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Permian manganese ore deposits are widely distributed in southwestern and eastern China. Guichi Perm-
ian manganese district in southern Anhui Province, central eastern China, is currently the most important
manganese metal producers in eastern China. Manganese ores (MnO = 18.2-45.4 wt.%) in Guichi region
occur in calcareous, argillaceous and siliceous Mn-bearing sequence of the Permian Gufeng Formation.
In contrast to Mn-bearing rocks, the ores have higher Mn, Fe, P, Sr (more than 1500 ppm) and Ni contents
(>480 ppm), higher Mn/Fe (>5) and La,/Ce, (>2) values, and lower Co/Ni (<0.05) ratios. The Guichi man-
ganese deposits also have low Co/Ni (<1) and Co/Zn ratios, low in total REE contents (mostly < 100 ppm)
with negative Eu (0.46-0.75) and Ce (0.42-0.76) anomalies. The mineralogy and geochemistry of manga-
nese deposits in the Guichi region strongly indicate hydrothermal activities, which is supported by high
paleotemperatures (49-71 °C) of Permian Mn-carbonate ore and Mn-bearing carbonate. The low Ceapom,
values (<—0.1) and high strontium contents indicate that the Guichi manganese deposits were formed in
high-salinity and oxidative marine sedimentary environment. The Al,03/TiO, (9.23-48.2) and Y/Ho
(25.9-44.4) ratios, REE patterns, 8'>Cy_ppg (—10.2%0 to 5.00%¢) and &'®0spow (20.7-28.0%0) characteristics
of Permian manganese deposits reveal a mixed Mn source of volcanic, terrigenous and organic matter.
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1. Introduction

Manganese ore deposits are widely distributed in China, which
is ranked fifth in the world in terms of total Mn reserves. The sedi-
mentary Mn deposits comprise ~70% of the total Mn reserves of
China (Fan and Yang, 1999), and are primarily hosted by mud rock,
black shale, carbonate rock, and chert-mudstone-limestone (Fan
and Yang, 1999; Fan et al., 1999), and formed during the Protero-
zoic, Cambrian, Ordovician, Devonian, Carboniferous, Permian, Tri-
assic, Jurassic, Cretaceous and Quaternary (Fig. 1) (Fan and Yang,
1999; Fan et al.,, 1999; Hein et al., 1999; Liu and Xue, 1999; Tang
and Liu, 1999; Xie et al., 2006; Yeh et al,, 1999; Zeng and Liu,
1999). Most of the Mn reserves of China are distributed in the Neo-
proterozoic, Devonian and Permian periods. In contrast, Protero-
zoic, Devonian, Cretaceous and Oligocene Mn deposits are widely
found elsewhere in the world (Fig. 1) (Brusnitsyn and Zhukov,
2012; Fitzgerald and Gillis, 2006; Jach and Dudek, 2005; Munteanu
et al., 2004; Nyame, 2008; Nyame et al., 2002; Polgari et al., 2012,
2005; Roy, 2006; Salas et al., 2008; Sethumadhav et al., 2010).
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Permian manganese deposits, which typically show a Si-Ca-Mn
element association (Fig. 1), are mainly distributed to the south of
the Yangtze River in China (Fig. 2). The main deposits are the Gexue
medium-sized manganese deposit (2-20 million tonnes reserve
and Mn grade >18% according to China standard) in Yunnan Prov-
ince; the Shuicheng (medium), Nayong (medium) and Zunyi (large,
>20 million tonnes reserve) manganese deposits in Guizhou Prov-
ince; the Bayi (large), Pinglu, Lipu and Fenghuang (medium) man-
ganese deposits in Guangxi Province; the Dongxiang (large,
Qiyang-Lingling), Dongshanxia (medium) manganese deposits in
Hunan Province; the Daye, Jiayu and Hongan (medium) manganese
deposits in Hubei Province; and the Guichi manganese deposit
(medium) in Anhui Province (Fig. 2).

The Guichi manganese district is situated in southern Anhui
Province, which is currently the most important manganese metal
producers in eastern China (Xie et al., 2006). Mn-ore reserve and
resource of Guichi manganese district are about 2.3 million tonnes
(>18% Mn) and 5.0 million tonnes, respectively (Table 1). In con-
trast to Mn ore deposits in northeast and southwest of China,
which have been studied in detail (Fan and Yang, 1999; Fan
et al.,, 1999; Hein et al., 1999; Liu and Xue, 1999; Liu et al., 2008;
Tang and Liu, 1999; Yang et al., 2009; Zeng and Liu, 1999), the
Mn deposits in eastern China has rarely been studied (Xie et al.,
2006).
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Fig. 1. Temporal-stratigraphic distribution and element associations of manganese deposits in China (modified from Fan and Yang, 1999). Brown solid circles of different
sizes stand for large (>20 million tonnes reserve), medium (2-20 million tonnes reserve) and small (<2 million tonnes reserve) of manganese ore deposits, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



J. Xie et al./Journal of Asian Earth Sciences 74 (2013) 155-166 157

180 360km

OWusha

Gexuayons

[ @ Jmanganese deposit

[ Tectonic units boundany{#®s

[ ] country boundary

100°

inj\ahui
O\rrrrrrry

>0
/””
Z

Guichi
®

S-C

(7777727
Q7

P

9;
-C

Q |Quaternary| T |Triassic| P |Permian
S-C |Silurian-Carboniferous GraniteMn deposit]
'Stratigraphicboundary/FauIt + |Sampling location
——

Fig. 2. Geological map of sedimentary manganese deposits of the Guichi region (modified from Xie et al., 2006).

This contribution aims to provide firmer constraints on the for-
mation of the Permian manganese deposits in the Guichi region
and in southern China in general, using petrographic, stratigraphic
and geochemical data.

2. Geological characteristics of Guichi manganese deposits
2.1. Geological setting

The Guichi Mn ore district includes Tangtian, Pailou, Huikeng,
Huaduling and Maya sedimentary manganese deposits (Fig. 2
and Table 1) (Xie et al., 2006). These deposits occur in the Permian
Gufeng Formation (Figs. 2 and 3) and are primarily distributed in
the two limbs of the Guichi’s synclinorium (Fig. 2). They are

composed of silicalite, siliceous shale, argillaceous (calcareous)
shale, Mn-bearing limestone, Mn-bearing shale, wad, and a Mn-
ore layer (Fig. 3). The thickness of the Gufeng Formation varies dra-
matically, from 50 to 212 m at Tangtian deposit, to >100 m at Pai-
lou deposit and 79.8-104 m at Huikeng deposit (Figs. 2 and 3).
Tectonically, the Guichi manganese ore district is situated along
the northern margin of the Yangtze craton in eastern China (Fig. 2).
Cambrian to middle Triassic sedimentations developed on stable
Precambrian basement, forming a thick sedimentary sequence
(Chang et al., 1991; Xie et al., 2006) (Fig. 2). Regional structures in-
clude “S” type fold of the Guichi synclinorium and NE and NW
trending faults that controlled the distribution of these manganese
deposits. This region has long been interpreted as an intraplate
deformation with abundant magmatism during the Yanshanian

Table 1
Characterists of manganese deposits from Guichi region.
Name of Length of Mn- Shape of Length of Mean Ore type Main composition (wt.%) Mn-ore Mn-ore
deposit bearing ore body ore body thickness of R reserves resources
sequence (km) (m) ore body (m) MnQ  Tre P205  Si0; (10° ton) (10° ton)
Tangtian 20.5 Layers or 12,400 1.56 Native manganese 19.5- 3.03- 0.03- 16.7- 1.05 1.39
like- carbonate ore and 41.3 6.57 027 424
layers manganese oxide ore
Pailou 24.0 Layers or 14,000 1.91 Native manganese 18.2- 197- 0.12- 14.6- 048 1.63
like- carbonate ore and 38.0 3.07 0.22 203
layers manganese oxide ore
Huikeng 16.0 Layers or 10,500 1.00 Native manganese 219- 3.74- 0.13- 11.2- 039 1.09
like- carbonate ore and 45.4 104 0.70  28.1
layers manganese oxide ore
Maya 5.50 Layers or  About 0.93 Manganese oxide ore 40.2 0.18 0.37
like- 2000
layers
Huaduling 4.00 Layers or  About 0.82 Manganese oxide ore 27.5 0.05 0.15 0.54
like- 2300

layers




158

J. Xie et al./Journal of Asian Earth Sciences 74 (2013) 155-166

N ““‘\\‘\\"‘\ y
NN N\ \ X N

qu

N\ \\"\'\““\'

115°00°

O &
\m\ U\ \
AN N o
NAONN 166°£ 38 Upper part of )
o— \‘s;\‘g\@/\ X Mn ore body 4 Gz?engpformation @ Chert nodule limestone
335°00 O Mn_2:36 P2g
KNG NN N\ 2 3045
X NN P2g .
ONONN% N Lower part of @ i imiesions
4 Gufeng formation
10m 0 10m
Qiaxia formation @ Manganese ore body
. Sample | Sampling .
Project | imber length (m) Mn TFe SiO2 P
Chuanshan and . IZI Geological boundary
oml KV-H1 0.40 24.08 38.80 0.030 Huanglong formation
AN
ilicali Fault
KV-H2 1.10 22.05 28.48 0.042 Silicalite \ au
KV-H3 1.05 36.52 11.91 0.028 s~ Siliceous shale rata occurrence
[Si—1n] P .
KV-H4 0.50 41.26 8.49 0.032 Mn-bearing siliceous shale Caikeng
[=—=] " [F1Hal
_ Argillaeous shale === Sampling location and number
Fig. 3. Geological section of manganese deposits of the Guichi region.
Si__ si
Si
Si - . -
Upper %& 50-80m,silicalite, siliceous shale

Lower

Gufeng formation

I-si__si | 10-15m, siliceous shale, argillaceous shale,

chipping silicalite and wad layers (5-10% Mn)

0-0.5m, the unstable manganese ore layer N
0-0.3m,silicalite and the wad layer, enrich by leaching to lean ore

1-1.2m, the main manganese ore layer, steady distribution

0.8m, the wad layers chipping siliceous shale

0-1.0m, Mn-bearing shale (10-15% Mn), locally enriched lean ore

3-5m, wad layers chipping siliceous shale, wad layers
containing 5-10% Mn are composed of argillaceous and siliceous

1 1-2m, argillaceous shale, siliceous shale, chipping 2-3 layers wad

—s——sr— 3-5m, argillaceous shale, siliceous shale, chipping silicalite

8-10m, argillaceous shale, siliceous shale

Qixia formation

Limestone

Fig. 4. Stratigraphic section for the Mn-bearing sequence of the Tangtian manganese deposit.



J. Xie et al./Journal of Asian Earth Sciences 74 (2013) 155-166 159
Table 2
Major element compositions (wt.%) of manganese deposits from Guichi area.
Sample  Rock (ore) type Si0, TiO, AlLO; Fe0sT MnO MgO CaO Na,0O KO P05 SOs Lol Total  Al,03/TiO,  Mn/Fe
GH1 Mn-bearing limestone 329 018 4.20 3.07 2.80 145 26.8 0.05 086 038 348 26.6 102.7 233 0.98
GH2 Mn-bearing limestone 37.7 014 3.03 3.64 1.76 1.30 25.6 0.05 049 030 5.03 252 1041 216 0.52
GH3 Mn-bearing limestone 303 0.08 135 1.07 4.18 2.01 30.9 0.04 024 049 155 285 1007 175 4.20
GH4 Mn-bearing limestone 399 0.04 1.08 1.18 3.90 3.14 2438 0.04 0.16 034 1.62 248 101.1 27.7 3.56
GH5 Silicalite 53.6 0.13 3.80 4.77 2.88 1.08 126 0.05 0.51 0.51 831 195 107.7 292 0.65
GH6 Silicalite 86.2 0.11 255 0.57 0.03 0.17 023 0.04 0.36 0.03 1.08 8.97 1004 23.2 0.06
GP1 Limestone 148 0.03 1.09 0.55 0.10 0.54 447 0.03 0.14 0.03 1.02 372 1002 34.1 0.20
GP2 Silicalite 84.7 0.01 0.28 0.29 0.04 0.15 7.08 0.03 0.05 0.02 027 684 99.7 36.8 0.15
GP3 Manganese ore 6.52 0.01 046 0.56 207 292 333 003 008 015 104 342 999 41.8 39.7
GP4 Mn-bearing limestone 245 0.04 1.83 1.53 8.87 2.51 30.1 0.03 026 0.77 015 29.0 996 48.2 6.24
GP5 Silicalite 95.0 0.03 090 0.49 0.22 0.09 049 0.04 0.11 0.09 022 188 996 28.1 0.48
GP6 Mn-bearing limestone 596 0.02 0.58 0.48 462 122 468 006 011 029 0.62 39.0 99.7 38.7 104
GT1 Mn-bearing siliceousshale 74.7 019 5.18 3.87 9.96 0.31 031 0.05 0.55 0.12 436 99.6 273 2.77
GT2 Manganese ore 394 015 429 3.52 40.0 0.25 048 0.12 0.65 033 795 971 28.6 12.2
GT3 Mn-bearing siliceous shale 634 0.34 7.02 8.66 113 08 0.85 0.24 1.17 0.19 590 999 20.6 1.41
GT4 Mn-bearing shale 81.8 017 474 3.52 4.62 036 030 0.05 045 0.14 334 995 27.9 1.41
GT5 Manganese ore 579 0.16 3.86 3.51 24.6 0.42 0.55 0.12 0.58 0.25 6.49 984 241 7.53
GT6 Manganese ore 436 024 6.69 5.34 30.5 0.18 0.13 0.04 0.19 030 11.2 984 27.9 6.15
GT7 Mn-bearing siliceous shale 77.3 0.19 4.89 3.32 7.60 0.45 0.15 094 0.02 007 003 441 994 25.7 2.46
GT8 Siliceous shale 742 034 834 9.12 0.77 0.75 0.05 1.60 004 023 003 392 994 245 0.09
GT9 Manganese ore 459 024 114 4.82 224 0.51 037 1.09 005 013 0.03 10.7 976 47.4 5.00

period (Jurassic/Cretaceous) (Fig. 2), which is now attributed to a
ridge subduction (Li et al., 2012a, 2011; Ling et al., 2009, 2011;
Sun et al., 2010).

2.2. The Mn-bearing sequence and manganese ore body

The Mn-bearing sequence in the Guichi region is composed of
Mn-bearing calcareous, argillaceous, and siliceous marine sedi-
mentary assemblages occurrence in the lower part of the Gufeng
Formation with a length of 4-24 km (Figs. 2-4 and Table 1). The
manganese ore bodies are rich and thick as the Mn-bearing se-
quence becomes increasingly calcareous and argillaceous. In com-
parison, the manganese ore bodies become thinner or even
disappeared when the Mn-bearing sequence becomes more sili-
ceous. These are useful signs for Mn ore prospection in this region.

The length of individual manganese ore bodies in the Guichi re-
gion range from ~2 km to 12.4 km (Figs. 3 and 4; Table 1). The ore
layers are generally conformable with the geologic strata (Fig. 3).
The Mn ore typically occurs as a single layer, with sharp upper
and bottom contacts with adjacent barren interbed (Figs. 3 and 4).
Overlyings of manganese ore bodies are Mn-bearing shale, sili-
ceous shale, and argillaceous shale containing wad layers. Underly-
ings of manganese ores are shale, siliceous shale and wad,
containing the abundant fossils (Figs. 3 and 4). The hanging and
foot walls of ore bodies are enriched in calcareous and argillaceous
materials. Ore bodies in extension usually have good continuity,
with thicknesses of 0.82-1.91 m (Xie et al., 2006) (Figs. 3 and 4; Ta-
ble 1), and were influenced by oxidation secondary enrichments.
Manganese ore layer has obvious vertical zoning characteristics.
Rich oxide manganese ore with layered characteristics is formed
by oxidation of manganese carbonate ore in the upper part. The
lower part is primary depositional manganese carbonate ore.

2.3. Ore type and component

Manganese deposits in the Guichi region are primarily divided
into primary manganese carbonate ore and manganese oxide ore.
Manganese oxide ore is primarily composed of pyrolusite and
psilomelane, with manganite. The gangue minerals are mainly
quartz, limonite, and sericite. Manganite ores have massive and
layered structures, generally expressed as inter-bedded manganite
layers with argillaceous and calcareous shale. Pyrolusite ores with
massive or bedded structures are composed of needle and radial

aggregates of pyrolusite, resembling the texture of the primary
sedimentary manganite ores. Psilomelane ores have lamination,
reniform, mammillary, needle, zonal structures and cryptocrystal
texture. Primary manganese carbonate ores have massive, earthy,
spheroidal, or conglomeratic structures and granular textures. Pri-
mary manganese carbonate ore is composed of rhodochrosite and
Mn calcite.

3. Samples and analytic methods

Thirty-six samples taken from outcrops at Tangtian, Pailou and
Huikeng manganese deposits across ore bodies were studied in this
contribution (Fig. 2). Major and trace element (including REEs)
compositions of 21 samples were analyzed. Among them, five sam-
ples were ores, 11 samples were from the Mn-bearing sequence,
and five samples were from non-ore host rocks.

About 500 g chips for each sample were carefully selected,
washed with distilled water at room temperature, and then dried
at 105 °C. The chip samples were ground to less than 200 meshes
using an agate mill. Major and trace elements were analyzed in
the Anhui Geological Laboratory of the Anhui Geological Bureau.
Major element oxides were determined using X-ray fluorescence
spectroscopy, minor elements using inductively coupled plasma-
atomic emission spectrometry (ICP-AES), and rare earth elements
(REEs) using ICP-mass spectrometry (MS). Carbon and oxygen iso-
topes of eight carbonate samples were measured using CO,
evolved by phosphorolysis in 100% H3PO4 using a Finnigan MAT-
251 mass spectrometer at the Institute of Mineral Resources, Chi-
nese Academy of Geological Sciences. The precision is +0.2%. for
8'3C and 5'%0. The analytical results are presented in Tables 2-4,
respectively.

4. Results
4.1. Major elements

Major element compositions are listed in Table 2. Loss on igni-
tion (LOI) ranges from 1.88 wt.% to 39.0 wt.% (with an average of
16.2 wt.%). High LOI contents are consistent with a high percentage
of calcite and clay minerals. The MnO contents of Mn-ore, Mn-
bearing sequence and wallrock samples range from 18.2 wt.% to
454 wt%, 1.76 wt.% to 11.3wt%, and 0.03 wt% to 0.77 wt.%,



160

Table 3

Trace element compositions (ppm) of manganese deposits from Guichi region.

(La/Yb)y Ceanom.

6.74
7.42
5.91
530
5.71
9.42
7.01
4.64
4.73
4.80
4.47
4.66
6.89
5.52
7.80
6.75
6.15
5.71
7.42
6.12
5.36

*
shale

Ce,

chrodrite

REE Ce

Lu

Tm Yb

Er

Tb Dy Ho

Gd

Pb Zn Cu Ni V Cr S¢ Co Mo La Ce Pr Nd Sm Eu

Nb

Rb
53.9 34.6 1350 184 7.10 19.0 115 33.5 102 77.3 85.6 430 6.60 7.08 18.3 285 4.24 15.1 248 0.55 3.39 046 2.51 057 149 025 138 0.22 794 0.76

41.8 22.0 1634 19.7 5.80 23.1 974 31.6 633 71.5 82.7 430 6.60 9.75 19.9 27.7 410 14.0 2.52 0.54 3.06 0.39 2.31 049 1.36 0.22 1.25 0.19 78.0 0.71

Sample Ba
GH1

GH2

GH3

G

-0.12
-0.14
-0.28
-0.36
-0.26
-0.13
-0.20
-0.30
-0.40
-0.28
-0.29
-0.37
-0.22
—-0.30
-0.18
-0.19
-0.32
-0.35

0.75

0.69

0.50

33.5 820 1712 222 540 144 102 242 749 863 29.2 2.60 340 18.2 19.0 18.5 3.43 11.2 252 0.55 3.01 0.38 2.39 0.50 1.44 0.21 1.23 0.18 64.5 0.52

223 5.30 1203 122 2.50 17.8 151

41.8 27.1

0.41
0.54

0.72

255 957 79.2 319 1.25 2.60 9.28 13.2 10.0 2.03 580 1.32 0.30 2.08 0.30 1.53 0.31 0.92 0.15 0.76 0.11 38.8 0.42

H4

563 40.2 890 184 248 37.5 223 174 87.6 5.50 13.2 41.1 353 36.6 6.28 22.0 528 1.06 592 0.82 4.97 1.06 2.82 040 2.30 0.35 125 0.56

GH5
GH6
GP1

GP2
GP3
GP4
GP5

67.2 20.0 47.0 6.80 5.10 7.00 9.50 10.5 12.1 486 289 3.00 2.50 20.1 9.40 144 2.27 7.90 1.18 0.18 0.85 0.10 0.86 0.19 0.76 0.11 0.78 0.10 39.1 0.74

0.67

5.00 3.00 1708 9.10 2.80 12.7 41.0 29.1 223 143 69.1 1.50 1.40 551 14.1 165 1.69 8.40 1.30 0.28 2.18 0.30 1.30 0.29 093 0.18 0.75 0.10 48.3 0.70
15.0 430 288 6.10 1.70 8.10 114 9.30 8.80 57.4 28.0 1.00 1.40 5.00 5.30 5.30 1.33 4.20 0.69 0.18 147 0.15 0.79 0.17 0.50 0.09 0.42 0.07 20.7 0.48
28.7 3.00 2204 123 2.50 17.0 823 20.1 129 104 355 1.15 1.00 1.19 13.5 940 1.92 6.05 1.26 0.29 2.09 0.31 1.69 0.41 0.96 0.14 1.14 0.12 39.3 040

37.7 6.90 1950 239 3.90 193 133 27.5 84,5 104 37.6 1.80 1.00 899 18.9 17.8 3.01 10.1 239 042 3.18 0.50 2.84 0.61 1.74 0.24 1.62 0.24 63.6 0.52

0.47
0.38

0.50

0.52

52.6 7.90 71.8 8.30 3.00 9.00 35.6 14.2 343 714 173 1.40 290 8.99 5.10 530 1.04 4.10 0.95 0.19 1.21 0.12 091 020 056 0.10 0.55 0.08 204 0.53

0.43
0.60

29.7 3.00 3360 8.15 1.00 13.5 51.5 31.9 36.8 49.3 40.0 095 1.20 1.54 7.50 6.00 1.20 4.65 0.98 0.19 1.60 0.18 0.98 0.25 0.66 0.12 0.53 0.08 24.9 0.44

172 40.1

GP6

0.62
0.53

717 239 6.50 14.2 473 32.5 437 254 148 6.06 7.50 34.0 29.3 349 579 213 451 099 438 0.65 3.56 0.79 2.17 0.33 1.83 0.32 111

GT1

0.51

6.78 13.8 34.0 584 609 12.5 498 113 2.61 11.7 1.70 9.49 2.05 5.33 0.71 3.89 0.60 231

390 38.6 2167 67.7 6.10 12.2 854 493 663 973 171

150 64.3

GT2

0.66

473 60.2 845 31.6 6.51 1.37 6.52 096 5.15 1.14 2.95 044 245 033 175 0.68

588 210 8.16

132 41.7 13.0 28.0 227 44.1 391

GT3
GT4
GT5
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0.65

153 369 454 183 530 122 192 323 252 173 97.0 6.80 17.6 4.0 24.6 314 4.77 185 4.06 087 495 0.52 2.88 0.62 1.62 0.24 1.45 0.20 96.7 0.67

177 39.0 1555 26.2 470 8.90 444 309 486 432 147 6.39 229 142 294 27.6 501 20.9 4.15 1.09 468 0.64 3.83 0.83 2.01 032 1.76 0.28 103 0.51

0.49
0.46
1.02
0.48
0.45

412 579 1962 59.3 9.70 229 573 39.5 748 657 157 8.94 15.8 18.0 57.2 504 10.3 434 894 224 9.75 1.38 8.11 1.72 4.39 0.64 3.69 0.54 203 047
392 43.0 1555 26.5 11.8 30.6 222 54.1 188 102 64.4 7.75 14.3 183 22.0 48.1 549 21.0 4.60 1.06 4.24 0.62 3.40 0.74 2.07 0.31 2.10 029 116 1.04

162 83.8

GT6
GT7

0.01
-0.30
-0.33

163 294 27.4 36.5 257 43.7 228 318 476 995 15.6 67.4 25.2 22.5 393 12.8 236 0.58 2.66 0.42 2.53 0.70 2.06 0.33 1.98 0.33 78.4 0.50

GT8

391 61.0 1531 64.8 14.8 32.1 821 42.0 837 270 106 12.7 12.0 28.7 43.7 432 11.8 40.0 9.83 2.18 102 1.39 6.98 1.46 3.56 0.59 3.44 047 179 0.46

GT9

2 x Cen/(Lay x Pry). The shale and chondrite-normalized values after Gromet et al. (1984) and Sun and McDonough (1989).

Ce*

respectively (Tables 1 and 2; Fig. 3). In contrast to wallrock, Mn-
bearing samples are depleted in Ca and Si, but relatively enriched
in Mn, Fe and P. Fe,051 and P,05 contents decrease with increasing
MnO in the Mn-bearing samples. MnO/TiO, ratios are consistently
lower (<10) in wallrocks, compared to the Mn-bearing sequence
(12.6-308) and ore (up to 1877).

The bulk rock analyses are characterized by low Al,03 (0.28-
11.4wt%; with an average of 3.69wt%) and total alkali
(K0 + Na,0) contents (0.07-1.64 wt.%) and high Fe,Osr contents
(0.29-9.12 wt.%; with an average of 3.04 wt.%) (Table 2). Samples
from the Guichi manganese deposits have high Al,05/TiO;, (17.5-
48.2) (Fig. 5A and Table 2), which is very similar to those
(11-43) of the rhyolites and tuffs in the upper sequence of the lava
succession at Binchuan in western Yunnan Province of China (Xu
et al., 2010). The four highest Al,O3/TiO, ratios (38.7-48.2) are
noted for samples GP3, GP4, GP6 and GT9, with values typical of
felsic volcanic rocks (Hayashi et al., 1997).

4.2. Trace elements

The trace element contents vary significantly in Guichi manga-
nese deposits (Table 3). Ni contents of Mn-ore, Mn-bearing se-
quence and wallrock samples are >480 ppm, 50-400 ppm and
<50 ppm, respectively. Co/Ni ratios of all samples are less than 1
(Fig. 5B and Table 3). The Sr and Ba concentrations in the Guichi
manganese deposits are in the range of 332-3360 ppm and 22.3-
412 ppm, respectively and are distinctly enriched in Mn ores and
the Mn-bearing sequence. Sr/Ba ratios of all samples vary between
0.70 and 113, and are lower in wallrocks compared to Mn ores and
the Mn-bearing sequence (Fig. 5B).

The studied samples have total REE of 20.4-231 ppm with
coherent REE patterns characterized by relative enrichments of
LREE and nearly flat HREE ((La/Yb)y = 6.65-13.9), moderately neg-
ative Eu (0.46-0.75) and Ce (0.42-0.76; with the exception of one
sample) (Table 3) anomalies (Fig. 6A). These are distinctly different
from those of hydrogenous deposits (Oksuz, 2011 and references
therein), but are similar to those of hydrothermal origins (Oksuz,
2011 and references therein) (Fig. 6A). In a SCNA-normalized trace
elements spider diagram, all samples have similar patterns with
distinct Sr, Ni enrichments, and Rb depletion, indicating that those
deposits formed in similar environments and/or with similar
sources (Fig. 6B).

In a La,/Ce, vs. Al,03/(Al;03 + Fe,03) diagram, the samples
mainly plot in the pelagic field (Fig. 7) (Murray, 1994). Two sam-
ples (Mn-ore and Mn-bearing rock) plot between the pelagic and
ridge fields (Fig. 7).

4.3. C and O isotopes

Oxygen and carbon isotopic data of Mn carbonate ore and Mn-
bearing carbonate are listed in Table 4. With the exception of one
sample, the 5'3Cy_ppg values (—4.1%. to 5%o) are plot in the field of
marine carbonates, indicating that carbon was primarily derived
from Permian seawater (Fig. 8) (Hein and Kosk, 1987; Irwin
et al,, 1977; Okita et al., 1988; Yeh, 1997; Zeng and Liu, 1999).
One negative 3'3Cy_ppg value (—4.1%0 of GP6) of Guichi region
implies contribution of carbon from marine organic matter
(8'3Cy.ppg = —6%0 ~ —19%0) (Zheng and Chen, 2000) likely oxided
by sulfate-reducing bacteria during early diagenesis as proposed
by Lafaye and Weber (2003). The 5'80gyow values of all samples
range from 20.7%o to 27.4%o, with an average of 23.4%. (Table 4
and Fig. 8). The homogeneous oxygen isotopic values for the
Mn-bearing limestone and Mn carbonate ores seem to indicate a
similar marine source and comparable temperatures during pre-
cipitation and diagenesis of the different Mn-bearing limestone
(Pfeifer et al., 1988).



J. Xie et al./Journal of Asian Earth Sciences 74 (2013) 155-166 161

Table 4
C and O isotopic compositions for Permian manganese deposits.

Location Sample Rock (ore) type 5'3Cy_ppp%o 5'30y_ppp%o 5'80smow%o t°C Data source
Guichi GP1 Mn-bearing limestone 3.40 —-8.60 22.0 62.6 This study
GP3 Mn carbonate ore 1.00 -3.40 27.4 327
GP6 Mn-bearing limestone -4.10 -9.90 20.7 71.2
GH1 Mn-bearing limestone 2.80 -8.50 22.1 62.0
GH2 Mn-bearing limestone 5.00 —7.90 22.8 58.2
GH3 Mn-bearing limestone 2.30 -6.80 239 51.5
GH4 Mn-bearing limestone 0.60 -7.30 234 54.5
GT10 Mn-bearing limestone 2.80 -6.30 24.4 48.5
Zunyi Mn carbonate ore -3.96 —6.36 244 48.9 Liu et al., 2008
Mn carbonate ore -10.2 —6.50 24.2 49.7
Mn carbonate ore -5.29 -5.19 25.6 42.2 Liu et al., 1989
Mn carbonate ore -7.77 —5.50 25.2 43.9
Mn carbonate ore —-8.09 —4.94 25.8 40.8
Mn carbonate ore -2.97 —4.86 259 40.4
Mn carbonate ore —6.16 —2.95 279 304
Siliceous limestone 0.01 -6.58 24.1 50.2
Siliceous limestone 0.74 -5.72 25.0 45.2
Siliceous limestone 1.97 —6.27 244 48.3
Nayong Mn-bearing limestone -4.78 -2.79 28.0 29.6 Liu et al., 2008
Limestone 3.03 —8.08 22.6 59.3
Limestone 1.91 —6.36 244 48.9
Xuanwei Limestone —3.88 -9.78 20.8 70.4
Oxygen isotope ratios of biogenic calcite may be used to recon-
struct palaeotemperature if the calcite was precipitated in isotopic
' ' equilibrium with seawater and a diagenetic alteration of the pri-
;; gl‘j;;zgg_h\;z:;“ai’zl)_nerature) mary isotopg ratios can be ruled out: Previqus authors propqs‘ed
i that oxygen isotope ratios of belemnite calcite represent equilib-
rium precipitation and that the ratios may be used to reconstruct
N - palaeotemperature (Fiirsich et al., 2005; Price and Sellwood,
o - 1997; Rosales et al., 2004; Wierzbowski, 2002, 2004). Palaeotem-
= peratures were calculated using the equation given by Zheng and
8 Chen (2000) assuming a 8'80 value for Permian seawater of 0%a.
:(—\‘ . The palaeotemperatures of Mn-carbonate samples range from
49 °C to 71 °C with the exception of one sample which gave a value
of 33 °C (Table 4).
: ® gﬂgaorir:g—Mn rock 3. Discussion
T T 5.1. Sources of manganese
20 30 40
MnO/Fe203 Ce/La ratios of samples from Permian manganese ores in China
range from 0.60 to 2.19 (average 1.16) (Table 3) (Liu et al., 2008;
0.24 L L L L R A L B Yang et al., 2009), suggesting multiple sources. Ce/La ratio is a
B good indicator of the degree of Ce depletion in sediments (Dubi-
0.20 . nin and Volkov, 1986). A low Ce/La ratio (~0.12) indicates a large
portion of the REE fraction associated with hydrogenous iron- and
0.16 - - | manganese-hydroxides and adsorbed from sea water. Ce/La ratio
increases with increasing carbonaceous biogenic and terrigenous
= materials and therefore, high Ce/La ratio stands for addition of
S 0124 . terrigenic materials, e.g., the ratio is 2.3 in average in the pelagic
< = clays of the Pacific Ocean (Dubinin and Volkov, 1986). The Y/Ho
0.08 i g ratios are also indicative of Mn sources (Hein et al., 1999). The
s B Y/Ho ratios of Permian samples collected here vary from 25.9 to
§.54 //I*\\\ ] | 444 (mean 36.1) (Table 3) (Liu et al., 2008; Yang et al., 2009),
I e ™ u and fall among seawater ratios (range 44-47) (Bau et al., 1996),
!\ o : : N [ - shales, chondrites, the lithosphere and most volcanic rocks ratios
0.00 T T T T T T T T T T (range 25-28) (McLennan, 1989), and hydrothermal water
0 10 20 3 40 50 60 70 80 90 100 110 120

Sr/Ba

Fig. 5. MnO/Fe,03 vs. Al,03/TiO, (A) and Sr/Ba vs. Co/Ni (B) diagrams of Guichi
manganese deposits. Data for Guizhou-Yunnan are from Liu et al. (2008).

(Y/Ho = 26-27) (Pack et al., 2007; Sugahara et al., 2010), indicating
multiple sources.

The Al,03/TiO, ratios of the Guichi manganese deposits range
from 17.5 to 48.2 (Table 2), systematically higher than those of
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the Yunnan-Guizhou manganese deposits (9.23-30.8) (Fig. 5A),
which is very similar to that of the felsic volcanic rocks at Binchuan
in western Yunnan Province of China (11-43) (Xu et al., 2010).
Especially, Al,03/TiO, ratios of samples GP3, GP4, GP6 and GT9
from Guichi region are as high as 38-40, which is typical of felsic
volcanic rocks (Hayashi et al., 1997). Al,03/TiO, ratio is the most
useful indicator for the provenance of sedimentary rocks (Hayashi
et al., 1997; Taylor and Mclennan, 1985) and acidic tuffs as well
(Zhou and Kyte, 1988), because of remaining virtually constant
during surface weathering and alteration of rocks (Hayashi et al.,
1997). Volcanic activity not only generated volcanic-sedimentary
Mn ore deposit (Liakopoulos et al., 2001; Nyame et al., 2002), but
also provided source materials for other types of Mn deposits
(Fan and Yang, 1999; Levasseur et al., 2004).

An important source of the manganese in this area probably
came from sea-floor volcanism or hydrothermal activity, perhaps
associated with syn-sedimentary faults. This is supported by the
presence of argillaceous volcanic rock in the Gufeng formation of
Permian of the Lower Yangtze area (Kametaka et al., 2005; Xia
et al., 1994, 1995; Yang and Yao, 2008; Zhu et al., 2012) and Early
Permian magmatism in southeastern China coastal region (Li et al.,
2012b). Moreover, the extremely high Mn/Fe ratios of Mn ores (>5,
up to 39.7; Table 2) are consistent with fractionation of manganese
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Fig. 8. C-0 isotopic components diagram for Permian manganese deposits in China.
Some samples of Permian manganese deposits plot in the field of marine
sedimentary carbonate, other samples fall outside the field of marine sedimentary
carbonate, especially Mn ore samples from Zunyi manganese deposit, indicating
two Mn-forming sources. Data source: Mantle (Harmon and Hoefs, 1995; Hoefs,
1997; Mattey et al., 1994); Marine sedimentary carbonate (Hoefs, 1997); Xuanwei,
Nayong and Zunyi (Liu et al., 2008; Liu et al., 1989).

and iron during hydrothermal transport and mineralization
(Glasby, 2000). Geological and geochemical characteristics suggest
that a magmatic heat source was available to drive hydrothermal
fluids and these fluids may have played an important role in
leaching and transporting metals.

Previous authors proposed that many mineral species could be
formed as a result of biological activity in geological environments
(Lowenstan and Weiner, 1989; Simkiss and Wilbur, 1989). Skinner
(1993) discussed the distribution, size, and composition of several
minerals (apatite, iron and Mn minerals), indicating that biologic
effect controls on their formation. These are called bioindicator
minerals, or biominerals. Some authors proposed the origin of
Mn-carbonate deposits related to the decomposition of organic
matter during early diagenesis (Hein and Kosk, 1987; Okita et al.,
1988; Polgari et al., 1991). The carbon isotopic data of the Mn car-
bonate ores and Mn-bearing limestones from Permian manganese
deposits of southern China (—2.97%0 ~ —10.2%0) show contribu-
tions of carbon from marine organic matter (Fig. 8 and Table 4).
Hydrothermal activity was beneficial to the reproduction of living
creature and generally increased biological activity. This is
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consistent with the presence of abundant fossils in Mn-bearing
limestone and shale seen within the study area.

5.2. Sedimentary environment of Guichi manganese deposits

Wright and Holser (1987) proposed that Ce anomaly (Ceanom.)
is a good index to describe the relation among Ce and La,
Ce and Nd as, Ceanom =log [3 x Cen/(2 x Lay +Ndy)] (shale-
normalized Mclennan, 1989). The Ce,nom. Value reflects oxidation-
reduction condition of ancient seawater. For example, when the
Ceanom. > —0.1, which in turn indicates that the water body was
deficient in oxygen, whereas a Ce,nom. < —0.1 is taken as repre-
senting a negative anomaly Ce, and shows the sedimentary water
body was oxidative (Wright and Holser, 1987). Ceanom. Values of
all samples in Guichi region are <—0.1 (Table 3), suggesting depo-
sition took place in a well oxygenated environment. The negative
Ce anomalies of the analyzed samples (Fig. 6A) probably reflect
the contribution of seawater to the REE composition because sea-
water generally has a large negative Ce anomaly (Piepgras and
Jacobsen, 1992).

The shale and chondrite-normalized cerium (Ce*) are useful dis-
criminants between samples and plate tectonic environments, be-
cause it is resistant to later geologic processes (Murray et al., 1990).
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Three depositional regimes can be identified: spreading ridge prox-
imal with Ce* ~ 0.294, ocean basin floor with Ce* ~ 0.55, continen-
tal margin with Ce* ~ 09-1.3 (Murray et al., 1990). Therefore, the
Guichi manganese district formed mostly in a marine basin (aver-
age 0.58, Table 3). This is consistent with the result indicated by
the La,/Ce,, vs. Al,03/(Al,03 + Fe,03) diagram (Fig. 7).

Sr concentrations in Mn ore covary with seawater salinity,
namely Sr concentrations in seawater decrease with decreasing
salinity (Klein et al., 1996). With increase of seawater temperature
and salinity, Sr concentrations increase (Duefias-Bohérquez et al.,
2009). The high Sr contents of Mn-ore samples (more than
1500 ppm) indicate the Guichi manganese deposits mostly formed
in high-salinity marine sedimentary environment (Duefias-Bohdr-
quez et al., 2009; Fan, 1994; Klein et al., 1996; Zhao, 1997).

5.3. Origin of the Guichi manganese deposits

Based on mineralogy, composition and tectonic settings, sedi-
mentary manganese ore deposits are usually divided into three ge-
netic types: hydrogenous, diagenetic, and hydrothermal (Bolton
et al., 1988; Hein et al., 1997). Hydrogenous manganese deposits
are represented by ferromanganese crusts, which slowly precipi-
tate from seawater (2-10 mm/Myr) (Ingram et al., 1990), and are

1 T T T
B
Supergene
0.1 4 E
9
Z
— 0.014 E
=z
+
8 Hydrothermal
|
0.001 4 | E
0.0001 T T T
0.01 0.1 1 10
As+Cu+Mo+Pb+V+Zn (wt%)
9 T T T
D B M Guichi(This study)
8 1 ® @ Guizhou-Yunnan(Literature) T
H% Mnore
71 B ® Bearing-Mn rock E
6 - 4
c i 4
N 5
(@)
O 41 Hydrogenous ]
3 1Hydrothermal ]

T T
4000 6000

Cu+Co+Ni(ppm)

8000

Fig. 9. Bivariate and ternary diagrams illustrating the hydrothermal components of the Permian sedimentary manganiferous formation from Guichi region in China.
(A) SiO, -Al,03 diagram (Wonder et al, 1988). (B) Diagnostic plot to discriminate between hydrothermal and supergene manganese oxides (Nicholson, 1992).
(C) Fe-Mn—(Ni + Co + Cu) x 10 ternary diagram (Hein et al., 1994). (D) Co/Zn vs. Co + Ni + Cu bivariate diagram (Toth, 1980). Data for Guizhou-Yunnan are from Liu et al.
(2008) and Yang et al. (2009).
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characterized by a Mn/Fe ratio close to 1, high Ni and Cu concen-
trations (>3000 ppm), and negative Ce anomaly (Oksuz, 2011 and
references therein). Diagenetic manganese deposits result from di-
rect precipitation of Mn during early diagenesis at or below the
seafloor, which is generally related to a change of redox conditions
(Coleman, 1985; Hein and Kosk, 1987; Okita et al., 1988; Polgari
et al,, 1991). These diagenetic deposits may be composed of Mn
carbonates or oxides. Hydrothermal manganese deposits which
are characterized by high Mn/Fe and low trace metal concentra-
tions (Hein et al., 1996; Hein et al., 1994), are directly precipitated
from low-temperature hydrothermal solutions (Hein et al., 1997,
Ingram et al., 1990) and generally have laminated and stratabound
forms (Hein et al., 1997).

SiO, and Al,05 are good indicators for the source of sediments
(Wonder et al., 1988). Plotted on a SiO,-Al,03 diagram, most of
the samples from the Guichi manganese district fall in the field
of hydrothermal origin, with a few in the hydrogenous field
(Fig. 9A). Elements such as Ba, Cu, Ni, Co, Pb, Sr, V, and Zn are fre-
quently found in hydrothermal manganese-rich systems (Nicholson,
1992). All these elements are present in significant concentrations
in the manganese ores from the Guichi region (Table 3). It has also
been recognized that hydrothermal oxides are lower in Co, Cu, Ni,
and Zn, relative to hydrogenous deposits. Therefore, high cobalt
concentrations are indicative of marine environments as pointed
out in the discrimination diagram between marine-freshwater vs.
hydrothermal deposits (Nicholson, 1992). The Guichi manganese
samples have low cobalt concentrations (Table 3), and plot within
the hydrothermal field (Fig. 9B). Moreover, the source of metallic
components of the manganiferous formation of the present study
can be constrained from Mn source-discrimination diagrams (Hein
et al., 1994; Toth, 1980). Consistently, the geochemical data of the
manganiferous formation plot in the field of hydrothermal Mn
deposits on Fe-Mn-10(Ni+ Co + Cu) ternary diagrams (Hein
et al.,, 1994) and Co/Zn vs. Co + Ni + Cu (Toth, 1980) (Fig. 9C and D).

As shown in Fig. 6A, REE patterns of the Guichi manganese
deposits show a Eu anomaly, again suggesting main contribution
of a hydrothermal component. The La,/Ce, ratios of the Mn-ores
and Mn-bearing rocks (Fig. 7) also suggest main contribution of a
hydrothermal component to the REE composition. In addition, high
MnO/TiO, ratios (up to 1877 of ores) and Ba contents of Mn-ores
and Mn-bearing rocks indicate that they are affected by volcanic
activity and sedimentation (Oksuz, 2011).

Xia et al. (1995) once proposed that silicilite of the Permian Guf-
eng Formation in the Lower Yangtze area was hydrothermal sedi-
ment origin, whereas Zeng et al. (2004) proposed that cherts of
Permian in Tongling region were origin of the consequence of epi-
sodic, multi-cycle activities of hydrothermal solution. Li et al.
(2012b) found the ubiquitous existence of ca 280 Ma detrital zir-
cons in the studied sediments, implying a widespread occurrence
of Early Permian magmatic rocks in southeastern China coastal re-
gion. The palaeotemperatures of Mn-carbonate samples (49-71 °C)
were obviously higher than those of Qixia period (35-40 °C) in the
Lower Yangtze area (Jiang et al., 1994), supporting hydrothermal
deposition in the Guichi region, too. Therefore, the Guichi manga-
nese deposits are mainly of hydrothermal origin.

5.4. Genesis of siliceous rock of the Gufeng formation

The Gufeng Formation of the Middle Permian in South China is
bedded siliceous rocks with tens of meters thickness. The origin
of the bedded siliceous rocks is a matter of a long-term debate,
with different models ranging from hydrothermal genesis (Adachi
et al., 1986; Xia et al., 1995; Zeng et al., 2004), to biogenesis (Gar-
rison and Fischer, 1969; Yang and Yao, 2008; Zhu et al., 2012),
and upwelling genesis (Kametaka et al., 2005; Li and Zhai,
1989). Silicalites of Gufeng formation from Guichi region are

mainly characterized by hydrothermal sedimentary rock: high
SiO, and Ni contents, low Al,0s, K;0, P,O5 and Co contents, low
SiOz/Aleg,, SIOZ/(Kzo + Nazo), SlOz/MgO, MnO/T102 ratios, CO/
Ni <1, U/Th > 1. As discussed above, the Eu anomalies of the ana-
lyzed samples (Fig. 6A) suggest main contribution by a hydrother-
mal component to the Gufeng basin. In addition, the La,/Ce,
ratios of the samples (Fig. 7) also suggest main contribution of
a hydrothermal component to the REE composition in the sili-
ceous rocks. Moreover, silica-rich precipitates have been reported
in close association with massive sulfides in a modern oceanic
hydrothermal vent system, in the Central Indian Ocean (Halbach
et al., 2002).

Although previous authors argued that siliceous biological
activities alone have difficulties to deposit large thickness sili-
ceous rock, such as radiolarian and sponge (Xia et al., 1995 and
references therein), recent researches point out that microorgan-
isms have a more active role in silica precipitation, fixing silica
and favoring its nucleation (Jones and Renaut, 1996; Konhauser
et al,, 2001). In many cases, silica precipitation can be attributed
to a combination of both biotic and abiotic mechanisms (Guidry
and Chafetz, 2003). Hydrothermal activities may supply nutrition,
and are beneficial to the reproduction of siliceous organisms and
other organisms, and generally increase biological activity. This is
supported by the presence of volcanic ash beds in the Gufeng for-
mation of Permian of the Lower Yangtze area (Xia et al., 1994,
1995; Kametaka et al.,, 2005; Yang and Yao, 2008; Zhu et al.,
2012) and shale with abundant fossils among volcanic beds
(Zhu et al., 2012).

On the basis of the above discussion, the Gufeng siliceous rock
is very likely to be of hydrothermal origin.

6. Conclusions

(1) The Guichi manganese district of southern Anhui Province,
including Tangtian, Pailou, Huikeng, Huaduling and Maya
manganese deposits, occur in calcareous, argillaceous and
siliceous marine sedimentary assembles of the Permian Guf-
eng Formation. The manganese ore bodies are layers in Mn-
bearing sequence. Ore types of manganese deposits are pri-
marily divided into primary manganese carbonate ore and
manganese oxide ore, with Mn-ore grades of 18.2-45.4 wt.%.

(2) The ores are characterized by high Mn, Fe, P, Sr (more than
1500 ppm) and Ni contents (>480 ppm), Mn/Fe (>5) and
La,/Ce,, (>2) values, and low concentrations of Ca, Si and
Co/Ni (<0.05) ratios, compared to Mn-bearing rocks and
wallrocks. The trace element characteristics of Guichi
manganese deposits have low Co/Ni (<1) and Co/Zn ratios,
low in total REE contents (mostly <100 ppm) with LREE
enrichments ((La/Yb)y=6.65-13.9), negative Eu (0.46-
0.75) and Ce (0.42-0.76) anomalies, and typically low
Ceanom. (<701)

(3) The 5'3Cy.pog (—4.1%0 to 5%) values of Mn-bearing lime-
stone and manganese carbonate ore in the Guichi region
indicate that the carbon was primary derived from Early
Permian seawater with minor contributions from organic
matters. The 5'80y_ppg (—3.4%0 to —9.9%0) values also show
a similar marine source.

(4) The mineralogical and geochemical characteristics of man-
ganese deposits in the Guichi region mainly support a
hydrothermal origin and high-salinity and oxidative of mar-
ine sedimentary environment. Geochemical characteristics
of the Gufeng siliceous rock likely indicate a hydrothermal
origin. The multiple sources of manganese include volcanic
materials, terrigenous materials and organic matter.
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