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B, 2 PR G PR R, hy DX v T A S R S L [ ik DR VG R A b X g A 2R KB A 1 16 14 [l o
B AT TT R T8 1% JC R HBR AL~ R T AR [R5 3R 447 - [ S5 5R 185 5 A5 (MnO0>20% ) Fl T 45 i 37 ( 10%<MnO<20% ) it T &
AL HTERCIR G (<5 m) Z2EE0 0 32, A & B2 0 [R5 25 (8" C=—10.4%0~—8.3%0) ; K T 32 (MnO<10% ) #5457 1
PAFCRIAR (520 wm) 2 FATEAR R 226007 A 3, MR & 4 B (R R0 38 (87 C=—7.4%0~~5.3%0) o e b (i B VIR T4 A A, 3
i SR IR T 2SR AR SO AR DU B . eSS T B 5 Eu B A Fe/Ti (B 55 BRI BR L~ F A AIE
(G538 ] h—m S LR 22500 ) AR DT s S s e A v 55 LT S IR 5 AU b (57 B 7 v PO S22 7 DU T R 7
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0 5%

AR DU AV T 2 — Fh E SRR R AL,
TR, A B AT, R T IR
5 R EBEIBZ — (T 555, 2014; B,
2018; AR, 2018) o Aot AR Hbek Py s L HE 2
(AU AH LR R ™ B I 30 2 — |, Bk 2 b X
T KA 4% K (Maynard, 2010) . 7EAE B Hb IX,
Sturtian VK ZEH 5 (667~664 Ma) JE R K HEAH TR R
BRAT WA TR A R ORYES A R U BERR
R RIE A (RIERFAE 2013 5 3 SCHEAF,2020) o
AR, — ZR AN KA —8 K i K yE 9 R T IR AE

BRI XA AR A B, G ™ DA i i 742
M, AR I B T 1 e AR BRI 4 (B 5 3055, 2019;
JEIRAE,2023)

i (Mn) BA ZA T80 2 & —Fh A i 4 Ak
A JFAHUE 4 JB JC K (Tribovillard et al., 2006) . 7K
HH Min =32 22 DLRTA ) Mo A MnCLIE SUAE 78, TR R
AT AR S0 Mn™ 2 B 48 A0 1 e A 285 [T AR
(&) & kWi 22 12 U1 3 (Calvert and Pedersen,
1996) . #KT, 4%k (%) E AW #E A S AL s A T 2
R R BR B i 2 PR 8 TR M
(Rajendran et al., 1992 ; Glasby and Schulz, 1999) , iX
FE B ERTE 2247 A (45 Mn 760 76 b BLAT 45 nl i

s H #5:2024-09-10; f& B H #5:2025-02-03 ; 5% FA H#5:2025-03-11; B 28 B4 kit B #A: 2025-03-11
EEWB . FE AT LRI (2017YFC0601506) s Wi 2 A SR T RHE R (HBZ20240128)
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B 1, H ™ A% 52 3 K AL G IR 3 i 45
(Tribovillard et al.,2006) . EEAHPLAR GG IR TP &
B YR 2 Nk S R IR B G2 ER ) , JF 0 5 &
N S=Et i (Maynard, 2010; Johnson et al.,2016) .
N, B R AR AT R W) DR AE & UK AL T Y
B A AL W 2 D A i TR AR T K (Calvert and
Pedersen, 1996; Maynard, 2010; Yan et al., 2022) .
B2, WA TR, TE R T AT, B4k
PR B Mo ] LAY CO3 456 B U R R
(Herndon et al. 2018 ; Wittkop et al. ,2020) , H: 454"
R (Gao et al.,2021; Chen et al.,2022) . £ A& PR Fh
B R RS K O T Min® 1) 1R S A S T
J3T Min (4 T30 B 4AIE A R 25 1, W A TR AR O AR A
R IR TE B B R 2 2 — (Yu et al.,2016 3 Dong et
al.,2022) . PRI, JEVE AR DT BYER 57 IR 1 00 45 1T
R AR I 25 A2 78 43 Bt ™ SV v Mn B 38 5
AR U R R Y E S, T DU v T PR A
BRHE,

KT RIES A DI AR [ A e 20T
J& T REMITE . BT IUER AL R AR 73 55 Bk
o< TN R T N S NI == SRV A 7 & =
i) (Feng et al., 2010; Li et al., 2012; Cheng et al.,
2018;Ma et al.,2019) , KZ B0 W T 77 A ol 4
PEIREE (5K K KAE, 20135 RFEHPIAE, 20135 BRAKIR S,
2018; & FIAF , 2020 JEVKVKAE ,2023) , #R A ERATL
FRT B 2R A, L3 B B i b o (] R g 4%
2014; Wei et al.,2020; Cheng et al.,2021; FH S 0 &5
2022), DL E#ESE 28 T 5N AR AL R L
BRAT X, HAE T A AT R T AR AR IR
IR Z M R AR AR B 4R 1 (Yu et al.,2016; Zhou et
al.,2022) . WSRO A TR IS R AR SRR
W5 i A AN R AT R IR AL 1 2 1y ) Jo
fifh (Mn™) (JE B 45,2013 Yu et al.,2016) , [, HB
T3 S M SR (i CHL T HLS 55) L 2 BUK IR R 2
B4 (Wang et al.,2019; Wei et al.,2024) . vKJ5 58
FU A B v G XU R SR AR IR W 4 1 31
B AT B S EOZH X R DU T 2 Ak R kA
Z K (Ma et al.,2019; Cheng et al.,2021; Wei et al.,
2024) , 3% Fh 2 A2 TR A AR S5 SR A FTE R — 1 R vh
5% W (Yu et al., 20225 Ai et al.,2023) . PG
DA T B AR R IE S A BT XL AR 1] B, &
BRI P — AR, A RARERT IR e H

B RS (B4, 2016) o M XA RSB U
DT A A B A AT i 24, BRA 1 X i
PLEEA AT . e Ah , FE M B PG 3 DS oty
ifi , LAAOK AL o 2 (AROEHI4E, 2020) , 3% 4 1 fi%
A G BT e AT R K X A AR T i A
Pt T ML,

G, 7R SCHE PRI VY B AR b DA [) il 2 5 4
A T RAT 17 M ER AL~ o0 A, A 58 734 78 FL DL
PR BA A, BRI HLBE , i — 2P e AR R
oo AU RIS e 5 [, 0 12 X A
BRI AR LS .

1 MR 5

T T A A I (850~820 Ma) , 47 1 Hh B 5 4&
B HPEG Y 8 — 1A KB (o L 55, 2013
B R AE,2020) o Bl S, 7687 o0 AR R (820~
680 Ma) , % Rodinia i K fili 4 fiff 35 11 52 ) , 4 7 A i
P A 25U R AR R RS
Y 2 WK 2448 7 0 (BT A, 2012 fham Af 46
2015) . Hrp, ARl KU (~720 Ma) 1Y 246535 21 3
H LT ARG RRR I — 20 R T
JUZR AR 1] 118 0 R 5 e YR G 48 2, S JE AR
Sturtian PKI HORDR R JE A AN K 5 30 & A AL 2E (5, L
AR (RS ,2016) . B 28 Aty , — R 50
BRI R RIS R RV BB I A
ERFEH(KE 1a),

FOARARAT RS, TR PG £ 505 1 % A iR M RSR R
R 3 km &b iz X )z EE BT i —FE R
WZE AT AHR EER EARMERR ,BEK
o Z AR E AR (B 1h) . KINFHARE
MR, T A )2 —rp R 2 b
L= o S/ SURRIEN A SHE N R DL e = 34
IR A2 o — B A DR s, LR T PRAE
#4294 820 Ma (i K75 5,2013) . M%EFRH Fifi b
MR B AR K IEE A R v LA B, NS 7
FTHHORZ Lo H R XN E AT T
Sturtian 7K, FZ K @ 52— R )2 SR A SRS
F 5 IR T B R AL, O — I IR
FHTTRL CRTEEE 20195 48561945 ,2020) . Bivedi ik
R JZR S BRED HIRD AL, o — B VK A
s, AR T Marinoan VKUY (4 B U5 vk st — VK g AH
DU, e T E R M e gl Z Rl p R YES A i T Bt
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Fig.1 Paleogeography of the Hunan-Guizhou-Chongqing boundary area during the Early Nanhuan Period

and geological map of study area

(a) structure of Wuling secondary rift basin (modified from Zhou et al., 2016); (b) geological map of sample collection locations in the Minle area, western Hunan

A TUA RN L BORER O TSR R, AR T B vk
TR (AR5 ,2020) . EH R A T EAFEBEL
TR AL, — B0 R AR R i
T G H—FEARTOR ; 280 R 2 i 2R B s 4 e
JO U e RE A F B, i — B RHE AT (Jiang et
al.,2011), TEIZHBIX, RIESEZH T BB U IcHiiE
WRB 3~4 2RI, 2 2 2R MBS E AR =,
JEJE0.5~5 m A% PR 2 me H A AL
(w(Mn) ) 15%~25% , V- Y5 550 298 19% , E AR W fith it
2700 J3 i v R R A B IR

2 REACRESIA A

7 B SR X AR AR (SCM) i 7K A (HY ) | F
KA (ML) AR AT (TMC) 4 4~ K33 20 88 3k 5] v v
HRAE 16 1A [] St 57 AR A0 i, SRAFEASE 8 SR iy
A5 UL 1ho Fir SR AE R S X5 Sk 8 6 R G ol A 1)
PR AR, DUOR IR ) 2% R0 1 3K Ak 27 23 A 9 o
Ve TESEAT HUER A 2 00 BT Z 1, B A A R D B T B
P 2 /N T 200 H R AR, AR AR RE S
38—

21 EEFWERESH

EFEICRE WA R T, B e Rk
FEMRR A, Z S5 XRE ST IR A, SRR R X
PR EIETEAL (XRF) X FE iy oo 2 & S b 7l

E o M, FRifEY) BT (GSR-4, GSR-5, GSR-6)
VG T MR i, iR 22/ N T 5%, 7
R T M R, 1 SR IR A 2 (HNO,+HF)
XERE S HEA TN AR, 2 FR AT, 2 J5 R A B T
TEAL (ICP-MS) XI5 64 7 3 e 2R B s
ILES 54 Element XR, ARSEE P, 2S5 HAE EHE
FE IR HEY) 5 (GSR-2 1 GSD-12) FH T P44 £ 4 i
i TR AL T 10%.
22 FEHERELR S

SR PRI 12 I 2 e i ) TE AL TR 7 B A . 1
SE 78BN HH 2 AT A R ACRE AT 100% TEK
iR, & B KA MMK . SRIG, 76 1E R A& 1
KRS SRR A, RN AE U CO, & 4lifb s #E
Thermo Fisher 253 Plus S %2 52 7 v 2= i 1% 4% I
& Hoax [E v ZH K . LA Pee Dee Belemnite (PDB)
HbrES i SCE . R A E XY R
(GBW04416 Fl GBW04417 ) 1E h A FIRE S B 47 4
[ W%, ZE MR DI b AR AEY) T 87 C,p (B 23 T 1R
2Z/NT0.1%0.
23 H RGN 5 #r

FI 4 B 8% (SEM) FAE TS (EDS ) Xif it A1
VI TE SRR E AN T 2R AL AT A O . F2 24
PIEB T NS — S X & 0 P RRIE R4 T O 5 — Xt
FAA TR SRR AT S M . KRR
FEAE LT E T EH Y E ZE20 1 emx] em KN, 2



1356 A

S

5444

S 4 HLULI 75 R BB W i
rh i 22 T RERE TR NS ) 2286, HL 5 A g
Ze o RE D) F A rh AR B R A 2 Dl
4/\7‘j:ﬁm§=§U?|‘1ﬂ£(Huang et al. ,2017)

3 4k

31 EETERIFME

16 14 F£ i MnO 7 £ B A7 38 K 19 A8 Ak v [
(2.5%~34.7%,3 1) . TEFEEICRAM L, F 5 MnO
H1 5 Si0,.AL,0,.K,0 . TiO, F1 Na,0 5 5 i i # 71
LA, 5 MO & I IEA (K 2) . AT
T 55 L A8, A 3K MnO 25 8K F 20% RO FE i
TESCNE R ET 8 MnO & AR T 20%, KT 10%
(A i SR R A S SE R AT, 8 MnO 7 IR 10%
A SO AR o L, & S LR R
HA L Si ALK Na Ti fI'E Mg BRFAE , 10 H—AIK i
DE A RESR AR . Fe . Ca F1 P FEAS[A] 5 A7 4 17 R
i Z H AR RGP E R AR DG AR Ak
3.2 SWEEHRTRIFME

AR S AL IR R U T R (Mo ULV TN ZEAE
T R OR R IREE . Hod Mo IV 5 i
AR B AE K, 43 ) R 2.6x10°~32.1x10° FlI
36.2x10°~161x10°; 1] U A1 Ni & 5 A8 A0 XT3 /0N , 43
M 0.6x10°~3.2x10° 1 16.3x10°~83.4x10° (£ 2) .
FEfH MnO 55 U ANV & i B S A D4R fk

55 Mo I Ni F # ] 2 B85 SOAH OGS AR (1 3) o SMART
T, e SRR S EA AR XA Mo ULV NG &
a1 I S B R AR B AR ST R
33  LHlEkEINLRE R

JIT A 1 87C B A8 A6 R - 10.4%0~—5.3%0
(F2) o FHXITT T, S k@ SR FF 5 B R 8°C
{8 (=10.4%0~=9.0%0 , “F-Y{E H11-9.5%0) , 5 14 H 45 i s
ERARE S B ) 6°C 1 (=9.5%0~—8.3%0, F- 21
H-8.5%0) , 1M1} 6 140 A 57 S B AR ot DU EL AT 8 4 61°C {1
(=7.4%0~—5.3%0 , " F-Y{EH }1-6.2%0) -
34 WHIEBHE

5FE AR T (MnO>20% ) R i BA AL
Y e S T R E N A R = PA RN RO
W ABERNE 8 ) (E 4a~c) o FTARES TP 9225
W HA S B0 PR, BILINT S pum (92
FIERCRH R R A . 4 2 AR (~10 pm) B
KT ZEHY PR, DA RSB e i T 22
FRATRURLIR] (8] 4a) . BEEAT LA FEHORFNE AR AL
ARG T 22 E 0 PR 2 (8], AR DL BR R (1] 4b,
¢)o TEBHUS T, A9 F0k LMK 751 7= A 1 5
O X RV 8 B A RT3
SRR 2 ] (Fl 4b) .

1625 S AR (10%<Mn0<20% ) FE S, & 4
W5 & RS AL, A LUK AR /N TS o Y
e HIERCR S22 4000 3, HaE H R R AR R

F1 REMRAERACFRCET TETRSE(%)

Table 1 Major element concentrations (%) in different grade manganese ores from the Datangpo Formation,

Minle area

RS P S Sio, ALO, Fe,0, MgO Ca0 Na,0 K,0 MnO Tio, P,0, LOI
HY-4 Ml 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 ULVl 54.6 145 9.7 0.9 0.5 1.3 35 25 0.6 0.3 11.7
ML-10 e K 51.5 5.5 9.1 1.0 3.4 0.7 1.2 12.1 0.4 2.0 123
ML-14 KR 26.9 6.6 8.0 2.8 2.6 0.6 1.6 25.2 0.3 0.3 24.8
ML-15 MK 23.9 6.7 9.3 25 3.7 0.6 1.7 25.0 0.4 1.1 247
ML-18 - i) 7K {1 479 122 7.6 1.3 1.4 1.3 2.9 9.2 0.5 0.2 15.0
ML-19 I i) 7K {1 489 12.6 6.9 1.3 12 1.3 3.0 8.8 0.5 0.2 147
SCM-1 HEA 51.7 13.8 6.6 1.3 2.0 1.7 3.1 6.0 0.7 0.2 12.7
SCM-2 HEA 23.7 3.0 3.1 45 5.5 0.4 0.7 30.3 0.2 0.2 28.2
SCM-3 AR 39.4 12.3 6.1 1.9 4.5 1.4 2.9 11.5 0.5 0.3 18.9
SCM-4 AR 23.8 2.7 3.8 42 5.4 0.5 0.6 29.6 0.2 0.2 29.0
SCM-5 A 2.4 10.7 6.0 1.9 4.9 1.2 2.5 11.8 0.5 0.3 16.9
TMC-1 Hi A 46.7 13.7 6.6 1.6 5.9 1.2 3.6 4.4 0.6 0.2 13.2
T™C-3 A AT 55.7 15.3 4.5 1.6 1.9 1.5 3.8 45 0.5 0.1 10.4
TMC-4 H AR 35.5 8.8 6.7 2.6 8.0 12 2.1 13.8 0.5 0.4 20.4

TMC-5 i AT 39.8 9.6 49 24

6.7 1.4 22 13.1 0.5 0.5 18.8
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Fig.2 Major element vs. MnO content in manganese ores from the Datangpo Formation, Minle area

®2 RRMRAERATE RGN METERQE(107°) REVBRE LR E (%)

Table 2 Trace element concentrations (10°) and inorgan

ic carbon isotopes (%c) in different grade manganese ores

from the Datangpo Formation, Minle area

RS REEM Vv Cr Co Ni Mo U Th Zr Sm Eu Gd U, Mo, Ed" 8°C,,
HY-4  WazkR 537  107.0 311 23.8 5.4 0.7 2.7 50.2 6.8 13 5.9 0.9 13.4 1.0 9.2
ML-9  bmazkiE 137 84.1 17.0 26.7 32.1 2.7 10.5 185 9.2 1.7 8.0 1.0 22.5 0.9 -5.3
ML-10  Ema/KiE 764 792 489 28.2 6.2 1.4 3.8 74.0 16.9 35 18.6 1.4 11.4 0.9 -9.5
ML-14  FmazKid  89.1 89.6 264 24.2 9.3 1.3 4.3 723 151 3.3 15.1 1.1 143 1.0 -9.7
ML-15 kWK 761 1014 358 26.5 3.6 12 6.1 1230 113 2.7 12.7 1.0 5.4 1.0 -10.4
ML-18  LmasKil  132.0 740 307 28.3 25.0 23 120 1610 7.6 1.4 7.2 1.0 20.8 0.9 -5.9
ML-19  EmgzKil - 123.0 779 388 418 26.4 2.4 1.6 176.0 7.6 1.4 7.0 1.0 212 0.9 -5.8
SCM-1  B#EAR 1200 989  23.1 34.4 9.2 23 120 1750 9.2 15 8.4 0.9 6.7 0.8 7.4
SCM-2  E#EAR 362 1080  26.6 16.3 2.6 0.7 2.3 39.8 5.6 1.1 5.2 1.3 8.6 1.0 -9.0
SCM-3 bR 1370 83.0  43.0 52.1 30.9 2.1 8.9  139.0 7.9 13 6.5 0.9 25.5 0.9 -8.4
SCM-4 FAEA 365 1210 534 27.6 2.8 0.6 22 40.1 6.0 12 5.4 12 10.8 1.0 9.2
SCM-5  F#EA 98.3 832 220 323 6.7 1.6 9.7 1270 101 1.9 9.1 0.8 6.3 0.9 -8.3
T™MC-1  HAK 1260 745 539 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  HIAK 1050 83.6 16.2 29.0 11.7 32 120 178.0 7.7 1.3 6.4 1.1 7.7 0.9 -7.2
T™MC-4  HIAK 1450 1300 330 478 12.1 1.5 65  121.0 7.6 1.4 6.9 0.9 14.0 0.9 -83
T™C-5  HAK 1610 1170 376 50.6 14.5 1.7 7.0 1330 8.4 1.5 6.9 0.9 15.4 0.9 -83

TE : Moy, Fl Uy, 43 50 AR R A di Mo FI U AR X T °F 24 1 b 5¢ (UCC) M9 & 46 B F (Algeo and Li, 2020) , i+ 8 AR K : X = (X/AD) 0/

(X/AD) o » o X AR Mo 5] U, UCC BUH 2 % McLennan , 2001 ; Eu
K : Eu'=2Euy (Sm+Gd, ) o
BRI A0 T e RN - BT (18] 4d~f) o B D)
SERZFIEE , 0dE AE—F AR IRk kR
ER RIS /N7 T (DO BTy VA7 X = a1}
5 AR Y A A TR

FEAR S AR (MnO<10%) FE S, &R0 1

MR AR TR K B BUA (PAAS) (9 Bu S, 13T A0

e R D A SRR ) e U 2 A (T
4g~i)o Jorp EARGT YLLK AR BCIRZE SRR 32k
A3 R T 20 pom, JRSE AR T2 500 ) (£ S R g A
A1) Z[8], R BE AR HUIR R P U, BT
RORZEFRH A WL, X 45— b B AR A s



1358 oo o %44k
35 o 35
301 i sob DO
O o O
25 % 2.5 u,
T ogy
S 20k S0k @
X % L R=0.85
~ ~.\ Z "w.\ =i,
S 1s5h @ .. R'=0.46 S5 1.5 :‘
Lo ® . . y =
- o o
sk ® SR . 0.5 "
® .
0 1 1 | 0 ] ] 1
0 10 20 30 40 0 10 20 30 40
MnO/% MnO/%
100
2009 @
- @ g U
B o®
L Og-a.. i < 601
20k O o K06l 5 ) o
> ® : Z a0 8. .. R=0.24
oo | T e
i 2
0 | | | 0 1 1 1
0 10 20 30 30 0 10 20 30 40
MnO/% MnO/%

O (GG @ WA @ HahiEo"
I3 R 3 X R S 2 AS [ it o7 i 4 Al o D BURR T 3R AR AIE

Fig.3 Redox sensitive element properties of different grade manganese ores

from the Datangpo Formation, Minle area

RORY/RENSRTE Pl B L AR RN R R
705 A —F AP BUR R

4 g
41 RAKEME R R
411 IFAFHIE

HEAHTTRR Y P Y AL IR UROT R & & E AR
JEE RN LU AR 8 2 758 TR AR SRR I HL A, AT A AR
7 it TR IS K AR R 45 (Algeo and Li, 2020) .
TEILAHEPE T, U H Mo 78U AT 00 DL s 25
T 2R R i ok P ) AN SR Rk B 8 Vs il 11t K
H (Algeo and Rowe,2012) . SR, 7EGREIAEL T, &
M &R U H Mo Bl AN 25, IF P g A TR
1 (Helz et al., 1996; Zheng et al.,2002) , 52 5k A AH
Pyb U 0 Mo e B 5 48 A AR TR D 2485 (Algeo
and Maynard, 2004; Scott and Lyons, 2012) . ¥ FF
TP Al v RS K SRR I T A5 A X TTRR ) v Mo
U i s AR R e — A IV E T, 3 TR h iy
w4 R R B A i 200 1E A ¢ AR 4k (Algeo and
Tribovillard ,2009) .

TE AR X R SE SR v, & S S 4k BA
AHXS AR A8 Mo A1 U 5 2t T — {8 At (2 A HAT AR XS
1R 1Y Mo T U 255 (&1 3) , (LT~ B g ot (S 5 T
TR AR E A B PREE S i — AR SR TR T
TSRS B BRI L Z T o R, TR
(2, X R il Mo Al U B AR R B TR R s
JITA R SRR TP 24 1 5e 4 2R B B Y Mo &
£ (Mo, =5.4~25.5) , 1fii TG B . U & 4E (U,,=0.8~1.4)
(22, [85a) . JHLEAE Y U5 (0.6x10°~3.2x10°)
B T 72 Y {E (~2.8%10°; McLennan, 2001) ,
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BH, A2 AR IR h U & i th 3o R & 4R 1Y
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Fig.4 SEM backscattered electron images showing mineralogy of different grade manganese ores in the Datangpo Formation,

Minle area

(a-c) high-grade; (d-f) medium-grade; (g-i) low-grade; Rds. rhodochrosite; Mn-Dol. mangandolomite; Py. pyrite; Qtz. quartz; Tl1. illite

JERCA TR TR . FE A & R T R AR, U
Mo 7£ ¥ 7K " H A5 B 40 19 Wiy B8 B[] (Algeo and
Tribovillard, 2009) , H. U i i 9 %4k 38 J5HL A3 55 F
Mo(Algeo and Li,2020) , ST 2 FSEFE R K
PR B A% U, S EOTR U 48, 10 Mo B 4R . 3X
TofvI98 T A e i B 10%) 2 1 RN B 3R SR v 0
U, (Algeo and Rowe, 2012) . 5512 b B HL 18] (F€ X
20 Z ) RO, R BERAR, Bl XARAE 55, 1) 6
iy A B 4 S T B, R BOE T 4B TR B R
AN KR R 4 R T 3R AR SR T AR B g RE R
(Lyons et al.,2014) o TE A FHE IR, £L
B /K 48 i AR BT v mT A 5 i S A DT AR A o [
FE 1 U T 15 LT 4% (Zheng et al.,2002) , 1M Mo 18 5

HEGAA WA IR A A TR R
1= Fa 2 PE (Algeo and Lyons,2006) . Hi b ml UL, 78 LA
FRMEIE o DU ) Mo & S R B2 TH
IR JEAC A, T U S A Ao R W) B 22 32 3] 4 b 7K SCRR
HERACAVE R . AR 9T B, e Ky 2]
TERCE BT BEATREZE T T 1A W B RR 3534 J5 (MSR) il
Pk 22 R R A S (TSR ) 1 B2 (Cui et al.,2018; Wang
et al.,2019) , ARG WL B AL, 22560 BT i
PR AL 09 LB K B8 (Yu e al., 2022; Wei et al.,
2024) . HEARA PR AL R T RE S S B LR
2153 HIRAE (1) Mo PRI AL , (R BRFR ER38 JFE WL I B2k
] LU AR Mo, I HLAIGE 2 P 00 A0k a0 o 0 o 2%
5 B 1E Mo B9 K AT (Ardakani et al.,2016) .
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Fig.5 Elemental geochemical characteristics of different grade manganese ores in the Datangpo Formation, Minle area

(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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AL SR BRI A, AR TR A Ll SR e
RIS A1 AEAR” A=A SR AT (Cui et al.,2018) ¢
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BRI R HE R TR AL IR EE . 5 20 i
B R, rp— A O 4 P 28 R R IR B
(P 4d~i) , B X R4 0 DR T /K AR S Ak 8 S L A7
AR 385 (Bond and Wignall, 2010) . #2645 it
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Fig.6  Grain sizes of framboidal pyrite in medium- to low-grade manganese ores from the Datangpo Formation, Minle area

(a) box plots of grain size distributions; (b) redox condition discrimination (modified from Wilkin et al., 1996)

F3 RRMRXERANERAEY BT FHRFAIE

Table 3 Pyrite morphology and grain size in manganese ores from the Datangpo Formation, Minle area
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Yu et al. ,2016;Wei et al.,2024) . 55 —Fh 5T RIFEHE
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(1) & Mn K98 M5 (8 85 4%, 20135 Zhou et al. ,
2022) ., FERXPAP Mn R, — AR
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B BRI AR (U0 S (Fe [RI R AL 4055 ) 1Y
UESE, SR N BLAT 9 FU AR 20 b R Ak 27 R AR 1)
W Z UL T B A A 5% 2 TP (Wang et al., 20195 Yu et
al.,2022;Chen et al. ,2024)

TEWVY B IRHBIX A B8 B [R5 AT B0 2%
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TR B9 L BR AL 27 PE BT (Marchig et al., 1982; Peter and
Goodfellow, 1996) , 7 B 4 5t Mn = ZOR I T A0
AR 7)o TR, 7E Fe/Ti-Al/(Al+Fe+Mn)
FNE B R 20 T I 5K R A 2k
Z R (K 7h) , RHHI Mo 7EIE K P2 T W E
B Alie ek 7 HAR e KRBT . RS
i DLER AT 32 B 5 ZU IR Bl 1, (H L8 T
AAEIA BT, X 5 AR AL b X A2 — W M e 5 V) 1Y)
AT LU T AT B AR (Yu et al., 20225
Wei et al.,2024) . XFRUIFRIRGE 22 0] B R 00 R 2R
b DXL B iy R AR AR Bl BRI Bl R 1) 3 S M
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ZRAb Hb DX 2 R (R R 45, 20165 485634, 2020) o
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(JEF55,2013,2016; Zhou et al.,2022) , 11 i 5 7K
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B4R 2 B EERREE (Li et al.,2012) , T LA FRAEN
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Yu et al.,2022) . W W22 H R 250 2
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N (Wu et al.,2016; Yu et al.,2016; Ai et al.,2023) .
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ASH0 0 B T (1~2 pm) L3 TERIRZE S0 2
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Fig.8 Carbon isotope composition of different grade manganese ores in the Datangpo Formation, Minle area
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Redox Conditions of Manganese Deposits in the Datangpo Formation,
Minle Area, Western Hunan Province: Mineralogical and geochemical
constraints
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Abstract: [ Objective | The western Hunan region hosts extensive Neoproterozoic marine sedimentary manganese de-
posits. Manganese (Mn) is a typical redox-sensitive metallic element whose enrichment in sediments is strongly corre-
lated 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 Minle area, western Hunan.
[ Results ] Mineralogical and carbon isotope analyses revealed that high-grade (Mn0>20% ) and medium-grade (10%
<Mn0<20%) manganese ores consist of predominantly subhedral granular microcrystalline rhodochrosite (grain
size <5 wm) and are relatively enriched in light carbon isotope (8”C=-10.4%c~-8.3%0; n=10). Conversely, low-
grade (MnO<10%) manganese ores contain larger- grained ( >20 wm) subhedral platy rhodochrosite enriched in
heavier carbon isotope (8"C=-7.4%c~—-5.3%0; n=6). Pyrite morphology and element geochemical proxies (Mo, V,
Ni concentrations and Ni/Co, V/Cr ratios) indicate that the high-grade manganese ores were deposited in oxic condi-
tions, the medium-grade ore in suboxic conditions, and the low-grade ore in anoxic conditions. Additionally, high-
erade 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 probably precipitated from Mn**
and CO;™ in highly alkaline and anoxic conditions. Submarine gas-hydrothermal 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.
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