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WAN Pingyi', CHENG Wenbin®, CAI Jimin’, WU Chunzhang', CHEN Hao', LANG Xinghai’,
WANG Chuan', YE Xiaochun', PENG Jianhua', LIU Qinggiang'

(1. The 5th Geological Brigade of Sichuan, Chengdu 610081, China; 2.
University of Technology, Chengdu 610059, China)

College of Earth and Planetary Sciences, Chengdu

Abstract: Addressing the scientific question of the unclear mechanism of manganese enrichment and precipitation in the early
Cambrian manganese deposits of the Longmenshan tectonic belt, this paper focuses on the No. Il ore body of the Maojiashan
manganese deposit in this belt as the research object. Based on detailed field geological surveys and thin-section identification, a
systematic total organic carbon (TOC) and elemental geochemical test was conducted to preliminarily explore the source of
manganese, depositional environment, and enrichment mechanism. The study shows: (1) The ore-bearing rock series from the No. III
ore body of the Maojiashan manganese deposit belongs to the fifth member of the lower Cambrian Qiujiahe Formation, primarily
composed of manganese ore layers (No. IIl manganese ore body), pyrite layers, manganese -bearing siliceous dolostone,
carbonaceous mudstone, siliceous rock, and dolostone. The manganese ore layer is composed of centimeter- to millimeter-scale multi-
cycle manganese-rich sulfide layers and manganese-rich carbonate layers. The main ore minerals are alabandite and kutnahorite, and
the main gangue minerals are pyrite framboids and quartz, with a small amount of organic matter. (2) The CIA value of the ore-
bearing rock series mainly ranges from 65 to 85, indicating moderate continental weathering conditions, favorable for the migration
of terrigenous manganese. However, there is a negative correlation between Al,O; and MnO, suggesting that continental weathering
is likely not the main source of manganese. In the (Cut+Co+Ni)x10-Fe-Mn, (Zr+Y+Ce)x100—(Cu+Ni)x15—(Fe+Mn)/4, Ce/Ce’ vs.
(Y/HO)pans» Ce/Ce” vs. Nd, and Fe/Ti vs. Al/(Al+Fe+Mn) discriminant diagrams, the data pertaining to rocks and ores of the ore-
bearing rock series are mainly plotted on the hydrothermal origin area or the aqueous-hydrothermal mixed area, indicating that
manganese is likely derived from submarine hydrothermal input. (3) The size of pyrite framboids, as well as redox indicators such as
the EF,,/EF ratio, V/Cr ratio, and V/(V+Ni) ratio, indicate that the ore-bearing rock series formed in a bottom water environment
with fluctuating suboxic-anoxic-sulfidic conditions; paleoceanic productivity indicators P and Cd indicate high paleoproductivity;
TOC vs. Mo and Mo vs. Cd diagrams show that the ore-bearing rock series mainly formed in a weakly restricted upwelling
environment. (4) The mechanism of manganese enrichment and precipitation is likely controlled by microbial-induced mineralization
and bacterial sulfate reduction (BSR).

Key words: Maojiashan manganese deposit; early Cambrian; source of ore-forming minerals; sedimentary environment;

precipitation mechanism
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(2)J5 KT 18T A (PAAS; McLennan, 1989) 45
WEALS, T R i B 1 Ce 52 (B 7A-D), 115
Ce/Ce' U 1H , 5 0 £1 N 0.55~0.68, H 2k 5° JZ2 N
0.47~0.86, 4L EE = %A~ 0.57~0.73, o 1k

Bk Ve B A e +iE B A +H = i 072~ 0.85, fE
Ce/Ce —Pr/Pr " it p (] 7E), 1 F46H 41 . 1 188
B2 6 RS AR RE T (2 A 2 A e ARk I
Mo T Ma X, 578 X EEFE 5 1 £ Ce 525 La
IESEPGIR, SR TS5 AR MEATD X,
Fem Hifn Ce 4 IFAE La IER W51, /i Ce 5
4 % (Bau and Dulsk, 1996) .

(3)JIF A FE & 1) EwEu' A B K A T 1.12x
107 °~2.62x10"°, It Eu 5% W & (/d 7A-D). H
F EwEu HAE 5 Ba/Nd HIEAFAE B E IEAEE R,
& /R FE AL T BYIE Bu 5% 8 ICP-MS I i A2 rh
Ba Xt Eu {5 5 M T4 r i (Xin et al., 2015), RiEH
TR AR .
g
4.1 NESH

411 [HENA
GG, Bl IR XA S DUAR B GR  R B HE

4
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modified from Bau and Dulsk, 1996), and Eu/Eu—Ba/Bd of the rocks and ores from the ore-bearing rock series of the

No. Il ore body, Maojiashan manganese deposit (F)

PR (% 12 %5, 1963; Frakes and Bolton, 1984;
Bolton and Frakes, 1985), X} F ¢ '] LI A4 1& 77 56 4™
IR, IR 2735 I Mn I8 H B R IE T B (9 XUEE (1
JEAE, 2016) o FETTBUHLERfb 2 b, AL TE H A
TR L0 W FE R AR D, o tasE, wE AR
Fifi U5 %1 A (Calvert and Pedersen, 1993; Piper and
Perkins, 2004), B IGRH TR M58 1R & 54 R4
HIV A ALO, B A K Y 2 Ak 3 1 (0.38%~
18.29%), & 7 fli 4 A 3, T TiO,. K,O. Rb,
Zr 5 ALO, 2 R FEMK(K 6 A, B, F, G), 58I
FEOR ARG

Nesbitt and Young(1982) 5 S )k 2 ok 7% 45

B(CIA) 2 1 12 R AF i U5 XU AL A B ) o 2245 #r
HAEAAN: CIA = {n(ALOs) / [n(AL,05) +n(CaO") +
n(Na,0) +n(K,0)]} x 100, X B ] CaO {22 51 ik ik
EHhrhrysR . BEE XACVE AR A HS 58, CIA {H2 T
F 15, CIA=50~65 $8 /8 €% . T Y 55 1k 2 XUk
Z5AF; CIA=65~85 ¥8 /N I B VR 1 45 14 F rh 2 i 1k
AR FE; CIA> 85 F5 78 S #4 | J1E A #4HF | IE
s 2T B am 2 A Ak 2 AL 2 F (Rollinson and
Pease, 2021; £ J7 4k %5, 2023) ., L4k, CIA Fe 5%
5 A—-CN-K [Elf# [A=n(ALO;); CN=n(CaO)+n(Na,0);
K=n(K,0)] B¢ I (1 8), VAL & T8 8 X K KAk
FEE
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AW BN, BRIGET R IS5 R 5 A
R&EMW A CIA {HA T 46.49~87.46, B 3 1Fik 1
Fid A VRS 25 1 R0 AR CIA H
<65, 1 FH kD 2 FE S CIA > 85 4, HiAvkE S
) CIA ¥4 T 65~ 85, 45 715 v &5 WAL 72 )% 5 75
A-CN-K = JT I (1] 8) H, Bt ek i n b 2
AR AE B TN —AE 5 A A ) = B R
Ak, FLUEIX T REAATE Na ik . IR LERIL
AT IR M-S0 RS 0 R SRR R, & T
JE T Sturtian PKII—IA vk < R3S Ha-
(& H R M50 4 CIA {5 52~72, Wang et al.,
2020), A F T B 5 Mn B GRBI4E, 1993), {H
ALO; 5 MnO M MnO+Fe,0, Z [8] KE £ M AH L
K Z (E 6C-D), = i Y5 X AL AR 7] 58 IFHE Mn 1y
412 ERANEEH

20 2 60 ARG LIk, Bl 75 IRV IS I 35 )
X5 PR BT ) K B, AATT328 8 A T 20 I A0
IRV R B R EZL YU . Bonatti(1972) ., Bau
et al.(2014) . Josso et al.(2017) & Gt 53 Hr T ILAC R
TR SR FI7K BURR Fe-Mn 45 4% /4558 B 0 % #h 3k 4k
SR, R IRAHXT TR 1) Fe-Mn 45 8% /45 5%,
JK B Y Fe-Mn 45 4% /45 5¢ B 8 4E Cu. Co. Ni,
Zr, Ce. Nd. Y By % 5, #2111 T (CutCo+Ni)x10-
Fe-Mn, (Zr+Y+Ce)x100—(Cut+Ni)x15—(Fe+Mn)/4 —

100+ REGIE . RIEF.
3 4 2 AL SR
90— d
sof TTTTTTTERE)  Re®\ P
o | TR 3 ooty 1%
I S 2 - -
60 986 Kk &/ [
| K- [} A
ﬂso-.---?’ﬁfﬁ A
O (o)
. [m]
40 L
304 o A * K
20 o Wk R Fo 161 A K
lo- o NALEE A 5 Kk AL A
o VI BR S T 1

CN K

B8 ERWETKISTHST ERE/M A A-CN-
K =t E# (JKE4E Rollinson and Pease, 2021)

Fig. 8 A-CN-K diagram of rocks and ores from the ore-
bearing rock series of the No. lll ore body, Maocjiashan
manganese deposit (modified from Rollinson and Pease,
2021)

JCH B & % F Ce/Ce™—(Y/Ho)ppns. Ce/Ce—Nd —JC
IR, Ff7E ) 4R Urkat 425 (Polgari et al., 2012)
BFEMR L. Enkafela 455 (Melaku et al., 2022) LA K&
FE “RIEY L 49 (Yuet al., 2016; Wu et al.,
2016) . 3 148" (Gao et al., 2021) . 74 B H/RIK
J iR (Zhang et al., 2020) 55— R 5| K—h A4 0
PRABFSE b, IR T Mn 893 i GRS IR . 78
(Cut+CotNi)x10-Fe-Mn, (Zr+Y+Ce)x100—(Cu+Ni)x
15—(Fe+Mn)/4. Ce/Ce—(Y/Ho)pans Fl Ce/Ce’—Nd [l
fif (Bl 9A-D; C. D Hr £ 42 T JC Ce % 1Y 10 £
FEaD, BRI RS0 RS0 A R & EHW A
F BRI AL A X SR B RTR A X, FE R
Mn 1R 7] G TR [ IS PR A

Marching et al.(1982) . Bostrom(1983)#ff 5% #&
BRI UK DU A & Fe. Mn, 7% AL Ti 1Y
FEAE, 3l 5 Al/(Al+Fet+Mn), Fe/Ti HCAE ] A %50CH] 51
POK G AEROK PR, ZEHORTTRUE /A, iR s
430 <035 1 >20, BRI M55 K5
A BERET)E . BRI 2 A FTC T TR Ve BT A
R A+ = 5 B AV(A+Fe+Mn) FCAE 23 501k
0.01~0.06, 0.07~0.61, 0.05~0.34 f1 0.37~0.79,
Fe/Ti HCAE 2> 51 171.06~241.67, 12.47~ 174.34,
34.51~102.47 Fl 7.40~28.51, 7E Fe/Ti-Al/(Al+Fe+
Mn) [Elfi# I (& 9E), B A . BRRAT )2 F & E ek T
H A 3 s & K UK DU ALy, [RIREHS /R 1
JE PRI BhAR AT REJE Mn i FE K IR, Al/(Al+Fe+
Mn) FbAE 7E ] AR B AR A (] 3), 8 8 TS
TR S5 (AR
42 IR
421 AtTREIHE

TUE R TR L AT o A Bk
W2 LR R R B BAPIR BB N RHIE, R A8k 53
R 0.79 ~ 30 pm, 0.82~ 43 um F 0.83~ 28 um,
HEAR R USRS A A D B AR A IR R K S
4:(Bond and Wignall, 2010), 3% 7] 15 £I] 4 fk —i& Ji7
HURTT R T8 FR I S HF

A JEE U, Mo Ml V B A B A LS 5 %,
RN SR S TTE A BT, S48 7 b v S A D 2%
4 B T Z 48 #5 (Tribovillard et al., 2006; Algeo and
Liu, 2020; Algeo and Li, 2020; Bennett and Canfield,
2020; BFEHEAE, 2021) . T U MR JEERE R A
TEUCEALIREE ) Fe(TN-Fe( 1) LT M, V AT
Ji R A AR R R A S B T R, T Mo (X AE Bt Ak
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Fig. 9

(Cu+Co+Ni)x10-Fe—Mn (A, Bonatti et al., 1972), (Zr+Y+Ce)*x100—(Cu+Ni)x15—(Fe+Mn)/4 (B, Josso et al., 2017),

Ce/Ce” vs. (Y/HO)p,4s (C, Bau et al., 2014), Ce/Ce’ vs. Nd (D, Bau et al., 2014), and Fe/Ti—Al/(Al+Fe+Mn) (E, Bostrom, 1983)

discriminant diagrams of rocks and ores from the ore-bearing rock series of the No. Il ore body, Maojiashan manganese

deposit

IR A REIE IR ITVE, P, 2K 2 KA A AL — i
Ry R P, U e D0, VIR, Mo DUHE i
(Piper and Calvert, 2009; Algeo and Tribovillard,
2009) . 1Ak, Mo i 1] 5E 3 Fe-Mn L)/ A A AL
Wy RURL 1) S FRFVE P, fin s ) SRR ) 1) B (DR A%

B0, 100 ULV ¥ A & BLX B L (Tribovillard et al.,
2006; Algeo and Tribovillard, 2009) , F&F iR H,
Algeo and Tribovillard(2009)#1 Piper and Calvert
(2009) 7351 5t 1 T B v A A A v 4aL Ak
BSR4 EFy—EF, Ef#F V/IMo-Mo [E1f# (15 10A-
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B), Jf45 H UL EUA /9 1Y) EF,/EFy HLAE A F 0.1x
SW~0.3xSW i, FE /R I EALIREE, /T 0.3xSW~
IxSW B, 578 B R BT, - T 1xSW~3xSW KT,
&R TRALIREE, A T 3xSW~ 10xSW i, N3& 7R 5
Fe-Mn 246 /2 8 AP W A 56 1% JIORLA% i (SW
S BARHEE K Mo/U LA, ~F- 247 H 3.1) (Algeo and
Tribovillard, 2009; Tribovillard et al., 2012), V/Cr.
Ni/Co Fll V/(V+NI) HAB IR 2 ] W oy o 3 48 A0 3 Dt
2514 1) B EL 48 F1 (Algeo and Liu, 2020) , Jones and
Manning(1994)3A 4, V/Cr>4.25. Ni/Co> 7.00 I,
T8 R B S AL £ 14 V/ICr<<2.00. Ni/Co< 5.00 i,
15 7% E AL BR R M 24 2.00< V/ICr< 4.25, 5.00<
Ni/Co<< 7.00 Hf , 48 7~ ¥X % 1k ¥F 5 . Hatch and
Leventhal(1992) 48 !, 0.84 < V/(V+Ni)< 0.89 i, $&
NTRALERES, 0.54< V/(V+Ni)< 0.82 I, 5 7% Bl 48 B
15 0.46< V/(V+Ni) < 0.60 35 71 I EAL IR BE, V/(V+
Ni)<0.46 5/~ AL AT

BRI IR &0 A R A/ A 1 EFy/EF, Lk
{8 FFAE e 0.3xSW~3xSW, 7& EF,—EF, Klfi# .
V/Mo-Mo & fi# . V/Cr—V/(V4Ni) &l fi# . Ni/Co-V/
(VHNI) E i (] 10) FN & 024 R ki 2 24808 -
([ 3), B A MR A2 AR bR A7 — o 25 57, (B
WoREH A RUUR T A S - Ak i 32 1k
FIRE )2 KR EE, M T4 2 S A R A =
BT BN B Bk U8 B AR A+ R Y
BB
422 HEFAEMH

THERE &AL, 46K 2 50 R
TOC % it > 1%, B /R8I i e A 7= 1 %A, &
WA R A P Cd B E IR X —HE
Wo MBI R I, WK Az 7= ) 52 B v g 57
JC RO & M P& &) nl R A R 00 45
(Tyrrell, 1999) ., 7¢ Hb 57 i fb i B b, 36 M0 5 5
PR R A S KPR A S Z A R
T B XF R 56 2R (Follm, 1996) ; i BAC K VERF 55t &
B, #E TR S A X, DU T RS K
W PR, R, T P AR O S, S
VR AR ) ) EEHE B (Piper and Perkins, 2004;
Schoepfer et al., 2015), 5 P Z{l, Cd HAE IR
R HLIRAL 22T Ry, IR W T TR e A 7 iy
$& 4% (Tribovillard et al., 2006) , A HF 55 F M,
KA Cd 2 5 A LT — & U E #F A DT
(Piper and Perkins, 2004 ), Jf-7E HL it 72 b, FA HL

i o i 3k A 2R 1k B (Morford and Emerson, 1999)
o R R P (Jarvis et al., 1994), R, iF+ Cd
B & T8 7 A 7= 1 44 (Conway and John, 2015) .

AR R, BRI K& 5 5
AP CdmEVE R S), # A, By 2. &
Bl BT 1 s e AT AR DR B AR e R E B e+
51 EF,. EF, ¥I{H 3001 56.42, 1332.53, 10.76,
432.72, 67.47. 146.41 1 10.36., 64.24, 5l FE K
F) #1355 Umbria-Marche 725 1 C/T $t B2 Ab &5 42 7=
Bl AR AT R Y 2B 8 5UA (EF=14, EF =127,
Turgeon and Brumsack, 2006), 8 7~ % & B9 o 4 77
J15Ak
423 HAXHHE

PUERPIH TOC. Mo, Cd 2 Wi i i K SCER
3% %) B ZE 5 Br (Algeo and Rowe, 2012; Sweere et al.,
2016) ., Algeo and Lyons(2006) . Algeo et al.(2007)
WEFEIN R, BR AR I S5 RS, UAR ) Hh Mo & 4R
i 3Z A BT 5 (TOC) g K i Mo e B2 52,
TESRAE B LIRS, AL S ARG, ML DR AF, 25 1
F Ay Jeg PR i BA 2 b, 2 b R TR OK 5 Ah B4 A7 B,
AR Mo 1 AR 25 2/ T H TR 3R, S 80K h
Mo % & FEAR, TUBY () Mo/TOC fHEAIR; #5 1tk
I RS 2 i, 5 A AR K SE 4 s B, Mo & &
B, Mo/TOC fH L - K, Mo-TOC K& AJ
5 Bl W 2 b 1) )=y PR A2 BE (Algeo and Rowe, 2012) .
AR, A2 72 38R JC R Cd 52 1 A2 4 W e 5 B
(S, T8 A T IR AR ) R B AR R
= B FHEE 3 X (Bruland, 1980; Conway and John,
2015), B, JLRVE/Y Cd/Mo LB AT Cd-Mo &
ff IR AT B X 43 bR X S R PR A, S8 s T
PELIX Cd/Mo H.{H > 0.1(Sweere et al., 2016), &
R IR S48 0 R & 05 2 A A A5
) Mo/TOC Lt {H Fil Cd/Mo [ {H , Mo-TOC &l fi# il
Cd-Mo Kl (K 11) B, S04 R A/ A ERIE
BT 55 SR BRI .
4.3 Mn HYITEHLE

KR, WK Mn BTUTHE & ELH 3
BAPIFR: (D7EA - A 2 E LR
KBS, B SRR B/ R A E T, Mn
A MnO,/MnOOH & X TTIE #E A TR 5 7EHILT
AT, FREE R EZ 5 T, MnO,/MnOOH #if
JERE M, FFLER K A T8 A 9 5 R £k (Maynard,
2010; 2014; Polgari et al., 2012; Yu et al., 2016, 2019;
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Fig. 10 Discrimination diagram of redox conditions for rocks and ores from the ore bearing rock series of the No. Ill ore

body, Maojiashan manganese deposit

Zhang et al., 2021b; 2022) . (2)7E K A b fL 1Y
B Mn” 2 KRB, BUEIERTR, JeTt B
A = ATUE, IR P 8 7K A i i
Mn” 2 i [R] G B30 Ca™' Mg™ & SR ULTE A, Bi7E
FLBRAK A LA T i /s A O AR A 2R
VIEE A# )2 (Herndon et al., 2018; Wittkop et al.,
2020; Gao et al., 2021; Chen et al., 2022, 2023) ., #
B R A Y R A B A 5% 4% (Johnson et all.,
2016; Zhang et al., 2020). IF Ce 5+ % (Bau et al.,
2014; Zhang et al., 2020) VA & Mn & & 5 6°C.p Z
B8] 14 fAH 5 5 Z& (Polgari et al., 1991; Maynard, 2010)
S —Fh oy A E B, 10 A OB B AR
A W JG IR RE
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A~ A KR T, A R W Mn (&0, 7R
+ e R K B, K ILIE Ce 4, H EF,,~EF, &l
fif I, AU Mo JTZ 3% Fe-Mn 481k Bt R AL S
R, 5 “CRIEH L B (Yu et al, 2016; Wu
etal., 2016) . FrEEIL/RIX I LW (Zhang et al., 2020;
Dong et al., 2023)LL & 3 T 4 & (Zhang et al,,
2021b; Gao et al., 2021) 87 A [A] (& 12, & 10A),
FWIHA AT RE Rl o 5 — A Oy e AR VIE . TR
W2 (040 i DK 22 22K ) 20 vl & 4 A fb ) )2
FVE FRAR R L Z AL, & MY 2k & KiE s
W, 5 ROy A % 225

ZEA A AT A A 8 B8 Ak IS 2K IR
Be . b A 1 A A2 DK B KR L e
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PR AR 77 1 554 Mo—TOC E f# Fil Cd—Mo &l i
W SR, &8 A R EARIE T 55 R R0 L FH A
WL,

(4)Mn 195 FEDUTEVLHIR T 5e 5 2E W15 = AE
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Fe®'. Mn” 9 I3 JiE FA TR 1T 31 6 Ml 2 i b Ay 5 76
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