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DURRBER AT R R AT S0 TAVANME, ZE3b 5T I S22 AN A 2 A, Horp R il 2
B AH DU LR Bl B 2 — (P55, 20145 MIFSE, 2018; FEM%E, 2021). 4k
LA IX A BEI ITE BL T AR TR B AR AT IR, AN 55 == 438 & Topsail. Manuels. Long Pond.
Chapel Cove Al Brigus Bt i 4R H K (Dale, 1915); %% i i A A0 #5 &1 Usa 560 IR
(Kuleshov et al., 2024); Jb@/K 1 Harlech ZH4RH /K (Mohr, 1964); 7 EHf¥] Amirabad.
Halab 11 Narigan %55 & (Maghfouri et al., 2019). LK, HEREZ FH G IR
g il iy, — R RO IR R & LB (BRI AERE, 1996;
Hein et al., 1999). HHURH" (L4 F5, 2022). BRI (JiFa%%, 20252). BE
AR CH P, 2025b). M RERT (DR, 2024;-Fhang et al., 2024b) KW &
BRI CGREE, 2016) KRS EIE, AMUEZFESRTE 1 3E G TR K ses i hr, RN
BT IR IS S5 I B PR (4 R 5 ™ ISR AL 1 B T 3R

T X4 T4 PG AL GO ] LA 3 P SE R TR B R PR b R AIE R BR 1 2
TEBEAT B4 b, R 2 DU N Rk Sfe ROV RS AH (€19), BEARL
WU« BREERCE « Ha MIRIRERN E N . Sl A 288 DI R AR S A0 SR A= Bk
R AN, SV EERRO = A ST A S ST AR SRR RS (A
WredE, 2022; VFIRSE (20220 BUAL, REHFFUR ML R Ok 2 BT IR 1) el ) 5
FEORH TR (LRF4E, 2022; DAsRsk, 2024; J5-Fiis%, 2025a, b), UM
BB EREVIRES , A R IR BT A — SRS —BRAL I 30 % DTS (Hein et al.,
1999; 444, 2022; PRRSE, 2024; FFaisE, 2025a, b). HERE, REIXLE
PRAFBI R T 5 S EE RALE KSR BRI 2R, 07 il B QA ML A7 7E

Foy 5. REWBHRY IKEN A ARG RHE R~ B R & T TR AR U (4R v
R FERE, 19965 Heinetal, 1999; £BAH%E, 20220, HIVERH PR AN & &R
Wl KLETE BRI S AKIR G, SRR & T, Mn?tS CO> E4R45 & T
B (RAFSE, 2022). B R PR SR B OKER $h A1) 2 35 HLEAT T T 4 ) 1 45 I
By, P HEI AR A AR A T, SRR TT A IR B A TR AR B 1 BUZAL £, AT 5 S
FRERH VIUE (PR, 2024). B ILAEE BN R R T HAE YRR 1R



SRS P S VIS S AW R0 7T

AT, RN ESHIU . ERPREERY B, HT VPR EETE R T IR
— ARG KKRIA T, 8 = A RS SO SREIA S T AN R &9 (EPS) HIFEN
(J3°F 255, 20252, b)o EIRHFFUMARIN T TG IE M6 s 1F I B 1 EEIEA, (HX}
HEE YRR G HAE Mn DTSR A M EEAE AR, TR i g4, HoR7e
73 RVE Fe-Mn FEA 73 B iR R AR o S el A fe 4

Rk, ASGEFFERAL T 7 & IS T T MG A 15 A RSB I R, %
AR 5 EREPRA A S s 15 55, R I Le 4R i B RANAT 70 UG EE Ed e . A
U FURAE BT SN R A (B A b, 456 A M AR M ERALSARFAE . X R ) ORI AT T
BUIABGRNIR T, a7 B N ARA PR 1T e 70 2 /K G548, 56 Min FROCTE L A et i R v i
LR Fe-Mn $E2E 73 B HLHIBEAT VRGBT, WIBRERD RO = SRR, @Sr il K, N
N VUL & 5 B PR BB BIE 7E D R R

1 MRS

1.1 F X B4

Ty AR RAL TR TR A B, w400 )1 8 iRl B AN — K i iy, b
g8 e, ALARM LASRLIE 58401 5 R RIS S L AR AR, TEEARA R —H o by . X3
HEEHE N B R EGUKEA (Zos). BB N REBFIMLL (€19). AR TG (€
), IR AV A BV KA HGERZE (Q) A (Kl 1a, b) (LR, 2013),

REREGUKRA (Zhs) FEN-ERERRERASE. ShASERERE. A
. FERR FRBEFALACE 1) A—BERBTMEE S Bk s b s Ha, If
EREAH, STTRELR FGUKRA (Zs) BEBEEM, NEEHSHEMLE. %R
R TG UL (€ 1y) AR BT FIHCE I 0 — & R G — rhoRL AR 5 K D 5
HTRERRTRIFIE (€19 BEBEHM. HUWRRBOERZ (Q) EZHMi T4
Bedrs . RS WME R . RSO, EMONKIEERER A T, AaRi . DIKHE
UYL AR BRIR h2i R IR BRI T A A o X3l A )3 3 B 75 )1 | — B P
KW (FO AUE—mF5 K (F), #8406 mEE ARG FIEERN. FOA 388
DRI P2, W Z iR AL AR, UM >65°. FIR WISk LT Wi & )2 B 50 4
e T Horh, WRAE T W SR T i ER EEIAMER (B 1b). XN THERK A HEE, AR
PR . FEHL R AT IR KD, H TR E T, K ME A 1t R 7K A s PR i
R KA R, TERCE B AR COCERAT BRI 55 ) XU AT 7 R 2H M. BH. Y. B,
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Fig.1 Tectonic map of the Magong manganese deposit
(a) tectonic location map of the Longmenshan (modified after Li et al., 1999); (b) tectonic setting and simplified regional geologic map of
the Longmenshan tectonic belt of Sichuan, China (modified after Wan et al., 2025a); (c) geological and paleogeographic maps of the

Longmenshan tectonic belt during the early Cambrian (modified fromYang et al., 2016; Wan ef al., 2025a)
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R T B G REE. . RPia X (& 1) (8 RE5%, 1992).
1.2 F R BHFHE

N IRAL T35 )RS 7 219°77 1), ~FEE 38 km, S5 FREZH, fTEBIX K& )
BAM S AR 0 XHEALFR A T AR 104° 577 54”7 ~105° 00" 27", Jk#hi32° 17’
59" ~32° 19" 35" Zu), W XA 3.63km?. H Xa[kloN 1. 1153k 2 ME4EN,
AT RER LR, SR FERR FRBFIMA—B (€1¢) M= (€.¢> M
A PERBCE EAN . H, TSR T BRI H—B (€D, BANE
Wiy T-1. 120 1-3: IS BEAT FHMMEKMA=K (€¢®>), BANTFT AN
-1 102, & BRI, BIR. BUERMH (RS, 2022). & 0 R%4&
BONEES:, FEZMEEN, RESZ/AN RS, JREWR . TR RS V7
FIEN, W ke gh 7 #E R (B 2). GAEN IR EE RS A RN T ERA X
MH=B (€1¢°), A—EBWRREN Z. B 2. IS E O s RS . 7 A%
RUBRIR RN A v E, RESDEREAMIT A WAEDE R 286, DLURRERRIRES
MBS, MG U REURE YR T (B 3a). BIRET AR5 K.
MG EFE KRG, &KL, BARCLRLIRGS Ma o, BRURDIR B8 WA 454 . A%

ROIRGEHIR 2, BRI A . MG BRSO E (B 3b, o).
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Fig.2 Geological Characteristics of the Magong manganese deposit

(a) Geological Characteristics of the manganese deposit (modified from Xu ef al., 2022); (b) Lithologic variation profile of the

/‘ /&S\A Magong manganese deposit
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Fig.3 Photographs of hand specimens and microscopic characteristics of the Magong manganese deposit
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(a) hand specimen of oxidized manganese ore; (b) hand specimen of manganese carbonate ore; (c) hand specimen of pyrite ore; (d)
psilomelane with a gelatinous structure; (e, f) pyrite layers and rhodochrosite layers intercalated with brown-black manganese carbonate
layers; (g) microscopic characteristics of framboidal pyrite; (h) kutnohorite with distinct spherical structures, with organic matter and
framboidal pyrite filling the pores; (i) organic matter particles, with framboidal pyrite locally enclosed within the organic matter; (j)
quartz veins, growing inward from the edges of manganese carbonate minerals; (k) spherical manganese dolomite with faint fibrous
material inside, and adjacent dark minerals being organic matter and framboidal pyrite; (1) alabandite appears brownish-yellow under
transmitted light, with a greenish hue visible in the thinner edge; (m) blue-toned psilomelane and yellow-white toned pyrolusite; (n)
microscopic characteristics of sample K under reflected light; (o) alabandite appears greyish-white under reflected light, coexisting with
kutnohorite; (p) scanning electron microscope (SEM) image of psilomelane and pyrolusite, with similar reflectance; (q) kutnohorite
appears light grey under SEM, with framboidal pyrite brighter than kutnohorite, and the darker minerals being quartz; (r) alabandite
appears bright white under SEM, with higher reflectance than manganese dolomite and quartz; Alb. alabandite; Kut. kutnohorite; OM.

organic matter; Ps. psilomelane; Pyt. pyrolusite; Py. pyrite; Qtz. quartz
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3m), BEERH FECERT A ESR A A PR, FEBRRERE A PR . TR TE RSP T
RN EERRGEN (B 3g), WA MIEEA 1.34~12.69 um, “FHMEN 5.11 pm. f197EHE
TELERAAE, UARRA T, W BT PAME A K (B 3). BHURTE RS
JeFRERE, AR (8 3D, FESAMERER R IR MR s (]
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1.84~12.23 um, “FYIMEN 5.27 um. /NT 6 um (FIERAR BEERINILAS 1570 4, 3~5 um £ 988
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PN 22.78%) MnO (22.89%~36.51%, “F¥JN 27.41%) F1 MgO (3.91%~13.24%, T
N 9.75%) R - BERA 335 Mn (61.54%~62.99%, “F-31°8 62.34% )+ S (35.54%~36.28%,
350 35.86%), FHE AV Fe (0.05%~0.14%, P28 0.11%) Fl Mo (0.19%~0.47%, 15
N 0.37%). BEARA I E B KN MnO  (55.63%~78.06%, T34 73.16%). FEkH" H 3 %
F5r N Fe (45.05%~47.28%, V314 46.10%) S (51.64%~53.44%, P38 52.61%), &
D As (0.37%~0.48%, T-¥1H 0.42%) Fl Mo (0.44%~0.57%, “FH#I0 0.52%). &itH,
BHBRKIR R IR 10 CETIE 7D ARCy: Mn: 0.29~0.53, Ca: 0.33~0.40,
Mg: 0.10~0.29. ZZHRFIES X IE R (1984) W78 486 = A 143 F SUBEFE LA — 2 (Mg:
Mn<l: 1), LA KB EEERRERSRT BRGS0 WA A8 Fix
PR, BRAEAR ST R 1B 22 5.
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Table 1 Statistical results of the'grain size of framboidal pyrite (um) from the Magong Deposit
‘ Guit A TE i s RE
FEmi s [ETE N B/ ME SN 3pum~5um 4um~6pm <6um 6um~10pm
(n) (MD) (SD) (Ske)
201 TRIR N A 292 1.74 9.01 4.95 1.37 0.34 137 143 224 67
502 mANIT A - — — — — — — — — —
R A = R
N 03 B 163 2.17 12.69 5.76 1.89 0.62 53 72 100 59
B804 TRIR N A 404 1.62 11.94 5.04 1.75 0.92 190 174 298 98
505 TR A 483 1.34 7.84 4.14 1.00 0.46 331 237 464 19
AT U
A 06 148 2.13 10.37 5.14 1.63 0.56 57 73 109 38
TR
507 eI — — — — — — — — — —
5 08 TRIR R A 312 2.10 9.88 5.45 1.51 0.33 118 146 199 112
52 09 WA 239 1.84 12.23 5.27 1.80 1.08 102 117 176 58

e 7 RoRARN



<

s

¥ ik

R 2IOVDABFREZT YR FIRE DT (%)

Table 2 Electron microprobe data of chemical composition (%) of major minerals from the Magong Deposit

%53 MRS MgO CaO MnO Si0, ALO; P»0s FeO SO; BaO As S Mn Zn Mo Cu Fe
1 HMAZAH 12.74 24.64 23.82 0.41 0.03 0.09 0.03 0.17 0.13 — — — — — — —
2 HMAZAH 13.24 25.11 22.89 0.48 0.02 0.08 0.05 0.25 0.08 — — — — — — —
3 MAZA 10.52 23.78 26.58 039 0.01 0.08 0.05 0.09 0.08 — — — — — — —
4 HMAZAH 9.70 22.64 27.53 1.65 0.01 0.05 0.05 0.04 0.04 — — — — — — —
5 HMAZAH 12.52 25.14 22.89 0.41 0.03 0.05 0.10 0.20 0.12 — — — — — — —
6 HMAZA 10.47 23.12 27.31 0.52 0.02 0.10 0.09 0.19 0.05 — — — — — — —
7 HMAZAH 3.91 17.69 36.51 0.61 0.01 0.33 0.10 0.12 0.08 — — — — — — —
8 MAZAH 5.20 20.18 32.90 0.51 0 0.54 0.10 0.12 0.14 — — — — — — —
9 HMAZAH 9.41 22,74 26.28 2.69 0.22 0.01 0.15 0.06 0.03 — — — — — — —
10 oS e 1.76 1.68 67.97 0.43 0.13 0.06 1.25 — — — — — — — — —
11 [rS e 0.34 0.67 76.82 0.54 0.11 0.13 0.58 — — — — — — — — —
12 [rS e 0.40 0.64 77.03 0.42 0.25 0.18 0.28 — — — — — — — — —
13 [rs e 0.09 0.43 78.06 0.42 0.23 0.19 0.27 — — — — — — — — —
14 R 0.06 0.36 78.06 0.49 0.24 0.22 0.28 — — — — — — — — —
15 oS e 0.46 0.87 71.17 0.55 0.33 0.15 2.50 — — — — — — — — —
16 [rS e 0.14 0.46 77.43 0.40 0.08 0.02 0.85 — — — — — — — — —
17 [rS e 1.18 1.44 71.64 1.30 0.24 0.09 0.90 — — — — — — — — —
18 [rS e 1.30 1.49 55.63 0.94 0.22 0.03 0.77 — — — — — — — — —
19 R 0.28 0.76 77.56 0.62 0.09 0.10 0.18 — — — — — — — — —
20 R 0.76 1.28 73.41 0.59 0.09 0.10 0.27 — — — — — — — — —
21 B — — — — — — — — — 0.37 53.09 0.30 0.02 0.56 0.02 46.09
22 B — — — — — — — — — 0.37 53.44 0.10 0.02 0.56 0.03 46.74
23 B — — — — — — — — — 0.46 52.09 0.73 0 0.48 0.02 45.09
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FEITRMIAG IR WAL 3. WS R BR B AT R TFe05. MnO 1 P2Os 74 AL
VI A CESME A 6.02%- 72.20%- 0.29%) IR ERERN A7 CEIME 518 7.75% 17.67%-
0.23%) & ERE, CaO il MgO ERIREA A CFIMET N 10.12%. 2.70%) &5 H
=R 5 CPME 38 12.51% 6.15%) FIZEE B A CEBMED N 9.15%. 4.33%)
i ERE. SIO FERENUA T Bl E, 153 70.84%.

FEICE MRS HTE P MnO 5RERIEHMA N ALOs 2HAHKL KR (R?=-044), 5
A ATHEEHS CaO (R=0.62). MgO (R=-0.56) EHMHKFER. ALO; 5 TiO,
(R*=0.99). K20 (R?=0.94). Na;O (R*=0.96) il Zr (R>=0.80) EHRIIIFHKKR. CaO
5 MgO £ RMIEMERR, XA N0.81 (K4, HEABITHLERE R, IR
h Bk IEE 4R Ti. K. Na gk (B 5).
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"I BN KEETESN (%)
Table 3 Major.element analysis (%) of the Magong Deposit

FEf AR MnO TFex03 Si0> ALOs TiOs Ca0 MgO K20 Na:0 P20s Mn Fe
TRERARA A 15.51 3.20 51.36 0.46 0.02 8.71 2.39 0.08 0.04 0.14 12.01 2.24
A A 72.20 6.02 4.80 0.52 0.01 0.58 0.15 0.12 0.07 0.29 55.93 421

R 2 R

6.67 8.22 43.81 0.97 0.04 12.42 5.10 0.23 0.04 0.11 5.16 5.75

8
BRERERN A1 20.63 11.46 18.61 1.06 0.04 12.01 3.05 0.29 0.04 0.22 15.98 8.02
RN A 19.45 9.59 17.20 0.87 0.03 14.08 3.88 0.21 0.05 0.42 15.07 6.71

FHEE IR

2.96 7.74 44.28 1.73 0.08 12.59 7.20 0.44 0.11 0.10 2.29 5.42

8
TER A 0,442 2.93 70.84 6.15 0.22 6.11 1.02 0.84 2.18 0.21 0.09 2.05
BRERERN A1 15.08 6.74 54.20 0.65 0.03 5.68 1.48 0.14 0.05 0.14 11.68 4.72

B A 321 18.02 39.26 1.93 0.09 9.15 433 0.50 0.03 0.48 2.48 12.61




ST AR
MnO
1
MnO | 1.0 |TFe.O,
TFe,0, |-0.17 | 1.0 |SiO, 0.8
$i0, .. b 1o |ALO
036 X e
ALO, |8 |-022 . 1.0 |Tio,
tio, |- |00 . 1.0 |cao s
cao |-@ | 086 p.oo77|-002 Lo.oas| 10 |mgo 5o
MgO . 042 (0.046 |-0.15 [0.039 . 10 k.0
— - o
k.0 |-@ [0.076 | i . . 0.043[0.10 | 1.0 |Na,0
Na,o |-020 |- | @ . . -0225 |06 . 10 |Po, -2
P.0. | 0.18 . - [0.013 [0.027 J0.003510.094 | 0.13 f0.085| 10 | Ba A
Ba | ol |0.016 -dfs | 00 | 033 |-db |- |08 | o2 (027 | 10 | Mo
- 0.6
Mo . 013 |-@ |-020 |-0s | () |-@ |-0%6 |-010 |01 | @ | 10 | ca
cd . 0024 . L0.027(-0113 . . 0013 [0.094 | 0.18 . . 10 | zr 0.8
Zzr f0.041 L0011 | 028 . . - |-022 . . o4 | @ |oBo oy | 10 | ,
B4 DA IRE. FEAHM R
Fig.4 Heatmap of the correlation between major and trace ele agong manganese deposit
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Fig.5 Enrichment characteristics of major and trace elements in the Magong manganese deposit
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322 #WELE

R TCRMALAE R IE 4. WAL R ER DAY R A T A =4 Ba (3
362.00x10¢). Co (971.20x10¢). Ni (909.40x106) Zn (1996.00x10-¢", Sr (1970.00x10-6).
Mo (224.60x10°) H1Cd (6.37x10¢) Jo&, BRIREH A HMNA V CFEME 105.51x100).,
CrCFME 42.63x109) . CuCFH41H 42.24x106) \RbCT-H{H 3.82x106) . PbCT-H{H 28.84x10)
MU CPHIME 5.85%100) aRMEERES THREMYT 4, HRMECRIRTRENL
VI F . SHEARFEFRR AT V CPAME 199.75x106), Cr CFHME 79.53x109), Rb (T
IME 9.76x10¢) H1 Pb CT¥IMH 49.32x100) Joa i T M ERABRIR Bl A & f . BBk A
IV (610.00<109), Pb (84.51x10%), U (31.91x10°) & m, HRTRWETHAL
ERAIBRIR BN A1 o FERUA I P A R s R T S B RIR S A (& 5).

R ITCRA MM B R, MEICE Bas MnO fFEAM KK R, (HEMH R
(R?=0.48), Mo 1 Cd Juz 5 MnO WA IER R, 4 80.93 1 0.90, Ff HidE uE Cd
M1 Ba (R=0.75) 5 Mo (R>=0.97) 2B E M IEMIKR B 4,
323 #iaE

Wi TR IR EE R 5. WSS R Bon B AN IR A A/ 4 A FE K © REE+Y
I ARG R 74.53%10°~794.63x10°°, “FHJ{ESY 281.10x10°, FRERERA A1 1) X REE+Y 4017
0 BN 116.74x100~358.42x10¢, ~F 3415 A 213.37x10% . f# F J5 K 7 AR T & br #E 4k )5
(McLennan, 1989), it in&BAS MK N FIH (K 6a), FIFH AR 3Cen/(2Lan+Ndn)~
2Eun/(Smn+Gdn)~ 2Prn/(Cen#Ndn) 73 A 15 Ce/Ce”™ s Ew/Eu* il Pr/Pr*fF)1E (de Baar et al., 1991;
Bau and Dulski, 1996), 3%l Ce/Ce™ 73 Ji [ 7y 0.50~0.93, ~FI#{E 4 0.61; Eu/Eu" /3 il
N 1.13~3.66, “F¥MEN 1.79; Pr/Pr" Aol Jy 0.85~1.20, ~FIME N 1.79. 73 5l F H]
Ce/Ce"-Pr/Pr*HE[% La JuE X Ce W RFESZM (Bau and Dulski, 1996), Eu/Eu*-Ba/Nd HEFR
Ba JCZE X Eu JH4FMER20 (Guichard et al., 1979; Alibo and Nozaki, 1999; Jiang et al.,
2007; Planavsky et al., 2010, FrAFERIH Ce JGRBEMMN T HRHE L BEIA KM (F

6¢), Eu MIESFH AT RER 2 Ba &K, KL HARRE SO (B 6d).
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TA DB RKEETEN (x10°)
Table4 Trace element analysis (x10) of the Magong Deposit

RS iR Be Se \ Cr Co Ni Cu Zn Ga Rb Sr Zr Nb V/Cr Ni/Co V/(V+Ni) V/Mo
401 TRIRERD A 0.74 0.65 69.76 18.37 45.42 60.91 15.72 43.76 4.79 1.56 149.30 20.01 1.82 3.80 1.34 0.53 2.70
B 02 AT A 0.90 0.44 33.42 3.40 971.20 909.40 6.92 1 96.00 13.96 1.78 1.790.00 53.68 0.13 9.83 0.94 0.04 224.60
503 LA B R AR A 1.58 1.54 225.40 7431 56.68 89.11 55.81 3119 5.01 5.57 295.80 28.65 421 3.03 1.57 0.72 3.69
R 04 TRERERA A 1.61 1.26 156.40 75.31 123.00 204.90 57.69 238.30 8.48 5.66 255.10 23.73 5.72 2.08 1.67 0.43 14.41
5205 TRERERA A 1.24 0.86 117.50 40.61 123.50 175.10 55.72 79.24 6.72 4.95 292.30 20.48 1.84 2.89 1.42 0.40 2.76
506 LA B R AR A 2.55 3.27 174.10 84.75 80.68 94.98 48.38 4224 4.93 13.95 347.00 42.63 4.85 2.05 1.18 0.65 2.62
507 TEE 0.91 4.03 116.50 48.54 6.69 59.32 29.37 274.90 5.90 26.03 442.40 80.45 3.51 2.40 8.87 0.66 10.71
4 08 BRI A 1.16 1.01 78.37 36.23 73.44 88.84 39.81 85.74 5.74 3.11 116.50 22.23 2.34 2.16 1.21 0.47 491
509 WY A 2.96 2.39 610.00 36.23 145.60 413.70 107.80 116.90 9.04 14.87 269.10 59.34 13.42 16.84 2.84 0.60 18.80

RS iR Mo Sn Cs Ba cd Hf Ta w T Pb Bi Th U EFMo EFU EFP EFCd
o1 TR 2.70 1.75 0.09 515.50 0.14 0.30 0.04 0.76 0.62 11.78 0.05 0.41 2.01 74.73 19.87 25.01 29.06
S 02 A A 224.60 7.40 0.40 3362.00 6.37 0.84 0.15 1.70 8.98 3.12 0 0.14 2.04 5418.31 17.58 46.45 1152.54
503 LA B R AR A 3.69 0.76 0.24 1751.00 0.02 0.61 0.14 115 1.02 53.47 0.23 1.34 3.16 48.00 14.68 9.46 1.46
R 04 TRERERA A 14.41 1.74 0.29 2566.00 1.21 0.41 0.10 2.50 2.01 45.73 0.16 1.13 7.93 171.03 33.61 17.02 107.71
405 BRI A 2.76 2.81 0.25 1386.00 0.49 0.43 0.07 112 114 39.89 0.15 1.03 11.29 40.13 58.63 40.28 53.44
506 LA B B R AR A 2.62 1.27 0.50 1121.00 0.05 1.08 0.15 1.61 0.90 45.16 0.19 2.07 4.30 19.12 11.20 4.97 2.74
07 RERH 10.71 1.08 1.35 2.893.00 1.59 2.47 0.25 1.22 0.74 26.12 0.09 3.25 3.29 21.92 2.41 2.77 24.33
B 08 RN 491 3.34 0.15 502.40 0.06 0.38 0.05 2.30 0.82 17.97 0.09 0.60 2.17 94.98 14.99 17.48 7.98
5209 R ] 18.80 0.65 0.68 1719.00 0.08 0.96 0.19 9.25 1.70 84.51 0.35 2.82 31.91 122.73 74.40 20.44 3.67
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RS\ DB RELTEN (x10°)
Table 5 Rare eéarth element analysis (x10) of the Magong Deposit
Fead  Hand SREE+
La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu Ce/Ce* Euw/Eu* Pr/Pr* Ba/Nd
5 LA Y
Wt
01 20.03 23.86 4.54 20.87 4.16 1.35 4.50 0.82 448 25.36 0.94 2.73 0.38 238 0.34 116.74 0.54 1.46 112 24.70
e)
M
2 02 11.86 25.15 2.66 13.32 2.86 1.98 227 0.52 1.75 8.03 0.52 1.90 0.17 1.04 0.50 74.53 0.93 3.66 0.85 252.40
L/lel
ErE
503 ZEERE 5384 57.87 11.50 51.55 8.78 276 9.15 1.07 10.19 58.19 2.17 6.15 1.02 5.36 0.81 280.41 0.50 1.44 1.16 33.97
ities
Wt
2% 04 73.00 82.42 15.40 68.73 11.17 3.75 10.60 1.79 9.27 66.27 2.62 7.11 L11 4.52 0.66 358.42 0.53 1.62 1.14 37.33
e)
Wt
05 43.42 50.86 9.58 43.04 7.18 237 8.29 1.33 8.07 34.06 141 4.45 0.51 3.16 0.46 218.19 0.54 1.43 1.14 32.20
e)
ErE
BA06  mBERE 89.49 106.80 18.62 82.47 14.22 3.74 12.96 2.86 13.30 32.87 1.39 11.68 1.85 9.32 141 402.98 0.57 1.30 112 13.59
ities
BA07  RERH 17.11 27.88 4.17 18.55 3.81 2.61 4.73 0.57 532 31.76 1.10 2.97 0.48 2.39 0.36 123.81 0.73 2.84 1.05 155.96
Wt
2 08 4122 43.71 8.12 33.54 4.75 121 4.76 0.67 3.09 14.35 0.61 1.85 0.26 1.74 0.27 160.15 0.52 119 1.20 14.98
e)
R
2 09 160.80 22920  37.41 167.60  30.30 8.09 36.16 4.96 31.73 53.88 6.29 16.25 2.73 8.55 0.68 794.63 0.65 113 1.08 10.26

)
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al., 20215 H/RIRIFAERD R K B Zhang er al., 2020; KRIFHEFERT KRB K Wueral., 2016; HABRER SRR AHITRRR Sh 450 K B
F Debruyne et al., 2016; Sylvestre et al., 2017); (¢) Ce/Ce*-Pr/Pr" —Julf# (JEPIHE Bau and Dulski, 1996 151); (d) Euw/Eu*-Ba/Nd #i3%
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Fig.6 Rare earth elemient(REE) enrichment characteristics in the Magong manganese deposit

(a) REE+Y normalized distribution patterniofiores/tocks from the Magong manganese deposit; (b) comparison of ore REE and authigenic carbonate
and marine carbonate rock REE characteristics ‘among the Maojia Mountain manganese deposit, Chengkou manganese deposit, Magong manganese
deposit, Malkansu-type manganese deposit, and Datangpo-type manganese deposit (data for Maojiashan manganese deposit from Wan et al., 2025a;
Chengkou manganese deposit from Zhang et al., 2021; Malkansu-type manganese deposit from Zhang et al., 2020; Datangpo-type manganese deposit
from Wu et al., 2016; authigenic carbonate and marine carbonate data modified from Debruyne et al., 2016; Sylvestre et al., 2017); (c) Ce/Ce* vs.
Pr/Pr* bivariate diagram (modified from Bau and Dulski, 1996); (d) correlation between Eu/Eu* and Ba/Nd; 1. La and Ce without anomalies; Ila. La

positive anomaly, Ce without anomaly; IIb. La negative anomaly, Ce without anomaly; IIla. Ce positive anomaly; IIIb. Ce negative anomaly
4 g
4.1 B HIBCRIR
AT PR IR B 420 58 SRR T B YR AN (Tribovillard ef al., 2006) Al (Tribovillard

etal., 2006; Polgari et al., 2012). ANFERVE ) Mn FIHAS B I HBIRAL 24 AE, 3% Mn S5 IR
BIARME T A B A B T B . EE A MnO 5 ALO; A 55 1% . Si0,-ALOs — 7T K f# .
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(Co+Cu+Ni)x10-Fe-Mn. (Zr+Y+Ce)x100-(Cu+Ni)x15-(Fe+Mn)/4. Fe/Ti. Al/(Al+Fe+Mn). Eu 5% 4¥F
HESR A B BRBREE A TR 1 R P R YE (Yu et al., 20165 Gao eral., 2021; #EFEZE, 2021; Dong et
al., 2022; Ji“Fi%%, 2025a, b).

TRICHE AL EIRAF T3 L0 WRE g, 2 RIS N B0ARER, T 074 i Y% A\ 15 19 ( Crerar
etal., 1982; Calvert and Pedersen, 1993; Piper and Perkins, 2004), Ti BT H & L221 i S 850t
TEHF PR TGS M58 (Crerar er al., 1982; Sugisaki, 1984), HM# 454 H TR %+
S AR DR (Sugisaki, 1984). Bostrom (1973) YONIRHEHK A & Feu Mn, 7T Al Ti
FURFIE, $2H Fe/Ti 55 Al/(Al+Fe+Mn)fabn S8 T48 72~ B P BORIE, i UTARIY Fe/Ti>20,
AV(A+Fe+Mn)<<0.35 $RHOK YT . BRI B, Jilis i Si al B IR Ao IE ok, IF
Fotth 4@ o R —FIERE o (R, MHERRAE PR I D5 28 (R SE T, RGP ) Si 25 &z s 7K - Wonder
etal. (1988) FRTATLUEH] Si02-AlOs — 7t IR XS IR IE A AR AR HE AR i BEAT X 70

NG R K MnO 5 5E I H AN NACER 1 ALOs A7 7E M X 2 (/& 4; Calvert and Pedersen,
1993; Tribovillard ez al., 2006), HALZZATEEL CIA 73U 53.24~66.08 CFEIME N 61.04),
J& T 59402 AL FE S (Nesbit and Young, 1982; Wang et al., 2020), 18/~ JBARKIRIEMA, Fitk
HEBR T S AR PR I R 0 A R IR AN I ATREME S S5 R R, BR T 1 ARRETUE B Fe/Ti /N T 20,
Al/(Al+Fe+Mn) KT 0.35; HARES Fe/Ti KT 20 CPEME N 317.34), Al/(Al+Fe+Mn)/hT 0.35 CF
YIME N 0.04), 1E Fe/Ti-Al/(Al+Fe+Mn) o KfE L, #E5h EBAL T HBom oG, FENRE YR EE (>
90%) K EHEFERIE (Bl Ta), Fom T 5 A R I P BORIE TR A . 7E Si02-ALOs —JT
FUN B, B ARRE RIS aya R G AL T ABOR IR X 38, 10— 25 Ut B i I AR A AE T
AT PRI B AR B AT TR (18] 7b).

VSR AR e ORI 1 Ve SR TE AR B TR P AL &, 13 Cu. Co. Ni7EW
JE R RS ERAK, T UL EJEEE, Bonatti (1975) $2 H i H (Co+Cu+Ni)x10-Fe-Mn
= JCERXTTR 1 Feo Mn PFRIEHEAT F 500, = f1 BIHORAS [ R VE K Feo Mn R 43 i RBER
TEAZRK R IE . BRI AN, BTGB R R AT P h 7 3 s iR s R A e R, KRR )k
WA E EU LMoo ER, T LR B Josso er al. (2017 ) 2 i A
(Zr+Y+Ce)x100-(Cu+Ni)x15-(Fe+Mn)/4 = G BRI TARYIH 1) Fe. Mn KIEZEAT 4T, DL EFIFI
G E (MR R RIETE 76 F T B AR 4B T R IMRIR AR TR (Josso et al., 2017). 34
PR IR (EEESE, 2021, PHERT IR (L&-FEE, 2022). BRI IR (-F s,

B}



2025a) 33| THIFIINT, #5787 BBV Fes Mn A W0R « AHE 70 b RIREFIF Bk FEhmxt
NG R B RA P FORIE AT 0BT, 4E(Co+CutNi)x10-Fe-Mn =G EIf# 1, Fr A RE S AL T G ik
WX, #7528 KO ®BEGYHRFEERETHB CE 7c). 7
(Zr+Y+Ce)x100-(Cu+Ni)x15-(Fe+tMn)/4 = CcEIfEH, B 7 1 AMERUE AL T /K USRI X, R4y
P AT SR T AT AT DX BB R TR 7K BRIV A5 DX (B 7dD, PR IR L AR PR IR O™ )5 2
BRI TR P -
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(a)Fe/Ti-Al/(Al+Fe+Mn) — 7t Ffi# JREE Bostrom, 1973); (b)Si02-Al0s — 7t K f# R K4 Wonder et al., 1988); (¢)(Co+Cu+Ni)x10-Fe-Mn

=7oEfE REYE Bonatti, 1975); (d) (Zr+Y+Ce)x100-(Cu+Ni)x15-(Fe+Mn)/4 = Tldf# (i B4 Josso et al., 2017)
Fig.7 Hydrothermal source discrimination diagram for the Magong manganese deposit

(a) Fe/Ti-Al/(Al+Fe+Mn) bivariate diagram (modified from Bostrom, 1973); (b) SiO2-Al>O3 Bivariate diagram (modified from Wonder ef al., 1988);
(¢) (Co+Cu+Ni)x10-Fe-Mn ternary diagram (modified from Bonatti, 1975); (d) (Zr+Y+Ce)x100-(Cu+Ni)x15-(Fe+Mn)/4 ternary diagram (modified

from Josso et al., 2017)

IR AIBCRIE ) Bu i R It Ew/Eu* IE 53 % IURHIE (Bau et al., 2010; Johannessen et al., 2017).
CRYESACHEDIR (Wuetal, 2016). “m#E0” Sl K (Zhang etal., 2021) F1 “H/RIKFR”
Bl K (Zhang et al., 2020) "{JIE Eu 5% ¥I4RR T 0 WIFORIE T . AT RFTA R R
RILH EwEBu* IE S5 HEFFE (Kl 6a), {H Euw/Eu* 5 Ba #IfAE B K R (R=0.66, & 6d),
5 Bu S MR R A HER, [RIL, BRATER A o030 5 AR PRI B M) R e b, A
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Eu [ 1E 538 RHAE A A Ha 7~ W TR VR 1) 3 224 Ay

AN RO TRl Nk ig wr b b3, X HAT 1 2 A R R 3 Ay, 2 — AR
IRIICIRAIE T . 2B (2009) AR 81 L AL I HY (1 X 3t 5 15 S5R0 0 50 4L R A 1 Tl
& 7E Rodinia B R RARIE RN, BT — R AN S, JFERMEL—R BLR M
SE TR FE SR ] S e 2R TR o DT DU 5 28 6000 R PR BT F4398 W] RESK H T Rodinia 88 K fifi ¢
it S DG T BGOSR T S AR BB, A SRS s A ) 30 i 2 M 1 5 () R PR B A S AR e
(AR, 2009; FHESE, 2011). FERADFH— KI5 BT RBE RS IR e (R %
5, 1992 MARVFRIBRAKERE, 1996; o RAEFW], 2005; EBAH5E, 2022; YIRS, 2022; A
FaisE, 2025a).
42 SIFRINE
42,1 HKRLFRE

B (1992) Ny FLFE U 5 6 1T LLAs) & i b 0 ) DRI NF A H 7 ST B BLRE B A e
JUEREWALE N E, FoRBIRIIKIREHE, AT G AT &SRR TR A . 2 AT R F
JiFa% (20252, b) WHNFRIKEMEF LGN IR, BIE BN K FEN 0 A R R Rl E K
WA, SMEHERA T BRETCE « BRI E I e M A, SRRy RV T G #hid
GRMIRHERE. B RPUE X A SCHERF LS R RIS AT R FIRE L — BRI . Pk
VRSN ERRKREYZEEZ M (E 3b, e, 0, EENETHI VNEBKRBRT Y (FHA
mAMEETT A AR AR E R, Bk, HEN S AR IR RIFETE BT B R A R

U Fll Mo JG % AT LA ZOC5 bt A 2 b 3R 5, 76 585 PR ] —BR 1 2 s PR 5 rh, Mo 1 'm SR ARE o
T U, &I EFMo/EFU>0.3xSW; 7£5 FR 1 i) G, Mo B s SRR BE#EIE T U, 33y EFMo/EFU
<1XSW (Algeo and Tribovillard, 2009; Tribovillard et al., 2012). 4 U Al Mo [ & 48452 5
Fe-Mn R HHLHI KR, Fe-Mn 8L M/ A BT Uy Mo 0 H I8 H B K IR B 7
NEAIRIKIASE (Taneral., 2023; Zhang et al., 2025). K4 AN RIFE M) EFMo/EFU Lt
ERT 1, FR7s BUi RUTARPRBE T Be 55 PR 22 PR 1 A . 2545 T AR IR K 3 Bk 2 S IR i
W2, BN ZHZEHIIX—FRE (B 3b, e, O, FATUHS LA BH W K SCHR R BN IE,
BT T 59 IR — PR B e, X SRR A MR IEAR ) &
422 FMLRIFE

AR H R ERT T AR E (Force and Maynard, 1991; Herndon et al., 2018; Ji“V-#i%%



2025b; Zhang et al., 2025) FEAREGRN FIRARRHE (Wilkin ef al., 1996; Wilkin and Barnes, 1997;
He et al., 2024; Zhang et al., 2024a; Ji°F-35%%, 2025b) FIEALIEJFREUEITE Ul Mo, V. Cr. Ni
Co. Ce S5I0F A g I I EU L SR PR B HEAT SO IS T RAF NGS5, A 7C A RER A ik 7 i
X I AR IR R AL JR 2 F 34T #R 7T (Tribovillard ef al., 2006; Algeo and Tribovillard, 2009; Algeo
and Liu, 2020; #EMES, 2020; /5°Fai%%, 2025a; EMHS, 2025).

Frakes and Bolton (1984). Hem (1972). Force and Maynard (1991) A& ERIRER £hH 1) 1%
TR B SR A, BRARE I W R BT B A A e, AR R T A P R . S
BB T WA BN SRR, % Eh-pH {8 (2R ™ 4%, Eh 75 [ 9-0.5~-0.22, pH {85 4 7.05~8.35,
BRI T DA B0l PR I 1 AL I8 JF 46 (Force and Maynard, 1991; Herndon ef al., 2018; Zhang
etal., 2024a; JiV i, 2025b). EBEEET K 5%, 2025b) FIHZE EAAIK (Zhang et
al., 2024b) FFFRILT KEMBERN, A 80HRR T AR . A R FRER IR
BRI IVER K QG BT — R ER, $ER T ERRE IR B b, M AR E SRR
5 (K31 0, e

Wilkin et al. (1996) W\ N EELIR BT 2 B il T B Ak (1 [F) TRR I B AT 484 — RS A I
B B BE (Raiswell and Berner, 1985; Wilkin‘etal’3,1996; Wilkin and Barnes, 1997). [RIUTRF B
FEAPIRIE A TE VTR — K S E L B AR SR 1, AR UM 3 T PRI, R385 (<
6 um), SLECE M BOE AR S BR AR AR — K A T B A — A A B TR A I (A AR A, 3 R
AR (>10 pm) o AR RAF FERIR B KA A JE Y 1.34 pm~12.69 pm, ~F¥{E N 5.11
um, AR AR ) AR B A IR B IORLAR AR AE . Bond and Wignall (2010) % #ARIR
YRR EXT U BRI 4R TE AT T SE N VR R o UM BERRIRE B KR B, RLA% 43
G HEITE 3 pm~5 pm FEREALIAEE: 4 pm~6 pm FE/REEIAEE; 6 pm~10 pm $87R R AR SR
DB RARIRT A IR BRI o/ B R RRIR R R IR R A R (Wilkin er
al., 1996; Bond and Wignall, 2010). AN KPR A &8 = Bk Bk s A 2em i
ATHHI T RERERPRE Y, I HRH KRR <6 pm, HEPHRAEHN 511 pm (& 8),
EHEDN B ABRAT PR BRI RN 0« &4k H = B BSOS MR £ ZPUAR T N I S — B
— AL TR FR B

Wilkin ez al. (1996). HHHBEAE (2009). HWHEIHMAETE (2011) LU Wei er al. (2016) Ht—

0 AR RS R E BB R AE AT T, Ak T Wilkin et al. (1996) 2 H B2k 42 56 bk
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T 22 A S R B — oIS 2] T AN (He et al., 20245 Zhang et al., 2024a; Ji°Fii
45, 2025b). MTIVELERE B R E T AWM (5 TR5%, 2025b), BIE RN KR A
R IE R T B0 WL A2 o o 4 A 25 AR A 2R 50— o U o 2 207 T IS A — B S — AR AL P R R M i
(B 8h, D, o TIREN—RUS T TS (a5, 2025b). ASCEERF U F2 o [ REAE
FH I = G PR 5 AR R P 1) SRR IR R R AR R AT 00T, BT R S — e IR A B
—BAL XA (& 8h, 1), BRI AR IRBRIRERE A &5 = B B s 1Bk
A EET T s A — A TR S

(a~g)
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Wilkin et al., 1996; Bond and Wignall, 2010; B RN R MEFE K E T T35, 2025b)

Fig.8 Framboid pyrite size analysis in the Magong manganese deposit

(a—g) histogram of framboid pyrite size distribution in ores/rocks from the Magong manganese deposit; (h,i) average size of framboids pyrite versus

standard deviation and skewness (modified from Wilkin et al., 1996; Bond and Wignall, 2010; Maowanli data from Wan ef al., 2025b)

U. Mo. V. Cr. Ni. Co S50 M TAENFE AL BRI AR, 7T LA Rt 7K

REEMIE R 25 (Algeo and Tribovillard, 2009; Piper and Calvert, 2009). U. Mo. V. CriX



S AE U T 3R DL N S TE AR B I, RN S HE IR JE R B B AR BUTVE (Wanty and
Goldhaber, 1992; Calvert and Pedersen, 1993; Morford et al., 2001; McManus et al., 2005); N
i Co fEAMIMIT AR, 1ELJR %KM T EHEILRUTIE (Huerta-Diaz and Morse, 1992), FEHAE
IKARFIPCAR Y & BRI AN, BE T A] T S vl IR ) S8 ALIE SR 2% A (Algeo and Tribovillard, 200
9; Piper and Calvert, 2009). Mo Hl U Ju & & & AR WAZ B A AL S5 24 AR 5200, 1552 Fe-Mn
A A AR R I REE,  Fe-Mn (80P Z 8 TE AL S5 A TR U F1 Mo J0 %, 7EIGJR
ZAF IR, BRSO JE KR U i Mo S &0 (Tribovillard et al., 2006; Algeo and Tribovill
ard, 2009), 3T UL EJFRFEEE ST T EFMo-EFU Al V/IMo-Mo e EfE, FTHIBUIRIAEE (Al
geo and Tribovillard, 2009; Tribovillard et al., 2012). EFMo/EFU fH7E 0.1xSW~0.3xSW K}, &7
A EFMo/EFU {ATE 0.3xSW~1xSW i, F8/RHREFAEE; EFMo/EFU fHAE 1xSW~3xSW Y,
fR/RIRAL IS ;. EFMo/EFU fHAE 3xSW~10xSW i, f575 Fe-Mn ALY/ E 5% Mo MU K4 T
W B AR A

RTABFFEIAA Y VICr<<2.00 B}, $E/REMIREE; 2.00<V/Cr<4.25 B, fR/RIKEMASE; 4.25
<V/Cr i}, fRRBE—MAAEE. Ni/Co<5.00 If, FEREMIABE; 5.00<Ni/Co<<7.00 i}, FERIK
AMIREE; 7.00<Ni/Co i}, fERBUA—RILIRE (ones and Manning, 1994). V/(V+Ni)<<0.46 i,
FRAREALIREE; 0.46<<V/(VH+Ni)<<0.60 I, FE/RUCEMIEL: 0.60<V/(V+Ni)<<0.82 i, FH/REAIA
5; 0.84<<V/(V+Ni)<<0.89 i, FR/RHiifb¥F1% (Hatch and Leventhal, 1992). M VEEEFKILEEN"
RAREE T AN (B 9¢d d), /3T 25% (2025a) FIf] EFU/EFMo, V/Mo-Mo, V/Cr-V/(V+Ni),
Ni/Co-V/(V+Ni) — 7t Bl il 0 B2 (NI TRR R BE AT 2007, A A/ A e i B DT T O e — 6k
AL VTR IR o A SCAERT AU AR R B 0000 77 00 5 A0 IR I TR A S8 AT
F, GERBABBREY A T8O S BRGS0 BR S AL T A — AR
WX IR, AN A BN T A XA . 3 DUESE T 5 AR RIUR T — A A —
A — A EE 2 R B — TR B B DT AR S

Ce JLRTEEMIR 5 # S8R Ce* HETTT# Fe-Mn ALY/ S AL I, S EUKAEF Ce 7T
FT, DU Ce 207 H MAFE; (HIEIERAM T, # Fe-Mn S Ab4/ S R ) Ce
PR BOHER R Ce¥, P Ce MEMBFEIZIERH, Kk, Ce st LIA Rt A it v 3R 52
{55 (Piper, 1974; Palmer and Elderfield, 1985; Bau and Koschinsky, 2009; Bau et al., 2014; Pattan

etal.,2017). HiBR La JuR & &I @A Ce JTLE T8 KI5 )5, Ce Ju R Al #ERfHL TR 7~ 1 /K (5 B (Bau
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and Dulski, 1996). S22 K1) Ce Bk BRI ARG U B HRE, B 7 — MREEAD AR
LAAR, KA BE SR AE Ce/Ce™-Pr/Pr* L RIR I [XI8 (Ce 1574 X3, AL T Ce 7 MIH I .
X =7 TE RIS BR . il BRR “ BURIRT A SRR R T RN (E
6b), ZFHRRI MR RIIRIN Ce MIESHARFE, $H/R 1 BRI G L8 4 i B sl A8
AR, G T EABY B CREENIZE, 2013; Wueral., 2016; Yueral, 20165 # & [H%,
Zhang et al., 2021; Dongetal., 2023). #R1fi, ¥t IGEK Ce M HE M EZIHEAFMIERE L. fEA
BT, Ce RILMBRGFM U HARHE, $RR T AAMVIRIREE, 5 Lk UM R FTR R IR —
BA—BAL TR A B4 FAR R o 45 BRI T Fe-Mn BURALSHLAEI X 7o 2 & SR 418, HEM
Ce ZILHL 7 573 1) S IR AR 1T b R BRI R TR 2 A5 & 7 S AL B B, B2 Fe-Mn BURLAE S AL
i, BRIR BRI E AN i i 1 A el S S AR T R

2020;
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ZIulf#; (d) Ni/Co-V(VAND) el (B c. d JAb. REM. B Mifb A28 4E Hatch and Leventhal, 1992; Jones and Manning, 1994;
BN KRB B TP 85, 20252)

Fig.9 Redox sedimentary environment discrimination diagram of the Magong manganese deposit

(a) EFMo vs. EFU (modified from Algeo and Tribovillard, 2009); (b) V/Mo vs. Mo (modified from Piper and Calver, 2009); (¢) V/Cr vs. V/(V+Ni);



(d) Ni/Co vs. V(VHNi); (¢ and d modified from Hatch and Leventhal, 1992; Jones and Manning, 1994; Data for Maojiashan are from Wan et al.,

20252)
423 HHEKyE

e BB, AT 2 Mo AT T VER B AT IR TR BT 7R AL, NIRRT A
FEIE T SRR VTR, BRAR A SRRk EEE T BRI (& 100, X ONfEHY
Jo 3 0 R AR T TR R T AR PR K 3 PR A X B R B R I AR S AR A T OCEAKHE . Li
etal. (2010, 2020). &M (2014), 2% (2015) YCATEFE R R K 5 Z R AN F T
BRI K B2 2B, 7ETE R L K DART (s BRI U528 AR O 2 O R BRAE, I BAED TR
PHLGAFAE “TRAEL” (Lietal., 2010, 20205 K158, 2018). EIARHEFED, BRAIME L LI
TURRILBK Y, BEE DR HIBR BE RGN, AR UCR A P E . RBSAAE T BRI SR F
P SRR . BRER I SR AN R AT (Libes, 2009; 3K-7J%, 2018). fHAEF-FER LG EEH,
MK REMNR R SEEIRIZ I 280, ISR E T EERANIZ AL “ =R B (Lieral.,
2010, 20205 FKT LR, 2018). #7 UL ARTER £h thi 2 1A Gl VR s i, FRAE JR A X & A v A 7= A

o 27K AR B R DT P R B BRIRBR ALK A, a2 “BRALL” ik 5y EHE (Lieral., 2010,

2020; Z5HE%EE, 2015; KT, 2018).
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&0
Fig.10 Comprehensive phase diagram for H>O-Fe-Mn-CO»-S system in natural water(modified from Hem, 1972; Force
and Maynard, 1991; Zhang et al., 2025)
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TEPRTC S AGRH PRERER S0 U S JE IR F v, AR IR B AR CPghifg
5.11 pm) AT BUE B BB AL KRR b, SR B A A B ANE RS DA LSRR R E T
FEAEPIRR—K At 2 BRI, BRI TV B A5 RIE A AT & B K B 7 2
R, T )2 4 AR B R GO P PR SRR AE — 8. S B AL T Rodinia i KBl A
Gondwana Kfiti 58 & A ERYES BRERTY T 1 SR (Eyles, 2008; Jiang et al., 2011; Wang et al.,
20200, AT IBRERIR & B (<2 mmol/kg; Brennan efal., 2004; Kah etal., 2004),
FL S L L34 0 (Berner, 1970; Berner and Raiswell, 1983), K& [RER NS AN R i
K B o 2RI SR EE T FRIE (Lietal,, 2010, 2020). HAERH PR AIAE AH ks
FURHIE . E TR SRFELL A EFU. EFMo fRARSAFE /R 5 A5 PR T 55 )5 PR 22 J5) BR A Bl At S i AR

B, XN BT RIS BRI S A NS SR B T RIF 8RS A RIS R IR B AR IR
PO ARERA, 1T Fe? F HaS HISEM I KT Mn?", RS B4 T A 2T S .
X IER R R RS S FeX VTR HoS 1 &, RI7ESEASI R B AL BE. i) EFMo
(P44 667.88). EFP (FF¥J24 20.43). EFCd (P24 153.66) {HAER T 8w il £ 7= J1 A L
JFi & & (Follmi, 1996; Piper and Perkins, 2004; Poulton ez al., 2010), FiRIFHEILFEE, £
M EK IR R E TS, #E “Bib BRI 2R (&K%, 2014; Conway and John,
2015; Schoepfer et al., 2015),

4.3 Mn JURHLEIFIRE 312
43.1 mE LR L AL

B R B IR T OB 1 7 EEaK RO | Min2*, 38 75 B SR FE 1K) HC Oy, 9 2 FE BRI SR S5 R 155 rh T Jli i
FREGUTIE (Calvert and Pedersen, 1996; Maynard, 2014; Wu et al., 2016; Wittkop et al., 2020; Zhang
etal., 2022). {ERTAHIFH, FATAANL AR Mo 5 ZRYE TR AR, (HiE HCOs HIR
PR T Bt — S0 Hr. Wuetal. (2016). Dong et al. (2022). Zhang et al. (2024b, 2025). Ji*Fid
& (20252) N HCOy EEA WARIE, —FRMgACREE, 5H—MaPRIE. hT#Mtos bl
T2 F) 5 B ey RN BRI Eh A 0 P % (B4R Ca?t), BT ARG b0 3t m] DU AT Fi s K A5
& (Zhong and Mucci, 1995; Schwinn and Markl, 2005). 5 /A%GH" PR IH# + o0 R lc o AR B
th Ce 715+, EulER®, Y uR LW ERH . FIME ZREE+Y >200x10° f4FE (Kl 6a), X5
BRY PR AR R (0% LG RAREA —3 (18 6b) (German and Elderfield, 1990). FAH A%
B R A ) HCOs A HLR I .



AHUARIE K HCOs 3 Z i3 S A A8 S A B8 o RAEGE JEVE Y™ A (3 F i %%, 2025a; Zhang et
al., 2025). FERRRFYN I B R AR G HIE B T A A 08 B PRARUE 51 FH 43 3R LT 42 HaS
M HCOs CRAEESE, 2007; HWAHEMAGETE, 2011 ARG, 2017 ERISE, 2022). FHARRE
Y EE AN PSR F, DL RRIR B R T A A WU SRR, AN
T EARR B I R, X — i R A E R R $hiL SR )2 55 (Berner and Raiswell, 1983;
Berner, 1984; Sawlowicz, 1993). “m#M A K" (Zhang et al., 2025). M LK (B4
%, 2024). BEIERNIR (J3P4%E, 20252). BISHRANIK (J3Fa4%, 2025b) fEHFFLHIA
NMEE R ELE A (BSR) NBRIRERINVTIEIR ML T HCOs . BIRWIFARY, LAWY KT A7 1E
KRR A HUR (B 3), I HANUR R QT — M 50 A T & SRR $h i ) R AR k™
BERRZ 1), SE A REIEE R B KR M BARIR B X —RRAE, SRR P i) PRI AE FE o B R
AT TR, SRR AR T R 0 HoS A HCOs, BRI US i 40 B 38 SR R IR 1 AR R
M RER L T HCOs (B 11D, BHIYBER A OBk 2 7 F U

BSR
SO2™ +2CH,0  Hy S+ 2HCO3 1)

/J’Z 2

oM OM OM g i
>

o
&

OM CH.0 +80," —¢— H,S +HCO,

O™ i HLR & Mn” HCO, _

: B Fe

: i ' P 5
BRI : % HCO, Pe? ;

% : : i

4146t I 5 5 200 S \A AR

@ guzE & !

: : AL

& -

f I 4

11 AN R B (5 Lieral, 2010; Z5H%, 2015; J5Fai%%, 2025b 250
Fig.11 Ore-forming model of the Magong manganese deposit (modified from Li ez al., 2010; Li et al., 2015; Wan et al.,
2025b).

432 AR M Mn2tid 4L

FERT NI FE s O BRI PO T P 5 52 48 TS0 A0 S ST R SR P85 mhod B ) S A 1 R
PEAT I8 J5 7= 45 Mn?*, J5 7E B R h 5 TURR ) h K HCOR2 45 & T8 U B BR £0.47#) (Maynard, 2010,
2014; Polgari et al., 2012; Yuetal., 2016, 2019; #EEZE, 2020). B#E &5 LT R 5 fd A/

HAETTE R, A M2 B | Mg B3 Ca?", M2t 1 B ER E I UTTE (Wilkin
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etal., 1996; Hein eral.,, 1999; Herndon eral., 2018; Gaoetal., 2021; Aieral., 2023; B4H5%%,
2024, Berner and Raiswell (1983). van Lith ef al. (2003)+ Liu ez al. (2019). Yu et al. (2019, 2021a,
b). Zhangetal. (2025). Ji*Fai%% (2025a, b) YN T EIRFFN Mn 9T 730, R R H
AN R A (EPS) 0] A5 & H iR 20 W TE -

Van Lith et al. (2003). Z=#% (2010). Sheetal. (2013). T#H% (2024) YATRER HhIE I 5
FERT AR A b 0 Wb 1 JE AN R &) (EPS) JFR 6t HCOy, MUANEGY) (EPS) X <&@ B E 1~ Fe?'\
Mn?*. Ca*. Mg BATEFEVEM IR, <5 J@ BH & 13 30 40 18 40 i BE J) [l 5 HCOs &5, TRk
— AR R ER SRR A B, (AT SR AR ER T 7E EPS B . Zhang et al. (2025) 7EX} e
AT RIATI T  FE R, RIREVCAAECEST Mn2* BA W A AORE Y, X R ik A= A 4 2 BRR 5
HWAAR, AN REY (EPS) {2k 7 BRI ML ITIE. 1 Fai%s (2025a) EBFK IR
PRARIL T BT A A MRHE R S5 A = f, NN R R A TR BIRSRE&Y) (EPS)
URCN . AEFRATRIBEFEH, S AR IR R R AR B E U P B AE O BB R 50 (& 3h, KO,
HEMFok A= W AE DA A FH Rk R2 73 i EPS FF774E HoS 5 HCOs, A Mn?'. Mg?', Ca?*. Fe*™4§
SRE TRME SO, MREASATUE (B 1D, AHEF AR TR A A A R
B = AT AT, MAEMEN A S AR M. Mg Fil Ca JCE, Fe LR & REUREUILA,
DRI AT T, 3 b e T A B R B M A P2, fEL L B E Wt I 1) 75 3k — B W 0
5o MY BUR AR A N 5 AR 5 R

2HCO3 + Mn?* + Mg?¥ *Ca?* - [Ca,Mn,Mg]CO5(#4EH = 4) + CO, +H,0 ()
43.3 Fe-Mn 4 %A

S AR R BRI A P ARAE W B R B BRGT . BRIRER AR AR EE IR (K 3e, ), Mn
BB A E LY 0.09%~55.93%, Fe & A u N 2.05%~12.31%, Mn/Fe FUAR [ 73 A7 vu il
0.05~13.28, “FIJME N 2.99, RILHRBRIKHE, SITERE 2R & T BN EEH Fey Mn 2055
PR Beaah (1995) PNEH LA Pl it SERERE PII o &, BLAE VR X kA 23 B AT
XERAR B . VR IX 7 BRI R 5 50 BT V) BORIE AN R, DR X 73 B 3 I N DTAR IR B Bl 5 ) B A,
FHAF DRI T2 . T AR RIS F AR 0 B T SR IS EAT T, ALOs 55 TFex0
MnO BIALEE SRR (B 4), FUA A/ AR S e B0 ) P A b 3 B ABOR IR A (X
B (B 7D, RIEHERR 1R 7 B kAR 2 B AR F RS2 o

DURR X B BR AR 23 B B TR XK AR IR 5332 A1 T i& B (Hem, 1972 Force and Maynard, 1991;



wetty, 1995; SKIREE, 2015; HEEE, 2021, TEEMHIRREEN IRF, JURIASE BRI |
VAR RE A I SRR A DA KA AR A 40 2 X i 38 72 A R il (7RG 5%, 20155 #0845, 20200,
BRI P57 E A pH>7.78 B BABhYTE, pH<<7.78 W}, #knl BMhyiyE, pH HLE 6.5~8.0 i, #&hnl
PAEIHTVE (Hem, 1972; Force and Maynard, 1991). HIF2RAI4RAT EH B AL A50E, AR IO 1A R
JEH SRR AL A O (B 100, HEAALL, SEA SR IEE AL, FIk LA E A S
%4t (Krauskopf, 1957; Calvert and Pedersen, 1996; Roy, 2006; Maynard, 2014). BJEIREETF,
HaS % T Fe2 561 1 T Mn2*, fT LA 53 T8 Uk (R BR AL T00E , M2+ R BEAE S S UBR AL R85 v 2 b R,
i FHEAEIR R G, &M HoS A2 5 M2 454, I BRI R B DN, TR ¥
ZAF A8 %) (Hem, 1972; Force and Maynard, 1991; Herndon et al., 2018). 7EiTS84E[{IHF 78 rh
KL, WAEIABUS Mo Fl Fe G WRIHIER], 10 BAEB HURFALERIE R, ANERFRHED S FH
SRR A SR JE AT UTIE, A& AR I 208 (Yueral., 2019, 2021a, b).

Ty NERAT PRI 4y B RRRE R, AR 7E 2 [ RIS [ 23 A FNCEFIME A K, B W B A kA B2
PLIRAE o Forh gk B LR AR B IO U B, 8 3 B DS AR B R Sh ™ AN B A (1 P R B,
E BRI LA DR I A AR R 5 e DA T 3t B A ™ PRAR i 4 85 1 S R 3 R
WL JEIR S R RGEE R . B e BRI L (BSR) 1E KK T i) SO AT T ik,
N $4E T HCOs A1 HaS, M2 EBR I U A MBS I A S8 s i i AE 0 E - (EPS) 5 HCOs*
GRS ERRIR R, PBOIRIR Y Fe FERRMER AL VIRt 5 HoS &5, TR AR S ERD .
MR HoS £S5 Fe &G FAR A, RIEERAATHE Mn> 4& KRB, DL R RIER T
TN R AR 10 3 BN D e A b R 2R Ak 2 S vy R s dn -

2HCO3 + Mn?* + Mg?* + Ca?* - [Ca,Mn, Mg]CO3 + CO, + H,O(YK4E ML — B4 FREE) (3)

H,S it &
2HyS + Fe?* . FeSy(SAEREETT) + 2H, (R EF52) @
Mn? it &
2H,S + Mn2* -, ZMHS( J,L!ﬁ‘ﬁf‘) + 2H2(JIL'H:H1M) ©)
5 4k

(1) AR T ZT AR Y 0 AR B E T 0, SR O Ay 08 H
mAMEERE, b A RO E AR RAE . SRS 0 TP R ) O R A R
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Bo EERBCAT YA TIZ U S ARIR S B A LT LA R IE BRIR R A AR I

(2) MR SRR 7R S A SR R B M0 B RV T IR . PR E . A AHZH SRR
FRRIR BB RARHIE SRR 4L A RFIE . EFMo-EFU. V/Cr. Ni/Co. V/(VANi)HiER{b2EH51E
RN S AR IR EZDUR T R — A — Bk 55 R BR— R BR B 8h% IR R SR 5, I
HRFERM I D AGY IRIA “BRAEL” K R4 .

(3) ZEE TR P FCRIE. FANIE RIS . 0 A S RERAMRHE, DS A R+
Mn HTHER R R ARG = AN AN ISR BRI BE . WUEY RSN REY) (EPS) [IAE A= ek
FRER Y. J5 Fe-Mn JWE B =AW . P aiif S sl #hEH (BSR) NBkERER (FZ N4
A=) $2A HCOs Al HaS, 4 - A Je TERME SR A M R B b 2R i, REARIRIE A S 7E B AL 1 55 o
FERG BRI R HoS SRR Mn2 TR BRAR T . TR . BRIREN B SRR E I
WA S I, R R, AT SE I T G 3R A 0

Bl RfFRERROGERTEL, RiftREIEIFARRGEGmBE L E o, LMW
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Study on the Genesis of the Magong Manganese Deposit on the

Northwestern Margin of the Yangtze Platform
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Abstract: [Objective] The Early Cambrian Longmenshan tectonic belt hosts asseries of sedimentary manganese deposits;
however, their material sources, sedimentary environment, and precipitation mechanisms remain controversial. This study
takes the Magong manganese deposit as an example, aiming to provide an in-depth discussion on the metallogenic model
and precipitation mechanisms of this ore district and offering a theoretical basis for research on sedimentary manganese
deposits within this tectonic belt. [Methods] Electron microscepy and electron probe microanalysis were employed to
analyze the characteristics of mineral assemblages and the"particle size distribution of framboidal pyrite. Inductively coupled
plasma optical emission spectrometry (ICP-OES) and inductively coupled plasma mass spectrometry (ICP-MS) were used to
determine the whole-rock major and trace element contents. Based on these analyses, the material sources, sedimentary
environment, manganese precipitation\miechanisms, and metallogenic processes of the Early Cambrian Magong manganese
deposit on the northern margin of'the L.ongmenshan tectonic belt were systematically investigated. [Result] Petrographic and
mineralogical studies reveal that the manganese carbonate ore layers, pyrite layers, and siliceous rocks in the Magong
manganese deposit are rhythmically interbedded. The primary manganese-bearing minerals include kutnohorite with
microbial textures and alabandite, followed by psilomelane and pyrolusite. The gangue minerals consist of framboidal pyrite,
organic matter, quartz, and dolomite. Major and trace element analyses show no significant positive correlation between
MnO and ALOs. Samples fall into the hydrothermal end-member in discrimination diagrams such as SiO:-Al:Os,
(Cot+Cu+Ni)x10-Fe-Mn, and (Zr+Y+Ce)x100-(Cu+Ni)x15-(Fe+Mn)/4. Most samples exhibit Fe/Ti>20 and
Al/(Al+Fe+Mn)<0.35, further indicating that the ore-forming materials were primarily derived from submarine hydrothermal
activity. Enriched EFU (Enrichment Factor U) and EFMo (Enrichment Factor Mo) values, along with EFMo/EFU>1,

suggest a weakly restricted to restricted paleo-hydrodynamic environment. The stringent conditions required for the
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formation of alabandite, the presence of synsedimentary framboidal pyrite (<6 um), and multiple geochemical indicators
(e.g., V/Mo-Mo, V/Cr, Ni/Co, and V/(V+Ni)) collectively reflect that the Magong manganese deposit was formed in a
relatively dynamic dysoxic-suboxic-euxinic environment. Euhedral-to-subhedral organic matter and extremely high EFMo,
EFP, and EFCd values indicate high paleoproductivity conditions. [Conclusion] The geochemical characteristics suggest
that the ore-forming materials of the Magong manganese deposit were primarily derived from submarine hydrothermal
activity. The manganese carbonate ores were enriched in a dynamic shelf-slope environment under dysoxic-suboxic-euxinic
conditions. High paleoproductivity provided the material basis for the mineralization through water column stratification
under the "sulfide wedge" model. The presence of microbial-textured kutnohorite, abundant organic matter, and framboidal
pyrite indicates that the manganese precipitation process was significantly influenced by bacterial sulfate reduction (BSR)
and extracellular polymeric substances (EPS): the BSR process provided HCOs™ for the formation of manganese carbonates
and HaS for the generation of pyrite and alabandite; the EPS secreted by bacteria provided adsorption sites for Mn?*, Mg?",
and Ca?', promoting the precipitation of kutnohorite. During the mineralization process, iron and manganese were separated
because of differences in their geochemical behaviors. This study provides new evidence for understanding the genesis of
sedimentary manganese deposits in the Longmenshan tectonic belt and furthier, refines the precipitation mechanism of
sedimentary manganese ores within this metallogenic belt.

Keywords: Magong manganese deposit; early Cambrian; source of ore-forming minerals; sedimentary environment; Mn

precipitation mechanism
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