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Fig. 1 Sketch map for geological setting of the Xixibao Mn ore deposit ( After Jiang Ganging et al. ,2003 ;Zhou Chuanming et al. ,

2004 ; Chen Xi et al. ,2008) and stratigraphic column of the interglacial Datangpo Formation, Nanhuan( Cryogenian) System, at

the Xixibao Mn ore deposit, Songtao County, northeastern Guizhou Province
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(a) a BSE image showing micritic and microcrystalline structure of Mn ore: dark grey grains are Mn-bearing minerals mainly rhodochrosite; (b) a

BSE image showing pyrite framboids (light grey clusters) ; (¢) a BSE image showing euhedral—subeuhedral texture pyrite: the pyrite is surrounded

by Si0O, , which is surrounded by fine pyrite again; (d) a BSE image showing banded structure of pyrite, the gray-white parts are rhodochrosite, the

dark parts are clay minerals
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Table 1 The contents ( %) of major elements of the Mn-carbonate in the Datangpo Formation, Nanhuan ( Cryogenian)

System, at the Xixibao manganese ore deposit, Songtao County, northeastern Guizhou Province

FefhS | BHG RERARK S0, | ALOy | CaO | MgO | K0 | NayO | TiO, | MnO | P,0s S | TFe, 05 | LK
XXB9 Wit dft] 466 % | 30.05 | 13.81 | 3.9 | 2.36 | 3.84 | 0.68 | 0.51 | 16.59 | 0.51 | 4.2 | 6.61 | 1.462
XXB48 Hiotiift| 46 7 | 28.01 | 6.36 | 6.83 | 2.92 | 1.65 | 0.61 | 0.25 | 23.69 1 0.48 | 2.4 | 2.122

XXB-53 oot 459 | 23.42 7.64 5.24 3.46 2.01
W TR sEea | 17.04 3.65 8.65 2.77 1.03

0.57 0.2 26.06 0.51 0.88 3.42 1.85
0.31 0.20 29.03 2.36 1.45 2.32 - -

IR e BT AT TCRAE(2013) , - - FORIFESUP ARG LR
R2BAIENMERZREYT KEERREHARBRRET ANERT HEBTEMRER( x107°)

Table 2 The contents ( x10*) of trace elements of the Mn-

carbonate and pyrite in the basal Datangpo Formation,

Nanhuan System, at the Xixibao manganese ore deposit, Songtao County, northeastern Guizhou Province

R RS T Cr Co Ni Cu Zn Sr Mo Pb Th U La Ce
XXB9 | &W A | 76.4 36.3 81.7 49.4 56.4 37.8 117 4.71 29.2 13.3 3.7 90.9 191
XXB48 | #i# A | 33.2 29.9 28.8 18.9 11.6 29.4 138 5.8 64.8 5.38 2.28 54 130
XXB-53 | 4041 | 27.9 25 36.2 19.3 22.8 84 131 3.24 11.9 6.36 1.95 55.4 124

X-21 | #eke- | 0.446 | 4.46 | 59.2 152 41.6 1977
X-11 | &gk | 1.1 2.12 44.3 41.8 77.3 363

6.25 1.7 3.61 0.057 | 0.023 | 0.243 1.05
14.4 14.7 8.28 0.289 | 0.101 | 0.758 2.09

X-73 | #Ew | 1.78 6.7 38.5 23.2 69.5 60. 1 7.51 12.6 8.82 | 0.495 | 0.141 1.77 3.82
FESh RS IRE R4 RN Pr Nd Sm Eu Gd Th Dy Y Ho Er Tm Yb Lu
XXB9 | WA | 21.4 88 15.4 2.39 13.9 2.14 13.4 76.2 3 7.97 0.99 6.79 0.85
XXB48 | 40 A1 | 15.7 73.6 19.6 3.51 20 2.94 17.3 94.1 3.56 9.08 1.11 7.55 0.92

XXB-53 | #6H47 | 14.4 | 63.8 15.2 | 2.98 15.3 | 2.27
X-21 | #8kH | 0.195 | 1.21 | 0.435 | 0.121 | 0.312 | 0.028
X-11 | #4%9° | 0.361 | 1.83 | 0.554 | 0.201 | 0.642 | 0.122
X-73 | W | 0.426 | 1.92 | 0.422 | 0.093 | 0.39 | 0.059

13.8 74.5 2.86 7.39 0.94 6.36 0.8

0.109 | 0.412 | 0.013 0.03 0.004 | 0.025 | 0.003
0.534 2.97 0.107 | 0.219 | 0.039 | 0.192 | 0.019
0.281 1.64 0.061 | 0.136 | 0.018 | 0.109 | 0.017
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Table 3 S-isotopes of pyrites in the Mn-bearing series of the
basal Datangpo Formation, Nanhuan ( Cryogenian)
System, at the Xixibao manganese ore deposit, Songtao

County, northeastern Guizhou Province

o 834S(IDT > 834S(IDT
FEAh T | FEAR A TR FEAh 2T | FEAh 2 TR
(%e) (%o)
X-11 | #gkp- | 47.2 X72 | #ED | 531
X2l | k| 58.7 X30 | ke | 32.2
X73 | #kp | 53.2
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Fig. 3 PAAS-normalized trace elements distribution patterns of Mn ores (a) and pyrite (b) in the basal Datangpo Formation,

Nanhua ( Cryogenian) System at the Xixibao manganese ore deposit, Songtao County, northeastern Guizhou Province
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- I0H PAAS FRUEALEC AMEIET s (o) EEEAENE (Pattan,2011) KPS A% (Elderfield et al. ,1981) i G PAAS FriffLBE /1A 5
(d) B ZRAL R b X PR ARG 0 R 18 2R RIS 4 LIS 0 3 B A LT R PAAS ARifEAL I

(a) PAAS-normalized rare earth elements distribution patterns of Mn ores in the basal Datangpo Formation, Nanhuan ( Cryogenian) System, at the

Xixibao manganese ore deposit, Tongren, mnortheastern Guizhou Province; (b) PAAS-normalized rare earth elements distribution patterns of Mn
carbonate from Kalahari( Data from Chetty,2011); (c¢) PAAS-normalized REE distribution patterns of manganese nodules from the floor of the Pacific
Ocean( data from Elderfield et al. ,1981) and India Ocean( data from Pattan,2011) ; (d) PAAS-normalized rare earth elements of pyrite in the basal

Datangpo Formation, Nanhuan ( Cryogenian) System, at the Xixibao manganese ore deposit, Tongren, northeastern Guizhou Province

S o BUACTRE IR A 25 1 M b o0 3R TS 70 A8 5 (A
do) EHUIH R AY AR B AR, 2R ALY il 2 B
PR AR 0 0 B 2B AN (7] T ML 2R T A
Bleie , WA ) F BRI IR PG, 5 BT
JRARSS R (52 ) AL, 12 IR L™ g A, SR W IR
R Mn JUEIE A BT R AR 45 1 (52) AL,
RAEAMIEAFT MR Mn* " LU AEH) (MO, ) 5§
SR MIE A TTTE . SR, PE R AR A B
(1) Ce HIES2H , BUCHEIRAR 45 1% (52) BA 10 W
Y Ce HYIE S, 8 7% ol SR B 00 I 7K 1A S0
JE BRI KR AT 2

PR, PYBRER AR A F T BRI R I, PR R AR
WA AT RE LABKIR 4 198 2B 4 IR K Fr TTHETE B,
ML Mn* " S A s S BT SU0NE | 4 5k R

HATREE s R T AR T . AP AR AR
Mn DU A ALY T D025 B 7R Bl 4ty
Z T A s A A A oA I B SRS
Mn®* HHLYI B Mn® " LB CO* ™, Mn® " Al
CO*™ S5 AT BUAR IR IR o LA CH, O AR A Bl
Jit, Sl B R e B A B R AR O
2MnO, + CH,0 + HCO, =
2MnCO, + H,0 + OH"
LRGSR S5 G LG I — D R U
W —— e W B O AR A R — B (kR
85,2013 ) , I 753X ot 114 S AR 0T RS 2o 7 e
PGSO T PR RIS SR A L PIL ] w] RE ELAT

3l 7 5L
3.2 HEHTRESHERE
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S0, ALY R

9w 1E
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9w 1E
=]
»n

FeS,
SRR

Bl S Bk TP sl 2 T 1 (4% Berner,1972)
Fig. 5 Diagramatic representation of the overall process of

sedimentary pyrite formation ( After Berner,1972)

3.2.1 H=HTHEA

DU sk I B B EE A (KS) -
FEDTTE PSR AE b, B B2 8 340 58 4 TR A R 4k 340 )i
TR H, S, H, S FITEPEER 2558 i b ] 7 ) FeS, B
JEFEAL I BB (FeS, ) (Berner,1972) o £ & ff UL
TEW a7 FeS AR PR A 1 SR AP B AL (Aller
and Rude,1988;Liu et al. ,2006) , MnO, %84k FeS [1Y
B 7 RECnT DL R

FeS + 4.5Mn0O, + 4H,0 =

FeOOH + 4.5Mn’* + SO  + 7OH"

VOB S a2 A s gk S I A [
MARARIEZS, —F o B AR BB (&) 2b) , —Fh
BB A (BRI HOIR) B8k (8] 2¢) , AR SCHFSE R XS
L0 AL (S YUR) w8, — RIS
H EIE di (BT HRR) B8k I T s i fe v, £
F e WP (IR A K)o BB b (TR ) BT
BRA AT AR JCTE S0 8 ) W o B > KA 5 P
b i i ( Raiswell, 1982 ; Coleman and Raiswell ,

1995) , o n] AR il 7 5 30 e B B AR A6 490 o Tt
HRH)HOL T (Taylor and Macquaker, 2000) , E4k
Wi IR PAAS PRUfEAHC /0 A X 2 B  E G+
T, P R AR B T B R Bu RS R B
Z La Ce F1Y (1574 , WL AS [W] T B RLIRE 7K R0 25 50
R R A AR T IC R AR (18] 4a) , X SERFAE
— BRI R T e i A T A I B, R
AT — B PR BT AR R B AT A4
3.2.2 EHRTHESEHNE

VYR A% 5 52 A0 P BRI B T R AT A
5, B &4 Co Ni Cu.Zn F1 Mo( & 3b) , FIHURER
W BA R IR R TC R PAAS AR AL o K
(Kl 3a), BRAIRE, L0 R AR IR AR IE 5T, 47 H,
S HFHEREDL R, Co Ni ,Cu Zn Fll Mo %5502 LA M, S
s A X A B A4 %0 1 & % (Jean and
Bancroft, 1986 ; Hyland and Bancroft, 1990 ; Scaini et
al. , 1995) . EEAL¥FFE T, Co . Cu.Zn Mo Ni 270
ER RIS/ R R R Y/ TR RN
(Crusius et al. , 1996) ,4f ABIPLREY PR, IR
W R AEAE AL B BIE SR AR, 1X 65T R R
B HCHE AFLER K H ( Crusius et al. , 1996) , 7Ei 5
PSR e 0l 2 7E AN T B R R0 iy, A HL S AEAE
EOL T, Co  Cu,Zn Mo Ni ST DI M, S
TURE B VA A 0 A B A2 U8 (Morse et al.
1999 ; Algeo et al. , 2004 ; Tribovillard et al. , 2006) ,
PHE ARG 2 DL AW s S e i T TE
DR ol e 3R T i i A A P S R A I R A
FPURYI b TEA H,S AFTER RIS JFREE T, ¢ H,S
(8 5 LA 1 9 1A T8 20 A3 4 2 0 h i B Bk b e
o PRI, PUEBRAR & 52 00 h BRI e R AR
FRAE I 3b) $87R 1 — Bl ad J5U ) s #1058

Wi 1 oCR P Eu 2B MM IT R, KPRy Bu S
58 IE S5 558 AR U R 6 &R o Bu 3di i LA
Eu’ " JE2UAEAE T b K b FER A R K Eh 65
Pe 4 T, Eu’ BB 8 5 Eu® ( Sverjensky,
1984) ,Eu®* WIS 59 rh +2 B (Lo Fe’ ™) &
AR RS M AED ) s 5 o R IE R YDA
AT EE R, — AR MERR B =4 Eu’ T 138 SR AR,
B AR OS2 Eu IE R . VIR S 2N
BHH B2 Ce 5 (H2HA T8 K Eu 1
TS 878 — oo JE | 55 BRI Y BR A, T X 58
JR B EREEAS AT REAAAE T K b, ORI REAAAE T A
UYL L

PR, Bl T R R T T R AR B, B
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PR TE T —Fh o b S5t 55 e 1) e s b, TR
B A e A0 TR B R £R I8 JEVE R AR 1 HL S B
PEBR W L s gk P X ETEDTE Y b ik P
EAY S E A ATTREY) T R R R TR TE
S T A BRI Y B PR R FOR R R H, S
[ 5 , DA AR Ak Ak s 4k
3.3 BEUW RESS'SHEHNBEAREENX

VIR AR 5 40 2 B 8% S (A T 32. 2%0 ~
58. 7%o, & 15 58. T%o, F-151 47 48. 8%o, FIHT N E K3
(At I 38 ) 5 2 P Bk TS (AR — 3L
( FE gy, 1990 s 25T 44,1996 ; Li et al. ,1999 ;{5
FEAE 2001 ; Chu Xuelei et al. ;2003 ; Chen Xi et al. ,
2008 ; Feng Lianjun et al., 2010; Li Chao et al.,
2012) , B BT oo o AR K 2 A s R
W OMS HAAG W M. TR RN R AR
A T3 47 4 DX %) DR R 3 3R 35 5 J2 7, o
PRAE IR H) . 7 3B Y Adelaide 35 &} ( Gorjan et al. |
2000 ; Hurtgen et al. ,2005) 44K kb V. 5 5B A9 Nama
20 (Ries et al. ,2009) FIfiN& K Twitya 4 ( Hurtgen et
al. ,2002) o PRt , R J7 BT 0 AR ] oK A L
MU B LA S g 87 S IR AR
TR, vl e B 2Bk, Canfield and Teske (1996 )
JITWSCEE R B s o e B, K24 750 ~ 600Ma [A] 7T AR (1)
TERRE R B M S i 87 M

T v R R W) 67 2R 10 2 A T 2 BV VAt
JE i R R ) A i R A 45 T ( Strauss
1999) o HiI# 32245 Hb A0 IR R sl At Ak ) XA I B
NIBFER IR, J5 & EEE MR ELE L BSR f=2E
H, S s PR B W <5 [ 7E DTTE ) v 5 AR IR £
WP vE T TR K v s ) B o TR DO AL
P )57 2R 2 RO = S IO T R R P At ) 3 3R
R ANBRIR L -5 W A Z (R ) 5 3R 2R RN

TCHLR A BB 0] LAF= A S 5 B I AR AL )
TS B EMIRATRRREL . JOHLE T A, B R
ALY Z 18] S W)L 3R 7348 7] 35 + 22%0 (Harrison
and Thode, 1958 ) ; SCE R EY) 2 5B IRFh i
JEAE I RS A R AR AR AL ) Z [R1 1Y S [l 28 7018
{HA] 35 + 46%o0 ( Harrison and Thode, 1958; Kaplan
and Rittenberg, 1964 ;
1979) . T H AR S Al AR 0T 18 IR 838 )5 VR
( Bacteria Sulfate Reduction, BSR) 5| A7 BR £k A1 4%
Wy Z )64 S [R5 2R 738 i R 7T 35 70%0 ( Ohmoto et
al. , 1990 ;Canfield and Teske,1996) ., 1 H , {4
SLIRFW, MoK ik SOTT kBN T 2mM B, BSR

Chambers and Trudinger,

5 B A B R R AN AL ) 2 11 [F] 31 2% 43R B Bt IR
bk BE Y AR T 98 /)N ( Harrison and Thode, 1958 ;
Canfield ,2001 ; Habicht et al. , 2002, 2005) ., A,
PR B2 O R B 8 i 80 S (AT LAY
WK IRH R ER AR Y S A6 ZARTE, SO, WeIEAR
fi%.

VR, 56 T 58 ool A 0] ok 30 3 Bk S5 4 i Y
O™ LAY I I 3= A7 LA T =FhAIR: D A Aot
i AUARERA 1 35 F—Rodinia 8 Rl 1) 2L L T
B 5 TR 3 R 1 i T 9 B ST A, X S PIST
HH KB £R 7T BB FLA R R 1 87 S (HJE T A
SR E NS W AR A (Li et al. ,1999;Li Chao
et al. ,2012) ;@ A Ky 5 “ HERMLIR” A K (5 H
45,2001) ;B AR EENS MEGT TE T A LY
g GTETE AR R ER 17 (SMZ) (Logan et al. ,
1995;Li et al. ,1999 ;Shen B et al. ,2008) , jifi 5 i 2¢
JR A R AR R BIR A8 B R R 17, d ) T U I 6k 3
ARARR A X I, 3o 2 X 0ol 7 A 2 2 40 T 3 J /P T 72
R EETS, O P 4 Y SMZ FIi %€
PR L BY Y 43 J2 ) VE R GEAH B, Shen B et al.
(2008 ) B E 18 73 J2 F4 T8 T B A M mh A A 7 o [ 2
2 2H B AN R] P R A = COYRH e 240 Tt T2
IR I AT 'S (B Y S [N 27 (Chen Xi
et al. , 2008; Hurtgen et al. , 2002; Shen B et al.
2008) ;@7 )2 B K Bl KA 5 i ATE LAY B A
I 8 S AHI S RN R A K Ik, VR K AR S5 A (ol
A+ midl) AR TR S TR /Y R AL,
TR R AR AR AL K DO i s 5 S 2 [ 3R 1) B ik
L

e JC R FEFE S R IE R B, A ST IF S
R TR T a1 AR ., B R 0 87
{HR TR PR mER B R = 1 8™ {H, Ml
Py B R ER T 2R B KR —UTRR ) S IH T A B
AR 1 YRR HLA B R, A B B A A
ok B A= Wk B TRl DK TR B, BT L TR
Py PR R LA R 1 87S i 7 W Vi T A R K Ak
R R R R B S

ARSI R BB S R 87S (H I B
BB S VE TR AR KA B IR R
S BRI H b, I H BSR 515& (1 5 iR £k A 1k
Yy 8] ) S R LF- 2 00 AR AR B R 420 4K 18
JC T ARE I 2 I L. Sturtian PRI A TE] , 422K
ETERIZ VKN B 5, BELIBTE 1 38 7 AR L2 TR 9 )
Jo A2 e , B IR XA R BRER 0 ) A B A BT R
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Sturtian PKIPIIIR], WA FI R SZ 1B O, 384, 1
R R SEALIE R A WG T, O BSR AT 3R {1
TAHMEN:, H, 78 Sturtian pK3A , 6 7E H HiER R
iRk BSR NWTIH AR, (H 2 = it 2, oK b i iR R
VIR B2 AN WAL, 42 16 i 1) 20 R 0 T v SR AR R
MR AR BOK B 4™ S o BT LA, FE 8T 7T o AR 1 VK BT
MK b BSR A R h Wk B B M REAR, OF R
NS, BB RTRIE L T — A R TS 1Y
BRIRERARUR AT o 5 AU PP B R v J32 X 1, 16 5
P RCR B AR AR —TTRE W) FL 1 2 T R R Eh vk B2 i
%, I Hm B w4™S,

DKHAGE R 2 5 e 2 1 B A B i A 7 R
BRI LR . FEBREA 8 A PP BiAE
TERYTEOLT , DURR W) v B R £ A~ Wridi i BSR 47K
¥, 9F HAA S — My BSR 3R, EEAE LY
Jii ok BSR 24 1 58 2 #YE IR W) s AL IR,
BSR W #EATHRHE T — RS i B SR PR B A5, R
B 200 TR D R G R O T R R ks T
Tl AR ) R Y 32 R B %) A R A 4 T 3 S 1
DU IR ER AR ALY Z 18] S[R3 40 1Bk )
BRALPI 8% S S5REAGR R R 630 . BT LA B4k
(¥ 8™ S fH AT LAAE Jy B R £h 19 8™ S {H 19 T FR,
Sturtian PKIEE IR Z 5 B R S8R0 B B it /K vh
AR 8™'S {2 ik 58. 7%o,

YL 5 2R B, BSR 51 i R 4k Al L
Yy 2 (B [R5 2R 23 VR A BR -k vk B2 AR IR 17 0 7]
DL O, (H 2 A 2= 1 31 71 {8 ( Harrison and Thode,
1958; Canfi eld, 2001; Habicht et al., 2002,
2005) . Fry et al. (1988) FI Kaplan and Rittenberg
(1964 ) il i SCEWEFEUESE , A= W IR AR SR AL H,S TR
) SO, BRFH LT HALY X BEfA H,S 5™ S ik
4%0 ~ 5%o , Fi 15 AT 3K 18%o, A, J) A —Fifif B 25
2O R B S 8T S (LAY T RE AL
72 : Sturtian JRKIZE I Z 5 1 RSB R B BL i K
B ER B MR 1 8™ S, (HHIBA ik 58. 7%, 7K
el SOT™ W BERR AR 1 UL T , B IR B 38 J5 7= )
H,S Z [a] Bt [6) 03 28 43 1 3k Bl /N (#6395 0) , HL, S 1Y
8™ S A HAI BB IR AR A 0 T , 3 BSR JE I
H,S Weid PEER G Wy [ 5 7 P 18] 77 4) FeS ( Berner,
1978,1984) ,7E7H MnO, FERIIE LT , FeS g 1
AL, A AL SOV AE H, S HXH AL S Fl
SO.™ F4E™S, L B 7AW T LA He i R 36 B A O
(1) 8%S fE. X R AL AT LA B A A4 8] vk 3 L

A fr 80 S MM AR B S A2 N o
4 g

(1) PHERERH™ Mn BAERAMIAEE T, LA
Pk S AT SRUTTE , A& B2 f TV ) Mn®
5 CO, S AT S R i A R
SEACITE U I R R AT . 22500 1 e AL ML
AL R & %% 2Mn0, + CH, 0 + HCO,_ =
2MnCO; + H,0 + OH",

(2) & HR 2 BB 2 B e B B
Y1, ] RETE AE MnO, 23564k Mn®* 2Z )5 TR T
— PRI 5L AR TR Y S PR

(3) W S H i M S R - D o A B AR
IR S Q) 1 VE TR B AR R B R ER VR B
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IRt 2R k.
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58. 7%, (EMAIG SO~ T, i@t BSR RPAT =4 8™S &
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Implication of the Precipitation Mode of Manganese and Ultra-high §*S
Values of Pyrite in Mn-carbonate of Xixibao Mn Ore
Deposit in Northeastern Guizhou Province
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Abatract: Here, in an effort to explore the precipication mode of manganese and the possible cause for ultra-
high ™S values for pyrite in the manganese carbonate series deposited during Nanhuan ( Cryogenian) period , we
present results for elements analyses of Mn ores, coupled with trace elements and sulfur isotope of pyrite, in the
basal of the Neoproterozoic Cryogenian ( Nanhuan) Datangpo Formation, deposited between the two major
Neoproterozoic glacial episodes ( Sturtian and Marinoan) , in South China. REE and trace elements characteristics
indicate Mn was precipitated as Mn oxides or hydroxide, following transformation of manganese-oxide or manganese-
hydroxide into rhodochrosite during diagenesis is responsible for the formation of Datangpo-type manganese
carbonate ore deposit. The morphology, trace elements and REE characteristics of pyrite suggeset pyrite formed
during early diagenesis in an anoxic and sub-alkalinity diagenetic environment as suggested by trace elements and
REE characteristics of pyrite. Ultra-high 8*S values of pyrite suggest low sulfate concentration and high BSR rates
in the deep Cryogenian ocean, which means Cryogenian deep ocean was not “oxidized” in the early stage of the
Datangpo interglacial interval. Two possible mechanism would contribute ultra-high §*S values for pyrite in the
basal of the Datangpo Formation: very low sulfate concentrations in deep water with §**S values for sulfate as high
as 58.7%o is the most likely reason to cause untra-high 8*S values for pyrite , low sulfate concentrations and high
8*S values, but not as high as 58.7%o, of sulfate in the deep ocean, coupled with the isotopic fractionation during

disproportionation reaction between FeS( the precursor for pyrite formation ) and MnQ, is another possible reason.

Key words: Xixibao manganese ore deposit; precipication mode of Mn; pyrite; sulfur isotope;

Neoproterozoic ; Guizhou





