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Sedimentary manganese formation and its link with paleo-oceanic environment
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Abstract

The precipitation of manganese in the marine environment is intrinsically controlled by seawater redox and
ocean che-mistry which are ultimately linked to many geological processes such as supercontinent reconstruc-
tions, extreme geological events, and biological evolution. Therefore, Mn-rich sediments are ideal for studying
the co-evolution of the lithosphere, hydrosphere, atmosphere, and biosphere. Currently, models for manganese
formation, which include euxinic basin model, oxygen minimum zone model and episodic ventilation model, all
suggest that the changes of chemocline play a critical role in the formation of sedimentary manganese deposits.
Three peaks of manganese formation could be identified through Earth history: Paleoproterozoic, Neoproterozoic,
and Phanerozoic. A redox stratified ocean was developed in Proterozoic. During the Paleoproterozoic and Neopro-

terozoic, supercontinent break-up led to dramatic changes in ocean redox conditions, which promoted the forma-
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tion of giant manganese deposits during these periods. However, only a few manganese deposits in North China
Craton during the “boring billion” of the Earth (1800~800 Ma) were reported, probably suggesting that Mn was
immobile in the stable, redox stratified ocean. Earth became more active during Phanerozoic, characterized by re-
peated ocean anoxic events (OAEs) in the overall oxidized Earth. Repeated greenhouse-icehouse conditions
caused dramatic changes of chemocline in the Phanerozoic ocean, and enhanced manganese precipitation at the
chemocline boundary. In summary, the redox stratified oceanic structure is a first-order factor to form a sedimen-
tary manganese ore deposit; Other factors, such as ventilation to open ocean, sea-level changes, and volcanisms,
may also impact the manganese mineralization. The sedimentary manganese formations, unlike iron formations
that respond more to global parameters, seem to be controlled by local basin tectonics. Therefore, studies of the
mechanisms of Fe and Mn partitioning will help to better understand sedimentary processes and paleo-oceanic re-
dox environments at both global and local scales.
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worth et al., 2017) , [F] Bt X6 b Bk & A= 3855 p= A 35
S, RN 2 P11 BOR B Be A S 2 (Scott

et al., 2008; Lyons et al., 2014 ) Y& - T 2546 A1 AL
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Fig. 1 E,-pH diagram for manganese carbonate and oxides (a, modified after Krauskopf, 1957, Gray bar denotes pH value

of present-day seawater from 7.5 to 8.4 (after Chester et al., 2012)) and sequence of redox reactions experienced in modern
sediments (b, after Maynard, 2014)
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Fig. 2 Genetic models of manganese deposit hosted by marine sediments
a. Euxinic basin model (after Maynard, 2010; 2014); b. Oxygen minimum zone model (after Maynard, 2010; 2014); c. Episodic ventilation model
(after Yu et al., 2017)
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Fig.3 Global distribution of marine sediment hosted manganese deposits

Manganese deposit: 1—Nikopol, Ukraine; 2—Chiatura, Georgia; 3—Imini-Tasdremt, Morocco; 4—Groote Eylandt, Australia; 5—Molango, Mexico;

6—Karadzhal, Kazakhstan; 7—Zunyi, China; 8—Daxin, China; 9—Datangpo, China; 10—Urucum, Brazil; 1 |[—Wafangzi, China; 12—Qinjiayu,
China; 13—Sausar, India; 14—Franceville; Gabon; 15—Kalahari Mn field, South Africa; 16—Cuyuna IF, America; 17—Nsuta, Ghana

(Partially after Laznicka, 1992; Roy, 2006; Maynard, 2010; the global map after http://www.csgpc.org/list.php?fid=254)
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Fig. 4 Mass-age distribution of sedimentary manganese and iron ores in the context of oxygenation of atmosphere and hydrosphere

a. Sedimentary manganese reserves in earth history (after Bekker et al., 2014); b. Iron reserves including banded iron formation and granular iron for-

mation in earth history (after Bekker et al., 2014); c. Oxygenation of atmosphere and hydrosphere in earth history

GOE—Great Oxidation Event; NOE—Neoproterozoic Oxidation Event; POE—Paleozoic Oxidation Event;

Dashed lines bracket duration of oxidation events (after Alcott et al., 2019)
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3 (Meyer et al., 2008) . FTFLAYER O AR 7E
JUh AR R R H A LT L R ZE
FMER A 2 T T A 2 A T EL RIS ) Y A AR AR 4
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& T E <IHFES (Holland, 2009) . o i (GRS
ST T I B N v v R K AR TR R
B AR S5 53 J2 I T 2 ), 3~ IR KRS BIF
R TR AT TR B BRBI A 53X Fhar 2 1 K 45
EY)H 5% (Bekker et al., 2014) ., 7EXFPIEEE RS0,
UL R s S A B e A iR R Az
YRR AR . bl T8 oK O B i =
KBGTE 2.4 Ga Ze 4y e R 4, R B0V E A I B
PR E 2 o R A ety 2R A e P VA A o R A i R T
FRTE S AL IR ) T DAL i A0 Ak ) A S AR 1
A B S — B BB A R B X R EE R S 4
B S M5 o5 — 5 T, R Bl 4R 19 3R )2 & 48K
AL A= VR B, JT it — 20 S B Y IR R 7 R 3
i, KA PR RS 20K R E & HCOy, 3 51
JE TR L B b 3 1) Min2* 25 5 T8 B 35 4 ik TR 26
(UNZEEG0 )R

AL 553 )2 R K S5 B0 e OB R T
— FRYN KB KPR IR, A Rg IR < Prig B

B H AR 2 KRB 5 55 B Cuyuna 8R40
PR g Nsuta 454" B Sausar4fi# . I3& Franceville
B AE(R D, RHog BALY B T RIFE 520y
AL EB A A AT R A e 38 80 AZ M, SF- 1 A R
20%~48% (Tsikos et al., 2003) , %" K it 77 T Hota-
zel 20, HOE 4512 2.4 Ga(Bau et al., 1999) . 4
)25 BIF O BJZ 7, RO T 8 011 1) 1 ot -1
R, A Ce 1Y 55 5 MUK 65Fe Al 2
fIE S B T 4040 T8 B ot V1 1 2 K A T AR S
(Bau et al., 1998; Tsikos et al., 2010) . [ 1.8 Ga JF
U, KB DUBUE R A5 1k | sk ife A DT
i -424F (Boring Billion)” . Holland(1984)i\ Jy , it
A Fofr AL G 1 D DR A vy YA 9 2 1 K MG SR A
A5 0 AR ZS , SR 1T Canfield(1998)MIITA i 2 i /K
WIH AL AT . ST AE R Bk B 2 T R, 1.8
Ga Z Ji By M PR K AR H Bl 4 HL L3 F& 22 (Poulton
etal., 2010; Planavsky et al., 2011) , 3% FhERE 1] e fdi gk
FVER T BN RE T R AR R I AR IS 2= KA e PR A
REBE RS 2R 2 A E A R PR el S AR T -
43 HEHR

M 2GR LA b Tl AR A i b J5T g 52 IR
PR 2R “TUR I HAZAE (1800~800 Ma) ™, TA K X AN
WIHER EA YA S RN PR BRI K
A B B0 75 4k . Canfield(1998) 42 Y it rfr ot it 48 “ 2k
A AT R, GOE B A Fifi bbb K19 S LA
AN W i 2 i W I Y= B A T P s S
J5U HLS I 5K T Y Fe2t 45 4, Rt , 6 LR AL 4
T RAEVURY h w S A 2 LA AL T =0 Bk
WK o DPIARRY B AR E — A B I R AS A T 7 ik At
T TH R AR JE I 58 26 M R i A DO B R A 7 1) 91
K, B R BRI E A AR RO RS, o AR
KA B B B GOE B A BT RAIG , JC vk )1 A
FH A TC R B KB PR3 e A ik A — R B L B
VT T ) 6 A Ak RN I S SR A T
MARAE . rhon il AR = KRR R U B
TR TP Y AL I SR B U R R A ) 22 55
Ak 7853 7% A%

BRI KA DU R B AR, TP R 7E
Jr B TR Z W AT TH P BT AR /N 1) e R R
IR K ] A 45 b 3 X Sherwin 2H A1 L+ 22 4 19
Mullera ZH (Abbott et al., 2000) . /1 [E /£t #1 X K &
WA 2H (AR 4R34, 2013; Canfield et al., 2018) A AR %
7 75 1A A V. #h X Nizhne - Angara 2 (Ernst et al.,
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Table 1 Geological features of typical sedimentary manganese deposits through earth history

AR R/ A R B PRAAS W) TR Pl BRAR LA R PRI
R 19,55 2% Nikopol 45 [N ALY SEEREER WA RS RKE kIR Kuleshov, 2017
LR F 35 . Chiatura 56" Nl it AL R RE Tekw ek Force et al., 1988
NS E SN JEEJ& BF Imini-tasdremt 5 KA Rt [EFag=y Jokm g Force et al., 1986
Wa S LE ORHIE Groote Bylandt45 4™ >2 42 A PR R Kuleshov, 2017
WA mke B4 EF Molango i >2 2 Fl KR R BETUH RIS Ok Okita, 1992
i B i o 3 R KA R R TR IR A Teikw ek XAERAE, 2019
Meleittt  UAEY ST HTHH Karadzhal 5 6 PNl fili AL R RA TSk Roy, 2006
A A 1 PN AN [Nl AR R A s R Ok Ik BALREAE, 2016
>61Li@ " Zhou et al., 2004; J&#
B 663 Ma LUEPNY 2R R RRIR R A Tew ek
Bt 15%~25% 4§, 2013; 2016
AR ~61ZMi@ )
#1625 Ma [P Urucum 2K 55 25%-50% A VHL BRI R WA % BIF Klein et al., 2004
il SEA ) i T R R -k
G 411G B TR ] h bt : REIUE KA Tk Fan et al., 1992; 1999
P&
LR
#1.5 Ga LHEE=F AR PN il AL R YD B U T FEEAESE 2014
A ALY A RERR £ R P LA
2.0 Ga E[JE Sausar 6 1™ >1 42 i o pR/RE Dasgupta et al., 1992
7N TR ER
2.1 Ga JI3% Franceville 5547 KA SRR ER M vis s Tokw Dubois et al., 2017
ot 22 Ga Jinéh Nsuta 4% 4 K ALY ML AREREL S R RA T Miicke et al., 1999
LR 80121i@ RIRER A U
2.4 Ga 74 F Kalahari 555" fert@ ALY SR RIER R ) e 5 BIFH 2 Tsikos et al., 2003
20%~48% FERA
AU A
FE[H Cuyuna B4 >1.84Zmf ARRREREL G kY JﬂEﬁ/l\m e 5 BIF H )2 Morey et al., 1993
R =
2.78~2.72 Ga [ 7§ Nova Lima i N SEREIRER BRI R LRy R BIF Roy, 2006
N . SRAALY R R AR T AU ; ‘
>2.6 Ga E{1 £ Iron Ore /N . o TRBIF Roy, 2006
2 i K Tt A
PN
N o A AR A R R YR i e
>2.8 Ga E[1J# Khondalite 7 7N Roy, 2006
7N s s
>2.6 Ga E[IJE Chitradurga £ /NS AL BIRA IR | % BIF Roy, 2006

2008) HH R B R A L X IR B A R DA B A
R 5 DX Y VR SRS A AR G (Bekker et al.,
2014), EL TE LD PR E RIS 2
b ME— 43 1 o U AR 5 (Fan et al., 1992;
1999; FE[E L5 2014) , 31X 2 B R HY 1k 3 K #
R 23 S A7 e A 21 (24 1.1 Ga) Rl T RE4H (24
1.57 Ga) i v v o AR SR AR 24 H HR R UL
B AL S I A TURL, BARAS IR AL F i
AR T Z 0 A Ry v T AT TH & AR T K A2
M 5 A8 Ak DL B A 9 3 A (Zhang et al., 2018; Trop-
penz et al., 2019) ., Shang % (2019) J# 1 %At L X
1o T2 5 A R A2 2B B e [l 57 2R 1 4 A, 42
BT oo A A A T TR AR A rp [ R
At — B HATE B B AT IR, T g st 2 SR 3 1 v Ak
GG R AR A — A RS

44 #FHLER

TG AR LU b 3K R AR BRI, b el AR
T L 2 it S8 DR i 75 29 750~633 Ma i 48 %% /F
Z4fi#% (Li et al., 2008; Myrow et al., 2018) , K ifi 24 fiff
SRR E TR AT T RIS
AR T SC BB PR 3h  FN A JE 5 DTN 3X — I 45
IR ZL, BT T 2 W KNER, JUH 2
Sturtian(715~660 Ma ) Fil Marinoan(650~635 Ma )2 1]
UKNAE TR 2 B b DX A i g R 245, T8 1 5 Bk b
BR”(Zhou et al., 2019) , #hBR F K E B I 5 K
o CO, 7 it B I FN K PH O Bk 55 A7 %5 V) ¢ &
(Pierrehumert et al., 2011) ; 7 JC i A K S BB FK B
T E AL TR LT MR AR R AL FHE(NOE) ,
7 RAHEEEP AT RAIREC A I RIEUE
FE/K-F (Chen et al., 2015) ; 1L 4, Z 4 B A% AL W) 1
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Bt OO R e A I S A S 126, A2
Pl (14 3 A 3 P T it 2 K M B AR PR 1Y) S
(Knoll et al., 2017) . H4iE 8 5 504 i A A i flak
G FE AR AL LA, Scott 45 (2008) il Partin 45
(2013) A hy, 4805 dt 1 TR 23 N & A= 7E 660~550 Ma
Z T 7T 3 — A T Ja 2 %) e [+ 457 2R 00 8 5 I b Bk 1
AT FEIF AR R B (Y AR Y RS R E R B
¥ )32 72 (Shields, 2018) .

oo 1 BIF BUEk s FC A RV 5 7 Bk | P
U A R A S R L T A RS . BIF AU
W RIUTRR B AR (9 T )5 20 1 v I i Kt Fe? A
M2, RIFS 4 119 oy 96 T I 58 2 ™ 1 0 B 45 (R
la), LA, X F BIF 0T 5 , 55 b — b B R
KA R R R 1) R AN, 7 U R R A8
SR BRIR R A JF B H,S I 58k 45 & T8 s Ak P ini
A, Bekker 5 (2014) A, I K LLIAE ] )i
Hh 8 R K IR 45 T W A R T R, TR A
CEAE /I3 =L Ll -t iy
VMS BH R, B T R B 4 5t LA, Hh
Bk 5 Z 1 T - K S PR 58 B A Al 1 T 1 AR Ak 5
FU V- R 2 R B0 K 1R BEITAR (R
P A Z Hh Fe/H,S T, A R T Fe TE KR H s 4,
1T 1 LT 25 5| R S Al R i %, DT 7
S TR T Fh T A B A AR AT R A DT . AR RS
FW, oot X BIF 20 208 BT 10 B R4 19 AR
PRI, fnn g K4k 22 F 0 & 19 BIF £:87 (Macdonald
et al., 2010) A1+ [E 55 77 19 & #2407 (Wei et al,,
2018) , T TR AR 1 W) 2201 1 A2 vk A 2 5 1) i 5 A0
e, B AEvKIIE i, e [ A8 R 3 U (Yu et
al.,, 2017) . BIH T AT B EL B 7E P (442K
FO ] ED R BRI BE A & F (Roy, 2006; Ca-
bral et al., 2011) , {H DL v [ K I8 3 =50 97 A 2 vg
Urucum 5 BRI K . o (5] 51 M -1 R - 5 PR A 5t b
DX AT 119 R 3 e =04 7 A7 78 Sturtian VK 2 J5 1Y
[ VK R 0 U AR SR o AL SRR e
JE A ) AR R S SR A E R S R R 5 A
BILJT 2 2B AR AE i B T B (Yu et al., 2017; FEIK
FEAF,2018) o RIEZEE 0 A Cr 7 2R 59 1E 5
HRHIE , Xu 55 (2019) I\ R , 72 (8] K A F 48 727 b R 4k
FHCE AT (R A ] vk 0 10 7 Vi 3R 2 K ik &
INE AN CELNE= N A NI THI35 %= R AR 7518 3 (i
Ko BV Urucum E647 1) E B0 (15 W) )& AL, IF
5 BIF BU B2 7= i, 0 R A 72 TR 2 2

(Klein et al., 2004) , Frei % (2017)i# i 4% 4% 5" Cr [F]
W, [FIREAS H R vk R A0S A T R
FESAACIE I BT B AR R e . AR, P R IE 3 X
A N E P Urucum B84 1 Cr A 28 4318 A% FE A [FH]
(Frei et al., 2017; Xu et al., 2019) ,—J7 [ , 1] HE Sz Ik
THITH AR R A S ' A 2R 00—
11, AT RE S TR AT A BT VR FH BN A2 21 XS e
TR b Ak 2 P BT Y 5
45 REH

A IR D T R BN AR A i R R Y SR A
55 2R A R4 5 IR R R CO,
AR RIZN B 305 . 2 e 88 KRt A S A i
B2 58 SR TT SR 5 TP i Pangaea B3 KRG, K
il (1) S fife FPR RS 2 F BT A BRI U 1A R
FUAS A AR ZN AU PE X L o S AR R A AR A
TR 12%~35%, 16 f1 5 4 — — & 4o i 1 3 ) g
(Berner, 2004; Lenton et al., 2018) . H AR # A i A
B R R R Z KR AL TR AR B2 IR Z
TR AR IR BRI AR Ak 3l i , R B R AR A
T BRI AR (OAE) A B W PR B SR S
RS KR A RS A P A 2 P2 IRl Ak
A5, e 4520 791 R Srh COL VR B Y R ARR2 f
HLERIE BLVK 2 AT, 2] T W 8 4Lt COL Wk B T =
HERARWE , IFIE B VKIS Rl AR 2T o
TREARAE R 13 Ui 0 R A B0 , KA 35 SR ) bk
547 2 3R Z A AARAT AL Py i 7 3G I, A5 AL Y
fiEE FEAE 18R B0E P U S AT, [R5
AP FARA M T A PG P RAT (Arthur et al., 1994)
B AR AR S AT A B, A R LA A
T ZE AR, 7 T I B 2 R A S K A
B BT THE P R AR %, 13 24 10 Ma 4% 17 K P9I
ARV T R A U UK 2 o 5 B VY T e T
S AR A R R TR AR A A TR AR LA R

DORR AU BIF 2™ 76 b A= 1 T 2K, B AR =2 i &
AR o R R, S AR AR R A, A
Fa /b R A RS MUTRALER TR B A
W2 KB I — R YRR - KB IR, anfa o
F] Urkat . 2 P &f Molango . # K # V. Groote Eylandt
JEE % AT Imini-Tasdremt . #% €77 W Chiatura, DA & 2 758
% Nikopol Fi 0 55 (£ 1) o 78 BRI, iRtk 5
Bk DAL 2l — e A AR 28—t i 40 32
HUTRBRS R VMS B Z G w87 R LR (6 50
FEIE A AT — o B —2obE e 1R R Y
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B S RS2 T T R AR R R AT KL AL
A A FE 5 (Bekker et al., 2014) . fHXF F iR 4R
IR, H U B A BRI PR Bl A A A 8 4
— B, QA F A OAET TR & A A8 7L At
(#4115 Ma, Jenkyns, 2010) , 1fij {8 < | 3IV. Groote Ey-
landt %6 7 P J5 2R B0 A7 A2 WD BT e 2 11 (Dam-
mer et al., 1996) ; (H- WA W LA FF S50 DR
AT [ B % 2B 9 165 0, 4 OAE2 1 EE ¥ &F Imini - Tas-
dremt £ A7 JE B AR & 4= 7E 93 Ma 42 45 (Force et al.,
1986; Jenkyns, 2010) , BB 5 SRR 67 Bl A% Sl 40Tt
TN — 28 S A BRPE Y, Ja 38 52 IR il T AR 7 b 119 4
A I 53 J2 T K R AR fig S SR B LR BU R 0 A 0
B, I T KA S R B A 2 O AR 43,
19 58 2% 1) Nikopol 48 K BYEE 67 IR , ML g 5= 21 422 1
B, AT R A A AR A R AR R R SR TR G AH , DA
FAPRERAR , X A Wy AH 437 RS e T URR 3R
PN o 1 A8 AR B 055 10] 328 2 4 30 D A5 o O 1) R
(Kuleshov, 2017) .

5 45 i

VR R v i 2 B IR 2R Y T AR DO 2R
AT HAT W B R PR L R B T oo R BT
A AR AR 17 3 YO R A ) it T B9 SR AR i
PEBOM DU RUGR B A R A 250 B Z AR, IX
) T OUR B R S e 2 Bl Pty Vi PR AR AR, D0 AR B
A8 DI T R A S P TR AR R U
HBERBE PR AL T SR, 33X I AR ORI 5 T e
246 M2, {H 1 T /K fez AL IR IR B 1 A2 Ak
AN AT, A4 AT AR B A 1 A Sy i il i
JEIREBAA AT BB N AR IR o sy
ARt AR 1 3 BOY B R 522 1Y
ERERESLT SN GONIEE SEREE A3 TBuR i3 = 9n R ]
510 Z A T A8 A - 3 B AR A A Dt S T T - T I
¥ , 2 i LS AL A B2 M), A6 8 A i T 5 T R B
RIBSRG . BT U BA S o2 /Y
RS AE (K — I ST sk Ak TR E T, M2 TEA
[F) S P S S ) 7K R ST R BE D 32 B R A it
VA R A RIS
iz, 21 T BRI R SR R Uk R E
BT AR T BUR K I A 2 PR BRI U AR AL, £ )R BT
FR G ) S8 A I T 2 T KR 28 v J T ORI
PURGRET PR o 1 T DU B 7 A B vl Y e B

KAV, WP PRE 5 R A MR i
I SR A WA AR HAT RO IER DA X B
HJZEIT ST AR O BRAL 27 A Wy 3t o 25 25
2 E RS SESE , AME AT IR AGA VR B (9 i i
e, i RS M ER R 2l T R R A R
i o P A — 22 ) H R B it b B ) A Bt T 4 A
L.
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