomite, dolomite, and limestone; isolated platform—biogenic-bioherm limestone and dolomite; bathyal-deep sea facies—chert,
deep-sea chert, and mudstone; basin facies—argillaceous limestone, chert, shale, and limestone. Revised from BGMRG — Bureau of Geology
and Mineral Resources of Guangxi Zhuang Autonomous Region (1985) and Chen et al. (2018). (f) Simpliﬁed stratigraphy of the Xialei
manganese deposit along with relative sampling locations.

Bagherpour et al., 2018). The subsidence of the shallow
water carbonate platform also resulted in the formation
of uneven sinkholes and formed a series of NE trending
deep water platform gullies from Zunyi and Nayong
(Guizhou Province) to Geyun (Yunnan Province). These
gullies could have been  25–35 km in width, 300 km in
length and  60 m deep, and likely controlled the formation
and spatial distribution of all the middle-late Permian Mn
ore deposits in South China. Owing to paleogeographic
constraints, a suite of notable cherts developed along the
bottom of the Mn beds in the platform gullies (Gao
et al., 2018; Liu et al., 2019), forming distinctive successions
compared to the shallow-water platform carbonates present
on either side of the gullies. Based on pyrite sulfur isotope

ratios, Yan et al. (2013) and Wei et al. (2016) proposed that
during this period the regional water column was strongly
stratiﬁed, with a chemocline separating oxic shallow water
from anoxic or euxinic deep water. The oxygen-depleted
conditions in the bottom waters may have been the main
cause for the contemporaneous end-Guadalupian mass
extinction recorded in the same region; however, Yan
et al. (2020a) have also pointed to an early explosive eruptive phase which could have provided a potential extinction
trigger.
The Zunyi manganese deposits contain various manganese ore types, such as those characterized by massive,
oolitic and clastic structures, and these have discernible
vertical regularity throughout the stratigraphy of the

70

H. Yan et al. / Geochimica et Cosmochimica Acta 325 (2022) 65–86

formation. The Oolitic Mn ore, containing 45 wt% MnO, is
present in the lower ore bodies at 2 m thickness. A massive
0.5–1 m thick Mn ore layer, with the highest-grade ore
(MnO  65 wt%) occurs in the middle ore bodies. Clastic
Mn ores in the upper ore bodies are of the lowest grade
(MnO  30 wt%) and about 1–2 m in thickness. The mineral composition of the Mn ores is relatively simple, with
the main Mn-bearing minerals being rhodochrosite and,
to a lesser degree, Mn-rich calcite. Nodules containing
Mn-carbonate are common in all types of Mn ores
(Fig. 3c; Gao et al., 2018).
2.2. The Late Devonian Xialei manganese deposit
The Late Devonian Xialei manganese deposit, located in
Daxin County of Guangxi Province, is the largest known
Mn ore reserve being mined in South China. The formation
of the Mn deposit postdates the Frasnian–Famennian (F–
F) mass extinction and Gondwanan glaciation (Zeng and
Liu, 1999; Chen et al., 2013; Ma et al., 2016). The Xialei
manganese deposit has been proposed to correspond to
the opening of the Paleo-Tethys Ocean, which would have
resulted in elevated ﬂuxes of hydrothermal Mn(II) to the
basin (Chen et al., 2018).
As a result of the evolution of the Palaeo-Tethys Ocean,
the South China Block (SCB) was separated by the
Jinshajiang, Ailaoshan, and Songma sutures from other
Paleo-Tethyan blocks, including the Indochina, Eastern
Qiangtang, and Western Qiangtang blocks (Fig. 3d;
Metcalfe, 2006; Deng and Wang, 2016). The Youjiang Basin
covers most of the southwestern SCB and extends from
southwestern China to northeastern Vietnam (Fig. 3d;
Yang et al., 2012).
The Early to Middle Devonian strata in the Youjiang
Basin likely represents a rift environment (Chen and Shi,
2006) which marks a large-scale regression (Zeng et al.,
1993). Evidence of Devonian volcanism recorded in the
SCB is likely linked to syn-depositional intraplate rifting
(Du et al., 2013). In the Late Devonian (Fig. 3e), the Youjiang Basin was dominated by isolated carbonate platforms
scattered across a wide basin (Ma et al., 2009). These isolated platforms consist of both limestone and dolostone
and contain abundant bioherms (Ma et al., 2009). The
remainder of the basin was ﬁlled with argillaceous limestone, chert, and shale. The latter may represent a deep
water (>1 km) depositional environment (Chen et al.,
2018). The Xialei manganese deposit occurs along the margins of the basin and is concentrated at transitional interfaces between localized uplifts and depressions in the
Youjiang Basin (Fig. 3e). Based on carbonate-associated
sulfate and pyrite isotopes from coeval sections, the regional water column was strongly stratiﬁed, resulting from
deep water being temporarily oxygen-depleted during the
F–F mass extinction. During the course of deposition,
anoxic deep-water masses in the Youjiang basin gradually
retracted, presumably reﬂecting the gradual deepening of
oxygenated waters and the translation of the chemocline
to greater depths (Chen et al., 2013; Yan et al., 2020b).
In the Xialei manganese deposit the ore-bearing
sequence is about 10 m thick and composed of three ore

beds with two silicate interlayers (Fig. 3f). The footwall is
argillaceous limestone and the hanging wall is siliceous
sedimentary rocks. The mineral assemblage of the Mn ores
is dominated by Mn-carbonates and Mn-silicate phases, as
well as magnetite and pyrite (FeS2). The ores have a microcrystalline texture and occur as thin, parallel or wavy beds
and laminae, which are cross-cut by later stage hightemperature rhodonite veins (Zeng and Liu, 1999). From
the bottom to top of each ore bed, Mn and SiO2 contents
decrease, and Fe and CaO increase. The lower part of each
ore bed consists mainly of Mn-carbonate and variable
amounts of Mn-silicate, whereas the upper part consists
chieﬂy of Mn-carbonate with pyrite and is devoid of Mnsilicate. The most remarkable features of the Mn ores are
their nodules, oolites, and spherulites that occur parallel
to bedding and mainly contain Mn-silicate. In each Mn
ore bed, these textures are concentrated in the lower part
and decrease up section, coinciding with the distribution
of Mn silicate minerals; these textures constitute  30%
of the whole ore bed weight. Previous studies have indicated that these textures were formed by precipitation and
sedimentary processes at the seaﬂoor and then reworked
by gravity-ﬂow processes forming graded beds (Zeng and
Liu, 1999).
3. MATERIALS AND METHODS
Samples were collected from underground tunnels in the
working Mn mines. This allowed for larger samples of fresh
material to be collected for this study. Further, samples are
unlikely to have experienced extensive weathering or meteoric alteration prior to collection. Seven hand samples (ZY1 to 7) were obtained from the Zunyi Mn deposit, including
two massive Mn ores, three oolitic Mn ores, and two clastic
Mn ores (Fig. 3c). From the Xialei Mn deposit, four samples in total (XL-1 to 4) were collected from the lower part
of each ore bed, speciﬁcally targeting the Mn-silicate nodules, oolites, and spherulites present there (Fig. 3f). A total
of twenty thin sections were made from hand samples after
any exposed surfaces were removed and analyzed by a
range of complementary methods.
In sample XL-1 from the Xialei manganese deposit,
large nodules of approximately 1 mm size were subsampled
for further analysis to determine the Mn redox state (see
Section 3.4). Petrographic features were imaged by
backscattered electron (BSE) microscopy; images of
carbon-coated samples were acquired on a JEOL JXA8100 scanning electron microscope (SEM) at the State
Key Laboratory of Geological Processes and Mineral
Resources (GPMR), China University of Geosciences
(Wuhan). SEM-energy dispersive X-ray spectrometry
(EDS) and electron probe micro-analysis (EPMA) were
subsequently used to qualitatively identify Mn-containing
minerals in the studied samples and quantitatively measure
their major element composition.
3.1. Electron probe micro-analysis
Mineral compositions and phase relationships were
determined at GPMR using a JEOL JXA-8100 Electron
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Probe Micro-Analyzer (EPMA) equipped with four
wavelength-dispersive spectrometers (WDS). Samples were
coated with a thin, conductive carbon ﬁlm prior to analysis.
The methods described in Zhang and Yang (2016) were
used to minimize the diﬀerence in carbon ﬁlm thickness
between samples and obtain a  20 nm uniform coating.
Operational settings included an accelerating voltage of
15 kV, a beam current of 20nA, a 60 ms dwell time, and
a 1 mm spot size. Data were corrected on-line using a modiﬁed ZAF (atomic number, absorption, ﬂuorescence) correction procedure. The peak counting time was 10 s for
Na, Mg, Al, Si, K, Ca, Fe and 20 s for Ti and Mn. The
background counting time was one-half of the peak counting time on the high- and low-energy background positions.
Standards sanidine (for K), pyrope garnet (for Fe and Al),
diopsode (for Ca and Mg), jadeite (for Na), rhodonite (for
Mn), olivine (for Si), and rutile (for Ti) were used over the
course of analysis for data quality control. The EMPA was
also used to map speciﬁc elements within the complex
matrices of samples, complementing the sedimentological
relationships observed microscopically. During the analysis, an accelerating voltage of 15 kV, a beam current of
50nA, and a 1 mm spot size were used, along with a dwell
time of 60 ms. The EMPA data are listed in (Electronic
Annex Table S1).
3.2. Laser Raman spectroscopy
Mineral compositions were quantiﬁed using a Renishaw
RM1000 laser Raman spectroscopic instrument housed at
GPMR (Table S2). The laser was argon sourced with a
wavelength of 514.5 nm and a source power of 5 mW.
The charge-coupled device (CCD) detector had an area of
20 lm2. The spectra were recorded with counting time of
30 s over a range from 100 to 1400 cm1. A spectrograph
aperture of 25 lm was chosen for the analysis. Instrumental
settings were kept constant across all analyses. The Raman
standard spectra for hausmannite and caryopilite were
taken from the RRUFF Project website (https://rruﬀ.
info/; RRUFF ID R040090 and R070180, respectively).
3.3. Synchrotron-based X-ray adsorption near-edge structure
spectroscopy
Synchrotron-based micro-X-ray adsorption near-edge
structure (lXANES) spectra can be used to deduce the oxidation state of Mn based on comparison with reference
spectra (Manceau et al., 1992, 2012; Bargar et al., 2005;
Webb et al. 2005). Qualitatively, the manganese valence
can be estimated from the Mn K-edge energy position
(E0), which, similar to other transition elements, shifts
toward higher energies with increasing valence (Bargar
et al., 2000; McKeown et al., 2003; Farges, 2005; Gunter
et al., 2006). This occurs because the positive charge of
the nucleus is screened by the negative charges of electrons
in neutral atoms. The more electrons removed, the lower
the remaining electrons’ energy states become and, thus,
the higher the energy of an incoming X-ray will need to

71

be in order to excite a core electron – meaning that the
absorption edge energy increases (Gunter et al., 2006;
Kelly et al., 2008). Accordingly, the position of the E0 in
Mn K-edge XANES spectroscopy - deﬁned either as the
ﬁrst inﬂection point of Mn K-edge, the absorbance edge
maximum (white line) or ‘‘halfway” up the edge - can be
used as a measure of the valence of manganese (Schulze
et al., 1995; Bargar et al., 2000; McKeown et al., 2003;
Farges, 2005; Gunter et al., 2006). The change in an element’s oxidation state is usually accompanied by a change
in centro-symmetry, which will result in changes to the features of the absorption edge (Kelly et al., 2008). In addition,
to more precisely and quantitatively determine the fraction
of each valence in a mixed-valence system, the XANES
spectra of these Mn-containing minerals were ﬁtted to linear combinations of reference Mn species with known standard valences (Bargar et al., 2000; Manceau et al., 2012;
Johnson et al., 2016b).
The speciation of Mn was determined using lXANES
spectroscopy at beamline #15U (BL15U) at the Shanghai
Synchrotron Radiation Facility (SSRF; Table S3). The layout of the beamline and the X-ray optics are described by
Zhang et al. (2015). BL15U covers an energy range of 5–
20 keV and uses an undulating X-ray source to provide
photons for mXANES measurements. It employs double
crystal (silicon 111) monochromators to generate
monochromatic radiation focused with a KirkpatrickBaez mirror system. The monochromatic beam was focused
down to a size of 2x2 mm. A number of slits placed downstream or upstream of the monochromator are used to
deﬁne the X-ray beam proﬁle and block unwanted
X-rays. Based on EPMA maps, two areas with
Mn-carbonate nodules from the Zunyi manganese deposit
were selected for analysis in polished thin sections. These
samples were analyzed in ﬂuorescence mode and were
placed at a 45° angle with respect to the incident X-ray
beam. Vortex-90EX Si drift detectors (SDD) from SII,
USA were used to detect the X-ray signals.
Ionization chambers of an appropriate gas (He) were
used for monitoring the incoming and transmitting beam
intensity. Manganese K-edge spectra from 6.50 keV to
6.66 keV, were collected with an energy resolution of
0.5 eV and a scanning time of 2 s. Energy calibration was
monitored by use of metallic Mn (Mn foil, 6539.0 eV).
All spectra were pre-edge background-subtracted and
post-edge normalized with Athena from the IFEFFIT software package (Ravel and Newville, 2005).
The spectra of our samples were compared to those of
ﬁfteen pure-valance standard spectra from the database in
Manceau et al. (2012), after aligning the spectra with those
measured from our prepared standards, such as rhodochrosite (Supplementary Information, Fig S1, Table S3), so as
to correct for laboratory-speciﬁc energy shift. The fractions
of the Mn(II), Mn(III) and Mn(IV) valences in our samples
were then derived using linear combination ﬁtting analysis
in the 6530–6580 eV interval by a weighted sum of these ﬁfteen pure-valance standard spectra with the fractions of
species constrained to be non-negative, called Combo
method (Manceau et al., 2012) in Athena.
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3.4. X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS), a nondestructive method, was used to determine and quantify
the oxidation states of metals, including manganese and
iron, at the near surface of materials or minerals by ﬁtting
acquired XPS spectra with those of known standards (Junta
and Hochella, 1994; Jun and Martin, 2003; Biesinger et al.,
2011; Ilton et al., 2016). A common approach takes advantage of the sensitivity of the bonding energy (BE) of various
electron energy levels (i.e., Mn2p, Mn3p, and Mn3s) to the
Mn valence state. However, it is not recommended to determine Mn oxidation states using the Mn 2p peak, as the
photopeak shifts caused by diﬀering oxidation states are
too small to be assessed, especially given the sensitivity of
the peak shape to diﬀerences in the Mn bonding environment (e.g., Ilton et al., 2016). Therefore, measurement of
Mn 3 s multiplet splitting (MS), or the shape and position
of the Mn 3p photopeak, are more robust methods to estimate the valence of manganese (Cerrato et al., 2010, 2011).
In contrast to the Mn2p peak, the Fe2p peak shape appears
insensitive to change in Fe bonding environment over a
broad range (Biesinger et al., 2011). This is similar to the
Mn3p peak.
XPS measurements were performed at the Wuhan
Shiyanjia Laboratory using an ESCALAB 250Xi spectrometer with a monochromatic Al Ka X-ray (1486.6 eV) source

operating at 16 mA and 12.5 kV (Table S4). We speciﬁcally
measured nodules with a  1 mm diameter from sample
XL-1 of the Xialei manganese deposits. All sample preparation occurred under atmospheric conditions. Collection
eﬃciency was enhanced by performing 10 cycles of signal
accumulation. Mn3p and Fe2p lines were measured using
a 400 mm spot size. Survey scans were recorded using a ﬁxed
pass energy (PE) of 100 eV and a step size of 0.5 eV,
whereas narrow scans were collected using a ﬁxed PE of
30 eV with a step size of 0.05 eV. Samples analyzed were
charge referenced to the carbon C1s peak at 284.80 eV.
Spectra were best ﬁt, after Shirley background subtractions,
by linear least squares using the Avantage software package. A least-squares Gaussian-Lorentzian algorithm was
then employed for curve ﬁtting of samples based on the
shape and position of the Mn(II)O, Mn(III)2O3, and Mn
(IV)O2 reference standards from the Thermo Scientiﬁc
XPS Simpliﬁed open database (https://xpssimpliﬁed.com/
periodictable.php).
4. RESULTS
4.1. Middle to late Permian Zunyi Mn deposit
Generally, owing to kinetic eﬀects, chemical reactions in
sedimentary systems may remain incomplete at low temperatures and numerous protolith relics may remain, making it

Fig. 4. (a) Back-scattered electron (BSE)-SEM images of the Zunyi manganese deposit sample Zunyi-1 showing Mn-oxide phases (white) as
inclusions or unreacted residues in Ca-MnCO3 nodules (dark grey). (b-d) BSE-SEM image, and EPMA Mn mapping, and EPMA Ca
mapping, respectively, of a Mn-carbonate nodule that displays a typically diagenetic band structure of concentric rings around an internal Mn
oxide mineral. Scale bars represent 100 lm.
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theoretically possible to trace the entire succession of phase
transformation. In the Zunyi manganese deposit, such
residual features were mainly found in the massive Mn ores,
samples ZY-1 and 2.
In the SEM-BSE images (Fig. 4a, 4b) the ‘‘black” or
darkest colored minerals in the Zunyi manganese deposit
represent aluminosilicate minerals, whereas the ‘‘dark grey”
nodules represent a Mn(II)-carbonate mineral. Based on
the relative Ca abundance by EPMA (Table S1) and EDS
measurement (Fig. S2), the composition approximates kutnohorite, rather than pure rhodochrosite.
The EPMA and EDS results (Fig. S2, Table S1) suggest
that the ‘‘white” and ‘‘light grey” phases are both hausmannite based on a mixed valence Mn(II,III) oxide. This is also
corroborated by laser Raman spectroscopy analyses which
produce a similar spectrogram to the hausmannite standard
(Fig. 5f, Table S2). While these two mineral phases are both
crystalline and do not show ﬁbrous structures related to
supergene alteration by oxidizing ﬂuids, the ‘‘light grey”
phase also frequently appears fuzzy and soft, whereas the
‘‘white” mineral has a hard, mineralized texture (Figs. 5a,
5b, S3a, S4a). In EPMA elemental maps, the Mn concentrations diﬀer between these two phases (Figs. 5c, S3d,
S4c), and only ‘‘light grey” Mn oxides contain appreciable
chloride (Cl) (Figs. 5e, S3d, S4e). This is especially notable
in Fig. S3d where Cl is present in concentrations up
to  13% (Table S1). We also note the presence of hausmannite as inclusions in kutnohorite nodules (Fig. 4a, 4b,
5a, S4a). The latter is identiﬁed in elemental maps as the
Ca-rich phase. In Figs. 5d, S4d, there are many
Ca-bearing veinlets that cross-cut hausmannite, which
suggests that the Mn-oxides were formed prior to the
Table 1
The energy positions of the absorbance maxima from standard
spectra from Manceau et al., (2012) and this study.
Group

Valence
state

Pure-valance standards from Manceau et al.,
Pyrolusite (b-MnO2)
4
Ca2Mn3O8
KBi
Ramsdellite (MnO2)
Groutite (a-MnOOH)
3
Feitknechtite (b-MnOOH)
Manganite (c-MnOOH)
Mn2O3
Pyroxmangite [(Mn,Fe)SiO3] 2
Rhodocrosite (MnCO3)
Fungi (Mn2 + -sorbed fungi)
Hureaulite {Mn5(PO4)[PO3
(OH)]2-4H2O}
Manganosite (MnO)
Tephroite (Mn2SiO4)
MnSO4 s
Standards from this study
MnO2
4
Mn2O3
3
Mn3O4
2(1/3) and
3(2/3)
MnCO3
2

Absorbance
Maximum Position
(2012)
6560.210
6562.350
6561.770
6561.270
6557.270
6560.090
6560.710
6558.810
6551.950
6550.350
6552.590
6552.770
6554.870
6553.430
6552.870
6560.564
6558.824
6558.384
6550.564
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Table 2
The energy positions of the absorbance maxima and linear
combinations ﬁtting results of each sample spectra in Fig. 5 and
S3 using standard spectra from Manceau et al., (2012). Check
Table S3 for detail fraction of each pure-valence standard.
Group

Absorbance
Maximum
Position

Mn(IV)
fraction

Mn
(III)
fraction

Mn(II)
fraction

Average
Mn
valence

spot
spot
spot
spot
spot
spot
spot
spot
spot
spot
10
spot
11
spot
12
spot
13
spot
14
spot
15

6558.784
6558.784
6558.764
6558.724
6558.784
6558.724
6558.224
6558.144
6558.324
6558.304

0.115
0.114
0.119
0.111
0.126
0.154
0.028
0.028
0.033
0.031

0.570
0.571
0.572
0.578
0.556
0.515
0.557
0.554
0.570
0.568

0.316
0.315
0.314
0.311
0.317
0.330
0.413
0.419
0.397
0.401

2.802
2.799
2.820
2.800
2.806
2.821
2.609
2.612
2.636
2.630

6558.244

0.021

0.567

0.412

2.609

6558.184

0.030

0.552

0.418

2.612

6550.704

-

0.104

0.892

2.096

6550.764

-

0.097

0.882

2.055

6550.724

-

0.118

0.879

2.112

1
2
3
4
5
6
7
8
9

early-diagenetic Ca-Mn-carbonates. In Fig. 4b-d, a diagenetic band structure comprised of concentric rings around
the Mn oxide mineral is present, also suggesting that hausmannite pre-dates the diagenetically formed Mn-carbonate
rings.
In this study, the E0 for each sample and standard measured by the absorbance edge maximum are listed in Tables
1 and 2. As the energy position of the XANES absorbance
maximum increases with the higher oxidation state, the
range of maxima for these standards (in eV) from the database in Manceau et al. (2012) and our study increase from
about 6550  6554 < 6557  6560 < 6560  6562, and correspond to oxidation states of 2, 3 to 4, respectively. The
results of linear combination ﬁtting of the ﬁfteen purevalance standards from the database in Manceau et al.
(2012) to our samples are listed in Table 2 and S3, and
the reproductions of our samples are shown in Fig. 5g
and S4f.
The energy position of the absorbance maximum (E0) in
‘‘white” Mn-oxides is generally 6558.7 eV, and the ‘‘light
grey” Mn-oxide phases show a slight decrease in E0 that
eventually obtains a value of 6558.2 eV. This behavior
can qualitatively suggest that the average oxidation state
of these two solid-phase Mn phases both fall into the range
of valence state 2–3 because of the rather small energy shift
(0.5 eV) relative to the large energy variability from the
same valence group. However, there is some change in
the shape of the XANES spectra between these two phases.
The ‘‘white” Mn-oxide spectra are more similar to those of
our prepared standard hausmannite, while the spectra of
the ‘‘light grey” Mn-oxides have pronounced shoulder at
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Fig. 5. (a) Back-scattered electron (BSE)-SEM images of Zunyi manganese deposit sample Zunyi-2 showing Mn-oxide phases (white and light
grey) as inclusions or unreacted residues in Ca-MnCO3 nodules (dark grey). (b) Magniﬁed image of the area indicated in panel a, showing
cross-cutting Mn carbonate veins in the residual hausmannite core. White and light grey Mn-oxide phases are indicated for clarity. (c-e)
Electron probe micro-analysis (EPMA) maps of relative Mn, Ca, and Cl content, respectively, from the Ca-MnCO3 nodule in panel a. (c)
Manganese concentrations diﬀer between ‘‘white” and ‘‘light grey” Mn-oxide phases. (d) Calcium represents the (Mn-Ca)CO3 end-member,
with Ca concentration mapping showing Mn/Ca-carbonates cross-cutting the Mn-oxides. (e) Chlorine is only present in the ‘‘light grey” Mnoxide phase. (f) Raman spectral comparisons of kutnohorite and hausmannite standards with Mn carbonate (spot X on panel a) ‘‘white”
(VIII) and ‘‘light grey” (V) Mn-oxides, respectively. (g) Manganese K-edge mXANES spectra from Mn standards and spots indicated with
same numbers as on panel a. Samples spectra are shown as red (Mn-carbonate matrix), purple (‘‘light grey” Mn-oxides), and blue (‘‘white”
Mn-oxides) full lines. Dashed and black lines represent model ﬁts and reference standards, respectively. Reference spectra include MnCO3,
MnO2, Mn3O4, and Mn2O3. Scale bars represent 100 lm.
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6553 eV (Fig. 5g, S4f) due to the presence of a higher proportion of Mn(II) and less Mn(IV). This is evidenced by the
quantitative ﬁt results of the ‘‘light grey” Mn-oxides
(Table 2 and S3), which show a diﬀerent proportion of
Mn(II), Mn(III), Mn(IV) and average Mn valence state
between these two types of Mn oxides (Table 2).
The ‘‘dark grey” Mn-carbonate phase is clearly edgeshifted toward much lower E0 values (6550.7 eV) and the
shape of spectrum is similar to that of the Mn(II)CO3 standard (Fig. 5g, S4f, Table 1). These observations suggest a
substantially larger proportion of Mn(II) and a drop in
average valence, as reﬂected in the ﬁt results (Table 2 and
S3).
It is important to note that no errors can be given for
our Combo method ﬁt results as the method does not suppose that the measured spectra are actually composed of a
mixture of the used standards. Instead, the Combo method
has been empirically found to give accurate valence estimates if enough diﬀerent Mn standards are used and if standards with negative loadings are iteratively removed
(Manceau et al., 2012). In order to assess the stability of
the ﬁt results, we conducted sensitivity tests by adding back
deleted standards one by one after that model run. In most
cases, re-added standards retained a negative loading; in
cases where they had a positive loading, the R-factor was
poorer, suggesting that the Combo method produced an
optimal ﬁt (see Supplementary Information).
4.2. Late Devonian Xialei manganese deposit
The minerals present in the Xialei manganese deposit
include Mn-carbonates, Mn-Fe silicates, and magnetite
(Table S1). EPMA, EDS and laser Raman spectroscopy
(Fig. 6c, 7d, S2, S5, Table S1, S2) indicate that the MnFe silicates can be divided into hydrous silicates (e.g., Ferich caryopilite [(Mn/Fe)3(Si2O5)(OH)4] with FeO content
up to 13 wt%) and anhydrous silicates (e.g., tephroite and
spessartine).
Laminated textures are ubiquitous in the Xialei manganese deposit and characterize the main Mn-carbonate
phase (e.g., Fig. 6a, 7a). Back-scattered electron SEM
images show that more than half of the Mn-Fe silicates
nodules and spherulites are enclosed in Mn-carbonate laminae (Fig. 6a, 7a, 7e, 8a, 8e). The orientation of the nodules
and spherulites also deﬁnes primary lamination (e.g.,
Fig. 6a, 8a). These fabrics may be divided into two types.
Type I is represented by samples XL-1 and XL-2 (Figs. 6,
7), in which the nodules and spherulites are mainly Fe-rich
caryopilite with some spessartine, tephroite, and magnetite
(Fig. 7d). In detail, in sample XL-1, the nodules are spherical to oblate in shape, approximately uniform and
typically  500 mm in diameter (e.g., Fig. 6a). The caryopilite aggregates have pelitic, felted, or colloform structures similar to the structure of crystallized gel or glass.
Microlaminations in the matrix warp around the caryopilite
nodules (Fig. 6b). In EPMA maps, Mn-, Ca-, Fe-,
and Si-mapping of a Fe-caryopilite nodule are showed in
Fig. 6e-i; in sample XL-2, the spherulites distributed in
Mn-carbonate laminae are much smaller and remarkably
uniform in size, with a diameter of  10 mm (Fig. 7e, 7f).
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Small amounts of tephroite and magnetite also occur at
the contact between caryopilite nodules and the
Mn-carbonate matrix in sample XL-1 (Fig. 6b, 7b).
Tephroite and magnetite replacement of some caryopilite
nodules appears to be patchy and incomplete, with relict
caryopilite present (Fig. 7b). In other nodules, however,
caryopilite has undergone near-complete replacement
(Fig. 7c). Tephroite replacement seems to have proceeded
from the edges of the caryopilite nodules towards their
cores. Nodules comprised of caryopilite have also been
overprinted by rounded spessartine crystals, which have
destroyed the primary structures; the spessartine grains
have been further overprinted by tephroite (Fig. 7b). In
addition, some ﬁnely dispersed individual tephroite particles are randomly scattered across the laminated Mncarbonate matrix (Fig. 7a, 7b).
Type II is represented by samples XL-3 and XL-4, in
which the main mineral in spherulites is tephroite (Fig. 8,
S5) with minor amounts of magnetite (Fig. 8d, 8f). The
spherulites show various size among samples but they have
uniform size in individual samples, e.g., 20 mm in diameter
in sample XL-3 vs.  400 mm in diameter in sample XL-4.
In sample XL-3, magnetite forms thin linings that grade
into thicker rims with residual tephroite cores and ﬁnally
into solid magnetite spheroids (Fig. 8d).
Earlier hypotheses have suggested that Mn(IV) oxyhydroxides were the initially precipitated Mn minerals in sediments. Recent observation of braunite as a prominent Mn
(III)-silicate phase in major manganese deposits, interpreted to have formed from a precursor Mn(III)-oxide
phase (Urban et al., 1992; Gutzmer and Beukes, 1996;
Johnson et al., 2016a), has been brought forward as evidence for the above model. But both the forming process
and the precursor phases of braunite remain controversial
(Maynard, 2010; Johnson et al., 2016a). The ores studied
here are, instead, characterized by large nodules containing
Fe-rich caryopilite as the oldest (silicate) mineral phase. In
order to determine whether their formation was dependent
on an oxidized Mn species, it is necessary to examine
whether Mn(III) or Mn(IV) is still present in these caryopilite nodules and to quantify the overall Mn redox state.
Mn and Fe oxidation states in Xialei samples were determined by XPS Mn 3p and Fe 2p analyses. The quantitative
curve ﬁt results and curve ﬁts for XPS spectra are illustrated
in Fig. 6d and Table S4. The Mn 3p and Fe 2p spectra of all
Fe-rich caryopilite samples can be decomposed into diﬀerent
peaks, indicating that Fe and Mn in this mineral have mixed
valence, distributed in varying proportions between Fe(II)
and Fe(III), and Mn(II), Mn(III), and Mn(IV), respectively.
In contrast, the ﬁt results of the Mn 3p spectra from the
matrix Mn-carbonate show the presence of Mn(II) only.
5. DISCUSSION
5.1. Mn(III) as an indicator of manganese paragenetic
pathways
Marine chemical precipitates are a critical window to
view the chemistry and biology of Earth’s ancient oceans.
With respect to manganese deposits, while the main mineral
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Fig. 6. (a, b) BSE-SEM images of Xialei manganese minerals in sample XL-1 showing nodules comprised mainly of Fe-rich caryopilite in a
laminated Mn-carbonate matrix. Undulating dashed line denotes bedding direction. (b) Magniﬁed image of the area indicated on panel (a)
shows microlaminations in the matrix warp around the caryopilite nodules (dashed line), indicating that the nodules formed prior to the
lithiﬁcation of the matrix. Magnetite appears along the rims of Fe-rich caryopilite nodules. Scale bars represent 100 lm. (c) Raman spectral
comparison of caryopilite standards (black line) with the orange spots indicated in panel (a). (d) X-ray photoelectron spectroscopy (XPS) of
Fe-rich caryopilite and Mn-carbonate showing the valence state of Mn and Fe. The Mn 3p and Fe 2p spectra of Fe-caryopilite samples can be
decomposed into three peaks, while the Mn 3p spectra of Mn-carbonate only have a single peak. The ratios of diﬀerent valence for both
elements are shown as percentages. (e-i) BSE-SEM image, and EPMA Mn-, Ca-, Fe-, and Si-mapping, respectively, of a Fe-caryopilite nodule.
Scale bars represent 100 lm.

phases present today are Mn(II)-carbonates and Mn(II)silicates (Maynard, 2010; Johnson et al., 2016a), it is widely
believed that the primary Mn phases delivered to the seaﬂoor were Mn(IV)-oxides that had precipitated in the oxic
layers, rather than Mn(III)-bearing oxides such as manganite or feitknechtite (MnOOH) (Fig. 2a, b; Calvert and
Pedersen, 1996; Tebo et al., 2005; Planavsky et al., 2021),
as the oxidation of Mn(II) by O2 via the transfer of a single
electron has been demonstrated to be thermodynamically

unfavorable (Bargar et al., 2000, 2005; Luther, 2010). This
is supported by the observation that modern-day deep-sea
manganese nodules formed on the seaﬂoor are entirely
Mn(IV)-oxides and the discovery of microscale Mn(IV)
oxide inclusions, interpreted to be residues of primary
phase, in early diagenetic carbonate nodules (e.g., Tebo
et al., 2004; Johnson et al., 2016a). Upon burial those Mn
(IV)-oxides would have been reduced to Mn(II), and then
formed diagenetic Mn(II)-carbonates in porewater via the
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Fig. 7. BSE-SEM images of Xialei manganese minerals displaying Type-I manganese silicate nodules in sample XL-1 (a-d) and Zunyi-2 (e, f).
(a) Fe-rich caryopilite nodules in a laminated Mn carbonate matrix (dashed line) displaying varied overprinting. (b-d) Magniﬁed images of
caryopilite nodules on panel (a). (b) Nodules of Fe-rich caryopilite are overprinted by round spessartine crystals, which have destroyed
primary structures. (c) These spessartine grains are, in turn, overgrown by tephroite and magnetite. (b-c) Starting from the edge of the nodules
and moving towards the core, tephroite gradually replaces Fe-rich caryopilite, and ﬁnally forms near-complete tephroite nodules. (d) Raman
spectra of tephroite (XI) and spessartine (XII) from spots marked on panel (b), compared to mineral reference spectra. (e, f) The Fe-rich
caryopilite spherulites with some magnetite particles are ﬁnely distributed in laminated Mn carbonate matrix (dashed line). Scale bars
represent 100 lm.

following reactions (Okita et al., 1988; Tsikos et al., 2003;
Maynard, 2010):
2Mn(IV)O2 +CH2 O+4Hþ !2Mn(II)+CO2 +3H2 O
Mn(II) + CO3

2–

!MnCO3

ð1Þ
ð2Þ

However, this view has recently been challenged. It has
been suggested that Mn(II) and CO2–
3 concentrations in
anoxic seawater were suﬃcient to allow for the direct
nucleation and precipitation of Mn(II)-carbonate (Fig. 2c;

Herndon et al., 2018; Wittkop et al., 2020). This mechanism
does not require reductive dissolution of Mn(IV) oxides to
form Mn(II)-carbonates, thereby decoupling the presence
of reduced Mn-carbonates from the presence of an oxygenated layer in the water column.
Experimental work has further suggested that insoluble
Mn(III)-oxide phases, such as feitknechtite, may form
during reductive transformation of Mn(IV) to Mn(II) by
metal-reducing bacteria and potentially may be important
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Fig. 8. BSE-SEM images of Type-II manganese silicate nodules in Xialei sample XL-3 (a–d) and XL-4 (e, f). (a-d) Tephroite spherulites are
distributed in Mn-carbonate laminae (dashed lines). (c, d) Magnetite forms thin linings that grade into thicker rims with residual tephroite
cores and ﬁnally into solid magnetite spheroids. (e, f) The spherulites of tephroite are distributed in Mn(II)-carbonate laminae (dashed lines).
Magnetite is present as minor components in the spherulites. Scale bars represent 100 lm.

in the redox cycling of Mn (Fig. 2b; e.g., Murray et al. 1985;
Parker et al., 2007; Elzinga, 2011; Lin et al., 2012; Madison
et al., 2013; Johnson et al., 2016b; Oldham et al., 2017).
Speciﬁcally, Mn(III)-oxyhydroxides could form when dissolved Mn2+ is oxidized during the reduction of remnant
Mn(IV) oxides in porewaters:

manganite at pH 7.0–7.5 or hausmannite at pH > 8.0 (e.g.,
Lefkowitz et al., 2013; Elzinga and Kustka, 2015):

Mn(II) + Mn(IV)O2 + 2H2 O ! 2Mn(III)OOH + 2Hþ

Alternatively, soluble meta-stable organic Mn(III)ligand complexes (hereafter abbreviated as ‘‘L”; e.g.,
pyrophosphate or siderophores) have also been proposed
to be ubiquitous in anoxic systems (Oldham et al., 2015),
suboxic waters (Trouwborst et al., 2006; Yakushev et al.,
2007, 2009; Dellwig et al., 2012; Madison et al., 2013),

ð3Þ
Importantly, this metastable Mn(III) oxyhydroxide
(e.g., feitknechtite) is a solid phase that could potentially
enter the sedimentary record and subsequently form either

Mn(II) + 2Mn(III)OOH ! Mn(II)Mn(III)2 O4 + 2Hþ
ð4Þ

H. Yan et al. / Geochimica et Cosmochimica Acta 325 (2022) 65–86

and oxygenated seawater (Oldham et al., 2017). Madison
et al. (2013) proposed that soluble Mn(III) could be primarily produced via biotic dissolution of Mn(IV)O2:
CH2 O + 4Mn(IV)O2 + L ! 4Mn(III)-L + CO2 + H2 O
ð5Þ

Recent work on the mechanism of bacterial Mn(II) oxidation has demonstrated that Mn(III)-ligand complexes
also occur as short-lived intermediates in the oxidation of
Mn(II) to Mn(IV) oxides (Webb et al., 2005; Parker
et al., 2007; Learman et al., 2011).
Mn(II) + O2 + 4Hþ + L ! Mn(III)-L + 2H2 O

ð6Þ

However, it is not common to observe substantial accumulations of Mn(III) species because they are subsequently
fully oxidized to Mn(IV) oxides.
4Mn(III)-L + 5O2 + 4Hþ !4Mn(IV)O2 + 2H2 O + L
ð7Þ
Therefore, the identiﬁcation and observation of (meta)
stable Mn(III) phases (e.g., hausmannite, feitknechtite or
Mn(III)-ligand complexes) in the rock record may help
explain the paragenetic sequence of manganese deposits
during diagenesis and metamorphism, as these Mn(III)
minerals represent important intermediates that primarily
capture the reduction of Mn(IV) to Mn(II) or, possibly,
Mn(II) oxidation (Tsikos et al., 2003; Johnson et al.,
2016b).
5.2. Evidence for early origin of Mn(III)-containing oxides
The petrographic observation of hausmannite in our
samples may help constrain the mechanisms outlined
above. When compared with the characteristic petrographic
structure of Mn(IV)-oxides as inclusions in carbonate nodules, as in Johnson et al. (2016a) and Fang et al. (2020), the
hausmannite in our samples is more consistent with an
early formed oxidized phase preserved as an unreactive residue, rather than a product of secondary oxidation of Mn
(II). The hausmannite in our samples is not likely a weathering product because that process generally produces Mn
(IV)-oxide phases (Johnson et al., 2016a). In addition, the
‘‘white” hausmannite phases in our samples appear crystalline in fabric, as opposed to a weathering product which
generally displays ‘‘ﬂuﬀy” morphology (e.g., Johnson et al.,
2016a).
In Ca-rich marine sedimentary environment, Mnbearing carbonates are generally mixed Mn-Ca carbonates
(e.g., kutnohorite) rather than the rhodochrosite endmember (Brand and Veizer, 1980; Neumann et al., 2002;
Mucci, 2004), especially since pure rhodochrosite is not a
stable phase (Middelburg et al., 1987). The presence of kutnohorite veinlets cross-cutting hausmannite (e.g., Fig. 5d,
S4d) indicates that the hausmannite was formed prior to
veining. The presence of concentric Mn(II)-carbonate rings
surrounding hausmannite nodule cores (Fig. 4c-d) also indicates that the rings were formed on a reacted residual core
of hausmannite. By contrast, petrographic observations
representing a direct Mn(II)-carbonate precipitation pathway where some ﬁne-grained calcite crystals are surrounded

79

by Mn(II)-carbonates as observed in other Mn(II)carbonate deposits (Gao et al., 2021; Chen et al., 2022)
are lacking in our samples. Overall, the petrographic
features in our samples suggest that Mn(II)-carbonates
were derived from Mn-oxides, and most likely in association with secondary reduction coupled to organic carbon
oxidation. This ﬁnding is consistent with the isotope compositions of Mn(II)-carbonates (e.g., Okita et al., 1988;
Okita, 1992; Maynard, 2010).
As described above, the ‘‘white” Mn-oxide minerals
have a solid mineralized texture, while the ‘‘light grey” minerals appear fuzzy and contain Cl (Fig. 5b, 5e, S3a, S3d,
S4a, S4e). It is likely that the ‘‘light grey” hausmannite is
a poorly crystallized analogue for the ‘‘white” phase, but
the textural relationships are unclear as to whether these
phases precipitated at the same time, or if one derived from
the other. However, based on the lXANES spectra and the
ﬁtting results, the valence of the ‘‘light grey” phase is lower
than that of the ‘‘white” hausmannite but higher than that
of Mn(II)-carbonate phase (Table 2 and S3), which implies
that the ‘‘light grey” hausmannite may be the intermediate
product recording the transition from the oxidized ‘‘white”
phase to reduced Mn(II)-carbonates.
The origin of the high Cl content is unclear but could be
attributed to the incorporation of Cl into chemical sediments either in the water column or within the sediment
pile. To the best of our knowledge a Cl-containing Mnoxide has not been previously suggested or shown to form
under the seawater-like conditions relevant to our discussion. Yet, in light of the similarities between Mn and Fe,
and the identiﬁcation of an Fe(II,III) green rust phase
([Fe(II)3Fe(III)(OH)8+Cl-nH2O]; Zegeye et al., 2012;
Halevy et al., 2017), which may be reduced to Fe(II)carbonate during diagenesis, we suggest that a mixed
valence Mn-oxyhydroxide-chloride phase could be formed
in a similar manner. Overall, since Mn(IV)O2 is not
observed in our samples, a reductive process from Mn
(IV)O2 to Mn(III)-oxide and further to Mn(II)-carbonate
seems reasonable.
5.3. Evidence for oxidative origin of Mn-silicates
Petrographic signatures of the Mn(II)-silicate nodules
and spherulites in the Xialei samples have strong implications for the mechanisms of their formation. The textures
deﬁning the sedimentary lamination are enclosed in diagenetic Mn(II)-carbonate laminations (e.g., Fig. 6a), which
precludes a late-stage diagenetic or metamorphic origin.
Warping microlaminations around caryopilite nodules
(Fig. 6b) further indicate that lithiﬁcation of the nodules
must have occurred during early diagenesis before matrix
compaction while the sediments still had high porosity
and water content. The low Al and K contents (Fig. S2,
Table S1) and remarkably uniform sizes and shapes within
a given sample also exclude the possibility of a detrital origin. Instead, the nodule and spherulite textures are best
interpreted as primary authigenic sedimentary textures
formed during deposition and/or the earliest phase of
diagenesis. Similar textures have been described in BIF in
which microgranules of Fe-silicate deﬁne primary
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lamination and are enclosed by early diagenetic chert mesobands (Krapež et al., 2003; Rasmussen et al., 2013, 2015,
2017) and in Ediacaran chert nodules around which microlaminations in the matrix warp (Xiao et al., 2010). In addition, Mn(II)-silicate minerals characterized by lm-sized
glassy textures and nodule structures have also been
reported in the Mn-rich sediments in the Ural Mountains
in Russia and considered to represent primary sedimentary
features (Flohr and Huebner, 1992; Brusnitsyn, 2006;
Brusnitsyn et al., 2017).
Among the present Mn(II)-silicate phases in the Xialei
manganese deposit, textural relationships indicate that Ferich caryopilite was formed the earliest. Caryopilite is a
characteristic mineral of low-grade regional metamorphism
and is most common in Mn-rich metasediments. Previous
studies proposed that caryopilite derived from the alteration and siliciﬁcation of Mn(II)-carbonate during late diagenesis or metamorphism (Fig. 2a; Maynard, 2010;
Johnson et al., 2016a). However, in our samples, this explanation is challenged by the presence of early-formed caryopilite nodules and spherulites and the absence of latestage Si veins. In addition, in Xialei samples where silicarich ﬂuids have moved through discrete veins or faults
and reacted with Mn(II)-carbonate, the formation product
is rhodonite (a high-temperature metamorphic Mn(II)silicate), not caryopilite (Zeng and Liu, 1999; Chen et al.,
2018).
Alternatively, Manceau and Gallup (2005) have shown
that at a geothermal ﬁeld in Indonesia, a poorly crystalline
Mn(II)-rich hydrous silicate, with a glassy texture, precipitates from a hydrothermal brine. In this geothermal system,
Mn directly precipitates with silica under anoxic conditions.
Experiments have also shown that in O2-free and alkaline
(pH 10) solutions, nanometer-sized Mn(II)-rich phyllosilicates can be synthesized by mixing Mn(II) and silica at
150℃ (Manceau and Gallup, 2005). Particularly, the
cloudy, globular, and cryptocrystalline textures of the caryopilite aggregates from our samples are similar to gel or
glass textures. In an anoxic ocean, dissolved Mn(II) could
have combined directly with silica in the water column,
forming the precursor to caryopilite, possibly a Mn-rich,
Mg/Al-poor silicate precursor such as gonyerite ([(Mn2+,
Mg)5Fe3+(Fe3+Si3O10)(OH)8], a marine Mn mineral from
the chlorite group) or neotocite ([(MnSiOnH2O)], an
unmetamorphosed, diagenetic mineral) (Flohr and
Huebner, 1992; Brusnitsyn, 2006; Brusnitsyn et al., 2017).
This precursor could then have undergone alteration in
the sediment pile, releasing silica:
3Mn(SiO3 )H2 O ! Mn3 (Si2 O5 )(OH)4 + SiO2 + H2 O,
ð8Þ
A similar caryopilite genesis pathway has been previously suggested by researchers studying the manganese
deposits of the Urals (Brusnitsyn et al., 2017).
Some lines of evidence, however, apparently contradict
an anoxic origin for caryopilite. For example, XPS valence
quantiﬁcation shows that the caryopilite contains detectable Mn(III,IV) (Fig. 6d). As greenalite – the Feequivalent mineral for caryopilite – is known to host variable compositions of mixed-valence Fe(II,III) (Johnson

et al., 2018), we suggest that our Raman and XPS data
can be simply reconciled by a caryopilite phase that similarly hosts variable amounts of Mn(III,IV) in addition to
Mn(II). This demands an oxidative mechanism, which
argues against purely anoxic conditions where Mn(II)-Si
gels can be formed. Although the possibility that Mn(III,
IV) and Fe(III) were secondarily acquired cannot be explicitly ruled out, the absence of a spatially coherent redox distribution suggests that Mn(III,IV) and Fe(III) were original
components of the caryopilite rather than the products of a
secondary ﬂuid front. In addition, secondary oxidizing ﬂuids moving through discrete veins or faults generally transform Mn(II) phases to Mn(IV) oxides, rather than Mn(III)
phases (Johnson et al., 2016a).
A model for the formation of Mn(II,III,IV)-caryopilite
that is consistent with the ﬁndings of this study invokes dissolved metastable Mn(III)-ligand complexes (Madison
et al., 2013) produced via oxidation of Mn(II) in aqueous
environments as the initial precursor phases. Dissolved oxygen and silica present in the oceans could have induced the
transformation of Mn(III)-ligand complexes into thermodynamically more favorable Mn(III,IV)-bearing Mn-Si
phases during particle descent. Early diagenesis could have
involved some Mn-reducing microbes which utilized the
oxidized manganese and promoted the transformation of
Mn(III,IV)-bearing Mn-Si phases into Mn(II,III,IV)caryopilite. This model is similar to the mechanism for
the formation of Fe(III)-bearing greenalite from the combination of an initial Fe(II,III) precursor metastable phase
(green rust) with dissolved silica (Johnson et al., 2018).
An alternative, and perhaps more plausible, pathway for
the formation of Mn(II,III,IV)-caryopilite through Mn
(IV)-oxides is hypothesized. Hausmannite has been proposed in the Zunyi samples as a product of the reductive
transformation of Mn(IV)-oxides to Mn(II) (see Section 5.2). The presence of hausmannite in the cores of Mn
(II)-carbonate nodules implies that the Mn(III,IV)-silicate
precursor of the caryopilite could also have derived from
the reduction of an initial Mn(IV)-oxide, which is the ﬁnal
product of the full oxidation of Mn(II). In previous studies,
to keep Mn(IV) from becoming fully reduced to Mn(II),
(meta)stable Mn(III)-L complexes (Madison et al., 2013)
or the formation of Mn(III)-oxyhydroxides (Murray
et al., 1985; Johnson et al., 2016b) were invoked. These
Mn(III,IV) phases could have interacted with aqueous
H4SiO4 and then been transformed into more stable Mn
(III,IV)-containing caryopilite during early diagenesis in
the sediments, similar to the formation mechanism proposed for braunite (Johnson et al., 2016a; Johnson, 2019).
Thus, both the transformation of primary Mn(III)ligands and the reduction of an initial Mn(IV)-oxide in a
silica-rich (micro)environment remain plausible pathways
to the formation of a Mn(II,III,IV)-silicate precursor to
caryopilite. Fully evaluating these two hypotheses requires
additional experimental work, yet our characterization of
Mn(II,III,IV)-caryopilite as the earliest-formed Mnsilicate phase in our samples, combined with previous
reports of mixed-valence braunite (Johnson et al., 2016a),
point towards the Mn(IV)-oxide pathway. The nodule
and spherulite textures could be have formed when
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nanoparticles of these Mn(II,III,IV) silicate precursors
adhered to each other, forming ﬂoccules (Schieber et al.,
2007). Once formed, the ﬂoccules could be reworked by
density currents, as being observed in hydrothermal sediments in modern oceans (Heath and Dymond, 1977), forming plane-laminated and rare graded sets parallel to the
sedimentary lamination.
Other Mn(II)-silicates present in the Mn nodules and
spherulites may be the product of caryopilite reworking
as the pressure–temperature conditions increased during
metamorphism. Spessartine overprinting in the caryopilite
matrix is evident in sample XL-1 (Fig. 7b). In turn, both
spessartine and caryopilite are typically replaced by
tephroite (Fig. 7b). In fact, a range of diﬀerent stages of
caryopilite alteration can be seen in sample XL-1, from
unaltered to intermediate to full tephroite pseudomorphs
(Fig. 7a-7c). This sequence of alteration suggests that caryopilite maybe the precursor mineral of spessartine and
tephroite in our samples. A similar process has been
described in other Mn-rich deposits through the following
reactions (Flohr and Huebner, 1992; Brusnitsyn, 2006;
Brusnitsyn et al., 2017):
Mn3 Si2 O5 (OH)4 + 3MnCO3 + 2Al2 (Si2 O5 )(OH)4
! 2Mn3 Al2 ðSiO4 Þ3 þ 3CO2 þ 6H 2 O
Mn3 Si2 O5 (OH)4 + MnCO3 ! 2Mn2 (SiO4 )
þ 2H 2 O þ CO2
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the presence of an oxidative mechanism during the precipitation of Mn from seawater in the Zunyi and Xialei deposits.
The most probable paragenetic sequence for the Mn mineral
phases preserved in the two studied Mn deposits can be
described as: (1) following the oxidation of Mn(II) in seawater, primary Mn(IV)-oxides precipitated from overlying oxic
waters to the seaﬂoor; (2) during early diagenesis in the sediment pile, Mn(IV) was reduced by organic matter and/or
related reductants (e.g., sulﬁde), resulting in the formation
of a metastable precursor Mn(III) phase, which was either
preserved as stable Mn(III)-bearing oxides (e.g., hausmannite) or combined with silica to form Mn(III)-bearing
silicate precursor minerals; (3) ﬁnally, Mn(II)-carbonates
and a variety of Mn(II)-silicates were formed through the

ð9Þ
ð10Þ

The formation of caryopilite during the earliest stages of
lithogenesis and following replacement by rhodonite and/or
tephroite have been recorded in the manganese deposits of
California, Japan, and the Urals (El Rhazi and Hayashi,
2003; Nakagawa et al., 2009, 2011, 2014).
The caryopilite in sample XL-1 (Fig. 7b) and tephroite
in smaple XL-3 (Fig. 8a-d) are also replaced by magnetite,
preferentially on the rims of the nodules and spherulites.
This suggests that the magnetite was formed later by dissolution of a Mn-Fe silicate mineral.
5.4. Manganese mineral paragenesis
Textural, mineralogical and Mn redox observations presented here provide new insights on the competing hypotheses for the formation of Mn(II) mineral phases: the direct
precipitation of Mn(II)-carbonates and -silicates in anoxic,
supersaturated water versus the diagenetic reduction of Mn
(III,IV) minerals formed through the primary oxidation of
Mn(II). These competing hypotheses represent the primary
ways in which Mn ore deposits are thought to form yet the
dominant process remains diﬃcult to reconcile. The former
model was conceived based on the study of Mn(II)-rich sediments from modern redox-stratiﬁed environments (e.g.,
Fayetteville Green Lake and Brownie Lake; Herndon
et al., 2018; Wittkop et al., 2020), rather than Mn ores,
leaving it unclear whether these anoxic mechanisms could
achieve the mineralization eﬃciency and scale required to
form ancient Mn deposits.
The discovery of Mn(II,III)-bearing hausmannite and
Mn(III,IV)-bearing Fe-rich caryopilite residues, both associated with the cores of nodules and spherulites, necessitates

Fig. 9. Conceptual oxidative model of Mn deposition in the Zunyi
and Xialei Mn deposits. Dissolved Mn(II) is oxidized by O2
forming Mn(IV) oxides that are deposited to the seaﬂoor sediments
(path a). Those oxides are subsequently reduced to metastable Mn
(III,IV) phases, which come into contact with aqueous Mn(II) in
porewaters to form stable hausmannite [Mn(II,III)-oxide]. Given
suﬃcient amorphous silica, Mn(IV)-oxides may instead be transformed to precursor Mn(III,IV)-Si minerals. Alternatively, the
oxidation of Mn(II) in silica-enriched water may also have directly
led to the precipitation of these precursor Mn(III,IV)-Si minerals
(path b). Under persistent reducing conditions, Mn(III)-oxides are
replaced by Mn(II)-carbonates. Contemporaneously, the Mn(III)bearing Si precursor minerals, formed though either pathway, also
are reduced and transformed to stable Mn(II,III)SiO4 during
diagenesis. During metamorphism, various Mn(II) silicates are
formed at elevated temperature and pressures. Compared to the
model of Johnson et al. (2016a), we identify hausmannite as
inclusions or unreacted residues in Mn(II)-carbonate nodules and
propose the existence of a precursor Mn(III/IV)-silicate phase that
occurs prior to the formation of Mn(II)-carbonate during paragenesis. Legend as in Fig. 2.
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continued reduction of precursor phases during subsequent
diagenesis and metamorphism (Fig. 9). Alternatively, the
oxidation of Mn(II) in silica-enriched water could also have
directly led to the precipitation of Mn(III,IV)-bearing silicates, which were precursors to a variety of Mn(II)silicates (Fig. 9). In either event, the identiﬁcation of Mn
(III) mineral phases, formed through Mn(II) oxidation or
Mn(IV) reduction, in other Mn ore deposits would provide
additional support for the paragenetic model presented here
and the role that the water column oxidation of Mn(II) as an
important process in the formation of Mn ores.
The paragenetic model described here, based on new
observations of the Zunyi and Xialei Mn deposits, is reminiscent of the previously suggested oxidative formation
pathway of Mn(II)-carbonate (Maynard, 2010; Johnson
et al., 2016a). However, the paragenetic model is advanced
with the discovery of Mn(II,III)-bearing oxides (e.g., hausmannite), which are important intermediates from the
reduction of Mn(IV)-oxides. The fact that Mn(II,III)oxide residues were found only in the samples with the
highest Mn contents implies that the preservation of original manganese oxides may depend on a balance between
the amounts of organic carbon or other reductants and
the oxidized Mn (Konhauser, 2007). In organic-rich marine
sedimentary basins, preservation of these residues may be
diﬃcult. A consequence of this is that the intermediate
Mn(II,III)-oxide phases may not be preserved in other
Mn deposits formed where there is a greater ﬂux of organic
carbon to the sediment pile, obscuring the full expression of
this paragenetic model.
A signiﬁcant diﬀerence between our model and prior
models based on data from other Mn deposits is the formation stage of the Mn-silicate phases. While previous models
considered that Mn-silicates precipitated later than Mncarbonates and were the product of reactions with SiO2
during metamorphism (e.g., Maynard, 2010), the Mn(III,
IV)-silicate precursor phases in this study were identiﬁed
to be formed during early diagenesis, or perhaps even earlier. This is evidenced by the observation that Mn(II)silicate nodules/spherulites are embedded in the Mn(II)carbonate matrix, instead of cross-cutting it. In accordance
with the model proposed earlier for braunite (Johnson
et al., 2016a), these silicates were likely formed via the combination Mn(III)-oxides or Mn(III)-L complexes with silica
during the diagenetic reduction of Mn(IV) oxides. Many
other Mn silicates (caryopilite, tephroite, pyroxmangite)
were subsequently formed in consecutive transformations
of these Mn silicate precursor phases.
Our model for Mn paragenesis indicates that the formation of the Zunyi and Xialei deposits and, perhaps, other
ancient marine Mn deposits required seawater or porewater
enriched in silica. It has been commonly proposed that the
main source of manganese for ancient Mn deposits was
hydrothermal venting from deep-water volcanic ridge
systems (e.g., Maynard, 2010). Our model favors this viewpoint, as hydrothermal introduction of both manganese
and silica to seawater can explain the presence of suﬃcient
quantities of both reactants, possibly more easily than
post-depositional addition of silica-enriched hydrothermal
ﬂuids during metamorphism in the alternative mechanism.

It is diﬃcult to envision the correct amount of silica being
introduced post-depositionally to produce Mn(II)-silicates
throughout the entire formation. Detailed petrographical
and in-situ chemical studies of other ancient Mn deposits
are required to determine the presence of Mn(III)-oxides
and/or silicates and to assess the wider applicability of
the proposed Mn paragenesis pathway for other Mn ore
deposits. This is especially true for those deposits formed
in the Paleoproterozoic and for which cryptic signals for
ancient oxygen may be present.
6. CONCLUSIONS
A combination of scanning electron microscopy, laser
Raman spectroscopy analysis, X-ray photoelectron spectroscopy, and X-ray absorption spectroscopy were used to
examine Mn-oxide, -carbonate, and -silicate minerals from
the late Devonian Xialei and middle-late Permian Zunyi
manganese deposits from South China. This allowed for a
petrogenetic model to be developed in a framework that
informs our understanding of ancient Mn cycling.
Although recent studies have proposed that Mn(II)carbonate and -silicate minerals, common in ancient manganese deposits, could be formed by direct precipitation
in anoxic waters, the discovery of ‘‘residual” Mn(II,III)
oxide mineral (hausmannite) in Mn(II)-carbonate nodules
directly challenges this in the case of our samples. In addition, the best-preserved Fe-rich caryopilite nodules and
spherulites host variable levels of Mn(III,IV) and Fe(III),
indicating that an oxidative mechanism was required during
sedimentation. Therefore, our results support the utility of
Mn phases as proxies for water columns that were characterized by a suﬃcient oxidizing potential to result in Mn(II)
oxidation. Additionally, the ﬁndings presented here highlight the signiﬁcant role that Mn(III) phases may have
played in the biogeochemical redox cycling of Mn in
Earth’s ancient oceans.
RESEARCH DATA
Research data are presented as an Electronic Annex
Supplementary Materials Tables and Figures.

Declaration of Competing Interest
The authors declare that they have no known competing
ﬁnancial interests or personal relationships that could have
appeared to inﬂuence the work reported in this paper.
ACKNOWLEDGMENTS
Funding for this research was provided by the National Natural
Science Foundation of China (41972091), the consulting research
project of the Chinese Academy of Engineering (no. 2021-XBZD6-4) and the special fund from the State Key Laboratory of Geological Processes and Mineral Resources, China University of Geosciences (no. MSFGPMR03-2). We are grateful to Dr. Kui-Dong
Zhao, Shui-Yuan Yang and Wei Chen for assistance with lab work,
and Executive Editor Jeﬀrey Catalano, Associate Editor Caroline
Peacock and three anonymous reviewers for improving the interpretations of the manuscript.

H. Yan et al. / Geochimica et Cosmochimica Acta 325 (2022) 65–86

APPENDIX A. SUPPLEMENTARY DATA
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gca.2022.03.030.
REFERENCES
Alcott L. J., Mills B. J. W. and Poulton S. W. (2019) Stepwise
Earth oxygenation is an inherent property of global biogeochemical cycling. Science 366, 1333–1337.
Anbar A. D. and Holland H. D. (1992) The photochemistry of
manganese and the origin of banded iron formations. Geochim.
Cosmochim. Acta 56, 2595–2603.
Armstrong F. A. (2008) Why did nature choose manganese to
make oxygen? Philos. Trans. R. Soc. B Biol. Sci. 363, 1263–
1270.
Bagherpour B., Bucher H., Yuan D. X., Leu M., Zhang C. and
Shen S. Z. (2018) Early Wuchiapingian (Lopingian, Late
Permian) drowning event in the South China Block related to
a late eruptive phase of Emeishan Large Igneous Province?
Global Planet Change 169, 119–132.
Bargar J. R., Tebo B. M. and Villinski J. E. (2000) In situ
characterization of Mn(II) oxidation by spores of the marine
Bacillus sp strain SG-1. Geochim. Cosmochim. Acta 64, 2775–
2778.
Bargar J. R., Tebo B. M., Bergmann U., Webb S. M., Glatzel P.,
Chiu V. Q. and Villalobos M. (2005) Biotic and abiotic
products of Mn(II) oxidation by spores of the marine Bacillus
sp. strain SG-1. Am. Mineral. 90, 143–154.
Bekker A., Slack J., Planavsky N., Krapež B., Hofmann A.,
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