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Datangpo-type sedimentary manganese deposits, which are located in northeastern Guizhou province
and its adjacent areas, are Mn carbonate-type deposits hosted in black carbonaceous shale that represent
a series of medium to large deposits containing a huge tonnage of reserves. PAAS-normalized rare earth
element distribution patterns of manganese ores record “hat-shaped” REY (REE +Y) plots characterized
by pronounced middle rare earth element enrichment, evident positive Ce anomalies, weak to strong pos-
itive Eu anomalies and negligible negative Y anomalies. These REY geochemical characteristics are differ-
ent from those of country rocks and record the processes and features of sedimentation and diagenesis.
Manganese was precipitated as Mn-oxyhydroxide particles in oxidized water columns with the sorption
of a certain amount of rare earth elements, subsequently transforming from Mn-oxyhydroxides to rho-
dochrosite and redistributing REY in reducing alkaline pore-water during early diagenesis. A number
of similarities can be observed through a comparison of Datangpo-type manganese ores and modern
marine ferromanganese oxyhydroxide precipitates based on their rare earth elements. The precipitation
of Datangpo-type manganese ores is similar to that of hydrogenetic crusts and nodules based on their
positive Ce anomalies and relatively higher total REY concentrations. However, several differences also
exist. Compared to hydrogenetic crusts and nodules, Datangpo-type manganese ores record smaller pos-
itive Ce anomalies, lower total REY concentrations, unobvious fractionation between Y and Ho, and weak
to strong positive Eu anomalies. These were caused by quicker sedimentary rates in the oxic water col-
umns of the shallower basin, after which pore water became strongly reducing and alkaline due to the
degradation of organic matter in the early diagenetic stage. In addition, compared to typical deposits
in the world, Datangpo-type manganese ores are similar to hydrogenetic deposits and different than
hydrothermal deposits. All of these characteristics of manganese ores indicate that Datangpo-type man-
ganese ores, the principal metallogenic factors of which include oxidation conditions during deposition
and reducing conditions during early diagenetic stages, represent hydrogenetic deposits.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction and its adjacent regions, manganese deposits are commonly

referred to as “Datangpo-type” manganese deposits, as they are

Marine sedimentary manganese deposits formed during the
Nanhuan (equivalent to the Cryogenian) Period, which are among
the most important manganese ore resources in China (Fan and
Yang, 1999; Hou et al., 1997), are mainly located in the northeast-
ern region of Guizhou province, the mid-western region of Hunan
province, the southeastern region of Chongqing City and Chan-
gyang county of Hubei province. In northeastern Guizhou province
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http://dx.doi.org/10.1016/j.oregeorev.2017.06.016
0169-1368/© 2017 Elsevier B.V. All rights reserved.

mainly found in the Nanhuan Datangpo Formation and are hosted
in black carbonaceous shale as manganese carbonates (e.g.,
rhodochrosite, calico-rhodochrosite). Thus far, a series of
medium- to large-scale manganese deposits of economic
significance (e.g., Yanglizhang, Dawu, Datangpo, Daotuo, Xixibao,
Minle, Rongxi, and Gucheng) (Fig. 1) have been explored and
developed, as they exhibit high levels of prospecting potential.
However, the genesis of the Datangpo-type manganese deposits
remains controversial due to complex processes of metallogenesis.
Since the 1980s, a series of contrasting genetic theories have been
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Fig. 1. Schematic geological map of northeastern Guizhou and It's adjacent areas and the distribution of main Cryogenian manganese ore deposits (tectonic location was
modified based on Shu, 2012; geological sketch map was modified based on Geological map of Guizhou Province, 1987; Geological map of Hunan Province, 1988; Geological

map of Sichuan Province, 1990).

proposed, including biogenic origins (Liu et al., 1983, 1989; Zheng
and Liu, 1987), hydrothermal origins (Wang, 1990), gravity flow
deposits (Zhao, 1990), multi-source biology-turbidity deposits
(Liu, 1994), cap carbonate deposits (Yang et al., 2002), volcanic
eruption and precipitation (Yang and Lao, 2006), and cold seep car-
bonate deposits (Zhou et al., 2013,; Zhou et al., 2007a,b), among
others. Most of these theories have concluded that manganese is
directly precipitated as manganese carbonate in reductive water
columns. Nevertheless, in recent years, some scholars have argued
that manganese is precipitated as insoluble Mn-oxyhydroxide par-
ticles in oxidized water columns, which are then transformed into
rhodochrosite through bacterial sulfate reduction in alkaline
anoxic interstitial water below the oxidation-reduction interface
early in the diagenetic process (An et al., 2014; Zhang et al,
2013a,b,c; Zhu et al, 2013). This theory reflects the genetic
processes of most marine sedimentary manganese carbonate
deposits and manganese-bearing sediments found around the

world (e.g., Calvert and Pedersen, 1996; Chisonga et al., 2012;
Nyame et al., 2003; Okita et al., 1988; Okita and Shanks III, 1992;
Polgari et al., 2012; Roy, 2006; Sabatino et al., 2011).

If Datangpo-type manganese ores are precipitated as oxyhy-
droxides under oxic conditions and are then transformed to rhodo-
chrosite through organic carbon-mediated changes during initial
diagenetic processes, do the geochemical characteristics of man-
ganese ores emerge during the sedimentary-diagenetic process?
In particular, are there similarities between Datangpo-type
manganese ores and marine ferromanganese oxyhydroxide
precipitates? If so, what are their associated similarities and
differences? In addition, modern marine ferromanganese
oxyhydroxide deposits with significant levels of manganese
metallogenesis have been identified, which have attracted consid-
erable attention and led to systematic achievements in studies of
mineralogy, geochemistry, formation environments, growth
processes and genetic classifications due to their considerable
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economic resource potential (e.g., Bau et al., 2014; Canet et al,,
2008; Roy, 1992; Surya Prakash et al.,, 2012; Takematsu et al.,
1989; Usui and Terashima, 1997). These ferromanganese precipi-
tates are of vital metallogenic significance to the study of man-
ganese deposits that have developed throughout geological
history. Although some scholars have made comparisons between
Datangpo-type manganese ores and marine ferromanganese oxy-
hydroxide precipitates, these comparisons only prove either that
manganese ore is precipitated under oxic conditions, based on sim-
ilarities in their REE distribution patterns (An et al., 2014; Zhu
et al., 2013), or that hydrothermal activities can influence these
deposits, based on the results of Fe-Mn-(Cu + Ni + Co) x 10 ternary
plots (e.g., Tan et al., 2009; Wang, 1990). One remaining question
concerns whether these comparisons are correct and reasonable
if analyses regarding their similarities and differences are not inte-
grated. In addition, variations between these differences, and their
causes, require further discussion.

In order to identify the metallogenetic process of the Datangpo-
type manganese ores, this paper analyses the geochemical charac-
teristics of manganese ores collected from different mining areas
using rare earth element data and examines the different genetic
types of marine ferromanganese precipitates by examining the sim-
ilarities and differences between Datangpo-type manganese ores
and marine ferromanganese oxyhydroxide precipitates through a
comparison of their mineralization mechanisms. To our knowledge,
this is the first detailed comparison that has been made between
Datangpo-type manganese deposits and marine ferromanganese
oxyhydroxide precipitates. The results of this comparative analysis
will further our knowledge of the genesis of Datangpo-type man-
ganese deposits. Furthermore, metallogenic mechanism and metal-
logenic type of Datangpo-type manganese ores can be ulteriorly
explained by comparing to REE geochemistry of the country rocks
as well as typical manganese deposits around the world.

Table 1
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2. Geological setting

In the study area, mainly Sinian-Silurian strata and minor Devo-
nian and Permian-Triassic strata are exposed. Folds and fractures
are NE-trending. The manganese-bearing rock series, which is dis-
tributed in the wing of an anticline (Fig. 1), has an irregular lentic-
ular shape in profile, with a width of 500-3000 m, a length of
5000-7000 m and a NE-trending long axis. Datangpo-type man-
ganese deposits are mainly found in the border areas of Guizhou
province, Hunan province and Chongqing City (Fig. 1). Conse-
quently, they are found in what is referred to as the “Guizhou-H
unan-Chongqing” Manganese Triangle in China. This area includes
a complex fold belt with a basement of Mesoproterozoic and Neo-
proterozoic low-grade metamorphic rocks located within the
Yangtze Block and the Jiangnan orogenic belt (Fig. 1). The area
has undergone multiple phases of intense tectonic activity, includ-
ing the amalgamation of the Yangtze and Cathaysia Blocks, which
formed the South China Block in the late Mesoproterozoic, and the
subsequent inner breakup and amalgamation events that occurred
in the South China Block (Dai et al., 2010; Liu et al., 1993).

The Mid-Neoproterozoic lithostratigraphy perfectly records the
tectonic evolution of the research area (Table 1). The Wuling oro-
geny (1.0-0.9 Ga, Li et al., 2009; Ye et al., 2007; also referred to
as the Sibao or Jinning orogeny in the literature), which is repre-
sented by an angular unconformity at the bottom of the Neopro-
terozoic stratum (Dai et al., 2010, Table 1), caused the first
amalgamation of the Yangtze and Cathaysia Blocks. Then, the
regional tectonic evolution entered a new stage: the Xuefeng-
Caledonian tectonic cycle. As the rifting and fragmentation of the
supercontinent Rodinia occurred in the early Neoproterozoic, the
Yangtze and Cathaysia Blocks began to break up once again, pro-
ducing the Neoproterozoic Nanhua rift systems no later than
820 Ma (Wang et al., 2001,2006). Under these conditions, a series

Lithostratigraphy and tectonic evolution during the Mesoproterozoic and Neoproterozoic in northeastern Guizhou and adjacent areas in China (achieved synthetically based on
Dai et al., 2010; Dobrzinski and Bahlburg, 2007; Lin et al., 2013; Lu et al., 2010; Wang et al., 2001).
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of graben-horst sub-basins progressively developed in the south-
eastern margin of the Yangtze Block (e.g., the Xiang-Gui sub-
basin, located in the research area, which provided enough space
for Neoproterozoic sedimentation to occur) (Jiang et al., 2003;
Wang et al., 2001). Thereafter, the southeastern margin of the
Yangtze Block progressively evolved into a passive continental
margin during the Xuefeng orogeny (Wang et al., 2012; Table 1),
which was characterized by more stable platform deposition,
including moraine clastic formation during the Nanhua Period
and carbonate-shale-silicalite formation during the Sinian and
Cambrian Periods (Table 1).

Meanwhile, Neoproterozoic Cryogenian global glaciations
resulted in at least two glacial deposits and one interglacial deposit
in the Nanhuan sedimentary sequence located along the southeast-
ern margins of the Yangtze Block. The first glacial period (the Chan-
g’'an glaciation) developed a moraine, referred to as the Chang’an
Formation, which absented sedimentation in the northeastern
margin of the Xiang-Gui sub-basin by covering the continental gla-
cier. The second glacial period (the Nantuo glaciation) formed the
Nantuo and Lijiapo Formations, which comprise continental glacial
and marine glacial deposits, respectively, in the Xiang-Gui sub-
basin. During the interglacial period, the Fulu Formation, Datangpo
Formation and corresponding strata developed through transient
transgression after the Chang’an glaciation (Liu et al., 1993; Lu
et al., 2010; Wang et al., 2001; Ye et al., 2007; Yin et al., 2006,
and references therein). Several studies have shown that the
Chang’an and Nantuo glaciations are equivalent to the Sturtian
(c. 720Ma) and Marinoan (c. 600-635 Ma) glaciations of the
Cryogenian Period, respectively (e.g., Dobrzinski and Bahlburg,
2007; Yin et al,, 2006; Zhou et al., 2004).

The Datangpo stage, which occurred during the interglacial per-
iod in intertropical and subtropical climates featuring the appear-
ance and proliferation of algae, is characterized by carbon-bearing,
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Fig. 2. Stratigraphic column of the first member of Datangpo Formation at ZK001 of
the Daotuo manganese ore deposit (Qin et al., 2013). Nh;d' and Nh;d? denote the
first and second members of Datangpo Formations, respectively, and Nh;t denotes
the Tiesi’ao Formation.

fine-grained deposition in an epicontinental semi-limited shallow
basin surrounded by barrier islands, due to the uneven settlement
of the basin basement. The Datangpo Formation underlies the Nan-
tuo and/or Lijiapo Formations and overlies the Tiesi’ao and/or Fulu
Formations (the Tiesi’ao Formation is believed to be equivalent to
the upper Fulu Formation, according to Lin et al., 2013; Lu et al.,
2010). Furthermore, the Datangpo Formation is usually divided
into two members, based on its lithologic characteristics (Fig. 2).
The first member, or the black carbonaceous shale member, ranges
from 2 to 50m and includes black carbonaceous shale, black
manganese-bearing carbonaceous shale, lenticular dolomite, high
contents of star-like pyrite and organic matter, and distinct hori-
zontal bedding. This member is usually referred to as the
“manganese-bearing rock series,” as its main stratigraphic horizon
includes economically significant manganese deposits. The second
member, which ranges from 30 to 320 m, mainly includes gray and
dark gray silty mudstone and mudstone with negligible carbon
matter with a distinct laminated structure (Lin et al., 2013; Qin
et al.,, 2005). The U-Pb zircon ages obtained from volcanic tuff sam-
ples from the basal Datangpo Formation are 662.9 + 4.3 Ma (Zhou
et al, 2004), 667.3+9.9Ma (Yin et al, 2006), and 661 +7 Ma
(Gao et al., 2013), while the U-Pb zircon age of an ash bed at the
summit of the Datangpo Formation (0.6 m below the Nantuo gla-
cial diamictite) is 654.5 + 3.8 Ma (Zhang et al., 2008). These U-Pb
zircon ages roughly define the minimum and maximum ages of
the Datangpo Formation.

Manganese deposits are distributed in a dispersive and direc-
tional manner; deposits are located several kilometers to tens of
kilometers apart from each other and exhibit NE-trending
distribution.

Datangpo-type manganese deposits, which are largely hosted in
the black carbonaceous shale of the first member of Datangpo For-
mation (Fig. 2), are usually composed of 1-3 layers of manganese
ore beds. The morphologies of the ore bodies mainly include lentic-
ular (Fig. 3A) and quasi-lamellar (Fig. 3B) structures. Lenticular ore
bodies are distributed in the lower to middle part of the
manganese-bearing series, which contain concentrated orebody
groups consisting of different sizes of lenticular structures, which
are arranged and combined in fish-like, en-echelon, oblique and
jagged shapes. Quasi-lamellar ore bodies, which extend further
and are more stable, contain 1-3 layers of carbonaceous shale
(Wang et al., 1985). Rhodochrosite is mainly hosted in the thicker
sections of the manganese-bearing rock series with a maximum
thickness of approximately 10-50 m. The content of organic car-
bon in the carbonaceous shale distributed in the ore-
concentrated area is 2-3% (Liu et al., 1989). In the first member
of Datangpo Formation, the total thicknesses of the ore beds vary
and tend to increase with increasing thickness. Hence, the thickest
ore bed is usually located in the center of the basin; this thickness
diminishes from the center of the basin to its margins, thus show-
ing an obvious control over strata (Xie et al., 2014).

Massive (Fig. 3C, D) and banded ores (Fig. 3E, F) are the two
main ore types. The former has sparse, discontinuous and incon-
spicuous lamina, whereas the latter has dense and conspicuous
lamina.

The sedimentary characteristics of manganese ore are as fol-
lows: it is melanocratic (mainly black and black gray) and has a
micritic texture with granular and biological structures. This
micritic texture is characterized by interlayered, 0.03-mm-long
rhodochrosite crystals. The particles forming the granular texture
are sand-sized grains, blocky masses, pellets, biodetritus (e.g.,
fucoid, algal clastic), and minor terrigenous detrital grains and
tephra. The characteristics of the sedimentary structures are
mainly massive bedding (Fig.3C, D) with undeveloped lamina,
banded bedding (Fig.3E, F) constituted by interphase black
rhodochrosite bands and gray argillaceous bands, and horizontal
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Fig. 3. The morphologies of ore bodies, typical ores and sedimentary structures on Datangpo-type manganese ores in northeastern Guizhou and It's adjacent areas. A:
Lenticular body; B: Stratiform-like body; C, D: Massive ore (structure); E, F: Banded ore (structure); F: Horizontal bedding; H: Wavy bedding; I: Wavemark.

bedding (Fig. 3G) consisting of interphase light and dark lamina.
Additionally, wavy bedding (Fig. 3H) and wavemark (Fig. 31) have
also developed.

3. Materials and analytical methods

The Datangpo-type manganese ore samples were collected from
a series of different deposits, including the Yanglizhang deposit
(28°4'14.36"N, 108°46'3.66"E, five samples), Songtao County,
Guizhou province, the Minle deposit (28°22/30.5”N, 109°20'10.5"
E, four samples), Huayuan County, Hunan province, and the
Rongxi deposit (28°32'35.5"N, 108°48'58"E, five samples), Xiushan
County, Chongqing City. A few wall rocks (black shale) were
collected to compare to manganese ores. All of the samples were
fresh (i.e., did not contain secondary veins) and were crushed to
a size of 200 mesh for analyses of major and rare earth
elements.

Major components, including SiO,, Al,0s, TiO,, TFe, MnO, CaO,
MgO, K0, and P,0s, were analyzed through X-ray fluorescence
analysis by ALS Minerals (Guangzhou) Co., Ltd.

Rare earth elements (REE, including lanthanide elements and
yttrium) were analyzed by ICP-MS using a PerkinElmer ELAN
DRC-e quadrupole inductively coupled plasma mass spectrometer
(Q-ICP-MS) with a relative standard deviation of generally better

than 5% at the State Key Laboratory of Ore Deposit Geochemistry
of the Institute of Geochemistry, Chinese Academy of Science.
The Ce, Eu and Y anomalies were calculated using the following
formulas:  Ceanom. = (Ce/Ce*)sn = 2Cesn/(Lasy + Prsy),  EUapom. =
(Eu/Eu)sn = 2Eusn/(Smsy + Gdsn), and Yanom. = (Y/Y")sn =
2Ysn/(Dysy + Hosy), where sy represents the normalization of
concentrations against those of the PAAS shale standard
(Post-Archean Australian Shale, Taylor and McLennan, 1985).

To make the results more representative, geochemical data of
major elements and REE of other Datangpo-type Mn deposits, such
as Daotuo (An et al., 2014; nine samples) and Xixibao (He et al.,
2013; Zhang, 2014; eleven samples), were also referenced. These
data were published after 2010; the analytical results of the man-
ganese ore samples collected from different deposits served as
basic information for this analysis.

In addition, before conducting geochemical analyses, polished
thin sections of samples were analyzed to identify the mineral
components and microscopic structures of manganese ores and
black shale using a JEOL JSM-6460lv scanning electron microscope
at the State Key Laboratory of Environmental Geochemistry at the
Institute of Geochemistry, Chinese Academy of Science. This
allowed us to obtain back-scattered electron (BSE) images and
energy dispersive spectrometry (EDS) qualitative analyses of Mn
carbonate and detrital minerals.
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4. Mineralogical components

The SEM photographs of the polished thin sections show that
manganese ores consist chiefly of terrigenous minerals,
manganese-bearing carbonates and some authigenic minerals
(Fig. 4A). Most of the terrigenous minerals are quartz minerals,
with small quantities of feldspar, mica and clay minerals (Fig. 4B).
Manganese-bearing manganese carbonate minerals mainly include
rhodochrosite and calico-rhodochrosite grains. Single manganese
carbonate grains have a globular shape, a uniform size of approxi-
mately 5 um, a pure inner structure and a rare girdle structure
(Fig. 4C, D). The energy dispersive spectrometry (EDS) qualitative
analyses show that Mn, Ca, and Mg are the main cations present,

and that the sum of these cations is stable and constant, implying
that they are isomorphic replacements of one another. Terrigenous
minerals form darker assemblages whereas manganese carbonate
mineral grains form bright assemblages. In addition, the boundary
between the different assemblages is pronounced. Pyrite, which is
the main authigenic mineral, is primarily globular and framboidal
(Fig. 4B, E) and is abundant in assemblages of terrigenous minerals
but rare in assemblages of manganese-bearing manganese carbon-
ate minerals, thus showing close associations with terrigenous
minerals (Fig. 4A, E).

Based on the relative proportions of terrigenous minerals and
manganese-bearing carbonate minerals, the manganese ores can
be subdivided into two types: (1) massive manganese ores that

Fig. 4. SEM-BSE images of thin sections of manganese ores. In all images, relatively light gray minerals are manganese-bearing carbonates (MN), relatively dark gray minerals
are terrigenous minerals (TM), and bright minerals are pyrite (Py). A: Ribbon-shaped manganese ore with a light gray layer (manganese-rich carbonate) and dark gray layer
(composed of terrigenous minerals); pyrite was mainly found in the terrigenous mineral layer. B: Dark assemblage of terrigenous minerals with globular and framboidal
pyrites. C: Manganese-bearing carbonate grains of uniform size. D: The inner girdle structure of a single manganese carbonate grain. E: Globular and framboidal pyrites found
in assemblages of terrigenous minerals. F: Massive manganese ores chiefly composed of manganese carbonate grains with rare terrigenous minerals and pyrite.

Table 2
Major element content (wt%) of Datangpo-type manganese ores and black shales.

Deposit Sample NO. Lithology Si0, TiO, Al,03 TFe MnO Ca0 MgO Na,O K,0 P,05 Mn/Fe’

Yanglizhang YLZ-1 Mn ore 5.76 0.12 1.97 3.19 39.81 6.26 4.40 0.20 0.55 0.93 13.82
YLZ-2 Mn ore 26.73 0.35 7.22 3.61 22.46 8.46 2.00 0.96 1.83 0.75 6.89
YLZ-3 Mn ore 18.11 0.13 4.59 3.01 3045 7.32 3.41 0.41 1.23 0.34 11.20
YLZ-4 Mn ore 17.39 0.30 5.51 4.70 27.45 8.76 2.61 0.64 1.45 1.75 6.47
YLZ-5 Mn ore 18.69 0.23 4.95 3.31 27.64 9.09 295 0.52 1.32 0.60 9.25
YLZ-6 Black shale 60.99 0.44 12.34 2.76 5.88 1.77 1.20 1.58 3.11 0.16 213

Minle ML-1 Black shale 76.00 0.42 11.50 2.61 0.11 0.64 0.52 2.17 2.48 0.24 0.04
ML-2 Mn ore 12.31 0.18 2.50 2.57 31.82 10.78 3.77 0.36 0.65 0.31 13.71
ML-3 Mn ore 14.46 0.15 2.06 2.32 32.84 7.91 4.18 0.43 0.50 0.27 15.67
ML-4 Mn ore 12.20 0.15 221 227 32.07 10.55 3.66 0.32 0.58 0.31 15.64
ML-5 Mn ore 13.38 0.16 2.95 3.15 34.49 5.84 3.79 0.30 0.81 0.29 12.12
ML-6 Black shale 68.71 0.40 10.74 6.12 1.00 1.65 0.83 2.04 2.32 0.21 0.13

Rongxi RX-1 Mn ore 24.49 0.31 5.83 331 27.52 5.86 2.67 0.77 1.26 0.60 9.21
RX-2 Black shale 60.54 0.62 15.84 5.40 0.23 0.61 0.88 1.64 3.92 0.26 0.04
RX-3 Mn ore 25.23 0.38 6.37 3.73 23.20 8.16 2.15 0.70 1.55 0.55 6.89
RX-4 Mn ore 11.28 0.15 2.34 2.72 30.32 12.74 2.75 0.28 0.57 0.45 12.34
RX-5 Mn ore 22.06 0.31 5.53 3.86 24.63 9.44 2.26 0.63 1.28 0.50 7.07
RX-6 Mn ore 19.45 0.24 4.27 3.76 26.76 9.98 2.68 0.51 1.04 0.34 7.88

"Mn/Fe stands for the radio of MnO to TFe.
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are chiefly composed of manganese carbonate grains, rare terrige-
nous minerals and pyrite (Fig. 4F); and (2) ribbon manganese ores
with a light gray manganese carbonate mineral layer and a dark
gray terrigenous mineral layer, containing abundant pyrite that
mainly occurs in the terrigenous mineral layer (Fig. 4A).

5. Geochemical rock compositions
5.1. Major element geochemistry

The main elemental compositions of the Datangpo-type man-
ganese ore and black shale samples are listed in Table 2. MnO
and SiO, are the main elements found in these Mn ores, with aver-
age values of 29.39% and 17.25%, respectively. The average values
of the other main elements (Al,03, TiO,, Na,O and K;0) are
4.16%, 0.23%, 0.50% and 1.04%, respectively. The average values of
Cao, MgO and P,0s are 8.65%, 3.09% and 0.57%, respectively. How-
ever, SiO, and Al,O3 are the main components of the black shales,
with average values of 66.56% and 12.61, respectively. The other
elements (TiO,, Na,O and K,0) have average values of 0.47%,
1.86% and 2.96%, and MnO, Ca0, MgO and P,0s5 have average values
of 1.81%, 1.17%, 1.86%, 0.22%, respectively. TFe accounts for 3.35%
and 4.22% of the Mn ores and black shales, respectively.

Consequently, Mn ores are relatively more abundant in MnO,
Ca0, MgO and P,0s and less abundant in Al,03, SiO,, TiO,, TFe,
Na,O0 and KO than the black shales. The Mn ores also have a high
Mn/Fe ratio, with an average value of 9.56, thus recording higher
levels of fractionation between Mn and Fe.

5.2. REY (REE +Y) geochemistry

The contents of rare earth elements and some parameters of the
Datangpo-type manganese ore and black shale samples are shown
in Table 3. The total REY content (>"REY) records a relatively large
and variable range of 170.27 to 515.68 ppm, with an average value
of 255.24 ppm, which is higher than that of the Post-Archean Aus-
tralian Shale (210.00 ppm). The value of (Ce/Ce*)sy varies from
1.160 to 1.368, with an average value of 1.253, and the value of
(Ce/Pr)sy varies from 1.080 to 1.369, with an average value of
1.207, thus recording prominent positive Ce anomalies. The value
of (Eu/Eu*)sy varies from 0.92 to 1.493, with an average value of
1.152, thus representing weak to strong positive Eu anomalies. In
addition, (Y/Y*)sy varies from 0.83 to 0.996, with an average value
of 0.893. However, measured (Y/Ho)sy ratios vary from 0.89 to
1.066, with an average value of 0.965. As this value is close to 1,
Y anomalies are negligible and may result from positive Dy
anomalies.

Moreover, the PAAS-normalized distribution patterns of the
rare earth elements (REYsy) of manganese ores are characterized
by the pronounced enrichment of middle rare earth elements
(MREEs) compared to those of both LREE and HREE, producing a
“hat-shaped” REY plot (Fig. 5). Consequently, Datangpo-type man-
ganese ores are characterized by relative MREE enrichment, promi-
nent positive Ce anomalies, weak to strong positive Eu anomalies,
and negligible negative Y anomalies (Fig. 5), thus complementing
the results of previous studies (e.g., An et al., 2014; Zhu et al,,
2013). In addition, the REY characteristics of Mn ores are similar
to those of other Datangpo-type Mn ores, such as the Daotuo and
Xixibao manganese deposits (Fig. 6), indicating that they may have
undergone similar ore-forming processes.

The >"REY of country rocks range from 107.41 to 196.7 ppm,
with an average value of 148.34 ppm, which is less than the aver-
age of Mn ores (255 ppm) and the average of PAAS (210 ppm). The
PAAS-normalized distribution patterns of the rare earth elements
(REYsy) of the country rocks are characterized by the slight enrich-

Table 3

REY content (ppm) and some parameters of Datangpo-type manganese ores and black shales.

(Y/Y )sn
0.882
0.934
0.892
0.996
0.960
0.887

(Y[Ho )sn
0.956

(La/Pr)sn
0.743
1.041
0.965

(Eu/Eu’)sn
0.941

(Ce/Ce)sn
1.254
1.180
1.206
1.160
1.156
1.177
0.998
1.343
1.368
1.346
1.338
1.046
1.236
1.006
1.205
1.163
1.246
1.250

SREY

Tm Yb Lu
0.41
0.55
0.92
0.83
0.98
0.45
0.35
0.44
0.41
0.36

Er

Ho

Eu Gd Tb Dy

Sm
8.15
6.41

Sample NO. La Ce Pr Nd

Yanglizhang YLZ-1

Deposit

203.07

0.29
0.40
0.69
0.61
0.75
0.51
0.43
0.37
0.28
0.29
0.38
0.40
0.42
0.54
0.52
0.51
0.52
0.38

2.27
3.11

5.

3.09
3.57

1.29
1.15
234
1.88
2.19
0.83
0.81
1.11
1.00
0.90
1.26
0.82
1.18
0.87
1.63
1.71
1.56
1.21

33.30

6.63
5.79

1.23
1.01
238
1.66
1.88
0.56
0.64

0.83

7.31
4.93

1.56
1.15
2.75
2.19
1.80
0.34
0.72
1.56
1.45
1.24
1.61
1.08
1.49
0.69
2.20
2.64
2.10
217

34.80

7.34
8.91
199

72.10

23.30
39.60
82.00
52.90

45.4

1.002
1.000
1.066
0.998
0.871

0.952

239.08

31.10
63.20

35.00
76.60
56.30
51.7

96.40
212.0
135.0
116

YLZ-2

0.922

515.68

99
65

6.

12.80
9.44
104
3.8

13.09
9.

14.80
11.30
11.6
3.13
437
5.69
4.71
5.04
7.75

YLZ-3

0.918

0.985

359.44

5. 4.55

54.10

53

135

YLZ-4

0.909

0.780

335.26

5.62
3.38

2.58

6.22
2.95
249
3.28
2.87
2.58

59.0

10.0

11.7

YLZ-5

1.000
1.057
1.012

0.531

107.41

19.8

2.84
3.12
4.84
433
4.52
6.68
4.40
6.03
3.80
8.31
9.01

143
22

14.8 36.3 3.42
5.6

YLZ-6
ML-1

0.904
0.877

0.878

0.918

143.40

19.3

3.59
5.08
4.90
443
6.46
3.83
6.02
3.76
8.38
8.98
7.96
6.87

51.8

25.6

Minle

0.894
0.944
1.031

1.388
1.493
1.208
1.045
0.970

197.02

2.52

26.80

27.30
23.50
24.30

6.71
5.75
5.73
7.71
8.71
6.89
5.16
9.06
9.20
7.64

81.50
69.20

29.00
23.50
25.30
31.20

3

ML-2
ML-3

0.894
0.972
0.836
0.931

0.957

170.27

2.07
2.14

2.85

25.50
25.00

30.80

0.81
0.81
1.19
0.77
1.08
0.61
1.47
1.55
1.39
1.22

1.034
0.948

173.13

70.50

ML-4
ML-5
ML-6

RX-1

0.905

225.62

3.54 049
224 043

3.51
2.76
4.56
4.69

33.40
35.5

90.30
76.5

0.925

0.863
0.904
1.205
0.897
0.855

196.70

2.59
3.03

3.

20.7

6.24
6.57
3.89
8.49
9.44
8.46
9.18

0.878

0.948
0.904
0.923

1.101
0.842
1.218

197.23

0.51
0.46
0.62
0.67
0.53
0.44

30.20
213

30.80
20.1

72.90
51.6

26.60
26.9

Rongxi

0.941

145.85

43

-2
-3
-4
-5
-6

0.851

257.63

3.49
3.69
3.43
2.74

40.60

40.50

93.10

34.70

0.932
0.840
0.829

1.022
0.907

1.335
1.198
1.185

261.99

47.20

39.90
35.00

47.50

89.20

33.60
27.40
44.40

0.840
0.904

224.98

4.20
3.49

38.20

7.89
7.91

78.70
123.0

0.949

293.00

31.00

11.50
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Fig. 5. Post-Archean Australian Shale-normalized REY patterns of Mn ores and black shales in Yanglizhang, Minle and Rongxi manganese deposits.
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Fig. 6. Post-Archean Australian Shale-normalized REY patterns of Mn ores in the Daotuo and Xixibao manganese deposits.

ment of HREE, producing a “flat-shaped” REY plot, showing no Ce
anomalies (with an average value of 1.06), weakly negative Eu
anomalies (with an average value of 0.82), weakly negative Y
anomalies (with an average value of 0.92), variable (Pr/Yb)sy val-
ues (ranging from 0.32 to 1.07, with an average value of 0.64),
and HREE enrichment relative to LREE.

6. Analysis of the formation processes of manganese ore

6.1. Ce anomalies

Rare earth elements constitute a group of elements that exhibit
generally similar geochemical behaviors and trivalent ions, but
vary in terms of their Ce** and Eu?* stability within oxidizing and
reducing environments, respectively (Holser, 1997). Hence, Ce
and Eu are the only redox-sensitive rare earth elements. In oxic
marine environments, soluble Ce>* is oxidized into insoluble Ce**

as CeO, and tends to be rapidly removed from seawater via scav-
enging by Fe and Mn oxyhydroxides or by organic matter in sus-
pension, thus producing a strong negative Ce anomaly in the
modern surface oxidizing water column (Holser, 1997; Pourret
et al., 2008; Xiong et al., 2012). In suboxic/anoxic marine environ-
ments, insoluble CeO, is reduced and remobilized to soluble Ce>*,
which behaves similarly to other trivalent REEs, producing a weak
or negligible negative Ce anomaly or even slightly positive Ce
anomalies in REE distributions (Bau et al., 1997; Holser, 1997;
Wilde et al., 1996). However, studies have shown that the kinetics
of Ce** oxidation reactions are slow and can usually be overcome
via microbial mediation or through surface-catalysis on Mn oxides
and hydrous Fe oxides (Bau and Koschinsky, 2009; Moffett, 1990,
1994; Pourret et al., 2008, and references therein). Based on the
sequential leaching procedures of some ferromanganese crusts,
Bau and Koschinsky (2009) suggested that the preferential removal
of Ce from seawater does not result from the oxidation of dissolved
Ce** within the marine water column, but rather that Ce3* is

297
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oxidized after its sorption at the metal oxyhydroxide surface. In
any case, the development of a Ce anomaly is most closely associ-
ated with preferential scavenging by Fe and/or Mn oxides and
organic matter (e.g., Alibo and Nozaki, 1999; Bau and Koschinsky,
2009; De Carlo et al., 1997; Ohta and Kawabe, 2001; Pourret
et al., 2008). Consequently, manganese-bearing sediments forming
in oxic marine environments, and hydrogenetic Fe-Mn nodules and
crusts in particular, are characterized by prominent positive Ce
anomalies (e.g., Bau et al., 1996, 2014; Cui et al, 2009;
Kunzendorf et al., 1993; Pattan et al., 2005; Surya Prakash et al.,
2012).

However, it is possible that Ce anomalies can result from La
anomalies, due to the fact that Ce anomalies are calculated from
the following equation: Ce,nom. = (Ce/Ce*)sn = 2Cesn/(Lasy + Prsy).
To avoid this, Bau and Dulski (1996) introduced the (Ce/Ce*)sy Vs.
(Pr/Pr*)sy diagram to judge whether Ce anomalies are exaggerated
by the La effect, noting that the (Pr/Pr*)sy is calculated from the fol-
lowing equation: (Pr/Pr*)sy = 2Prsn/(Cesy + Ndsy). As there is no
chemical premise for the creation of Nd or Pr anomalies, the exis-
tence of a true Ce anomaly should yield values of (Pr/Pr*)sy > 1 or
(Pr/Pr*)sy < 1. If, however, samples record values of (Pr/Pr*)sy ~ 1,
this implies that the anomalous enrichment or depletion of La
must be the sole cause of Ce anomalies. Fig. 7 shows that the Ce
anomalies of manganese ores are real and do not record the effects
of La (Bau and Dulski, 1996; Shields and Stille, 2001). Sample
(La/Pr)sy values range from 0.74 to 1.041 with an average
value of 0.925. With the exception of the YLZ-1 samples
((La/Pr)sy = 0.74), the (La/Pr)sy values of the other samples are
close to 1, denoting that La anomalies are nonexistent and that
the observed positive Ce anomalies are genuine.

Furthermore, these positive Ce anomalies show a strong posi-
tive correlation with MnO concentrations within Datangpo-type
manganese ores (Fig. 8a); therefore, we suggest that the enrich-
ment of Ce is controlled by MnO content. Manganese is oxidized
into insoluble Mn (III) and Mn (IV) oxides (Calvert and Pedersen,
1993, 1996), which are then precipitated into the oxic marine
water column through the adsorption of relatively high contents
of Ce during deposition, based on the close relationship between
positive Ce anomalies and the oxidative scavenging of cerium by
Mn oxides (e.g., Bau and Koschinsky, 2009; De Carlo et al., 1997;
Ohta and Kawabe, 2001). Here, the Mn (Ill) and Mn (IV) solid
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Fig. 7. (Ce/Ce )sn vs. (Pr/Pr )sy diagram of Datangpo-type manganese ores (Bau and
Dulski, 1996). Field I: neither Ce nor La anomaly, field Ila: positive La anomaly, no
Ce anomaly, field IIb: negative La anomaly, no Ce anomaly, field Illa: real positive Ce
anomaly, field IlIb: real negative Ce anomaly.

phases, which are referred to as Mn-oxyhydroxides, are mainly
MnOOH and MnO, (Tribovillard et al., 2006).

6.2. Eu anomalies

Theoretically speaking, Eu exhibits similar geochemical behav-
ior as other REEs, although it is oxidized to Eu®>* in oxic environ-
ments and converted to Eu?* in reducing environments (Holser,
1997). The low-temperature aqueous geochemistry of europium
is dominated by Eu?* and its related complexes in seawater, oxy-
genated meteoric water, rivers and rain (Sverjensky, 1984). How-
ever, Eu is not as significantly fractionated as cerium during
precipitation-dissolution processes (Shields and Stille, 2001).
Based on thermochemical analyses, Sverjensky (1984) suggested
that the relative stabilities of aqueous Eu?" and Eu3* are closely
associated with a wide range of temperatures, pressures and Eh-
pH conditions, and reactions that involve transferring Eu3* to
Eu®* include the following characteristics. (1) Under high temper-
atures (greater than 250 °C) and high pressures, divalent europium
predominates, and hydrothermal fluids and sediments of
hydrothermal origin are usually characterized by their obvious
positive Eu anomalies (Bau and Dulski, 1995; Douville et al.,
1999; Olivarez and Owen, 1991). (2) Under low temperatures
(approximately 25 °C), close to that of the Earth’s surface, euro-
pium is dominated by a divalent state in most reducing alkaline
pore waters of anoxic marine sediments. Positive Eu anomalies
resulting from the participation of Eu?* in the crystal lattices of sul-
fates or carbonate minerals are closely related to sulfate reduction
and the degradation of organic matter during early diagenetic pro-
cesses. In turn, a few cases of positive Eu anomalies have been
reported in low-temperature environments, which are mostly
associated with organic-rich, sulfate-reducing sediments or sedi-
mentary rocks (Kidder et al, 2003; Maceae et al, 1992;
Martinez-Ruiz et al., 1999; Xiong et al., 2012).

Weak to strong positive Eu anomalies appearing in manganese
ores may result from the reducing alkaline environments in anoxic
pore waters found during post-depositional diagenetic processes,
since analysis of the SiO,-Al,03 concentration diagram, in which
most data plot within a normal sedimentary range, excludes the
possibility that positive Eu anomalies can result from hydrother-
mal activity (Fig. 8b). This is consistent with the relatively high
levels of organic carbon content found in the first member of
Datangpo Formation. Positive Eu anomalies show relatively strong
positive correlations with MnO, Ca0O, and MgO contents (Fig. 8c),
indicating that Eu?* is formed by the reduction of Eu** in reducing
alkaline pore waters, which then participates in the crystal lattices
of carbonate minerals by substituting for Mn, Ca and Mg cations,
thus further enriching their Eu concentrations and positive Eu
anomalies.

Moreover, according to the > REY-Al,03 concentration diagram
(Fig. 8d), the total REY and Al,O3 contents show a clear positive
correlation, in which the slope of the regression line is greater than
that of the ligature line between the PAAS point and the coordinate
origin, and the intercept of the regression line is greater than zero.
These features indicate that the REY record origins other than that
of terrigenous detrital input, and they also imply that REY redistri-
bution can occur during early diagenetic processes.

6.3. Y anomalies

The development of a Y anomaly in natural waters is often
related to the lower particle-reactivity of Y compared to those of
the other REE (especially its REE neighbors) (Bau and Koschinsky,
2009; Bau et al, 1996, 1997). When high-temperature
hydrothermal fluids are mixed with entrained seawater, REE is
partly scavenged by Fe oxyhydroxides, whereas Y is not affected,
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illustrate differences in the geochemistry of the Mn ores relative to different manganese deposits.

in marked contrast to REE behavior (Bau and Dulski, 1999; Douville
et al., 1999). However, under normal depositional conditions, pro-
nounced Y-Ho fractionation often results from the preferential
sorption of Ho with respect to Y by Fe- and Mn-oxyhydroxide par-
ticles, due to the lower stability of surface complexes of Y relative
to those of Ho during the redox-cycling of Mn and Fe (Bau et al.,
1996, 1997). Therefore, seawater usually records prominent posi-
tive Y anomalies and higher Y/Ho ratios, whereas negative Y
anomalies and lower Y/Ho ratios are common among
manganese-bearing sediments (Bau et al, 1996, 1997, 2014;
Surya Prakash et al., 2012).

However, the Y anomalies of manganese ores are very weak
(likely negligible) and presumably result from positive Dy anoma-
lies. In addition, the Y/Ho ratios of manganese ores are very close to
those of PAAS (Fig. 8e); values of (Y/Ho)sy range from 0.89 to 1.066,
with an average value of 0.965, thus illustrating the fractionation
of Y-Ho resulting from the preferential sorption of Ho compared
to that observed when the sorption of Y by Fe- and/or Mn-
oxyhydroxide particles is not considered (Fig.8e). This may be
attributable to the shallower basin water columns and/or faster
sedimentary rates found in epicontinental semi-limited shallow
basins, which limit the residence time needed for Mn-
oxyhydroxides in water columns to produce obvious Y-Ho frac-
tionation in the absence of hydrothermal activity.

6.4. REY origins

The absorption of REY from ambient seawater by Mn-
oxyhydroxides occurs during deposition, when manganese is pre-
cipitated as Mn-oxyhydroxide in the oxygenated water column
(Koeppenkastrop and De Carlo, 1992, 1993; Koschinsky and Hein,
2003; Pourret and Davranche, 2013, and references therein). This

can be demonstrated by the intercept (greater than zero) of the
regression line in a > REY-Al,03 concentration diagram (Fig. 8D),
which denotes the lowest content of REY derived from absorption
by Mn-oxyhydroxides. There are relatively high levels of P,0s in
manganese ores, and partial REY content initially derived from
organic matter should be taken into consideration, as microorgan-
ism activity can lead to the enrichment of REY from ambient sea-
water (Pi et al,, 2013). Hence, REY in manganese ores is mainly
derived from three origins: terrigenous detrital input, absorption
by Mn-oxyhydroxides and microorganism enrichment (Fig. 8d).

In addition, the redistribution of REY during the post-
depositional diagenetic stage is confirmed by the positive correla-
tion between total REY and Al,03 contents in the > REY-Al,05 dia-
gram (Fig. 8d), which suggests that the REY derived from
absorption by Mn-oxyhydroxides and the enrichment of microor-
ganisms should be released into interstitial water along with the
degradation of organic matter and the reductive dissolution of
Mn-oxyhydroxides. Under reducing alkaline conditions, Ce?* is
derived from the reductive dissolution of CeO,, and Eu?* is trans-
ferred from the reduction of Eu®* and is substituted for Mn, Ca
and Mg during the formation of rhodochrosite. All of the rare earth
elements participate in the formation of authigenic clay minerals
as trivalent cations, thus creating a close correlation between the
total REY and Al,0O3 contents in manganese ores.

6.5. Genetic processes of Mn ores

Based on the above analyses, we suggest that manganese was
oxidized into Mn-oxyhydroxide particles in oxic water, likely at a
faster sedimentary rate, during the mineralization stage. In an
early diagenetic stage, pore water gradually became anoxic due
to the degradation of organic matter. An oxidizing agent, such as
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nitrate, Fe-Mn-oxyhydroxides, or phosphate (listed in order of oxi-
dizing capacity), participated in the degradation of organic matter
by substituting O, when soluble oxygen ran out (Tribovillard et al.,
2006). Therefore, Mn-oxyhydroxides were reduced to soluble Mn?*
along with the degradation of organic matter and preserved in
closed pore water after Mn was oxidized to form insoluble Mn-
oxyhydroxides, which were buried with algae microorganisms
under oxic conditions. Soluble CO, in pore water was characterized
by enriched light isotopes formed by the mixture of CO, from the
degradation of organic matter and the soluble CO, of sea water.
The partial dissolution of CO, formed HCO3 in pore water under
higher pressure, and manganese carbonate-rhodochrosite formed
due to the combination of Mn?* and HCO3 along with the gradual
increase of the ionic concentration of pore water (Calvert and
Pedersen, 1993, 1996; Tribovillard et al., 2006).

In addition, REY absorbed by Mn-oxyhydroxides during sedi-
mentation and enriched in microbial organisms were released into
pore water, where Ce** was reduced to Ce?* and Eu** was reduced
to Eu?*. Ce?* and Eu?* entered the lattices of carbonate minerals
while other REE entered those of authigenic clay minerals, such
as montmorillonite or illite lattices, as trivalent REEs (REE>*).

7. Genetic types and REY geochemistry of marine Fe-Mn
oxyhydroxides

Studies show that genetic Cenozoic marine Fe-Mn oxyhydrox-
ide precipitates are commonly subdivided into three discrete
types: hydrothermal, hydrogenetic, and diagenetic (Takematsu
etal., 1989; Usui and Terashima, 1997). These Fe-Mn oxyhydroxide
precipitates include hydrothermal deposits (crusts), hydrogenetic
crusts, hydrogenetic nodules, diagenetic nodules and phosphatized
crusts (e.g., Bau et al., 1996, 2014; Halbach et al., 1981; Jeong et al.,
2000; Koschinsky et al., 1997). Due to their different formation
environments and growth processes, these Fe-Mn oxyhydroxide
precipitates have different mineralogical components and geo-
chemical compositions (e.g., manganese-bearing mineral types;
Mn/Fe ratios; contents of transition metals such as Cu, Co, Ni, Zn,
Ba, Gd, Zn; and contents and distribution patterns of REY) (Bau
et al., 1996; Cui et al., 2009; De Carlo et al., 1987; Moorby et al.,
1984; Surya Prakash et al., 2012; Takematsu et al., 1989; Usui
and Terashima, 1997, and references therein). Geochemical fea-
tures, particularly the contents and distribution patterns of REY,
are the main indicators used to identify different genetic types of
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Fig. 9. Post-Archean Australian Shale-normalized REY (REE +Y) patterns of differ-
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marine Fe-Mn oxyhydroxide precipitates (Fig. 9). The formation
environments, growth processes, mineralogical components and
geochemical compositions (particularly REY) of different genetic
types of marine Fe-Mn oxyhydroxide precipitates are described
as follows.

7.1. Hydrogenetic Fe-Mn crusts and nodules

Hydrogenetic Fe-Mn crusts and nodules are composed of Fe-Mn
oxyhydroxides or colloidal particles, which precipitate through
normal seawater sedimentation (Bau et al., 2014; Roy, 1992).
Crusts and nodules differ in their formation positions. Fe-Mn crusts
grow along the surfaces of solid substrates and form in topograph-
ically high positions where bottom currents are strong enough to
remain free of sediments for millions of years (e.g., seamount
basalts, inactive seamounts, plateaus, ridges, and hills in ocean
basins) (Canet et al., 2008; Takematsu et al., 1989; Usui and
Terashima, 1997). In contrast, Fe-Mn nodules grow via accretion
around a nucleus of soft sediment and are exposed to pelagic clay
(Takematsu et al., 1989; Wegorzewski and Kuhn, 2014). They are
characterized by very slow growth rates of less than ten millime-
ters per million years (Bau et al., 2014; Usui and Terashima,
1997) and by smaller Mn/Fe ratios (ranging from 0.5 to 2), typically
due to the relatively stable chemical compositions of modern sea-
water (Bau and Koschinsky, 2009; Canet et al., 2008; Cui et al.,
2009). Mineralogically, hydrogenetic nodules and crusts are domi-
nated by an amorphous FeOOH phase that is closely intergrown
with poorly crystalline Fe-bearing vernadite (5-MnO,) (Bau et al.,
1996; Kuhn et al., 1998; Surya Prakash et al., 2012; Takematsu
et al., 1989; Usui and Terashima, 1997). Fe-Mn oxyhydroxides
are found in seawater as initial colloidal particles with a surface
charge, such as slightly positively surface-charged Fe oxides and
negatively surface-charged Mn oxides (Bau and Koschinsky,
2009; Surya Prakash et al., 2012, and references therein).

According to the “simplified electrostatic” model (also referred
to as the SES model), positively charged dissolved species are pref-
erentially combined with Mn oxides that have a negative surface
charge in seawater, whereas negatively charged and uncharged
dissolved species prefer to be combined with slightly positively
surface-charged Fe oxides (Bau and Koschinsky, 2009;
Koschinsky and Hein, 2003, and references therein). In addition,
dissolved REE in seawater are mostly present as free ions (REE*")
or as mono-carbonate (REE(CO3)") or di-carbonate (REE(COs);)
species (Bau and Koschinsky, 2009; Surya Prakash et al., 2012,
and references therein). Hence, surface-charged Fe-Mn oxyhydrox-
ide colloidal particles can scavenge numerous trace elements,
especially rare earth elements, from seawater through multiple
complex mechanisms (e.g., electrostatic attraction and chemical
interaction) (Bau and Koschinsky, 2009; Koeppenkastrop and De
Carlo, 1992, 1993; Koschinsky and Hein, 2003, and references
therein). Vernadite (8-MnO,), which is the main Mn-oxide mineral
found in hydrogenetic crusts and nodules, has a layered structure
that can accommodate various heavy metal cations (Post, 1999;
Surya Prakash et al., 2012, and references therein). Therefore, due
to their very slow growth rates, the geochemical compositions of
hydrogenetic crusts and nodules are characterized by the enrich-
ment of trace elements and often by the enrichment of transition
elements, such as Co, Ni, Cu, Zn, and total REY, at high levels of
more than 1000 ppm (Bau and Koschinsky, 2009; Koschinsky and
Hein, 2003; Takematsu et al., 1989; Usui and Terashima, 1997,
Fig. 9).

However, it should also be noted that the REY absorption capac-
ities of Fe-Mn oxyhydroxide colloidal particles vary. To illustrate
the REY fractionation that occurs during the growth processes of
the hydrogenetic Fe-Mn crust, apparent bulk coefficients for the
partitioning of REY can be calculated as follows:
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Fig. 10. REY partitioning between hydrogenetic Fe-Mn crusts and seawater (based
on Bau et al,, 1996, bulk REY partition coefficients are given as log K}y and are

derived from the mean compositions of South-Central Pacific crusts and crusts from
Micronesia).

KI[\)/I = [M]popnc/[M] + SW.

where K is the apparent bulk partition coefficient of trace metal M,
Kremnc is the average concentration of M in the hydrogenetic Fe-Mn
crust, and [M]g,, is the concentration of M in seawater. According to
previous studies (Bau and Koschinsky, 2009; Bau et al., 1996; De
Carlo and McMurtry, 1992), the apparent bulk partition coefficient
of REY features the following characteristics. (1) The partition coef-
ficient of REY tends to decrease from La to Lu. Thus, Fe-Mn oxyhy-
droxide colloidal particles usually preferentially absorb light rare
earth elements. (2) The partition coefficients of Ce are greater than
those of other REY, which is likely due to the oxidative scavenging
for cerium by Mn and Fe oxides. (3) A distinct decrease in the par-
tition coefficient of Y is related to the lower particle reactivity of Y
compared to those of the other REE (Fig. 10).

Consequently, the hydrogenetic Fe-Mn crusts and nodules
record prominent positive Ce anomalies and negative Y anomalies
(Fig. 9). Some sequential leaching procedures for the hydrogenetic
Fe-Mn crusts were also carried out to further examine the REY
absorption occurring during different geochemical phases; we thus
obtained the REY distributions for four geochemical phases (viz.
the easily exchangeable, Mn-oxide, Fe-oxyhydroxide and residual
phases) (Bau and Koschinsky, 2009; De Carlo and McMurtry,
1992; Surya Prakash et al., 2012).

Special Fe-Mn crusts, which are referred to as phosphatized
crusts, are impregnated to various extents with carbonate fluorap-
atite and are located in the older areas of most Fe-Mn crusts (Bau
et al., 1996; Jeong et al., 2000; Koschinsky et al., 1997, and
references therein). Secondary phosphatized crusts show a close
relationship with one or more episodes of phosphatization result-
ing from the expansion of the Tertiary oxygen-minimum zone
(Koschinsky et al., 1997, and references therein). Geochemical
and mineralogical investigations show that certain elements are
depleted in phosphatized crusts compared to non-phosphatized
crusts, in the following order: Si > Fe > Al > Ti > Co > Mn > Pb; in
contrast, other elements, such as Ni, Zn, Cu, Y and REE, are mostly
enriched. Furthermore, one Mn oxide mineral, vernadite (5-MnO,),
is partially recrystallized as todorokite, which is more stable under
suboxic conditions (Koschinsky et al., 1997). Hence, the secondary
phosphatization results for phosphatized Fe-Mn crusts are charac-
terized by higher concentrations of P (greater than 1.3% and up to
5% in some cases), prominent positive Ce anomalies, positive La
anomalies and positive Y anomalies (especially the latter, which

is the most effective index for discriminating between phospha-
tized and non-phosphatized Fe-Mn crusts) (Bau et al., 1996;
Koschinsky et al., 1997; Fig. 9).

7.2. Diagenetic Fe-Mn nodules

The Fe-Mn oxyhydroxides of diagenetic nodules form from
metal ions in suboxic pore waters within soft sediment or at the
sediment-water interface (Wegorzewski and Kuhn, 2014; Bau
et al., 2014). Dymond et al. (1984) subdivided diagenetic nodules
into two types: oxic diagenetic nodules and suboxic diagenetic
nodules. The former is buried and grows in oxic sediments of the
deep-sea floor, and the latter is found in hemipelagic environments
where the supply of settling particles is significant enough to occa-
sionally render a sedimentary environment suboxic or moderately
reducing (Dymond et al., 1984; Takematsu et al., 1989). However,
regardless of these distinctions, diagenetic nodules are closely
related to hydrogenetic nodules. First, the main Mn-phase mineral-
ogy of these nodules is todorokite, and diagenetic nodules record a
much higher todorokite/vernadite ratio than hydrogenetic nodules
(Calvert and Piper, 1984; Takematsu et al., 1989). Second, com-
pared to hydrogenetic nodules, some elements are enriched or
depleted in diagenetic nodules (e.g., they record increasing Mn/
Fe ratios, Cu and Ni enrichment, and Co depletion) (Calvert and
Piper, 1984; Roy, 1992; Takematsu et al.,, 1989; Wegorzewski
and Kuhn, 2014). Bau et al. (2014) suggested that Ce is not quanti-
tatively mobilized, so that Ce** remains fixed in discrete CeO, com-
pounds while suboxic pore water mobilizes Mn?* and REY>",
producing Ce deficits in pore water and negative Ce anomalies in
diagenetic nodules due to the absence of preferential oxidative
scavenging of Ce from nodules. Their growth rates can be high;
Dymond et al. (1984) concluded that suboxic accretion processes
reach maximum rates of at least 200 mm/Ma, whereas oxic accre-
tion is likely 10 times slower than suboxic accretion. Furthermore,
hydrogenetic accretion is 100 times slower than suboxic accretion.
Small Ce anomalies are likely related to high growth rates, as crusts
with high growth rates can even record negative Ce anomalies
(Canet et al., 2008; Kuhn et al., 1998, etc.).

Therefore, diagenetic nodules can still exhibit high total REY
contents but record negative Ce anomalies due to the loss of Ce
resulting from the suboxic conditions of pore water that occur dur-
ing the diagenetic process. Meanwhile, because nodules that form
along the sediment-water interface can scavenge REY from both
bottom and interstitial water, some mixed types can be found,
which record geochemical compositions and mineralogical compo-
nents between those of the hydrogenetic and diagenetic end-
members (Bau et al.,, 2014; Takematsu et al., 1989; Wegorzewski
and Kuhn, 2014).

7.3. Hydrothermal Fe-Mn deposits

Hydrothermal Fe-Mn oxyhydroxide deposits precipitate from
low- to medium-temperature marine hydrothermal systems.
When these reducing hydrothermal fluids, which contain substan-
tial amounts of low-valence metal ions, mix with cold seawater
after exiting the seafloor, low-valence manganese and iron ions
are oxidized and precipitate quickly (Mills et al., 2001; Murphy
et al.,, 1991; Surya Prakash et al., 2012; Usui and Terashima,
1997). Hence, hydrothermal Fe-Mn deposits are mainly found in
active submarine volcanoes and fault zones such as island-arc sys-
tems, volcanic chains and mid-oceanic ridges, with a depositional
rate of greater than 1000 mm/Ma (Murphy et al, 1991; Surya
Prakash et al., 2012; Usui and Terashima, 1997). Birnessite (7 A
manganate) is the primary mineral found in hydrothermal Fe-Mn
deposits and is found abundantly in hydrothermal regions
(Moorby et al.,, 1984; Takematsu et al., 1989; and references
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therein). Due to the difference in oxidation-reduction potential
between manganese and iron in oxidized marine environments,
fractionation between Mn and Fe is more efficient during mixing
processes that involve reducing hydrothermal fluids and oxidized
seawater. For this reason, hydrothermal Fe-Mn deposits are char-
acterized by a very wide range of Mn/Fe ratios (Moorby et al.,
1984). For example, the Mn/Fe ratios of hydrothermal Fe-Mn
deposits from the volcanic seamount of the Andaman Sea range
from 4.0 to 126 (Surya Prakash et al., 2012), and those of the ferro-
manganese crusts of the TAG hydrothermal field vary from 0.002 to
3930 (Mills et al., 2001). In comparison to hydrogenetic crusts, it is
difficult for hydrothermal Fe-Mn oxyhydroxides to adsorb trace
elements from ambient seawater; thus, hydrothermal Fe-Mn oxy-
hydroxides are characterized by very low trace element concentra-
tions (due to high sedimentary rates) and the enrichment of
elements such as Ba, Li, Zn, Mo and Cd relative to hydrothermal flu-
ids. The crystal structure of birnessite is also a vital cause of these
low levels of trace elements (Post, 1999; Surya Prakash et al., 2012;
and references therein). Therefore, hydrothermal Fe-Mn deposits
record extremely low total REY concentrations of less than
50 ppm, and REY distribution patterns exhibit prominent negative
Ce anomalies, positive Y anomalies and the relative enrichment of
heavy rare earth elements, thus reflecting the distribution patterns
of seawater. However, positive Eu anomalies do appear in some
cases, reflecting a typical feature of hydrothermal fluids (Mills
et al., 2001; Murphy et al, 1991; Olivarez and Owen, 1991;
Surya Prakash et al., 2012; Fig. 9).

It is worth noting that hydrothermal Fe-Mn deposits can tend
toward hydrogenetic Fe-Mn crusts along with the gradual mixing
of hydrothermal fluids and seawater, which increases the total
REY contents while decreasing the negative Ce and positive Y
anomalies (Bau et al., 2014; Canet et al., 2008; Kuhn et al., 1998).

7.4. Discrimination between different genetic types based on REY

Based on the geochemical relationships controlling the concen-
trations of rare earth elements (REY) of different genetic marine
Fe-Mn oxyhydroxide deposits, Bau et al. (2014) suggested that
graphs of Ce anomaly vs. (Y/Ho)sy ratio and Ce anomaly vs. Nd
concentration can effectively discriminate between genetic types
of marine Fe-Mn oxyhydroxide deposits, regardless of their
diverse mineralogical compositions (Fig. 11). According to Fig. 11,
the hydrogenetic Fe-Mn nodules and crusts are characterized
by prominent positive Ce anomalies, negative Y anomalies
((Y/Ho)sy<1) and very high REY concentrations (hereinafter
represented as Nd concentrations); diagenetic Fe-Mn nodules are

characterized by strongly negative Ce anomalies, negative Y
anomalies ((Y/Ho)sy < 1) and relatively high REY concentrations;
and hydrothermal Fe-Mn deposits record prominent negative Ce
anomalies, positive Y anomalies ((Y/Ho)sy > 1) and extremely low
REY concentrations. Furthermore, there is an evolutionary ten-
dency toward hydrogenetic Fe-Mn crusts from hydrothermal Fe-
Mn deposits due to the partial absorption of REY, and the oxidative
scavenging of Ce and the preferential sorption of Ho relative to Y
occur when Fe-Mn oxide surfaces are exposed to seawater
(Fig. 11).

8. Comparative analyses

8.1. Comparison between Datangpo-type Mn ores and hydrogenetic
Fe-Mn crusts/nodules

8.1.1. Similarities between Datangpo-type Mn ores and hydrogenetic
Fe-Mn crusts/nodules

Based on their REY contents, Datangpo-type manganese ores
are similar to hydrogenetic Fe-Mn crusts and nodules but are dif-
ferent than hydrothermal Fe-Mn deposits and diagenetic Fe-Mn
nodules, due to their prominent positive Ce anomalies and rela-
tively higher total REY concentrations. Similarly, on the (Ce/Ce*)sn
vs. (Y/Ho)sy concentration diagram (Fig. 11), manganese ores plot
in the field of hydrogenetic Fe-Mn crusts and nodules. An absence
of carbonate fluorapatite in manganese ores and their low P con-
centrations denote conditions free of secondary phosphatization.
However, manganese plots in regions between the fields of hydro-
genetic Fe-Mn crusts/nodules and diagenetic Fe-Mn nodules on the
(Ce/Ce*)sn vs. Nd concentration diagrams (Fig. 11), illustrating that
its diagenetic modification is consistent with the results listed
above.

8.1.2. Differences between Datangpo-type Mn ores and hydrogenetic
Fe-Mn crusts/nodules

Compared to hydrogenetic Fe-Mn crusts and nodules,
Datangpo-type manganese ores exhibit obvious differences in
terms of their types of manganese-bearing minerals, total REY con-
centrations, magnitudes of positive Ce anomalies, degrees of frac-
tionation between Y and Ho, and positive Eu anomalies. The
reasons for these differences are analyzed as follows.

First, the Mn/Fe ratios of the Datangpo-type manganese ores are
significantly greater than those of hydrogenetic crusts and nodules.
This may be related to the physicochemical conditions of oceans
and the degrees of fractionation between Mn and Fe. In modern
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Fig. 11. (A) (Ce/Ce")sy vs. (Y/Ho)sy and (B) (Ce/Ce )sy vs. Nd concentration diagram of Datangpo-type manganese ores based on Bau et al., 2014. (Boundaries of fields I, I, IIl are

demarcated based on the distributions of data presented in the referenced literature.)
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marine environments, global ocean circulation results in the fre-
quent exchange of materials between surface and bottom water
columns and overall oxidation states, whereby dissolved Fe?* and
Mn?* can be oxygenated, creating minor fractionation between
Fe and Mn. Frequent exchanges of material also maintain stable
ratios of Fe and Mn in seawater. Therefore, modern marine hydro-
genetic crusts and nodules record smaller Mn/Fe ratios within a
smaller range of values. However, the paleo-oceans of the Neopro-
terozoic era (ca. 1000-570 Ma) witnessed the breakup of the
supercontinent Rodinia and global glaciations, which caused their
physicochemical conditions to undergo complex evolutionary pro-
cesses. During the tectonic stage of the rift basin, rift-related
hydrothermal activities introduced substantial amounts of Fe?*
and Mn?" into the oceans via weak metallogenesis; thereafter, met-
als derived from rift-related hydrothermal sources were pre-
concentrated in a dissolved state in stagnant, highly saline, O,-
deficient seawater beneath the ice cover, as the ice prevented
any exchange of oxygen between the atmosphere and hydrosphere
during glaciation (Roy, 2006). During the Fulu interglacial, temper-
ature increases and the proliferation of algae resulted in a progres-
sive increase in the O, content of surface seawater. As a result, Fe
and Mn were successively oxygenated and precipitated, as iron is
more easily oxygenated than manganese (Calvert and Pedersen,
1993, 1996; Glasby, 1997; Tribovillard et al., 2006). Hence, iron-
bearing deposits appear in the lower Fulu Formation, whereas
manganese-bearing deposits appear in the lower Datangpo Forma-
tion (Cox et al., 2013; Zhou et al., 2004), reflecting BIF and man-
ganese deposit patterns found in the Neoproterozoic glaciogenic
sequence (Cox et al., 2013; Roy, 2006). High Mn/Fe ratios are
impossible to derive from hydrothermal activities, as there are
no contemporaneous sediments with lower Mn/Fe ratios, although
hydrothermal Fe-Mn deposits have higher Mn/Fe ratios. Similarly,
diagenetic processes barely increase Mn/Fe ratios, as both Mn and
Fe are dissolved and then captured in authigenic solid solutions
such as Mn carbonate and pyrite in anoxic pore water, thus reflect-
ing different conditions than the suboxic conditions of diagenetic
nodules. Consequently, the greater fractionation of Mn from Fe in
the Datangpo-type manganese ores is mainly caused by the evolu-
tion of the paleo-ocean over time rather than over space, and it is
not correct or reasonable to identify hydrothermal origins based on
Fe-Mn-(Cu + Ni + Co) x 10 ternary plots.

Second, Datangpo-type manganese ores record lower total REY
concentrations, smaller positive Ce anomalies and unobvious frac-
tionation between Y and Ho. These differences may be attributable
to the following factors. (1) Relatively faster sedimentary rates.
Studies show that the magnitudes of Ce anomalies in hydrogenetic
crusts are closely related to crustal growth rates (Bau et al., 2014).
Fe-Mn crusts with very high growth rates may record smaller pos-
itive Ce anomalies or even negative Ce anomalies in some cases.
For example, Fe-Mn crusts collected from the Green Rock Hill
and East Side Hill sites are characteristically hydrogenetic, due to
the presence of dominant vernadite minerals, Mn/Fe ratios of
approximately 0.7 and total REY concentrations of more than
1000 ppm. However, their negative Ce anomalies yield low
(Ce/Pr)sy ratios ranging between 0.45 and 0.68 due to their high
growth rates (averaging 24 mm/Ma and 23 mm/Ma, respectively,
Kuhn et al., 1998). The Fe-Mn crusts of the Rivera Plate (on the
western margin of Mexico) record an absence of positive cerium
anomalies, complementing their high growth rates (Canet et al.,
2008). Relatively faster sedimentary rates can produce lower total
REY concentrations and unobvious fractionation between Y and
Ho, as the exchange equilibrium between metal oxide particles
and seawater cannot increase if the reaction time is not sufficient,
which is particularly evident in hydrothermal deposits. (2) Rela-
tively shallower water columns. Datangpo-type manganese ores
exist in epicontinental semi-limited shallow basin sedimentary

environments at depths of much less than those of modern
hemi-pelagic and pelagic environments. Shorter particle residence
times in water columns result in relatively weak REY partitioning.
(3) Hydrothermal activity. High growth rates mainly occur in some
hydrogenetic crusts due to hydrothermal activity (Canet et al,,
2008; Kuhn et al, 1998). The REY distribution patterns of
hydrothermal deposits are opposite those of hydrogenetic crusts.
Hence, hydrothermal activity can offset total REY concentrations,
as well as the magnitudes of positive Ce anomalies and negative
Y anomalies. (4) Relatively higher Mn/Fe ratios. The REY absorption
capacities of Mn oxide and Fe-oxyhydroxide phases are not identi-
cal. In comparing the partition coefficients of single components of
Mn oxides and Fe-oxyhydroxides, Bau and Koschinsky (2009)
found substantial variation in the extent of oxidative scavenging
for Ce between Mn oxide and Fe-oxyhydroxide phases, but they
found that Y absorption is more closely associated with Mn oxides
than with Fe-oxyhydroxides, according to the results of a sequen-
tial leaching procedure performed on hydrogenetic Fe-Mn crusts
from the Central Pacific. Consequently, the size of a negative Y
anomaly becomes small or negligible when the Mn content is
much greater than that of Fe. Similarly, Surya Prakash et al.
(2012) reported that the REY distribution patterns of Fe-
oxyhydroxide phases record more obvious positive Ce anomalies
and negative Y anomalies than do those of Mn oxides, based on
the results of a similar sequential leaching procedure performed
on hydrogenetic Fe-Mn crusts from seamounts of the Andaman
Sea. (5) Organic matter. The contributions of organic matter are
not negligible, and Pi et al. (2013) suggest that the REY derived
from microorganism enrichment yield seawater-like patterns and
are characterized by distribution patterns featuring evident nega-
tive Ce anomalies and positive Y anomalies. Therefore, some of
the positive Ce anomalies and negative Y anomalies in Mn oxides
may be offset by organic matter.

For these reasons, factors (1), (2) and (5) should cause the sig-
nificant decrease of positive Ce anomalies, negative Y anomalies
and total REY concentrations, although the sedimentary rate of
the Datangpo-type manganese ores has not been measured. Under
faster sedimentary rates, Mn-oxyhydroxides may be precipitated
through the rapid accumulation of unconsolidated sediments
rather than through the growth of crusts or nodules. Thus, by tak-
ing these above issues into consideration, the causes of the nega-
tive Ce anomalies may be determined. However, this is likely not
the case, because another factor can increase the size of the posi-
tive Ce anomaly: the presence of high Ce concentrations in the
water column prior to manganese deposition. Mn and Ce should
be dominated by a dissolved divalent state in the anoxic bottom
waters of O,-stratified restricted basins and should thus be present
in much higher background concentrations, as Mn and Ce exhibit
similar geochemical behaviors in anoxic environments (Loges
et al., 2012; Moffett, 1990). Similarly, in modern anoxic basins
(e.g., the Black Sea), Ce is enriched in lower anoxic water columns
and bottom seawater exhibits a very weak negative or even slightly
positive Ce anomaly (Holser, 1997, and references therein). In addi-
tion, there is a positive correlation between the size of the positive
Ce anomaly and Mn concentration. This is consistent with the prin-
ciple that positive Ce anomalies are limited by Mn oxide levels and
not by Ce in water columns, thus demonstrating that Ce content
sufficiently facilitates absorption by Mn oxides.

Comparisons of the similarities and differences between modern
marine Fe-Mn sediments and Datangpo-type Mn ores on the basis
of REY demonstrates that the REY concentrations of Datangpo-
type Mn ores are much higher than those of hydrothermal Fe-Mn
sediments. Additionally, the presence of obviously positive Ce
anomalies excludes the hydrothermal genesis of Datangpo-type
Mn ores. The positive Ce anomalies of Datangpo-type Mn ores
are clearly different than the negative Ce anomalies of diagenetic
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nodules, but similar to those of the hydrogenetic crusts and nod-
ules, which are characterized by high REY contents and positive
Ce anomalies. This illustrates that the sedimentary processes of
the Datangpo-type Mn ores are similar to those of the modern
ocean hydrogenetic crusts and nodules and reflects that Mn precip-
itated as Mn-oxyhydroxides under oxic conditions.

However, compared to hydrogenetic Fe-Mn crusts and nodules,
Datangpo-type manganese ores exhibit obvious differences in
terms of their types of manganese-bearing minerals, Mn/Fe values,
total concentrations of REY, magnitudes of positive Ce anomalies,
degrees of fractionation between Y and Ho, and positive Eu anoma-
lies. Datangpo-type manganese ores have lower contents of REY,
smaller magnitudes of positive Ce anomalies, and unobvious frac-
tionation between Y and Ho, which result from faster sedimentary
rates, shallower basin water columns and organic matter.

Consequently, compared to hydrogenetic Fe-Mn crusts and
nodules, Datangpo-type manganese ores precipitated as Mn-
oxyhydroxides via faster sedimentary rates under oxic conditions
within shallower basin water columns.

The positive Eu anomalies of the Datangpo-type manganese
ores, which represent another difference from the hydrogenetic
Fe-Mn crusts and nodules, resulted from the degradation of organic
matter after oxide deposition. In an early diagenetic stage,
Mn-oxyhydroxides were reduced and transformed into
rhodochrosite, because the alkaline reducing conditions were
stronger than those of the diagenetic Fe-Mn nodules. At the same
time, Eu?* entered the carbonate mineral lattice, resulting in posi-
tive Eu anomalies.

8.2. Comparison between Datangpo-type Mn ores and country rocks

The differences in the characteristics of the rare earth elements
between the Datangpo-type Mn ores and country rocks (black
shales) could be attributed to multiple factors. In addition to
differences in the origins of REY, factors such as the redox
conditions of the formation environment, sedimentary rates, the
production rate of organic matter and organic burial capacity could
have produced the PAAS-normalized distribution patterns of rare
earth elements, Ce anomalies and Eu anomalies of the Mn ores
and black shales.

The REY of the Mn ores are mainly derived from the input of ter-
rigenous detrital materials, sorption by Mn-oxyhydroxides and
microorganism enrichment, whereas the REY of the black shales
are derived from the input of terrigenous detrital materials and
organic sorption.

Wright (1987) proposed Ceanom (1g[3Cen/(2 La, + Nd,)]) = —0.1
as a redox interface, in which Ce,,om > —0.1 represents reducing
conditions while Ce,nom < —0.1 represents oxic conditions. The
average Ceynom Of the country rocks is 0.015 (—0.008 ~ 0.58),
which represents a reducing sedimentary environment. However,
geochemical analysis of the Datangpo-type Mn ores indicates that
the Mn ores hosted in the first member of Datangpo formation
formed under oxic conditions, therefore, there is an incompatibility
between the sedimentary environments of the Mn ores and the
country rocks.

The relatively weak fractionation of Y and Ho and the smaller
magnitudes of the positive Ce anomalies in the Datangpo-type
Mn ores indicate that they may have featured relatively quick sed-
imentary rates. That is, strong hydrodynamic conditions may have
existed during the precipitation of Mn ores, rather than a lentic
environment, as was proposed by previous scholars. This was con-
firmed by the structure and construction of the Mn ores. In con-
trast, the stronger Y/Ho fractionation of the country rocks reflects
the slower sedimentary rates of the black shales within a lentic
environment, which was confirmed by their horizontally-
laminated beds.

The PAAS-normalized distribution patterns of the rare earth ele-
ments (REYsy) of the manganese ores are characterized by the pro-
nounced enrichment of middle rare earth elements (MREEs),
producing a “hat-shaped” REY plot, which can also be found in
the PAAS-normalized distribution patterns of the rare earth ele-
ments of rocks and minerals from other geological eras. These
include petrologen hosted in the Early Cambrian black shales of
Guizhou province (Pi et al., 2013), phosphorite hosted in the lower
Cambrian Series of Yunnan province (Shields and Stille, 2001),
phosphatic nodules hosted in the Niutitang Formation of Western
Hunan (Zhu et al., 2014), phosphatic rocks hosted in Neoprotero-
zoic Ediacaran Doushantuo Formation of Western Hubei (Xin
et al., 2015), and some fossil organisms (Wright et al., 1987). The
formations of all of these rocks and minerals are related to organic
matter. The PAAS-normalized distribution patterns of the rare
earth elements (REYsy) of manganese ores, which are similar to
those of these rocks and minerals, indicates that this “hat shape”
may be related to the degradation of organic matter in the
early diagenetic stage. The PAAS-normalized distribution patterns
of the rare earth elements of the black shales, which yield
“flat-shaped” REY plots, are similar to those of black argillaceous
rock from different geological eras (Fan et al., 2004). These
PAAS-normalized distribution patterns of rare earth elements are
typically caused by terrigenous clastic material (Pi et al., 2013).

The positive Ce anomalies of Mn ores are closely related to the
oxidative sorption of manganese. It is believed that Mn precipitates
in oxidized water columns as Mn-oxides or Mn-oxyhydroxides,
absorbing abundant Ce along with organic granules to produce
positive Ce anomalies. The weakly positive Eu anomalies of Mn
ores may be caused by the degradation of organic matter under
alkaline reduction conditions after burial. Eu** was formed through
the reduction of Eu®* in reducing alkaline pore waters, which then
entered the crystal lattice of carbonate minerals, causing Eu
enrichment and producing positive Eu anomalies. Generally, sedi-
ments formed under anoxic conditions record negative Ce anoma-
lies; no Ce anomalies are seen in these country rocks, which may
be related to organic sorption.

Furthermore, the P,Os concentrations of manganese ores and
black shale samples may be related to sedimentary conditions.
Table 2 shows that manganese ores contain more P,Os5 relative to
black shales, which may be related to their faster sedimentary
rates. Studies have shown that the concentrations of P in sediments
or sedimentary rocks have important indicative significance for
organic matter production rates in the euphotic zone through
two different processes. (1) Under anoxic conditions, P formed by
the degradation of organic matter was released through sediments
into water, thereafter shifting to a euphotic zone due to the multi-
plication of phytoplankton. That is, there was an efficient geo-
chemical phosphorus cycle between sediments and water
volume, where minimal organic P broke away from the cycle and
was preserved in sediments. Under this phosphorus cycle, high
organic matter production rates and P enrichment were not
recorded in sediments, thus resulting in slow deposition within a
lentic environment. (2) Under certain conditions, P formed by the
degradation of organic matter was released into pore water, not
into the overlying water. Phosphorous-bearing authigenic miner-
als, such as apatite (Tribovillard et al., 2006), were formed when
the P content of pore water reached a high enough concentration,
which resulted from the rapid burial of organic matter. The black
shales, which formed under anoxic conditions, had lower P,05 con-
tents, which correspond to the first condition. In contrast, the Mn
ores, which formed under oxic conditions, had higher P,0s con-
tents, which correspond to the second condition. Therefore, differ-
ences in the P,0Os concentrations of the black shales and Mn ores
may indicate that the black shales were formed by slower sedi-
mentary rates within a lentic environment, where a geochemical
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Table 4
Contrasting characteristics between Datangpo-type manganese deposits and typical manganese deposits around the world.
Deposit name Deposit locality Manganese minerals SREE  (Ce/Ce’)sy  (Eu/Eu’)sy  (Y/Y)sn  Reference
(PPm)
Datangpo-type Manganese Northeastern of Guizhou Rhodochrosite 22267 1.25 1.15 0.89 This study
Deposits province and adjacent areas, Calcium- Rhodochrosite
China
Xialei Manganese Deposits Guangxi Zhuang Rhodochrosite, 142.76  1.11 1.14 0.89 Qin et al. (2010)
Autonomos Region, China Calcium- Rhodochrosite,
Zunyi Manganese Deposits Guizhou province, China Rhodochrosite, Calcium- 517.26 0.32 0.96 2.09 Liu et al. (2015)
Rhodochrosite, Calcimangite
Orissa Manganese Deposits  Orissa, East India Cryptomelane, hollandite, 284.12 0.2 133 0.81 Moriyama et al.
pyrolusite (2008)
Maden complex Elazig-Malatya region, Braunite, Bixbyite, Jacobsite, 517.85 0.15 1.14 0.94 Ahmet et al.
Ferromanganese Eastern Turkey Pyrolusite, Manganite, Psilomelane (2014)
Deposits
Kalahari Manganese Deposit  Northern Cape Province of Braunite 19.15 0.59 1.26 Chetty and

South Africa

Gutzmer (2012)

P-cycle existed between sediments and the water volume, whereas
the Mn ores were formed by quicker sedimentary rates and the
geochemical P-cycle between sediments and water volume was
interdicted by the rapid burial of terrigenous materials and organic
matter.

8.3. Comparison between Datangpo-type Mn ores and manganese
deposits around the world

8.3.1. Characteristics of typical manganese deposits around the world
(Table 4)

1) The Xialei Manganese Deposit is one of the super-large min-
eral deposits in Asia. Its reserves of Mn ores contain over
100 million tons. Manganese ore bodies are hosted in the
Wuzhishan Formation of the Devonian system. The main
minerals are Mn-carbonates; in the middle-bottom part of
the ore bodies are rhodonite and Fe-Mn serpentine, which
are related to hydrothermal activity. The country rocks are
mainly composed of mud calcareous siliceous rocks and
siliceous limestone. Manganese ores have weakly positive
Ce anomalies, Eu anomalies and negative Y anomalies, with-
out fractionation between LREE and HREE. Mn-carbonates
precipitated from marine sedimentary environments
through normal sedimentation, along with the injection
and supplement of deep hydrothermal fluids and biological
activity (Qin et al., 2010).

2) The Zunyi Manganese Deposit is a large deposit. Its ore bod-
ies are hosted in the Longtan Formation of the Permian
system, and the Mn minerals of the ore bodies are mainly
Mn-carbonates. The bottom country rocks are sage-green
clay rocks, and the top country rocks comprise gray clay
rocks and siliceous limestone. Manganese ores are HREE-
enriched Mn deposits with very high > REE, which record
evident negative Ce anomalies and positive Y anomalies
without Eu anomalies. Hydrothermal exhalative sedimenta-
tion is the main genesis of Mn ores, accompanied by normal
chemical sedimentation (Liu et al., 2015).

3) The Orissa Manganese Deposits are hosted in the Upper
Shale Formation of the Late Archean Iron Ore Group. Man-
ganese and ferromanganese ores are composed of cryptome-
lane, hollandite and pyrolusite, while the country rocks are
mainly composed of shale and dolomite. These rocks record
wide variations in >_REE as well as HREE enrichment, obvi-
ous negative Ce anomalies, stronger positive Eu anomalies
and weak negative Y anomalies. These REE signatures sug-
gest that the manganese and ferromanganese ores were
formed by iron and manganese precipitation from a sub-

marine hydrothermal solution under oxic conditions that
occurred as the result of mixing with oxic seawater
(Moriyama et al., 2008).

4) The Maden complex ferromanganese deposits are hosted in
the Middle Eocene Melafan Formation. Their Mn-mineral
assemblages are composed of manganese oxide minerals.
The surrounding rocks are mainly mudstone and spilitic
basalt. The Mn ores have very high REE concentrations with
no fractionation between HREE and LREE, remarkably nega-
tive Ce anomalies, weakly positive Eu anomalies and hardly
any Y anomalies. These REE characteristics suggest that the
Maden complex deposits were formed by hydrothermal pro-
cesses (Ahmet et al., 2014).

5) The Kalahari Manganese deposit, which is the largest land-
based manganese deposit in the world, is hosted in the
Paleoproterozoic Hotazel Formation and is a hydrothermal
manganese deposit surrounded by banded iron formations
(BIF) and hematite lutite (Chetty and Gutzmer, 2012). Brau-
nite is the main Mn-mineral in the least altered Mn ores of
the Northern Kalahari manganese deposit. The REE concen-
trations of this Mn ore are very low (only 19.15 ppm), which
slightly exceed the >"REE of protolith (18.87 ppm). The Mn
ores record negative Ce anomalies, positive Eu anomalies,
and HREE enrichment.

8.3.2. Contrasts in the characteristics of Datangpo-type manganese
ores and typical manganese deposits around the world

Based on the characteristics of the ore deposits discussed above,
there are obvious differences between the Datangpo-type man-
ganese ores and the Zunyi Mn ores, Orissa Mn ores, Maden Mn ores
and Kalahari Mn ores in terms of their mineral assemblages and
REE geochemical compositions. Overall, the common characteris-
tics of these deposits are negative Ce anomalies and HREE enrich-
ment caused by hydrothermal activity.

The REE geochemical compositions of the Datangpo-type man-
ganese ores are most similar to those of the Xialei manganese ores.
Both of these ores have positive Ce anomalies, weak positive Eu
anomalies, weak negative Y anomalies, and no fractionation
between HREE and LHEE. Additionally, both of their mineral
assemblages are mainly rhodochrosite and calcium rhodochrosite.
The deposition of the Xialei manganese ores is mainly that of nor-
mal marine sedimentation.

Based on these differences, the Datangpo-type manganese ores
are evidently different than hydrothermal manganese ores, but
show similarities to hydrogenetic manganese ores. These features
suggest that the sedimentary genesis of the Datangpo-type man-
ganese ores is mainly that of normal marine sediment.
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9. Conclusions

1) The PAAS-normalized distribution patterns of the rare earth
elements of the Datangpo-type manganese ores are charac-
terized by the pronounced enrichment of middle rare earth
elements, producing a so-called “hat-shaped” REY plot, as
well as the presence of prominent positive Ce anomalies,
weak to strong positive Eu anomalies, and negligible nega-
tive Y anomalies. These REY geochemical characteristics,
which are different than those of the country rocks, record
the processes and features of sedimentation-diagenesis.
Manganese was precipitated as Mn-oxyhydroxide particles
in oxidized water columns with the sorption of a certain
amount of rare earth elements, thereafter transforming from
Mn-oxyhydroxides to rhodochrosite and redistributing REY
in reducing alkaline pore-water through an early diagenetic
stage.

2) Compared to modern marine Fe-Mn oxyhydroxide precipi-
tates, Datangpo-type manganese ores are similar to hydro-
genetic crusts and nodules, both of which record positive
Ce anomalies and relatively higher levels of total REY con-
tent, but are different than diagenetic nodules and
hydrothermal deposits, which can be confirmed by compar-
ative analysis between Datangpo-type manganese ores and
typical Mn deposits of the world.

3) Compared to hydrogenetic crusts and nodules, Datangpo-
type manganese ores show smaller magnitudes of positive
Ce anomalies, lower levels of total REY contents, minor frac-
tionation between Y and Ho, and weak to strong positive Eu
anomalies. These factors were caused by quicker sedimen-
tary rates under oxic, shallower water columns, after which
pore water became strongly reducing and alkaline due to the
degradation of organic matter in an early diagenetic stage.
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