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Fig.2 Major element vs. MnO content in manganese ores from the Datangpo Formation, Minle area
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Fig.3 Redox element properties of different grade manganese ore from the Datangpo Formation, Minle area
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Table 1 Major element concentrations (%) in different grade manganese ore, Minle area, Datangpo Formation

FER S KM SiO, ALOs3 Fe:0; MgO CaO Na,O K.0 MnO TiO, P,0s LOI
HY-4 ) 7K A 15.7 4.0 3.4 42 5.6 0.4 1.1 34.8 0.2 0.3 30.3
ML-9 = ) 7K 54.6 14.5 9.7 0.9 0.5 1.3 3.5 2.5 0.6 0.3 11.7
ML-10 e 7K 51.5 5.5 9.1 1.0 3.4 0.7 1.2 12.1 0.4 2.0 12.3
ML-14 e 7K 26.9 6.6 8.0 2.8 2.6 0.6 1.6 25.2 0.3 0.3 24.8
ML-15 e 7K 23.9 6.7 9.3 2.5 3.7 0.6 1.7 25.0 0.4 1.1 24.7
ML-18 = ) 7K 47.9 12.2 7.6 1.3 1.4 1.3 2.9 9.2 0.5 0.2 15.0
ML-19 = ) 7K 48.9 12.6 6.9 1.3 1.2 1.3 3.0 8.8 0.5 0.2 14.7
SCM-1 FAEA 51.7 13.8 6.6 1.3 2.0 1.7 3.1 6.0 0.7 0.2 12.7
SCM-2 A 23.7 3.0 3.1 4.5 5.5 0.4 0.7 30.3 0.2 0.2 28.2
SCM-3 A 39.4 12.3 6.1 1.9 4.5 1.4 2.9 11.5 0.5 0.3 18.9
SCM-4 A 23.8 2.7 3.8 4.2 5.4 0.5 0.6 29.6 0.2 0.2 29.0
SCM-5 FAEA 42.4 10.7 6.0 1.9 4.9 1.2 2.5 11.8 0.5 0.3 16.9
TMC-1 A AT 46.7 13.7 6.6 1.6 5.9 1.2 3.6 4.4 0.6 0.2 13.2
TMC-3 A AT 55.7 153 4.5 1.6 1.9 1.5 3.8 45 0.5 0.1 10.4
TMC-4 MR AAT 35.5 8.8 6.7 2.6 8.0 1.2 2.1 13.8 0.5 0.4 20.4
TMC-5 AT 39.8 9.6 4.9 2.4 6.7 14 22 13.1 0.5 0.5 18.8

33 FHlEREAIZEERK

FIT A B IOUC ARG B KM ALTER, H-10.4%0~-53%0 (% 2). X E, 5 1HFHE
R RS B AR INO1PC (A (-10.4%0~-9.0%0, “FI5MEN-9.5%0), 5 14 H & S 4l FF i 2L
BHEMOPCAE (-9.5%0~-8.3%0, “TIIMEHN-8.5%0), 1M 6 FHKSALERA FE i U H A = i 613C
fB (-7.4%0~-5.3%0, “FI5I{E N-6.2%0) -
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Table 2 Trace element concentrations (10-°) and inorganiccarbon isotopes (%o) in different grade manganese ore layers, Datangpo Formation, Minle area
PSS K v Cr Co Ni Mo u Th Zr Sm Eu Gd Usr Mogr Eu* 3" Cros
HY-4 i 7K A 53.7 107.0 31.1 23.8 5.4 0.7 2.7 50.2 6.8 1.3 5.9 0.9 13.4 1.0 9.2
ML-9 I 1 7K 3R 137 84.1 17.0 26.7 32.1 2.7 10.5 185 9.2 1.7 8.0 1.0 225 0.9 5.3
ML-10 I 1 7K 3R 76.4 79.2 489 28.2 6.2 1.4 3.8 74.0 16.9 3.5 18.6 1.4 11.4 0.9 9.5
ML-14 I 1 7K 3R 89.1 89.6 26/4 24.2 9.3 1.3 43 723 15.1 33 15.1 1.1 143 1.0 9.7
ML-15 IS i 76.1 101.4 35.8 26.5 3.6 1.2 6.1 123.0 11.3 2.7 12.7 1.0 5.4 1.0 -10.4
ML-18 IS i 132.0 74.0 30.7 28.3 25.0 2.3 12.0 161.0 7.6 1.4 72 1.0 20.8 0.9 5.9
ML-19 IS i 123.0 71.9 38.8 41.8 26.4 24 11.6 176.0 7.6 1.4 7.0 1.0 21.2 0.9 5.8
SCM-1 E#A 120.0 98.9 23.1 34.4 9.2 23 12.0 175.0 9.2 1.5 8.4 0.9 6.7 0.8 7.4
SCM-2 E#A 36,2 1080 26.6 16.3 2.6 0.7 23 39.8 5.6 1.1 5.2 1.3 8.6 1.0 9.0
SCM-3 E#A 137.0 83.0 43.0 52.1 30.9 2.1 8.9 139.0 7.9 1.3 6.5 0.9 25.5 0.9 -8.4
SCM-4 E#A 36.5 121.0 53.4 27.6 2.8 0.6 2.2 40.1 6.0 1.2 5.4 1.2 10.8 1.0 9.2
SCM-5 FAEA 98.3 83.2 22.0 323 6.7 1.6 9.7 127.0 10.1 1.9 9.1 0.8 6.3 0.9 -8.3
TMC-1 Hal Ak 126.0 74.5 53.9 83.4 28.3 2.9 11.7 170.0 5.8 1.0 5.4 1.1 20.9 0.9 5.8
TMC-3 Hal Ak 105.0 83.6 16.2 29.0 11.7 3.2 12.0 178.0 7.7 1.3 6.4 1.1 7.7 0.9 7.2
TMC-4 Hal Ak 145.0 130.0 33.0 47.8 12.1 1.5 6.5 121.0 7.6 1.4 6.9 0.9 14.0 0.9 -8.3
TMC-5 Hal Ak 161.0 117.0 37.6 50.6 14.5 1.7 7.0 133.0 8.4 1.5 6.9 0.9 15.4 0.9 -8.3

#: Mogr l Ugr 28 HIARERE S Mo A1 U MIXE 738 B (UCC) HIESERTF (HESCHR[49]),

HIUAE (PAAS) ) Bu %, WHAZA: Eu*=2Eun/(Smy+Gdy)-

THEAXN: Xer=(X/Al)4/(X/Al)ucc,

o X AR Mo 5 U, UCC HUE K F SCHR[50];s Bu*RRFE S AN FfE K
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Fig.4 SEM backscattered electron images showing mineralogy of different grade manganese ores, Minle area,
Datangpo Formation

(a-c) high-grade; (d-f) medium-grade; (g-i) low-grade; Rds. rhodochrosite; Mn-Dol. mangandolomite; Py. pyrite; Qtz. quartz; I11. illite)

FEPEEMALERTT (10%<MnO<20%) i, &8 Y5 AL R s AE L, 75 DOk



OB T RIS ORI IR AR SR R

/T 5 pum B HTRDR OB ZE R N, HE R B RAIRSGRECIR 70 A1 T S AR, 5t
JRr (E 4d~D). BEY W2 Z RIS, OB E BRI . BRI A&
RRIRBCERY . XS T i CLERR R AR ITT S, A AN S B P

FEARAALERD (MnO<10%) #dhH, B W& EEZHED, MAaRMFETYEE
WS 2N (] dg~Do Horp, BTV LR BRSO N T, RARIEE KT 20 um,
PRSLHR T2 ChBeMBERIAT) 216, NEHE B B RHUIRSESRE T, iRk =2
AN W, X5 AR R S R R B2 . B T AR R S
KA, WELEAE—FEEIURERT

4 g

4.1 JRIKEUTEFH
4.1.1 HikibeEasie

TR P REIE RS TR S B, B EEMHEE R 215 T KA E A,
R e N R K AR S5 45 A9, E A S\ U i Mo ZE 48U 2544 T 4333l A i
AT 2 BB IR B ISR G & 0 R BH IR h B B8 VA A Tk B\ 2RT, AEBREME TR, min S
[ U Al Mo B¢ 38 JFE U A, FEPREEENFTRR Y 5253, S EEAEY U A Mo iRk FE
A AR TR E A5 5455 FEFF TR A, /K AR SR 25 X TR o Mo 1 U 1'&
G AR —HAEHIER, R DT o G SR B0 E 5 BAT R 2K IEAH DR AR AL 150

FERARH XOR SR o, m i A B A AR Mo AT U & &, 1 — 1K ah iz
Bl B A AR ) Mo AU &8 (5] 3), LT B v i LB T BT K R S AL FR R T
M A — AL AR T A T KA R S B BRI T 2 T o 2RI, TR BEVERE, XA
Mo 1 U & £ H TR WREAR Bor: A FEG AR T-F35 EHSE R I H B 21 Mo &4
(Mogr=5.4~25.5), TITANG U B (Ugr=0.8~1.4) (£ 2. K 52), XEEFER U & (0.6
X 10°~3.2x10) $23 T BT FI8ME (~2.8X100) 5%, H5 Th Al Zr Z [A] LA @M (E
5b-c), R U FEWAF THBHE AT, JUPASHANKAK U. RE Fe-Mn RN (Fe-Mn
shuttle) 7] LLSBUIARYIF Mo AHX T U M BEE &, H U WERLEBRIFEAZH, A ERm
PR U S BRI THERAEERIEE, Fik, RABXAET i Mo Ml U & H£id 2
ML T B, R TS R T AR e A R T RK AL JE & A



30

251

20F

A
éiIS— g

10f T

2
U(10%) V/iCr

K5 RORHLXCORGE AR i AL AR 70 3 R b 2 RS AE
(a) U R Mo EHEFFHAE; (b) UM Th PR (o) UM Zr AR (d) Ni/Co il V/Cr 58 X 2K
Fig.5 Elemental geochemical characteristics of different grade manganeése-eres’from the Minle area, Datangpo
Formation

(a) U and Mo enrichment factors; (b) correlation of U and Th; (c) correlation of U and Zr; (d) cross-plot of Ni/Co and V/Cr ratios
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Table 3 Pyrite morphology and grain size in manganese ore layers, Datangpo Formation, Minle area

o EEa AR BT TIREM
L S v BETH mE MR 2L BoRmf  CPHEA G EREAMN
o 7S iR €9 Cum) Cpm) Cum) iz filRE
SCM-1 5.96 S E4 125 2.02 15.24 5.13 2.0 B
TMC-1 4.36 b % 110 1.83 12556 4.69 1.9 BRE
. TMC-3 4.45 U EZ 115 1.62 13354 5.00 1.9 BRAR
ML-9 2.48 b EZ 120 1.48 27 4.70 1.5 BRAR
ML-18 9.21 b EZ 137 1.78 13.04 4.98 1.8 R
ML-19 8.76 Tl £ 132 1.65 14.65 4.54 1.6 st
SCM-3 11.50 b % 101 3.40 20.69 8.07 32 R
SCM-5 11.80 2 £ 103 3.45 17.83 7.34 2.6 FETA
H TMC-4 13.78 EZ > 20 4.56 10.03 7.42 1.5 [ B2
TMC-5 13.07 EZ A 17 5.93 15.75 10.29 3.0 I8 o
ML-10 12.13 EZ A 15 4.83 16.52 8.68 3.4 I8 o
HY-4 34.77 L b E=ta
SCM-2 30.27 L b E=ta
] SCM-4 29.57 Fiab % =N
ML-14 25.18 i T E=K24
ML-15 25.01 ok EZ T Eatia

TE: BB BUAREE TR B R ~1em X lom AR VIS, HE XA =R, =Bk T 10, b=HkLE
KT 10, /AT 100, Z=HREER KT 1005 HERE TEIAKLAR TR 7R TR SR IR PR RES TR (62] -

MBI, &AL P2 T 2L B RCR A B T HOR = 1 (&
da~c), RWBFIRFEEA, FHARHTTRTEMIE . S REFHX LR, F—RahL
S SRR (& 4d~D), RIS PIAR T /K A8 AR J5 o A IR A FR4502)
Y Gt ot Ban . A AR R S Th AR R H BRI AU, B KA B A
BRI, HPMEIRT 6 um, fa7m HUTRRR KR T30 20RES; MRS ALERD
B b P AR SR B AR B AR BN ARG, PIME N T 6 pm,  FRRHUTRUK M b
TEERS (Bl 6a. & 3). EEFREKT VURME A E R (& 6b), H&& AR
A K 2 VR N BT EFRBE XA, T b AL AR A i 7 NGBR3, 56 T B Bk TR SRR AR
SARFAERI S BT R B, R AR X KB 2B MK S AT R T B T /K A AR A 85, S S TR T
BT KA ZT IR, T AL R W BT KA e A AT . X — 55 R 5 R 1L 22 S84k



St
S
4
b=

3 SR AR b 7 B PR 22 R i B — B

22 1

@ s agl) | (b)
20 hfr sy 55 =46 7 14
N ® i
ol FRECTE T LR (19 (103
1] i = _
(15) 104
16 125 (132 o

H % (um)
T3 7T %
==

h
N i S
(pm)
[ J >
1 | I

@ % fh iR R

% 4—
O o o 4

0 T T T T T T 3 T T T T T
0 2 4 6 3 10 12 14 16 0 1 2 3 4 5 6
MnO (%) i ift (2 (um)

SR AN £ L Sl (N RE VA7 TR 2N SR T A
(a) BERREBRT A A (b) FULERZHHHE GRSTR631E50

Fig.6  Grain sizes of pyrite framboids in medium- to low-grade manganese ore layers, Datangpo Formation,
Minle area

(a) box plots of grain size distributions; (b) redox condition discrimination (modified from reference [63])
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Fig.7 Discrimination diagrams of Mn sources in different grade manganese ore layers, Datangpo Formation,
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(a) Eu*~Mn (modified from reference [71]); (b) Al/(Al+Fe+Mn)-Fe/Ti (modified from reference [72])
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Fig.8 Carbon isotope composition of different grade manganese ore layers, Datangpo Formation, Minle area
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Abstract: [Objective] The western Hunan region hosts extensive Neoproterozoic marine sedimentary manganese
deposits. Manganese (Mn) is a typical redox-sensitive metallic element whose enrichment in sediments is strongly
correlated with the redox condition of the bottom water in the basin. A detailed study of the sedimentary redox

conditions of such deposits helps to explain their metallogenic mechanisms and the constraints on their marine



cycling during the mineralization period, and also provides theoretical support for the assessment of regional
mineralization potential. [Methods] This study involved mineralogical, geochemical and inorganic carbon isotope
analyses of 16 manganese ore samples of various grades from the Nanhua System Datangpo Formation in the
western Hunan Minle area. [Results] Mineralogical and carbon isotope analyses revealed that high-grade
(MnO>20%) and medium-grade (10%<MnO<20%) manganese ore layers consist of predominantly subhedral
granular microcrystalline thodochrosite (grain size <5 pm) and are relatively enriched in light carbon isotope ( &
3C=-10.4%0~-8.3%0; n=10). Conversely, low-grade (MnO<10%) manganese ore layers contain larger- grained
(>20 um) subhedral platy rhodochrosite enriched in heavier carbon isotope ( & '3C=-7.4%0~—5.3%o; n=6). Pyrite
morphology and element geochemical proxies (Mo, V, Ni concentrations and Ni/Co, V/Cr ratios) indicate that the
high-grade manganese ore layers were deposited in oxic conditions, the medium-grade ore in suboxic conditions,
and the low-grade ore in anoxic conditions. Additionally, high-grade manganese ores exhibit geochemical
characteristics indicating hydrothermal deposition (e.g., high Eu® values and high Fe/Ti ratios). [Conclusions]
These findings suggest that, in the Minle area of western Hunan, the rhodochrosite in the medium- to high-grade
manganese ores was formed as a result of the reaction between Mn oxides with organic matter during diagenesis,
whereas in the low-grade manganese ores the rhodochrosite was probdbly ‘precipitated from Mn?" and COs* in
highly alkaline and anoxic conditions. Submarine gas-hydrothermals activity in the deep-water basin of
northeastern Guizhou most likely supplied the Mn?* ions for these manganese deposits; oxidation of bottom water
in the basin was the key factor determining manganese enrichment and mineralization in the region.

Key words: Neoproterozoic; sedimentary manganese deposits; redox proxies; carbon isotope; hydrothermal

activity



	0  引言
	1  地质背景
	2  样品采集与测试分析方法
	2.1  全岩主微量元素分析
	2.2  无机碳同位素分析
	2.3  矿物原位观测分析

	3  结果
	3.1  主量元素特征
	3.2  氧化还原敏感元素特征
	3.3  无机碳同位素组成
	3.4  矿物学特征

	4  讨论
	4.1  底水氧化还原条件
	4.1.1  地球化学特征
	4.1.2  矿物学证据

	4.2  成矿锰质来源
	4.3  锰富集成矿过程

	5  结论
	参考文献（References）

