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Abstract: The Zunyi manganese deposits, which formed during the Middle to Late Permian period and are located in
northern Guizhou and adjacent areas, are the core area of a series of large-medium scale manganese enrichment
minerogenesis in the southern margin and interior of the Yangtze platform, Southern China. This study reports the universal
enrichment of rare earth elements (REEs) in Zunyi manganese deposits and examines the enrichment characteristics,
metallogenic environment and genesis of REEs. The manganese ore bodies present stratiform or stratoid in shape, hosted in
the silicon—mud-limestones of the Late Permian Maokou Formation. The manganese ores generally present lamellar,
massive, banded and brecciated structures, and mainly consist of rhodochrosite, ropperite, tetalite, capillitite, as well as
contains paragenetic gangue minerals including pyrite, chalcopyrite, rutile, barite, tuffaceous clay rock, etc. The manganese
ores have higher ¥REE contents range from 158 to 1138.9 ppm (average 509.54 ppm). In addition, the XREE contents of
tuffaceous clay rock in ore beds vary from 1032.2 to 1824.5 ppm (average 1396.42 ppm). The REEs from manganese
deposits are characterized by La, Ce, Nd and Y enriched, and existing in the form of independent minerals (e.g., monazite
and xenotime), indicating Zunyi manganese deposits enriched in light rare earth elements (LREE). The Ceuom ratios
(average —0.13) and lithofacies and paleogeography characteristics indicate that Zunyi manganese deposits were formed in
a weak oxidation-reduction environment. The (La/Yb).,, Y/Ho, (La/Nd)y, (Dy/Yb)x, Ce/Ce” and Eu/Eu’ values of samples
from the Zunyi manganese deposits are 5.53-56.92, 18-39, 1.42-3.15, 0.55-2.20, 0.21-1.76 and 0.48-0.86, respectively,
indicating a hydrothermal origin for the manganese mineralization and REEs enrichment. The 5]3CV_pDB (—0.54 to —18.1%0)
and 6" Osyow (21.6 to 26.0%o0) characteristics of manganese ores reveal a mixed source of magmatic and organic matter.
Moreover, the manganese ore, tuffaceous clay rock and Emeishan basalt have extremely similar REE fractionation
characteristic, suggesting REEs enrichment and manganese mineralization have been mainly origin from hydrothermal
fluids.
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1 Introduction

The area of southwestern China is one of the most
important production areas for China's rare earth
resources, in which the major industrial sources of rare
earth deposit types include weathered basalt, granite,
phosphorite, etc rock bodies with high REEs background
values (Yang et al., 2008; Xie and Zhu, 2012; Huang et
al., 2014; Zhang et al., 2016; Xu et al., 2017). In recent
years, the soaring of global demand for rare earth
resources, comprehensive research and utilization of
associated rare earth resources has attracted much
attention. Specially that most studies have noticed the
anomalous enrichment of rare earth elements (REEs) in
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manganese deposits and has become a new focus in the
field of geology (Kato et al., 2005a, b; Mohapatra et al.,
2006; Mishra et al., 2006; Moriyama et al., 2008;
Mongelli et al., 2013). Recently, through the analysis of
REE compositions from the Zunyi manganese deposits,
one unanticipated finding was the manganese ores
universal possess high ZREE contents with ranging from
158 to 1138.9 ppm (average 509.54 ppm) (Xu et al,
2018). The concentrations of XREE from Changzheng,
Nancha and Tongziwo manganese deposits in Zunyi
region range from 393.6 to 721 ppm, 158 to 823 ppm and
3263 to 11389 ppm, respectively. In addition,
comprehensive previous studies also found that the
Permian manganese deposits from Zunyi to Qianxi and
Nayong to Xuanwei region present generally enriched in
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REEs (Fig. 1; Liu et al., 2008; Yang et al., 2009; Liu et al.,
2015), which display this area have great potential for rare
earth mineralization.

The Permian manganese deposits from Zunyi area were
initially discovered in 1944 near Zunyi city, which were
the first manganese deposits with industrial value found in
Guizhou Province (Liu et al., 1989; Liu et al., 2008). After
more than half a century of systematic research had
achieved significant progress in the origin, metallogenic
regularities and prospecting exploration of manganese
deposits (Liu et al., 1989; Fan and Yang, 1999; Liu et al.,
2008; Liu et al., 2015; Gao et al., 2018). In recent years,
two new large-scale and two medium-scale manganese
deposits have been found in Zunyi area, indicating that
Zunyi manganese ores belt has great potential for
mineralization. However, previous studies focused only on

the origin, metallogenic regularities and prospecting
exploration of manganese deposits (Liu et al., 1989; Fan
and Yang, 1999; Liu et al., 2008; Yang et al., 2009, 2018;
Liu et al., 2015; Gao et al., 2018). In regarding to the
enrichment characteristics, sources and enrichment
mechanism of REEs in manganese deposits remain poorly
understood. These aspects urgently require further
research to complement work on the Zunyi manganese
deposits and it associated REEs resources.

Therefore, we carried out integrated characterization of
the ores deposits geology, petrology, mineralogy, electron
probe microanalysis (EPMA), carbon and oxygen isotopic
and element geochemistry of the Changzheng, Nancha,
and Tongziwo manganese deposits. The results of this
analysis have implications for the enrichment
characteristics, metallogenic environment and material
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Fig. 1. Map showing distribution of Emeishan Large Igneous Province (ELIP) in southwest China and the map of lithofacies

and paleogeography of Middle Permian manganese deposits in central-western Guizhou, SW China
(a) Distribution of ELIP in southwest China (after Ukstins-Peate et al., 2008); (b) distribution of ELIP in Guizhou (after Guizhou Bureau of Geology and
Mineral Resources 1987); (c) distribution of lithofacies and Paleogeography and manganese deposits in central-western Guizhou (after Chen et al., 2003)
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sources of the REEs in Zunyi manganese deposits and so
facilitate a deeper understanding of the genesis of REEs
enrichment.

2 Geological Settings

2.1 Regional geology

The Emeishan mantle plume activity peaked during the
middle to late Permian and influenced magmatic activity
across large portions of southwestern China (Ali et al.,
2005; Zhou et al., 2006). Previous studies have
documented that the main eruption timing of the Emeishan
basalt was concentrated at ~260 Ma (Zhou et al., 2002,
2006; Guo et al., 2004; Ali et al., 2005; Zhong et al., 2006;
Yumul et al., 2008; Tao et al., 2009; Zhong et al., 2014)
and constrained the end of Emeishan volcanism to
251+0.1 Ma (Lo et al., 2002; Fan et al., 2004; Zhu et al.,
2011). The intense activity of the Emeishan mantle plume
had a profound influence on the paleogeography and
paleotectonic evolution of Sichuan, Yunnan, Guizhou and
surrounding areas (Fig. la; Ali et al., 2005; Hou et al.,
2006; Song et al., 2009; Xu et al., 2014; Shellnutt, 2014;
Huang et al., 2014; Li et al., 2015, 2017). Influenced by
the regional deep fault and the paleogeographic situation,
the Emeishan basalt expanded from west to east and
affected the whole northwestern and central sections of
Guizhou (Fig. 1b). The uplift of the Emeishan mantle
plume produced significantly affected the crustal structure
in the area, which formed a NE-NNE deep-water
aulacogen crossing the Liupanshui fault depression and
the Zunyi fault arch. Chen et al (2003) named it
“aulacogen of central Guizhou” (Fig. 1c). The aulacogen
of central Guizhou developed fold and fault systems with
complex structural styles, and mainly developed the NE
and NNE-trending syn-sedimentary faults (Fig. 2). The
Permian manganese deposits in Zunyi-Shuicheng-
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Nanyong-Gexue area are strictly restricted within the
aulacogen of central Guizhou, and the output shape and
spacial distribution of the ore bodies are obviously
controlled by the aulacogen (Liu et al., 1989; Hou, 1997;
Yang et al., 2009; Liu et al., 2015, Gao et al., 2018).

2.2 Ore deposit geology

The Permian manganese deposits in Zunyi area located
in the manganese-enriched zone on the southwestern
margin of the Yangtze platform (Liu et al., 1989; Liu et
al., 2008; Yang et al., 2009). The main outcrop strata in
Zunyi manganese ores field is Cambrian, Ordovician,
Silurian, Permian, Triassic, etc. In which, the lithology of
the Upper Cambrian outcrop strata is the dolomite of
Loushanguan formation. The Ordovician is dominated by
dolomite, bioclastic limestone and siltstone. The Silurian
is mainly consist of siltstone and shale. The overlying
lithology is the Permian, is mainly made up of siliceous
rocks, carbonaceous mudstone and limestone, and the
Triassic consists of mudstone, marlite and dolomite (Gao
et al., 2018). Influenced by the Duyun Movement (a
tectonic movement between the late part of the end of the
Ordovician and the early part of the early Silurian that
resulted in missing strata, unconformities and
disconformities), the “Central Guizhou Palaeouplift” went
through a transformation stage from underwater to land
uprisings during the late Ordovician (Deng et al., 2010;
Gao et al., 2018), becoming part of the land and resulting
in a lack of Devonian and Carboniferous strata in this area.
The Permian Maokou Formation is the REEs and
manganese ore-bearing strata. The Zunyi manganese
deposits are mainly distributed in the core and the two
limbs of the Tongluojing anticline or in the composite
parts of the Tongluojing and Xiazi anticlinorium (Fig. 2;
Liu et al., 1989; Liu et al., 2015). The ore bodies are
stratiform or stratoid in shape, and hosted in the siliceous
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Fig. 2. Regional geological map of the Permian manganese deposits in the Zunyi region, Guizhou, SW

China (Modified from Liu et al., 2015).
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mudstones and carbonaceous rocks at the top of the
Maokou Formation. The bottom of the manganese ore-bed
is the “Bainitang layer”, a siliceous rock Formation, which
has a distribution area of approximately 900 km’ and
unequal thickness between 40 and 60 m surround
distributed around manganese ore bodies in rings (Liu et
al., 2008; Xu et al., 2017; Gao et al., 2018). The top of the
manganese ore-bed is medium-thick layered bioclastic
siliceous limestone. In addition, there are numerous of
pyrite, illite, clay or carbonaceous clay rock developed in

the transition zone between ore bed and bed top (Liu et al.,
2008).

Research on the sedimentation structures and tectonic
characteristics of the Zunyi manganese deposits reveal the
coexistence of a variety of structures such as lamellar
structure or massive structure (Fig. 3a), banded structure
(Fig. 3b), brecciated structure (Fig. 3c—d) with an
ascending order (Liu et al., 2008; Gao et al., 2018). In
some cases, the brecciated structure also observed on basal
of manganese deposit in Gexue area (Liu et al., 2008), but
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Fig. 3. Photographs showing typical feature of Permian manganese deposits at Zunyi, Guizhou Province.

(a) Steel gray massive manganese ore; (b) gray-black striped manganese ore; (c) gray-black brecciated manganese ore; (d) manganese ores
closely coexisting with tuffaceous clay rock and brecciated pyrite; (e) tuffaceous clay rock; (f) black carbonaceous ellipsoid; (g) black carbo-
naceous pillars distributed in tuffaceous clay rock; (h) siliceous rock; (i) the veins, net vein pyrite - chalcopyrite mixed arrangement (cross-
polarized light); (j) irregular granular pyrite (cross-polarized light); (k) the cleavage of rhodochrosite is obviously bent and deformed (cross-

polarized light); (1) spherulitic rhodochrosite (cross-polarized light)
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minor in Shuicheng-Nayong manganese deposits (Liu et
al., 2013, 2015; Gao et al., 2018). The manganese ores
closely coexisting with tuffaceous clay rock (Fig. 3b—d)
and brecciated pyrite (Fig. 3b—e). Moreover, a black
carbonaceous ellipsoid structure (approximately 5—30 cm
in diameter) (Fig. 3f) and a carbonaceous pillar structure
(approximately 1-10 cm in diameter) (Fig. 3g) were
observed in the host rocks or tuffaceous clay rock.

The examines mineralogical and  petrologic
characteristics of manganese ore samples collected from
Changzheng, Nancha and Tongziwo deposits in Zunyi
region. The macro lithologies of most ore samples were
apparent differentiated from the wall rocks due to their
structures and appearance at the macro-scale (Fig. 3 a—h).
The mainly the ore minerals consist of rhodochrosite,
followed, in order of decreasing abundance, by
calcimangite, capillitite and manganocalcite. Additionally,
the ore bodies and wall rocks contain numerous of sulfides
or sulfide assemblages, mainly pyrite (Fig. 3b—d),
chalcopyrite (Fig. 3b—d), as well as barite, rutile, siliceous
rock (Fig. 3h), tuffaceous clay rock and calcite also have
been found in manganese ore (Liu et al., 2008; Gao et al.,
2018). The microstructure features under the microscope
display the coexistence of a variety of textures like veinlet
texture (Fig. 3i, k), granule texture (Fig. 3j), pisolitic
texture (Fig. 31). In some case, capillitite present reddish-
brown (Fig. 31) and chalcopyrite present steady covellite
(Fig. 3i) probably as a result of its iron content and
oxidized. In addition, minerals of hydrothermal origin
(e.g., rutile, barite, galena, sphalerite, pyrite and
chalcopyrite) are also present in Zunyi manganese
deposits (Liu et al, 2008; Gao et al, 2018). The
occurrence of the mineral assemblage of barite, rutile,
galena, sphalerite, brecciated pyrite, carbonaceous
ellipsoid and carbonaceous pillar in Zunyi manganese
deposits is comparable to those of characteristically
hydrothermal deposit. These geological features are
clearly distinct from normal marine manganese deposits
but similar to typical hydrothermal manganese deposits
(Liu et al., 2008; Liu et al., 2013, 2015; Papavassiliou et
al., 2017; Gao et al., 2018).

3 Samples and Methods

Twenty-three samples of manganese ores and wall
rocks (6 samples collected from the Changzheng
manganese deposit (106°56'36"E, 27°38'26"N), 11
samples collected from the Nancha manganese deposit
(106°55'13"E, 27°36'40"N), and 6 samples collected from
the Tongziwo manganese deposit) (106°57'36"E, 27°39’
32"N) were sampled from three manganese deposits in
Zunyi, Guizhou Province. All of the samples include
manganese ore, manganiferous limestone, siliceous rock
and tuffaceous clay rock.

The rare earth elements (REEs) of 23 samples were
analyzed by using a PE Elan6000 inductively coupled
plasma mass spectrometer (ICP-MS) at an accredited
laboratory (ALS Minerals-ALS Chemex Co. Ltd.,
Guangzhou, China). The experimental method involved
dissolving samples with HF+HNO; after adding a Rh
internal standard solution, converting them to a 1% HNO;

solution, and measuring them with the ICP-MS. The
analytical accuracy was better than 5%.

The EPMA and energy spectrum analysis of 3
manganese ore samples were performed by JXA-8100 at
the Xi’an Center of Geological Survey, Geology Survey of
China. The samples were ground into thin blocks and were
spray coated with conductive carbonaceous thin films. The
samples were analyzed with a JXA-8100 Inca Energy
electron probe produced by Japan Electron Optics
Laboratory. The experimental conditions are as follows:
an acceleration voltage of 15 kV, a beam of 1.00x10™® A,
and a beam spot diameter of 1 pum. The scanning
backscatter electron imaging technology of the electron
probe under different magnifications was utilized to
observe the phase composition of the sample surface and
identify the microcomponents of the phase.

Carbon and Oxygen isotope analyses of 17 samples
were carried out in the Key National Laboratory of
Environmental Geochemistry of the Institute of
Geochemistry under the Chinese Academy of Sciences.
The instrument used was a gas-stable isotope mass
spectrometer under continuous flow mode. The details as
follows: (1) measure 1 mg = 50 ug dried carbonate powder
(based on CaCQ;), put it into a reaction bulb, tighten the
shock insulator, and put the bulb in a sample tray at a
temperature of 90.0 £ 0.1°C; (2) use a 30 ml/min helium
flow for 5 min to eliminate air from the reaction bulb; (3)
inject 300 pl of 100%-pure phosphoric acid into the
branch duct of the reactor the phosphoric acid and
carbonate react immediately, releasing CO, into the
reaction bulb; (4) after the reaction is complete, use
helium flow to purge the gas from the reaction bulb
through a chromatographic separation column; and gS)
guide the CO, into the IRMS and report as 6°C and 'O
values in %o notation relative to the VPDB (Vienna Pee
Dee Belemnite) (carbon and oxygen) standard. During the
analysis, carbonate solid standards are inserted for the
purpose of calibrating the measurement results.

4 Results

4.1 REE compositions

The REEs compositions of the Changzheng, Nancha
and Tongziwo manganese ores from Zunyi area are listed
in Table 1. The XREE contents of the manganese ores
range from 158 ppm to 1138.9 ppm, with an average of
509.54 ppm. Specifically, the ZREE contents of the
Changzheng manganese ores range from 393.6 to 721
ppm, with an average of 506.79 ppm; the XREE contents
of the Nancha manganese ores range from 158 to 823
ppm, with an average of 437.86 ppm; and the XREE
contents of the Tongziwo manganese ores have a relatively
higher range of 326.3 ppm to 1138.9 ppm, with an average
of 601.90 ppm. In particular, the ZREE contents of the
tuffaceous clay rock in manganese ores are the highest,
which range from 1032.15 ppm to 1824.5 ppm, with an
average of 1396.4 ppm. In comparison, the wall rocks
show lower REE content, ranging from 22 to 297.9 ppm,
with an average of 136.4 ppm. Therefore, the degrees of
REE enrichment in the different types of manganese ores,
wall rocks and tuffaceous clay rock have obvious
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Table 1 REE compositions (ppm) of Permian manganese deposits from Zunyi region, Guizhou Province

Locality Sample Rock (ore) type La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
cz01  Siliceousrock 13.80  33.40 434 19.10 3.88 092 334 046 235 045 1.29 0.19 1.03 0.17
Changzheng cz02 Manganese ore 222.00 108.00 4320  186.00 3240 637 3550 530 32.40 7.4520.70 2.93 16.30 2.48
manganese cz03 Manganese ore 103.00  121.00  22.00 85.00 1645 286 11.10 157 894 1.86 5.81 1.1410.80 2.04
deposit cz04 Manganese ore 90.40 25400  15.15 57.90 1235 224 920 140 7.44 134 3.45 0.48 3.41 041
cz05 Manganeseore 76.80  260.00 1590  62.00 1310 208 793 115 601 1.16 3.08 0.46 323 0.49
cz06 _ Siliceous shale  27.10 7520 7.11 28.30 5.84 120 513 090 5.14 1.09 2.80 0.40 2.59 0.37
nc0l Manganese ore 126.50  47.90 2150  90.80 1330 272 1810 270 16.55 4.29 12.35 1.60 9.44 151
ncOlA Manganese ore 112.00  42.80 19.35 82.70 1280 292 1920 2.80 1825 4.4512.851.64 931 1.52
nc02A Manganese ore 9530  230.00  21.50 82.70 19.05 250 12.65 2.19 1235 2.36 6.53 0.97 6.91 0.96
nc02B Manganese ore 142.50 43400 3250  131.00 2850  4.01 1835 2.58 12.85 2.36 6.51 0.95 6.44 0.91
Nancha nc03  Siliceous shale 77.60  259.00  19.65 79.70 1575 267 973 147 7.44 143 3.81 0.58 3.98 0.51
manganese nc04 Manganese ore 27.20 89.60 4.94 18.70 4.14 1.38 341 0.51 3.06 0.63 1.98 0.29 1.90 0.28
deposit nc06  Siliceous rock 89.10  85.70 15.25 63.20 1160 211 1075 139 7.89 1.57 4.15 0.59 3.80 0.56
nc09 Tuff-clay rock 469.00 718.00 9330 37800  70.00 1250 41.60 4.65 19.40 3.14 7.19 0.95 5.91 0.88
ncl0  Tuff-clayrock 255.00 401.00  50.60  209.00  47.80 872 2850 3.06 13.65 2.35 5.60 0.84 5.29 0.74
ncll  Tuff-clayrock 307.00 491.00 6240  250.00  53.60  9.45 3170 3.64 16.20 2.69 6.46 0.94 6.22 0.83
ncl2  Tuff-clay rock 378.00 579.00  76.80  307.00 6120 10.50 36.10 4.12 17.25 2.86 6.54 0.90 5.80 0.83
tzw01C Siliceous rock 20.60  34.10 426 16.20 3.02 027 242 036 207 040 1.01 0.14 0.96 0.15
) tzw02B  Siliceous rock ~ 8.80 8.60 1.32 5.50 098 024 098 0.13 099 022 0.57 0.06 0.40 0.07
TO“%Z‘W" tzw03 Manganese ore  85.00  50.80 19.60  80.20 18.10  3.62  19.95 3.15 1840 4.1111.251.52 9.22 1.42
mzzﬁzzise zw0SA Manganescore 105.00 22400  22.80 9150 2030 431  23.00 3.26 18.00 3.25 8.54 1.15 6.94 0.97
tzw05B Manganese ore 167.50  488.00 4690 20500  51.80 10.85 53.60 8.62 48.30 9.61 23.70 3.18 19.25 2.63
tzw06 Manganese ore 91.80  110.50  20.90 83.70 19.75  4.15  20.60 3.67 21.50 4.56 12.551.9311.90 1.79
Locality Sample Rock (ore) type Y XREE+Y LREE HREE I;{I?{%]g \((];;l:h Y/Ho Ceamom  Ce/Ce* Eu/Eu* SZ;L g?gb/[
cz01  Siliceousrock 11.70  96.42 75.44 9.28 813 961 2600  —0.01 1.05 076 1.42 1.53
Changzheng cz02 Manganese ore 258.00 979.03 59797 123.06 486 977 3500  —0.62 025 057 235 133
manganese cz03 Manganescore 42.70 43627 35031  43.26 810  6.84 23.00  —0.24 059 061 239 0.55
deposit cz04 Manganeseore 35.00  494.17 43204  27.13 1592 19.02  26.00 0.17 153 062 3.08 1.46
cz05 Manganeseore 29.90 48329  429.88  23.51 1828  17.06  26.00 0.22 173 058 244 125
cz06  Siliceous shale  29.10 19227 14475  18.42 7.86 751 27.00 0.10 130  0.66 1.89 1.33
nc0l Manganese ore 160.50  529.76  302.72  66.54 455 961 37.00  —0.71 021 054 275 1.17
ncOlA Manganese ore 175.00 517.59 27257  70.02 389 863 39.00 —0.71 021 057 267 131
nc02A Manganese ore 4330 53927  451.05  44.92 10.04  9.89  18.00 0.07 120 046 227 120
nc02B Manganese ore 52.40  875.86  772.51  50.95 1516  15.87  22.00 0.16 150 050 2.14 1.34
Nancha nc03 Siliceous shale 27.90 51122 45437  28.95 1569  13.99  20.00 0.18 158 061 192 1.25
manganese nc04 Manganese ore 15.70 173.72 145.96 12.06 12.10 10.27  25.00 0.23 1.76  1.09 2.87 1.08
deposit nc06 Siliccousrock 47.50  345.16  266.96  30.70 870  16.82 30.00  —0.31 052 057 278 1.39
nc09 Tuff-clayrock 59.60 1884.12 1740.80 8372 2079 5692 19.00  —0.12 0.79 0.65 2.44 220
ncl0 Tuff-clayrock 48.00 1080.15 972.12  60.03 1620 3458 2000  —0.11 0.81 067 240 1.73
ncll Tuff-clayrock 54.00 129613 1173.45  68.68 17.00 3540 20.00  —0.10 0.82 065 242 1.74
ncl2  Tuff-clay rock 58.80 154570 141250  74.40 1890 4675  21.00  —0.12 0.79  0.63 2.43 1.99
tzw01C Siliceousrock 1020  96.16 78.45 7.51 1045 1539 2600  —0.08 0.85 030 2.51 1.44
) tzw02B  Siliceous rock ~ 8.30 37.16 25.44 3.42 7.44 1578 3800  —0.28 055 074 3.15 1.66
Tongziwo tzw03 Manganese ore 105.50  431.84 25732 69.02 3.73 6.61 2600  —0.55 029 0.58 2.09 1.34
m?i‘;ﬁz‘;efe ZwOSA Manganeseore 9130 62432 46791 6511 719  10.85 2800 0.1 107 061 226 1.74
tzw05B Manganese ore 254.00 1392.94  970.05  168.89 574 624 26.00 0.09 133 062 161 1.68
tzw06 Manganese ore  98.80  508.10  330.80  78.50 421 553 2200  —0.24 059 062 2.16 1.21

Notes: Part of data are derived from Xu et al (2018). Ce/Ce =2xCen/(Lan+Prx), Ceanom=12[3Cemaie/(2 X Lagiet Ndgae)l, where N indicates that ratios were
normalized to chondrite (Sun and McDonough 1989), PAAS indicates that ratios were normalized to post-Archean average Australian shale (Taylor and

Mclennan 1985).

differences. The highest REE contents obtained in this
study (up to 1824.50 ppm) are in tuffaceous clay rock
from the Nancha deposit, followed by the brecciated and
banded manganese ores (Xu et al., 2018).

4.2 Electron probe analyses

Representative EPMA data from the rhodochrosite from
Zunyi manganese deposits are listed in Table 2. The REEs
in Zunyi manganese deposits mainly occur in independent
minerals (e.g., monazite, xenotime, etc.), which are
euhedral-subhedral (Fig. 4a and b), veinlets (Fig. 4c) or
porphyritic (Fig. 4d) distributed in the interior or cut
through the pyrite and rhodochrosite. These features

indicate directly that the REEs were deposited in a
hydrothermal fluid, which was probably derived from
regional hidden hydrothermal sources. The REEs
composition in manganese ores is characterized by La, Ce
and Nd enrichment in the Zunyi manganese deposits (Fig.
4e), and the heavy REE (HREE) Y are relatively enriched
in a portion of the ore beds. Therefore, the REE
compositions in Zunyi manganese deposits are mainly
characterized by light REE (LREE) enrichment.

4.3 Carbon and oxygen isotopes analyses
The carbon and oxygen isotopic compositions of
manganese deposit from Changzheng, Nancha and
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Table 2 Representative EPMA data (wt%) of the rhodochrosite from Zunyi manganese deposits, Guizhou Province

Sample Mineral Point pOSitiOl’l P205 S102 Y203 La203 C6203 Sm203 Pl‘zO3 Nd203 Gd203 Elleg ThOz UOZ Total
nc02-2  Rhodochrosite Core 28.29  0.05 028 1796 3511 1.14 2.17 8.91 1.1 0.07 0.02 0.08  95.17
nc02-3  Rhodochrosite Core 26.96  0.08 0.17 18.8 3488 1.27 2.51 8.82 0.57 0 0 0 94.05
nc02-4  Rhodochrosite Core 29.11  0.22 027 1929 3152 157 2.8 8.91 0.56 0 0 0.05 94.3
tzw05-10  Rhodochrosite Core 27.35 1.83 0.07 8.02 33.69 3.13 2.71 16.92  1.19 0 0.18 0 95.07
Mn
sample: nc02
H
|sample: tzw(5 B e SOt o
[ 000 100 D0 300 400 an 800 700 &DD GO0 100D
Fig. 4. The photos electron of Electron probe backscatter and X ray energy spectrum of Rhodochrosite.
(a) Monazite (Mnz) dispersively distributed in rhodochrosite (Rds); (b) monazite (Mnz) distributed in the rhodochrosite
(Rds) as striped; (c) monazite (Mnz) is disseminated or veinlets cut through the pyrite (Py) and rhodochrosite (Rds); (d)
Monazite (Mnz) distributed in rhodochrosite (Rds) as porphyritic; (e) the X-ray energy spectrum of monazite (Mnz) in
rhodochrosite (Rds).
Tongzhiwo are listed in Table 3. The ¢"*Cy_ppg values and (average —7.149%o), respectively.
0"0ypps values of the manganese ores range from
—18.152%0 to —0.547%o (average —7.779%o) and —6.875%o 5 Discussions
to —4.694%o (average —5.794%o), respectively. In detail,
the manganese ores from Nancha to Tongziwo to 5.1 Sedimentary environment of REEs
Changzheng exhibit 6"°Cyppg values of —18.152%o to Wright and Holser (1987) proposed that Ceauom.

—0.547%0 (average —9.067%o), —13.571%0 to —4.241%o
(average —8.11%o0) and —11.465%0 to —2.493%o0 (average
—5.837%0), as well as 0"*Oyppg values of —6.08%o to
—5.581%0 (average —5.785%o), —5.939%0 to —4.963%o
(average —5.496%o), and —6.875%0 to —4.694%o. (average
—6.102%o), respectively. Besides, the 513CV_pDB values and
6"%0v.ppg values of the Siliceous rock varies from 1.091%o
to 3.902%o (average 2.469%o0) and —8.988%0 to —6.364%0

(Ceanom= 1g[3Cepans/(2 % Lapaast Ndpaas)] is a good
index to reflects oxidation-reduction condition for the
depositional environment. Generally, Ceyom > —0.1
indicates that the water body within which the manganese
ores formed or deposited was deficient in oxygen, whereas
Ceanom < —0.1 indicates that the sedimentary water body
was oxidative (Wright and Holser, 1987). The Ceom.
ratios of the manganese ores from Zunyi area all cover a
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Table 3 The carbon and oxygen isotopic compositions of
the Permian manganese deposits from the Zunyi region,
Guizhou Province

Localit Rock (ore) Sample sc %0 %0
Y type P (vrpm%0) (v-ppm.%o) (smow,%o)
Manganese ore ncOlA —15.938 —5.581 25.157
Manganese ore nc02A  —7.581 =5.787 24.944
Nancha
Manganese ore nc02B  —3.12 —5.836 24.894
manganese
ores Manganese ore nc0l  —18.152 —5.644 25.092
Manganese ore  nc04  —0.547 —6.08 24.642
Siliceous rock  nc05 2.201 —8.988 21.644
Siliceous rock tzw01A  2.928 -7.142 23.547
Siliceous rock tzwO1B ~ 3.902 —6.464 24.246

Tongziwo ~ Siliceous rock tzw01C  2.226 -6.791 23.909

manganese Manganese ore tzw03  —8.303 —4.963 25.794
ores Manganese ore tzw06A —4.241 —5.415 25.328
Manganese ore tzw05A —6.325 —5.939 24.787

Manganese ore tzw05B —13.571  —5.668 25.067

Manganese ore  ¢z02  —5.868  —4.694 26.071

Changzheng Manganese ore  ¢z03  —11.465 —6.559 24.148
manganese Manganese ore cz04  —3.524  —6.875 23.823
ores Manganese ore  ¢z05  —2.493  —6.281 24.435
Siliceous shale  ¢cz06 1.091 —6.364 24.349

large range from —0.71 to 0.23 (average —0.13), but
overall present negative Ceyon indicates that manganese
and REE were precipitate in a weak oxidition-reduction
environment. Gao et al. (2018) suggests that the paleo
sedimentary environment experienced long term, dramatic
variations during ore-forming processes, and these
fluctuations may be linked to periodic crust uplift and
subsidence resulting from volcanism in Zunyi and its
adjacent areas during the Middle to Late Permian.

Comprehensive the research of lithofacies and
paleogeography, the Zunyi area located in the deep-water
environment of aulacogen of central Guizhou during the
Middle to Late Permian (Liu et al., 1989; Liu et al., 2015;
Gao et al., 2018; Yang et al., 2018). The aulacogen of
central Guizhou was controlled by region deep faults and
had a water depth of more than 60 m, but on both sides
was shallow-water restricted carbonate platform facies
with water depths of less than 10 m (Chen et al., 2003;
Gao et al., 2018) which reflect a weak oxidition-reduction
transitional environment. This is consistent with
geochemical characteristics, indicating the REEs and
manganese deposition should be taken place in a weak
oxidition-reduction environment. Additional, previous
studies of Zunyi manganese ores and “Bainitang layer”
siliceous rocks also support that the metallogenic
environment for Zunyi manganese deposits was a weak
oxidition-reduction environment (Xu et al., 2017; Gao et
al., 2018). Due to the weak oxidation environment are
beneficial for the deposition of some insoluble Mn*" as
oxides or hydroxides (Wu et al., 2016), while the large
area of siliceous rocks at the bottom of Zunyi manganese
deposits played a protective role in the preservation of the
manganese and REE (Liu et al., 2013). Therefore, the deep
-water aulacogen of central Guizhou provided an
important reservoir space and favorable metallogenic
conditions for manganese and REE enrichment and
mineralization.

5.2 Sources of the rare earth elements (REEs)

Previous studies have documented that the extensive
distribution area of Emeishan basalt is one of the areas that
is relatively enriched in REEs, rare elements and dispersed
elements in southwestern China (Yang et al., 2008; Zhou
et al, 2013; Zhang et al., 2016). These manganese
deposits within the aulacogen of central Guizhou, such as
Zunyi, Shuicheng, Qianxi and Gexue (Yunnan), are
formed in the middle-outer zone of the Emeishan Large
Igneous Province (ELIP), and widely distribution of
volcanic tuffaceous materials and more complex syn-
sedimentary fault systems (Liu et al., 1989; Liu et al.,
2008; Gao et al., 2018; Yang et al., 2018). In addition,
these manganese deposits present many mineral
assemblages associated with hydrothermal sedimentation
in manganese ores deposits, such as, rutile, barite, galena,
sphalerite, pyrite, and carbonaceous column etc (Liu et al.,
2008; Gao et al., 2018). The map of Electron probe
backscatter reveal monazite as disseminated or veinlets cut
through the pyrite and rhodochrosite (Fig. 4 a—c),
indicating directly that the REEs were deposited in a
hydrothermal fluid, which was probably derived from
regional hidden hydrothermal sources. It is noteworthy
that, the XREE contents of these manganese deposits are
significantly high, such as Zunyi (XREE=509.54 ppm,
tuffaceous clay rock=1394 ppm), Shuicheng (XREE=712
ppm), Qianxi (XREE=1175.11 ppm) and Xuanwei
(ZREE=493 ppm) (Table 4; Liu et al., 2008; Yang et al.,
2009; Xu et al., 2018). This is similar to the hydrothermal
manganese deposits in Sardinia, Western Italy (REE=
3309.15 ppm) (Mongelli et al., 2013), the Neptuno
manganese deposits in the Santa Rosalia basin and
adjacent areas in Baja California Sur, México
(REE=563.10 ppm) (Del RioSalas et al., 2008), and the
late Archean hydrothermal HREE-rich manganese deposit
in eastern India (REE highest=563.10 ppm) (Mohapatra et
al., 2006; Mishra et al., 2006; Moriyama et al., 2008).
Hence, these obvious geological and geochemically
characteristics indicate that manganese mineralization and
REEs enrichment have been related to hydrothermal
activity in Zunyi and its adjacent areas during the middle
to late Permian.

The studied ore samples have higher XREE
concentrations (XREE=158-1824 ppm, average 509.54
ppm) and increased fractionation of light REEs (LREE)
and heavy REEs (LREE/HREE=3.73-18.28, average
10.65), with higher (La/Yb)y ratios of 5.53-56.92
(averagel6.91), reflect interaction with the highly evolved
comenditic lava, this is consistent with the REE
fractionation  characteristics of the hydrothermal
manganese ores (Michard, 1989; German et al., 1990;
Maynard, 2010; Sinisi et al., 2012; Mongelli et al., 2013).
Moreover, the Y/Ho values of the studied ore samples
range from 18 to 39, with an average of 25.5, which are
significantly lower than those of normal seawater (44—74)
(Bau et al., 1999) but close to volcanic rocks (26-28)
(Nozaki et al., 1997; Liakopoulos et al., 2001; Nyame et
al., 2002; Oksuz, 2011; Wu et al., 2016). In hydrothermal
fluids (La/Nd)y ratio is 3.0-7.4 (average 4.5) and (Dy/Yb)x
ratio is 0.6-2.1 (average 1.2) (Fitzgerald and Gillis, 2006;
Oksuz, 2011). The ranges of (La/Nd)y and (Dy/Yb)y ratio
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for the Zunyi manganese deposits are 1.42-3.15 (average
2.37) and 0.55-2.20 (average 1.43), respectively, which
are distinctly different from normal seawater, but are close
to those of hydrothermal fluids. These fractionation
characteristics indicate a hydrothermal origin for the
manganese mineralization and REEs enrichment, as well
as the mineralization processes of Zunyi manganese
deposits were obviously influenced by hydrothermal
activity related to volcanism.

On average, the hydrothermal manganese ores general
have large Ce/Ce” fluctuations (Oksuz, 2011; Mongelli et
al., 2013), because in addition to the fluid composition, the
concentration of REEs in hydrothermal fluids is controlled
by temperature, pressure, Eh, pH, crystallo-chemical
factors, and reaction kinetics, etc (Haas et al., 1995; Gier¢,
1996; Mongelli et al., 2013). The Ce/Ce” values of Zunyi
manganese deposits ranges from 0.21 to 1.76(average
0.93) display a large Ce/Ce" fluctuations, and the Eu/Eu”
values of Zunyi manganese deposits ranges from 0.30 to
1.09 (average 0.62). This is similar to manganese deposits
associated with hydrothermal activity in Sardinia, Western
Italy (Ce/Ce'=0.35-3.15, average 1.42; Eu/Eu’=0.01-0.67,
average 0.26), and close to the hydrothermal deposits from
Baby Bare seamount in the Northeast Pacific Ocean (Ce/
Ce*:0.22—2.37, average 1.02; Eu/Eu*:O.48—0.86, average
0.68) (Fitzgerald and Gillis, 2006; Oksuz, 2011; Mongelli
et al., 2013; Xie et al., 2013). Furthermore, In the (Ce/Ce*)
vs. (Pr/Pr') plot (Bau and Dulski, 1996), the measured
compositions of the manganese ores from Zunyi area fall
close to or on the modeled curve (Fig. 5). Previous studies
suggested that involves the precipitation of newly formed
REE-bearing minerals, including cerianite, within the Mn-
ores from the hydrothermal fluids, resulting in positive Ce
anomalies; and precipitation of REE-bearing minerals
from the Ce-depleted hydrothermal fluid, giving rise to
negative Ce anomalies (Ramos Preston, 2001; Vaniman et
al., 2002; Chetty and Gutzmer's, 2012; Mongelli et al.,
2013). This is consistent with the occurrence of apatite,
monazite, and cerianite, which grew within Zunyi
manganese ore (Fig. 4). Therefore, the Ce/Ce” and Eu/Eu’
values suggest that hydrothermal activity played an
important role in the processes of manganese
mineralization and REEs enrichment.

Previous studies have documented that the Permian
seawater have lower XREE concentrations (roughly 1.53
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Fig. 5. Ce/Ce" vs. Pr/Pr" plot of Permian manganese ores in
Zunyi area, Guizhou Province.

ppm), with negative Eu and Ce anomalies, and its REE
model is characterized by relatively flat of REE
distribution patterns (Kawabe et al., 1991; Gao et al.,
2018). Ore samples of the Zunyi manganese deposits have
high ZREE concentrations (509.54 ppm), with large Ce
anomalies fluctuations but overall display a weakly
negative Ce anomalies and obvious negative Eu
anomalies, and its REE model is characterized by a
weakly right-oblique nature of REE distribution patterns
(Fig. 6a) that distinctly different from the Permian
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Fig. 6. Chondrite-normalized REE patterns of all samples.
Chondrite data are from (Sun and McDonough, 1989).

(a) Changzheng, Nancha and Tongziwo manganese ores; (b) tuffaceous
clay rock from Nancha manganese deposit; (c) wmeishan basalt from the
Norhtwest Guizhou (after Zheng Lulin unpublished data)
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seawater. It’s also worth further discussion is the
tuffaceous clay rock that closely coexisting with
manganese ores (Fig. 2b—e) in Zunyi manganese deposits.
Compared with manganese ores, the samples of tuffaceous
clay rock have higher XREE concentrations (1396.42
ppm), with a weakly negative Ce and Eu anomalies, and
its REE model is characterized by right-oblique nature of
REE distribution patterns (Fig. 6b) that similar to the
samples of manganese ores. In addition, both manganese
ores and tuffaceous clay rocks are characterized by La, Ce,
Nd and Y enriched (Table 1). This result imply they have
the same of material source or source region, and the
hydrothermal processes related to volcanic eruption maybe
played an important role in REEs enrichment and
manganese mineralization. Moreover, the samples of
manganese ores and tuffaceous clay rocks also display
similar of REE fractionation characteristics with the
Emeishan basalt from northwestern Guizhou Province
(Fig. 6¢c). In addition to the obvious lower of REE
concentrations than manganese ores and tuffaceous clay
rocks, the Emeishan basalt present a weakly negative Ce
and Eu anomalies with a weakly right-oblique nature of
REE distribution patterns, this is similar to the samples of
manganese ores and tuffaceous clay rocks. Thus, these
REE fractionation characteristics indicate = REEs
enrichment and manganese mineralization in Zunyi
manganese deposits appear to have been mainly sourced
from hydrothermal activity.

Most studies have clarified the marine sedimentary
carbonates 6> Cy_ppg values —1%o to +2%o (average, 0%o)
and magmatic rocks or volatile 6B Cv.pps values —2%o to
—11%o0 (Hein and Kosk, 1987; Taylor, 1986; Hoefs, 1997,
Zeng and Liu, 1999; Zheng and Chen, 2000; Chen et al.,
2017), as well as organic matter 6"Cy.ppp values —10%o to
—19%o (Hoefs, 1997; Chen and Wang, 2004). The 6"°Cy.
ppp Vvalues of ore samples in Zunyi manganese deposits
range from —0.54%o to —18.1%o (Table 3). The 6"*Cy.pp
values of manganese ores samples obvious lower than the
sample of siliceous rock in Zunyi region, and are mainly
plot in the field of mantle, yet minority plot in the field of
organic matter (Fig. 7). The carbon isotopic compositions
present a large difference in manganese ores is probably
the result of the mixing of deep carbon source and organic
carbon source. This result indicate that the sources of
hydrothermal fluids and organic matter have been
involved in the REEs enrichment and manganese
metallogenesis (Hoefs, 1997; Okita et al., 1988; Yeh,
1999; Lafaye and Weber, 2003; Xie et al., 2013; Chen et
al., 2017). The 3" Ogmow average values of all samples is
25.63%0 with maximum and minimum values of 26.07%o
and 21.64%o respectively, which is partly beyond the area
for marine organic matter (Fig. 7) and exhibit a tendency to
magmatic rocks (Pfeifer et al., 1988; Xie et al., 2013; Chen
et al., 2017). The carbon and oxygen isotopic data indicate
that a mixed source of hydrothermal fluids and organic
matter have been involved in the manganese mineralization
and REEs enrichment in Zunyi manganese deposits.

6 Conclusions

(1) The Zunyi manganese deposits are generally
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Fig. 7. C-O isotopic components diagram of Permian manga-

nese deposits in the Zunyi region, Guizhou.

Siliceous rocks samples of Permian manganese deposits plot in the field
of marine sedimentary carbonate, almost all of manganese ore samples
fall in the field of magmatic rocks (or volatile) and organic matter, indi-
cating two manganese-forming sources. Data source: Mantle (Harmon
and Hoefs 1995; Taylor 1986; Zheng and Chen, 2000); Marine sedimen-
tary carbonate (Hoefs 1997); organic matter (Hoefs, 1997; Chen and
Wang, 2004)

enriched in LREE, and the concentrations of XREE in
manganese ores range from 158 to 1138.9 ppm, with an
average of 509.5 4 ppm. The REEs in the manganese ores
are characterized by La, Ce and Nd enriched, and exist in
the form of monazite and xenotime ect.

(2) The Ceuom ratios (average —0.13) and lithofacies
and paleogeography characteristics indicate that Zunyi
manganese deposits were formed in a weak oxidition-
reduction environment.

(3) The manganese ores have high concentrations of
REEs (158-1824 ppm), and the LREE/HREE (3.73—
18.28), (La/Yb). ratios (5.53-56.92), Y/Ho(18-39) ratios,
(La/Nd)y ratio (1.42-3.15) and (Dy/Yb)y ratio (0.55-
2.20), Ce/Ce" values (0.21-1.76), Ew/Eu values (0.48—
0.86) support the involvement of hydrothermal input
during enrichment of the REEs and manganese.

(4) The 6"”Cyppp (—0.54 to —18.1%0) and 0"*Osyow
(21.6-26.0%0) index of Zunyi manganese deposits reveal a
mixed source of hydrothermal fluids and organic matter.
The REE fractionation characteristics of Zunyi manganese
ores are similar to tuffaceous clay rock and Emeishan
basalt, indicating that manganese mineralization and REEs
enrichment have been mainly sourced from hydrothermal
activity.
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