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Abstract The Dounan manganese deposit is a typical
large-scale marine sedimentary manganese deposit of the
Middle Triassic in China. The metallogenic environment
and change process directly dictate the migration, enrich-
ment, and precipitation of Mn. To better understand its
metallogenetic environment, a detailed study was under-
taken involving field observation, mineralogical and geo-
chemical and Mossbauer spectroscopic analyses. The
major findings are as follows: (1) Lithofacies paleogeog-
raphy, sedimentary structural characteristics, and geo-
chemical indexes indicate that the deposits were formed in
an epicontinental marine sedimentary basin environment of
normal salinity; (2) there were three ore phases including
Mn oxides, Mn carbonates, and mixed Mn ores. The ore
minerals found were braunite, manganite, Ca-rhodochro-
site, manganocalcite, and kutnahorite. Petrographic and
mineralogical information indicates that the metallogenic
environment was a weakly alkaline and weakly oxidized to
weakly reduced environment, and the mineralization
occurred near the redox interface; (3) the V/(V + Ni)
ratios, 8Ce and Fe?"/Fe®" found in profiles of Baigu and
Gake ore sections show that the redox conditions of the
ore-forming environment were continuously changing; and
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(4) three Fe species, a-Fe,0s, para-FeH, and para-FeH,
were found in hematite and clay mineral samples using
Mossbauer spectrum analysis. The presence and distribu-
tion of these Fe species indicate that the deposit was
formed in a typical sedimentary environment during the
mineralization process. In summary, our study showed that
redox was a key factor controlling the mineralization of the
Dounan manganese deposit. Our results have led us to the
conclusion that transgression and regression caused fluc-
tuations in sea level, which in turn caused the change of the
redox environment. Mssbauer spectroscopy is an effective
tool for studying the redox conditions of the paleoenvi-
ronment in which sedimentary manganese deposits were
formed.

Keywords Dounan manganese deposit - Metallogenetic
environment - Mossbauer spectroscopy - Geochemistry

1 Introduction

Southeast Yunnan Province is a region of high-quality
manganese ore resources in southern China. The Dounan
manganese ore belt is the most important high-quality
manganese ore belt in the region, with many developed
large- and medium-sized manganese deposits, such as
Dounan, Laowu, Yanzijiao, and Daqing. Spatially, the
metallogenic area is characterized by a small area and
concentrated manganese deposits. The Dounan manganese
deposit is a typical large marine sedimentary deposit (Wu
and Zhu 1994; Huang et al. 1996). In the manganese-
bearing rock series, there is separate manganese oxide and
manganese carbonate mineral stratification. There are also
two types of manganese minerals with mixed characteris-
tics. Manganese nodules with oolitic, pisolitic, and
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concentric zonal structures are commonly seen in the
manganese ores of this deposit. These nodules are unique
among China’s manganese ore resources and have attracted
the attention of numerous geologists.

Previous work on the Dounan manganese deposit has
focused on sedimentary facies characteristics (Li et al.
2009; Xia et al. 2010), tectonics and mineralization (Bai
et al. 2010), mineralogy (Hou 1994), and manganese
source and genesis (Su 1983; Zhong 1986; Zheng and
Zhang 1991; Du et al. 2013). However, the ore-controlling
factors, migration and enrichment process of Mn, metal-
logenic environment and evolution, and metallogenic
mechanism of the deposits remain poorly understood and
controversial. Specifically, the metallogenic environment
and evolution of the deposit are important in the study of
the ore-forming mechanism of sedimentary manganese
deposits, and directly dictate the migration, enrichment,
and precipitation process of Mn. Using petrography, min-
eralogy, and sequence stratigraphy, Su (1983), Liu and Xue
(1999), and Tang and Yi (2011) concluded that the Dounan
manganese deposit was formed in a shallow-to-deep mar-
ine sedimentary basin environment via the use of petrog-
raphy, mineralogy, and sequence stratigraphy. Change in
the redox properties during sedimentary diagenesis is key
mineralizing factors. Zheng and Zhang (1991), Luo and Du
(1992), and Liu et al. (1988) considered that the deposit
formed in a hydrothermal sedimentary environment via
analysis of sedimentary facies and the geochemistry of
major and trace elements. Due to the lack of the under-
standing of on the ore-forming environment, discussing the
environmental conditions and the change processes in
detail could lead to a new and significant understanding of
the manganese mineralization process, metallogenic
mechanism, and regularity of the Dounan manganese
deposit and even the entire Dounan manganese ore belt.

Mossbauer spectroscopy is a powerful nuclear technique
for characterizing the chemical states of iron. Iron exists in
various chemical forms and oxidation states, and therefore
can be used as an index to determine chemical changes that
may occur in the environment and to elucidate their
mechanisms. >’Fe Mossbauer spectroscopy has frequently
been used as a non-destructive analytical method to
determine various Fe species in a variety of sedimentary
samples (Hilton et al. 1986; Kubo et al. 1996; Zheng et al.
2001, 2010; Sun and Li 2017; Waander et al. 2017). In
particular, the study of Fe speciation and Fe?*/Fe’" ratios
in the vertical profile of sediments or ore beds can be used
to indicate redox history and diagenesis processes (Kuno
et al. 1998). This study analyzed the sedimentary envi-
ronment and changes of the Dounan manganese deposit via
systematic field survey, Mossbauer spectroscopy, miner-
alogy, and geochemistry in order to discern constraints on
the manganese mineralization process.
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2 Geological setting

The study area is on the western margin of the Yangtze
plate in South China and is part of the depositional troughs
of the Yunnan, Guizhou, and Guangxi provinces (Fig. 1a).
The southern, western, and northern sides of the region,
respectively, surround the Yuebei paleo-island, Ailaoshan
uplift, and the Kangdian paleocontinent and Niushoushan
paleo-island (Fig. 1b). Among them, the Yuebei paleo-is-
land is composed of the manganese-bearing granitic gneiss
and biotite schist of the Lower Devonian, and the Upper
Devonian manganese-bearing limestone and siliceous
rocks. The Kangdian paleocontinent is composed of iron-
manganese slate in the Lower Cambrian Kunyang Group.
The Ailaoshan uplift is composed of biotite plagioclase
gneiss, amphibolite, marble, and other metamorphic rocks.
The Permian Emeishan basalts are widely distributed on
the ancient lands (Liu et al. 1984). According to paleo-
geographic features, ancient products containing man-
ganese may have provided a large amount of manganese
for the deposits through weathering and erosion. The early
Indosinian tectonic movement caused the two sides of the
Mingsu fault to disconnect, resulting in the side near the
Yuebei paleo-island to rise and form a coast, and the other
side dropped to form the Dounan Basin. Under the
stable subsidence of the basin and several transgressions
during the Latin period, a rock series bearing manganese
deposited the element into the Dounan basin to a thickness
of more than 800 m, constituting the main component of
the Falang Formation. The area bounded by the Dounan
Basin and the northern margin of the Yuebei paleo-island is
the metallogenic manganese concentration zone that bears
several manganese deposits, such as the Dounan, Laowu,
and Dagqing, and a series of manganese ore occurrences.
Tectonically, the manganese deposits in the Dounan Basin
are controlled mainly by the Dounan—Laowu curved syn-
cline and an arc-shaped structure, which consist of the
Wenma Fault trending in a northwest direction and the
Mingsu fault in a northeast direction (Fig. 1b).

The manganese-bearing strata of the Dounan manganese
ore belt are the Falang Formation (T,f, Fig. 2a) of the
Middle Triassic (Latin period), which forms a conformable
contact with the Niaoge Formation of the Upper Triassic
and an unconformable contact with the Gejiu Formation of
the Middle Triassic. The lithological association is a set of
shallow-marine mudstones, siltstones, and sandstones
interbedded with carbonates and containing lamellibranchs,
brachiopods, gastropods, alga, and other fossils (Liu and
Xue 1999; Du et al. 2013). The Falang Formation is sub-
divided into six lithologic sections (T,f;—T,fg), including
two main ore-bearing layers (T»fy and T,fs) (Fig. 2). The
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Fig. 1 a Tectonic map of Southern China and the location of the study area (Modified after Zhu et al. 2013); b the paleotectonic and
paleogeography of Ladinic in southeastern Yunnan (Modified after Liu 1984; Hou et al. 1997)
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Fig. 2 Stratigraphic column of Dounan manganese deposit (Modified
after Su 1983)

Dounan manganese deposit developed both the upper and
lower ore beds.

3 Deposit characteristics

The Dounan Manganese deposit has a manganese resource
of about 160 million tons. It extends westward from the
Gake and eastward to the vicinity of Xinzhai, showing a
large syncline (Fig. 3). According to the characteristics of
the manganese-bearing rock series and geographical posi-
tions, the deposit is divided into two main ore-bearing
layers (Tz)% and Tzﬁ) (Fig. 2a) and five ore sections. The
lower ore-bearing section Gake (Fig. 2c) and the upper
section Baigu (Fig. 2b) are the main industrial sections.
The ore bodies are mostly layered, stratoid, and have
lenticular morphology. There are many sedimentary
structures like horizontal bedding, low-angle cross-bedding
and current bedding developed in the ore beds. The types
of manganese ores in different ore sections are very similar
same and consist mainly of primary manganese ores (Liu
et al. 1984). According to the composition, the primary
manganese ores are classified as manganese oxide ore beds,
manganese carbonate ore beds (Fig. 4a) as well as the
mixture of the two (Fig. 4b). According to natural features,
the ores can be divided into compact massive (Fig. 4b, c),
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Fig. 3 Geological map of
Dounan manganese deposit
(Modified after Liu 1984)
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oolitic and pisolitic (Fig. 4f), and porphyritic types
(Fig. 4e). The particle size of the oolitic and pisolitic ore is
0.5-6.0 mm, and the ore minerals are mainly manganese
oxides or carbonates that form a ring-shaped with
interbedded layers. The porphyritic manganese ore is
characterized by the presence of purple-red manganese
carbonate ore and black oxide ores that show a slight
laminar structure. Among the mineral textures, the most
common is oolitic (Fig. 4g), followed by the microgranular
blastic texture of the manganese oxides (Fig. 4h) and the
clastic texture commonly developed in the porphyritic
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manganese ores (Fig. 4i). The gangue materials are mainly
quartz, calcite, feldspar, and clay minerals.

4 Samples and analytical methods

The 21 samples investigated in the study were collected
from the V, ore bed in the Gake, V; and Vg ore beds in
Baigu, respectively, (Fig. 2, Table 1), which are the lower
and upper Mn-bearing series of the Falang Group in the
Dounan manganese deposit. The sampling method was a
continuous sampling of vertical profiles. Ten samples were
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Fig. 4 Manganese-bearing rock series, morphology of ore bodies, and ore structures and textures of the Dounan manganese deposits in the
southeastern Yunnan, China. a Manganese-bearing rock series in Baigu; b massive structure, manganese oxide ore and Mn-carbonate interbeded;
¢ massive structure; d fine oolitic structure, manganese-carbonate ore; e porphyritic and laminar structure; f pisolitic and banded structure;

g oolitic texture; h micro fine granular blastic texture; i clastic texture

collected from the V; ore bed in the Gake section,
including 7 ore samples and 3 top and bottom plates and
interlayer samples. Eleven samples were collected from the
V; and Vg ore beds in the Baigu section, with 6 ore samples
and 5 top and bottom plates and interlayer samples. Major-,
trace-, and rare-earth element analysis tests were performed
on all samples (Tables 2, 3). Four representative samples
were selected from the two ore sections for x-ray diffrac-
tion (XRD) mineralogy analysis and eight samples with
higher Fe content were analyzed using >’Fe Mossbauer
spectroscopy. The sampling situation is shown in Table 1.
The samples were prepared as polished thin sections for
petrographic study under transmitted polarizing and
reflected light microscopes. The mineralogical analysis was
conducted using XRD using a Philips X’ Pert diffractome-
ter. The bulk mineralogy was determined using semi-
quantitative (£ 5%) XRD. The diffraction analyses were
conducted in the State Key Laboratory of Ore Deposit
Geochemistry, Guiyang Institute of Geochemistry, Chinese
Academy of Sciences (SKLODG, GIGCAS, hereafter).
Mossbauer spectroscopy (MS) was performed at the
Lanzhou Center for Oil and Gas Resources, Institute of

Geology and Geophysics, Chinese Academy of Sciences.
The samples were loaded in an acrylic holder with a rela-
tive thickness of 15 mg Fe per cm? and then irradiated
with y-rays from a 25 mCi °’Co(Rh) radioactive source to
obtain a room temperature Mossbauer spectrum. The
Mossbauer spectrometer was calibrated using o-Fe as the
reference and the product species were identified on the
basis of their quadrupole and isomer shifts as well as their
hyperfine magnetic fields with reference to the values
available in the literature (Stevens et al. 1998). Curve fit-
ting of the obtained spectra was performed using Win-
Noroms-for-Igor. The percentage of various Fe species was
provided by the peak area.

All samples were crushed to a 200-mesh size for whole-
rock geochemical analyses. The major and trace elements
were analyzed at the SKLODG, GIGCAS. The major ele-
ments were analyzed using X-ray fluorescence (XRF) using
a PANalytical AXIOS instrument (Malvern Panalytical
B.V., the Netherlands) following the method documented
by Hu (2009). The detection limit for all the major oxides
was 0.01 wt%. The analysis errors were less than 3%. The
trace elements were analyzed by inductively-coupled

@ Springer
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Table 1 Description of sampling locations along the representative profiles of the Dounan manganese deposits

Samples Ore Sampling location (top to Mineral association  Lithology and sedimentary structure Mossbauer XRD
bed bottom)
BG-1 V8 Roof - Grayish—green silty mudstone with horizontal
bedding
BG-2 V8 0-0.1 m Braunite and Mn Purple-red compact massive and stratoid ores
carbonates
BG-3 V8 0.1-02 m Mn-bearing Gray-black Mn-bearing silty mudstone
interlayer
BG-4 V8 0.2-0.4 m Mn-bearing Gray-black Mn-bearing siltstone \/
interlayer
BG-5 V8 0.4-0.5 m Mn carbonates Purple-red massive Mn-carbonates with clastics
BG-6 V8 0.5-0.7 m Braunite Black compact massive braunite with few clastics \/
BG-7 V8 0.7-0.8 Braunite and Mn Braunite and Mn-carbonates interbedded, with
carbonates micronodules
BG-8 V8 0.8-1.0 m Braunite and Mn Purple-red Mn-carbonates mixed with black \/
carbonates braunite, stratoid
BG-9 V7 Roof - Gray siltstone
BG-10 V7 ~ 0.5 m Braunite and Mn Mn-carbonates mixed with braunite, with clastics,
carbonates stratoid
BG-11 V7 Floor - Gray siltstone with numerous clastics
GK-9 A\ Roof - Gray siltstone
GK-8 Vi 0-0.1 m Braunite and Mn Braunite and Mn-carbonates interbedded
carbonates
GK-7 V1 0.1-0.2 m Mn carbonates Purple-red massive Mn-carbonates, with clastics
and micronodules
GK-6 V1 0.2-0.4 m Braunite and Mn Braunite and Mn-carbonates interbedded \/
carbonates
GK-5 A\ 0.4-0.6 m interlayer Gray mudstone with horizontal bedding
GK-4 V1 0.6-0.7 m Braunite and Mn Braunite transitional contact with Mn-carbonates \/
carbonates
GK-3 V1 0.7-0.9 m Braunite Black compact massive braunite interbedded with
calcite
GK-2 V1 0.9-1.1 m Braunite and Black massive braunite and nodular manganite, \/
manganite with clastics
GK-1 \"2! 1.1-1.3 m Braunite Black stratoid braunite, with clastics and
micronodules
GK-0 V1 Floor - Gray bedded silty mudstone

5 Results

plasma-mass spectrometry (ICP-MS) using an ELAN-
DRC-e instrument (PerkinElmer, USA) following the
method documented by Qi et al. (2000). The detection
limits were as follows: Tb, Ho, Lu, Cs, and Tm—
0.01 ppm; Er, Eu, Sm, Pr, and Yb—0.03 ppm; Ba, Ce, Co,
Th, Gd, Dy, and U—0.05 ppm; Ta, Nd, Ga, and Sr—
0.1 ppm; Rb, Cu, Ni, Nb, and Hf—0.2 ppm; Y, Pb, and
La—0.5 ppm; W and Sn—1 ppm; Zr and Mo—2 ppm;
V—S5 ppm; and Cr—10 ppm. The analysis errors were less
than 10%.
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5.1 Petrology and mineralogy

Via hand specimens, microscopy, and XRD analysis of
various ores (Table 2), manganese ores in the Dounan
manganese deposit can be divided into three types of ore
phases according to the characteristics of mineral combi-
nation and structural features as follows:

(1)  Mn oxide ore phase the ores show compact massive,
oolitic and pisolitic, and banded structures. The main
manganese minerals are all brown manganese
(Fig. 4c, f). The oolitic and pisolitic ore shapes are
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Table 2 XRD analysis of manganese ore samples (%)

Samples/minerals BG-4 BG-6 GK-2 GK-6
Braunite N, V V V
Manganite - — \/ _
Ca-rhodochrosite - - — \/
Kutnahorite - - - \/
Mn-calcite - - _ \/
Quartz J _ N _
Feldspar N, V N N
Calcite - \/ \/ \/
Dolomite - V _ _
Clay minerals N, \/ - \/

\/ ” indicates that the sample contains the mineral in the qualitative
analysis of XRD. “~” indicates that the mineral was not found

mostly spherical, ellipsoidal, or irregular, with a
diameter of approximately 0.1-1.0 mm. Most have
bright and dark concentric rings (Fig. 4g). The
brightly-colored rings are mainly composed of
braunite and a small amount of manganite (Fig. Sa,
b), and the dark-colored rings consist of manganese
carbonate minerals such as Ca-rhodochrosite and
calcimangite (Fig. 5c). The banded ores are com-
pacted from dense oolitic and pisolitic braunite,
often forming a stratified structure in combination

©))

3

with the dark and light interbedded layers of gray-
green and purple-red manganese carbonates or other
debris (Fig. 4e, f).

Mn carbonate ore phase the ore is gray and purple-
red and mostly has an oolitic and pisolitic structure
(Fig. 4d). The diameter of the oolite is approxi-
mately 0.02—1.7 mm, and the interior has an unclear
ring structure. The external shape is irregular. The
manganese minerals are mainly Ca-rhodochrosite,
calcimangite, Mn-bearing calcite, and kutnahorite
(Fig. 5c¢).

Mixed ore phase (transitional ores) the ore is a
mixed purple and gray-brown. The ore minerals are
characterized by the intermixing of manganese
carbonates and braunite (Fig. 5d). Braunite often
forms dark patches in the manganese carbonates
(Fig. 4b, e). The ores show indistinct stratification
because of later compaction (Fig. 4e). The gangue

minerals are quartz, calcite, and dolomite.

5.2 Characterization of iron species

The >"Fe Mssbauer spectra of the representative samples
at room temperature (about 290 K) are shown in Fig. 6, in
which three overlapping doublets and one sextet are
observed. The Mossbauer parameters and relative abun-
dance of the three different Fe species for the samples are

Table 3 Mossbauer parameters of Fe-components in the bulk samples of the Dounan Manganese deposit

1

Samples Iron species Components Relative content % IS/mm s~ QS/mm s~! HW/mm s~ Hi/T

BG-4 para-Fe*™ Kaolinite 59.8 1.14 + 0.00 2.69 £+ 0.01 0.19 + 0.01
para-Fe*™ Chlorite 40.2 0.38 + 0.01 0.83 + 0.03 0.31 + 0.02

BG-5 hem-Fe** Hematite 91.6 0.38 + 0.01 —0.21 £0.01 0.16 + 0.01 51.28 +£ 0.02
para-Fe** Kaolinite 8.4 0.35 + 0.07 0.66 + 0.10 0.31 + 0.08

BG-8 hem-Fe** Hematite 54.8 0.39 £+ 0.01 — 021 £0.02 0.18 £+ 0.02 51.11 £+ 0.07
para-Fe** Kaolinite 30.1 0.35 + 0.04 0.67 + 0.08 0.30 + 0.02
para-Fe*™ Kaolinite 14.1 1.18 &+ 0.09 2.61 £0.18 0.19 + 0.04

GK-8 para-Fe*™ Kaolinite 42.8 0.44 + 0.05 0.73 + 0.09 0.48 + 0.20
para-Fe*™ Kaolinite 57.2 1.12 +£ 0.01 2.64 £+ 0.02 0.16 + 0.03

GK-7 hem-Fe** Hematite 77.3 0.38 + 0.01 —0.21 £0.01 0.28 + 0.02 51.27 £ 0.05
para-Fe*™ Ilite 12.2 0.34 + 0.09 0.82 + 0.18 0.27 + 0.09
para-Fe** Kaolinite 10.5 1.16 £ 0.09 258 £0.18 0.25 £ 0.10

GK-4 hem-Fe*+ Hematite 86.4 0.38 £+ 0.00 — 0.19 £ 0.00 0.16 + 0.01 51.35 £ 0.01
para-Fe** Illite 13.6 0.30 &+ 0.00 0.82 + 0.03 0.39 + 0.08

GK-1 hem-Fe** Hematite 100 0.39 + 0.01 —0.20 £ 0.01 0.15 + 0.02 51.49 £+ 0.04

GK-0 hem-Fe** Hematite 61.3 0.37 + 0.01 — 0.19 £ 0.01 0.16 + 0.02 51.56 £+ 0.03
para-Fe*™ Kaolinite 14.5 0.41 + 0.02 0.75 + 0.03 0.37 + 0.03
para-Fe** Kaolinite 24.2 1.13 + 0.00 2.65 + 0.01 0.19 + 0.02

IS isomer shifts, QS quadruple splitting, HW half width at half maximum, Hi hyperfine field

@ Springer
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summarized in Table 3. The doublet with a smaller quad-
rupole splitting was ascribed to paramagnetic high-spin
Fe’ ™ (para—Fe3 *) (Manning and Ash 1979), and according
to the isomer shift of 0.30-0.38 and quadrupole splitting of

@ Springer

0.66-0.83, the components originated from clay minerals
such as kaolinite, chlorite and illite with Fe**. The doublet
with the larger isomer shift (1.12-1.18) and quadrupole
splitting (2.58-2.69) was attributed to paramagnetic high-
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spin Fe** (para-Fe*") comprising kaolinite with Fe*". The
sextet with an isomer shift of 0.37-0.39, quadrupole
splitting of — 0.21 to — 0.19, and hyperfine field of
51.11-51.56 T was designated antiferromagnetic hematite
(0-Fe,0;, hem-Fe*"). The curve fitting for these four
components is reliable because the Chi squared values are
sufficiently small. According to the relative content rela-
tionship, Fe** is the main valence state of iron. The min-
erals of most of the ore beds are mainly hematite (a-Fe,O3)
and a small amount of ferric clay minerals, and a few
contain only Fe>" clay minerals, such as BG-4 and GK-8.
Fe’" is present in the clay minerals (kaolinite Fe*"). Pyrite
or other ferruginous minerals were not found in the tested
samples.

5.3 Geochemistry

The major elements of the 21 samples are shown in
Table 4. The Mn content of the manganese ore sample in
the Baigu section is from 8.71 to 52.2% (mean 24.1%), and
the Mn content in the Gake ore sample is from 14.6 to
48.1% (mean 39.3%). The Mn/Fe ratios range from 3.53 to
169 (mean 49.5) and from 5.12 to 160 (mean 56.4),
respectively. The Mn content of all the top and bottom

all samples were less than 1%, Overall, the ore was char-
acterized by high Mn, low Fe, and minimal P and S. The
loss on ignition (LOI) ranged from 4.67 to 35.6% (average
17.6%), indicating that the manganese ore contained a
certain number of carbonate and water-containing compo-
nents. The manganese ore layer is relatively depleted of Si,
Al, Ti, and K compared to the top and bottom plates and
interlayers.

The occurrence state of trace elements and their degree
of enrichment in the sediments are useful for indicating the
sedimentary environment (Tribovillard et al. 2006).
Therefore, the environment can be reconstructed by the
content or ratio of trace elements in sediment, such as
V/Cr, V/(V 4+ Ni), Sr/Ba, etc. However, there are great
differences in the sources of trace elements in sediments,
and some may have multiple sources. Thus, when recon-
structing sedimentary environments, trace elements that are
mainly authigenic and have retained their initial content
should be selected to accurately indicate the environmental
conditions during deposition. Generally, if some trace
elements are suspected to be of mixed origin, that is,
detrital and authigenic, the authigenic fraction can be
estimated as the part in excess of the average shale abun-
dance. The clastic fraction of element X in a sample can be

plates and interlayers is from 0.63 to 5.24%. The P and S of  estimated as follows: detrital X=X/
Table 4 Major elements compositions (wt%) of the Dounan manganese deposit
ALO;  CaO FeO K,0O MgO MnO Na,0 P,0s  SiO, SO, TiO, LOI Total Mn/Fe

BG-1 13.9 429 473 330 329 0.81 1.35 0.14 57.5 0.11  0.67 8.04 982  0.17
BG-2 1.90 21.6 438 029 210 27.1 0.47 0.17 979 0.05 0.08 28.5 963  6.15
BG-3 11.1 6.45 248 256 284 6.25 1.31 0.15 52.3 0.04  0.56 12.1 982 252
BG-4 133 412 3.01 2.87 3.08 1.19 1.78 0.13 60.8 024  0.65 7.21 984 039
BG-5 1.53 348 236 029 412 11.7 0.28 0.14 6.73 020  0.07 35.6 97.8 495
BG-6 1.04 572 040 0.03 1.32 67.4 0.10 0.14 10.21 0.02  0.04 7.50 93.9 169
BG-7 1.28 10.3 051  0.08 2.14 55.2 0.18 0.17 11.2 0.03  0.06 13.6 94.7 107
BG-8 5.79 18.7 2.16 1.41 4.76 14.3 0.56 0.16 23.8 033  0.26 26.2 98.5  6.58
BG-9 12.7 690 291 3.05 2.46 2.63 1.30 0.13 56.3 020  0.61 10.1 99.3  0.90
BG-10 591 20.3 317 099  2.62 11.2 1.60 0.10 27.1 004 027 24.6 979 353
BG-11 11.5 8.09 378 257 2.25 0.82 1.01 0.15 57.1 237 061 9.87 100 0.22
GK-9 6.29 20.4 6.58 1.54  7.06 578  0.39 0.27 23.1 0.06 025 26.1 97.8 087
GK-8 4.42 18.6 1.57 1.06  3.80 21.7 0.25 0.15 17.04  0.14  0.20 29.6 98.4 13.8
GK-7 4.51 19.8 3.06 1.08  4.15 18.8 0.21 0.25 17.4 0.10  0.21 28.8 983  6.12
GK-6 1.78 10.5 058  0.03 1.85 54.2 0.31 0.19 11.0 0.04  0.06 14.5 95.0 93.6
GK-5 16.3 0.61 391 3.61 4.01 1.17 1.95 0.15 61.7 002 0.73 4.67 989  0.30
GK-4 8.56 11.2 8.98 1.41 6.76 6.76 1.26 0.29 35.8 0.04  0.46 16.5 98.0 0.75
GK-3 1.34 11.3 038  0.01 1.22 60.9 0.08 0.13 9.18 015 0.04 9.48 94.1 160
GK-2 1.58 10.6 0.55  0.01 1.39 62.1 0.05 0.13 885 0.19  0.06 9.74 95.2 112
GK-1 3.10 20.8 437 052 730 225 0.37 0.21 11.0 0.07  0.14 26.5 969 512
GK-0 14.5 259 503 324 393 4.74 1.39 0.19 54.8 0.08  0.65 6.98 98.1 0.94
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ADaverage  shate X Algample  (average shale = Wedepohl
1971, 1991). Consequently, the authigenic fraction of ele-
ment X is calculated as total X — detrital X (Tribovillard
et al. 2006).

According to this calculation (Table 5), Ba in the ore
beds of Baigu is mainly from detrital components, while
the Ba in the ore beds of Gake is mainly from authigenic
components. The content of authigenic Sr in all the sam-
ples of Baigu and Gake is significantly higher than that of
the tops, bottoms, and interlayers (Fig. 7a). Apart from the
individual rock and ore layers, the proportions of the
authigenic components of Ni and V are relatively higher
(Fig. 7c, d), and the relative contents of the Baigu and
Gake ore sections are similar. Cr in the authigenic com-
ponents in Baigu and Gake is significantly lower (Fig. 7b),
indicating that most of the Cr were provided by detrital
materials. Therefore, V/Cr and Sr/Ba are not suitable to
indicate the sedimentary environment of the Dounan
manganese deposit, but V/(V + Ni),.g is a credible redox
proxy with minimal detrital influence. As shown in Fig. 9a,
after deducting the detrital part, the V/(V + Ni),uq ratios
of the samples in Baigu ranged from 0.22 to 0.75 (mean
0.41), which vary greatly in the vertical profiles and show
an “S” type spread (BG-8 in excessive debris was not
taken into account). The V/(V 4 Ni),.g ratios of the
samples in Gake ranged from 0.03 to 0.87 (mean 0.38), and
the ratios of the manganese ore layer were small and rel-
atively concentrated, while the ratios in the top and bottom
plates and interlayers were larger. The Sr content of the
authigenic components of the Baigu and Gake is similar in
most of the ore beds, but they have different characteristics
in the profile (the BG-9 in excessive debris was not taken
into account). The Sr content of Baigu varies greatly, but
relatively concentrated in Gake (Fig. 9b).

The Post Archean Australian Shale (PAAS)-normalized
rare-earth-element (REE) patterns are similar among the
Baigu and Gake ore blocks and wall rocks (Fig. 8a, b). The
> REE contents of the Baigu and Gake samples show
obvious changes in the vertical profiles (Fig. 9c). The 6Ce
of Baigu ranged from 0.79 to 97 (mean 0.91) (3Ce = 2(Ce/
Cen)/(La/Lay +Pr/Pry), “N” stand for PAAS. The overall
performance showed a weak negative anomaly (Fig. 8a).
The 8Ce values of Gake ranged from 0.74 to 1.23 (mean
1.01). Figure 8b shows that there are differences in the 6Ce
characteristics of Gake and Baigu. Figure 9d shows that the
0Ce values of the two ore sections are all close to 1, and the
variation range is small; however, there are some changes
among the mineral layers.
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6 Discussion

The study of the Sedimentary environment is an important
part of the study of the mineralization mechanism of
manganese deposits. Different sedimentary environments
have obvious effects on the migration, enrichment, and
precipitation of manganese, as well as the types of man-
ganese minerals present and the morphology of ore bodies.
The depositional environment of Dounan has long been a
subject of speculation and discussion. Previous researchers
studied the Dounan manganese deposit from an overall
perspective, but there are many differences between the
ore-forming environments of different ore beds. Addition-
ally, the impact of environmental change on the profile of
the different ore beds is not fully understood. Therefore,
specific environmental factors, such as Eh, pH, ore-forming
depth, salinity, etc. remain worth exploring.

As previously mentioned, the Dounan manganese
deposit is in the Dounan basin on the western edge of the
Yangtze platform in South China. The basin is in a semi-
confined gulf environment surrounded by paleocontinents
on three sides (Fig. 1), which could receive the weathered
and eroded materials containing manganese from the
paleocontinents and limit the materials exchange between
the basin and the outer Tethys Ocean. The lithology of the
ore-bearing layer is a set of mudstone, siltstone, and
sandstone, interbedded with carbonate, and the sedimen-
tary structure is dominated by horizontal bedding and low-
angle cross-bedding (Liu et al. 1984), suggesting that the
depositional conditions were mainly shallow marine with
relatively agitated water. The mineral compositions of each
ore bed are braunite, manganite, Ca-rhodochrosite, calci-
mangite, etc., and there are nearly no primary manganese
oxides with Mn*". According to studies of the chemical
conditions of precipitation of various manganese minerals
by Krauskopf (1957) and Roy (2006), braunite and Mn-
carbonates form and deposit under weakly oxidizing
alkaline conditions and weakly reducing alkaline condi-
tions, respectively. Therefore, the depositional environ-
ment of the Dounan manganese deposit was a weak
oxidation-weak reduction environment. In the near-shore
shallow marine environment, abundant biodegradation of
algal microbes releases H,S, CO,, and other gases into the
metallogenic environment. The small amount of H,S dis-
sipates quickly in shallow water, and the CO, dissolves in
the water, creating an aqueous medium that is weakly
alkaline, which is favorable for the accumulation and
deposition of Mn. In the vertical profiles, the two main ore
sections of Baigu and Gake exhibit the characteristics of a
manganese oxide ore phase, manganese carbonate ore
phase, and mixed ore phase gradually changing or mutat-
ing, indicating that the redox conditions during different
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stages of the ore-forming process changed, and the ore-
forming location was probably near the redox interface.
Geochemically, a suite of trace elements can exhibit
somewhat different sensitivities to the sedimentary envi-
ronment (Tribovillard et al. 2006). The corresponding
redox classification of sedimentary environments includes
oxic, suboxic, anoxic, and euxinic facies, which estimate
the oxygen tensions associated with these environ-
ments: > 2.0, 2.0-0.2, <02 and Oml O, L' H,0,
respectively (Edwards 1985; Tyson and Pearson 1991). In
the case of mainly authigenic components, the V/
(V 4+ Ni)usn value can reflect the redox environment
during the formation of sediments. A value of V/(V + Ni)
auth ranging from O to 0.46 represents an oxidizing envi-
ronment, 0.46-0.57 a weakly oxidizing environment,
0.57-0.83 a weakly reducing environment, and 0.83-1 a
reducing environment (Jones and Marning 1994; Wignall
1994). The V/(V 4+ Ni),u ratios of the samples in Baigu
is from 0.22-0.75, and the characteristics of the profiles
are shown in Fig. 9a. Five samples fall within a range of
0-0.46, one sample 0.46-0.57, and four samples
0.57-0.83, indicating that the redox conditions of the
different layers vary among oxidation, weak oxidation,
and weak reduction conditions, respectively. The V/
(V 4+ Ni),um ratios of Gake range from 0.03 to 0.87.
Except for the bottom plate GK-0, the interlayer GK-5,
and the ore layer GK-8, the other samples all fall within
the range of from O to 0.46, indicating that the metallo-
genic environment was dominated by oxidation, and the
change trend is relatively stable. The characteristics of
> REE content in the profiles of Baigu and Gake are
shown in Fig. 9c. There are obvious changes in > REE
content between the two ore sections, suggesting that the
environment changed during the ore-forming process. The
dCe values of the two ore sections are all close to 1
(Fig. 9d). The REE patterns normalized by PAAS
(Fig. 8a, b) show that Ce is between weak positive
anomalies and weak negative anomalies, showing changes
between weak oxidation and weak reduction in the ore-
forming environment. Both 8Ce and V/(V + Ni) reflect
the changes in the redox conditions of the ore-forming
environment in the different layers of the Baigu and Gake,
but the results of the two are not completely consistent.
This is because in addition to the possible effects of debris,
in a suboxic environment, Ce-containing sediments are
mobilized such that Ce is released into the water column
resulting in a lower negative anomaly in the sediments
(DeBaar 1991; Sholkovitz and Schneider 1991). In gen-
eral, the 6Ce of a ridge expansion center is ~ 0.29, an
ocean basin ~ (.55, and a continental margin ~ 0.9-1.3
(Murray et al. 1990). The 6Ce of the Baigu and Gake ore
sections in the Dounan manganese deposit ranged from
0.74 to 1.23 (mean 0.96), indicating that the sedimentary
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Fig. 7 Concentrations (ppm) of total and authigenic portions of elements Sr, Cr, Ni, and V of the samples in the Dounan manganese deposit
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Fig. 8 PAAS-normalized REE patterns for bulk samples of the
Dounan manganese deposit

environment during the ore-forming process was compat-
ible with the continental margin environment. This result is
consistent with that of the paleogeographic analysis. The Sr
content is closely related to seawater salinity and shows a
positive correlation (Klein et al. 1996). The majority of Sr
in the Baigu and Gake are derived from authigenic

components (Fig. 7a), and the Sr content in the authigenic
components ranged from 96.2 to 743 ppm and 143 to
407 ppm, respectively, both of which reflect a normal
salinity environment. The abnormal Sr may have been
caused by the high content of carbonate minerals. How-
ever, the characteristics of Sr variation in the vertical
profiles of the two ore sections are different. The Sr content
in the Baigu has a significant change from layer to layer,
while the Sr content in the Gake tends to be relatively
stable (Fig. 9b), indicating the former’s metallogenic
environment changed more frequently. Many biological
features such as lamellibranchs, gastropods, and bacteria
and algae were found in the ore section (Liu et al. 1984),
and no gypsum minerals that could have formed in an arid
climate have been found, indicating that the Dounan
manganese deposit formed in warm weather conditions
under normal salinity along a continental margin in a
shallow-marine environment (Su 1983).

The Mossbauer spectrum of different Fe species had
proven to be useful in classifying paleosedimentary envi-
ronments and determining redox conditions of sediments
(Berner 1981; Zheng et al. 2001). According to the well-
documented behavior of Fe in marine sediments, Fet
primarily forms amorphous ferric oxyhydroxides (Coey
et al. 1974; Konhauser et al. 2005) which are converted via
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Fig. 9 The tendency chart of element ratios for the Dounan manganese deposit

dehydration and diagenesis to more stable minerals such as
hematite (o-Fe,O3) (Ahn and Buseck 1990; Morris and
Horwitz 1983; Sun et al. 2015). However, hematite dehy-
drated from ferric oxyhydroxide precursors during early
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Fig. 10 Distribution profiles of various Fe species with ratios of
Fe?*/Fe** in the Dounan manganese deposit
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diagenesis could have been further modified during sub-
sequent diagenetic, hydrothermal, metamorphic, tectonic,
or supergenetic processes. For example, oxyhydroxides
could have transformed into acicular, fibrous, spindle-like,
or microplaty hematite when occurring with oxidative
meteoric fluids (Rasmussen et al. 2014). According to
Mbossbauer spectral data, the Fe** in the Dounan man-
ganese deposit is mainly represented by hematite (o-
Fe,03), and there is no other ferric minerals except a small
amount of clay minerals with Fe*" and Fe®", indicating
that the metallogenic environment was an ordinary sedi-
mentary environment and there was no obvious
hydrothermal activity during the mineralization process
(Rasmussen et al. 2014; Sun and Li 2017). Normally para-
Fe*™ in modern sediments is believed to be silicate Fe
transported from the surroundings (Matsuo et al. 1996),
while para-Fe*" in sediments is supposed to exist in clay
minerals as well as in amorphous Fe sulfide, carbonates,
and/or in organically-bound forms (organic-Fe*") (Hilton
et al. 1986; Matsuo et al. 1996). Comparing isomer shifts
and quadrupole splitting values, para-Fe** and para-Fe*"
in the samples were confirmed to be clay minerals with less
content, and there is no amorphous Fe sulfide or other
forms of Fe*™ found in the Dounan manganese deposit.
Some of the Fe** liberated from para-Fe**tand hem-Fe>™
could have been diagenetically reduced and moved into
clay minerals (Banwart 1999; Tuccillo et al. 1999),
changing the pattern of para-Fe*tand para-Fe**; thus, the
distribution of para-Fe®™ and para-Fe** may indicate a
change in the primary sedimentary conditions between the
upper and lower ore beds. Figure 10 shows that the
changing characteristics in the profile of para-Fe*™ and
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para-Fe*" in the Baigu and Gake sections are similar,
indicating that they share the same source, and that the
diagenetic transformation caused by redox during the later
period of mineralization was limited. The Fe*™/Fe’ " (hem-
Fe*t + para-Fe*1) ratio of modern and ancient sediments
should be a good indicator for estimating sedimentary
redox conditions (Kubo et al. 1996; Kuno et al. 1998).
Except for BG-4 and GK-8, the Fe*"/Fe’™ ratios of the
other samples in the Baigu and Gake are all less than 1,
indicating that the ore-forming environment was domi-
nated by oxidation or sub-oxidation. Furthermore, the
distribution characteristics of this value in the profiles show
that the redox conditions during the ore-forming process
vary from layer to layer (Fig. 10). The conclusion of Fe
species analysis is consistent with the previous discussion.
However, there is not complete agreement, such as the
results of BG-5 and GK-0. Therefore, when geochemical
indexes are used to study a metallogenic environment, it is
necessary to fully consider the limitations of a single index
and the contingency of the results obtained. Comprehen-
sive utilization of multiple parameters is an effective
method to obtain accurate results.

Summarizing the analysis of mineralogy, geochemistry,
and Fe species strongly suggests that the Dounan man-
ganese deposit formed in a shallow marine sedimentary
basin on the continental margin with normal salinity. The
physical and chemical conditions of ore formation were
weakly alkaline and weakly oxidizing-weakly reducing.
The ore-forming location was near the redox interface. The
metallogenic environment of Gake in the lower ore section
changed very little, except for individual ore layers and the
top and bottom. The ore-bearing layer is mainly charac-
terized by oxidation. The metallogenic environment of
Baigu in the upper ore section shows fluctuations between
weakly oxidizing and weakly reducing, showing that both
the metallogenic depth and the redox interface fluctuated.
This is consistent with the previous understanding of the
incidents of transgression and regression events during the
Middle Triassic (Anisian-Ladinian) in the southeastern
Yunnan (Wu and Zhu 1994).

The characteristics of the redox conditions during the
mineralization of the two major ore sections may reflect
that the marine environment was at the beginning of
transgression or the end of regression during the initial
stage of mineralization. Therefore, the ores formed at the
bottom of the deposit are manganese oxide ores dominated
by braunite. With further development of transgression,
rising sea level led to a gradual reduction in ore-forming
water. During the transition from weak oxidation to weak
reduction, a transitional manganese ore mixed with brau-
nite and manganese carbonates formed. When the trans-
gression reached its peak, a manganese carbonate ore phase
mainly formed in the ore beds.

Therefore, it is likely that the lower ore section of Gake
may have formed during the transition from the beginning
of a transgression to its peak and the process of trans-
gression was slow and continuous, such that the manganese
ore formed at its lower layer was dominated by braunite,
and there was a shift to a reducing manganese ore along the
ore beds. The characteristics of the redox properties of
Baigu in the upper part indicate that the changes in sea
level during the ore-forming process were small but fre-
quent, resulting in the formation of interbedded layers of
manganese oxide ores and manganese carbonate ores.

7 Conclusion

Based on the mineralogy, geochemistry and Fe species
evidence described above, the following regarding the
metallogenetic environment of the Dounan manganese
deposit may be concluded:

(1) The Dounan manganese deposit is a sedimentary
manganese deposit formed in an environment of the
epicontinental marine basin with normal salinity. Its
ore-forming location was near the redox interface,
and the redox property was the dominant factor in
mineralization. The physical and chemical condi-
tions of manganese mineralization were generally
characterized as weakly alkaline and fluctuating
between weakly oxidizing and weakly reducing.

(2) The variations in V/(V + Ni), 8Ce, and Fe**/Fe*
from the Dounan manganese deposit possibly reflect
redox change in a metallogenetic environment. The
rise and fall of sea level was an important factor
controlling the change in the mineralization envi-
ronment. The Dounan manganese deposit was prob-
ably subjected to periodic transgressions and
regressions during the mineralization stage.
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