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EFTE Mn . Co . Cd Mo HiBEHMABEEENE
EEFZF R IEFR7E T 23 1k 2 59 5 A

R TR, B, SRR
WA T AR, IR T % TR T S0, WA, 610059

MNBRE.: HF4£JEITE M, Co,Cd, Mo [ 7 & A LT UL EUA LA 5L A5 HLET & 4 323 B 28 B8 A
Al—Co - Mn il Co + Mn—Cd/ Mo, & #5448 R X 43 kA AL KL 5 ) P P 2 St oG DU RR A B - K i 4% i/ L
TR BE AN B A G SR, RS AP s ST 1 DU i b g 0 11 B ) R ) v U 4 R g L YR 4 U TR
FH B R IR R A DL E R BN R, TR AIE4] Mo Co BB, Mo B HERE A F il LW 21Kk,
Jo L Mn AR T35, Co B SR FEIEAR , Mo & 4EARE [ Rl B @08/, Al—Co - Mn J5 32 A FH & B B B85 &=
B LT 0 2 3000 e VR 2H AR DD, LA KU AT B BRI, TR 0 A R DD R I B A R — K AR A T
B/ BT, FH[w(Co)/ (ng/g) ]+ [w(Mn)/ (%) [MEE/NT A TUAE 1. 615; T2 Cd/Mo (AR T IE
HUFIKAE 0. 006, 2/ NF I TUAE 0. 308, B DB BAM/NFIEH BKME, Co - Mn—Cd/Mo B4 B AR 1 FH &
PR S B T 0RO TR A AT AL AR T 2 BRAE S R, S A U/Th \V/Cr \P/Ti Ba/Al 55 TOC A Kk
SITAR I RS —3, T4 JEICE Mn Co,Cd Mo 11 F FIFE B3 Xt 0 W7 oty A AR K i i k1t IXC 3 5 WL 0 DU

PRI B AT Lot 4 7 R A B R

KA DU AT WL 2 s M Co . Cd Mo FSIFEYS s ETHAENL; U s U1

TEDUAR ) h T 4 J8 JC 3R 1 BT 46 A 5 il 1 fit
], BT TR R R4 O ELAE A PSR AR
FERRAT (Algeo et al.,2004) , V2 o < J& B 58
FE A A A2 FR A i B8 2 PR I FEL VR IS R S BHL
B IR AR KA ST, I H 5 B S8 — I A IS B KA
HYIE 1 ( Skei et al., 1988 ; Morford et al.,2001; Lyons
et al.,2003; Tribovillard et al.,2008) . AT, /K45
PR AN I 10 2% b THiR 75 5% 0 3R B 19 23 480K
i, HIE LB S AN [A] 19 ( Paulmier et al., 2008)
PRI, A R PR TTC AR K A 1 iy B AR XTI ARTTC
FUS A LT & RV 58 A R 2 L,

HJ A ( Crusius et al., 1996; Algeo et al., 2006;
Algeo et al.,2009;Scott et al.,2012)FEF U Fl Mo 7t
FrAYHLER AR 5, 48 T HUTBU Mo/ TOC Al
U—Mo PR R0 31l /K A iy i B AR 2, i LT 5
C 2 T, JEH I T B B PR 4 2 b 1 BF T
M (2 H 5 452015, Ma Yiquan et al., 2016; Li
Yanfang et al.,2017), {HJ2&, i T — 265 ], 1] 40

Mn Fll Fe & &AL 00 AT LA A K R Y Mo, 5
FHUTRY H Mo 19 K & & % ( Bertine et al., 1973;
Helz et al., 1996) , i1 Mo/TOC I U—Mo P75 45
AEXS T KA S R G IR PR BRI A R
FIRKAR 7 B FEE . Sweere %5 (2016) 3T X 4
JHITZE Mn . Co,Cd Mo 7EIACHE HEKAE TP AT >

Y/ SGER B IO Y B AR 5T 4 L. D/
TG PR IR AL I BR A 45 3, 1 7 i f# 19 Mn
H1 Co B A ¥ /K TR B2 14 N7 452 #E ( Landing et al.,
1980 ; Knauer et al., 1982 ;Statham et al.,1986) ; @ ¥
P E TPV AR Y Cd 1UR B 32 455 T PR e A A0 ) W s
FIREHL ( Bruland , 1980 ; Conway et al.,2015) ; @7 %
SRR Mo 1k B2 Bl TR B 19 2 AL AN R (Emerson et
al., 1991 ; Nakagawa et al.,2012) ; @758 2 IR R 4%
PFT, Mn A B A9 AT, 100 Co ,Cd Mo W HE A
B A 2 U ALY H (Huerta-Diaz et al., 1992;
Erickson et al.,2000; Vorlicek et al.,2004 ; Tribovillard
et al., 2006; Little et al.,2015) . #& Ik, Sweere 5§

T ARSON+ = E R DY) Z T 25 i BB L w AR AL (45 : 20172X05005003-007 ) ; [ 5K 11 S8} 2 4 BT I 5t

(%5 ;41602153 ) F R,

Wk H 91 :2018-11-27 ;24 [ml H 451:2019-05-15; T T4 - 42 2 XI5 . Doi:10.16509/ ). georeview.2019.06.002
FEH I Bk, B, 1988 4FA:  [--H5EE | 322 A DUE bR L 22 0F 5T, Email : binxiao2013@ 126.com, M IHFEH . XIMA , T | 1964 4F4
T #HUZ, TN A R AR A 3 AL T 5T, Email : 1sg@ cdut.edu.cn,
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(2016) #2H Al—Co + Mn S KA 2 b T 8 2R
56,30 A T OT Y BT X, B Co - Mn FH
Cd/Mo HYHKAH SR TR Y i BL Y = 2
EHRMHER, @JEICEK M, Co Cd Mo 1EHIERK A H
() — PR AE RN A W% 1,

TG DR G — T ARG DR
HPTR Y B w A LB R 6 U 2 H TR E R 5 i
FEOPEMENENL, B FRT DU R T2 —
e By 2 TR 1 D — > 2 P ) JR) R v 2R B 1Y)
W75 2172 1IN A] ( Chen Xu, 1984 ; 424 35 5§
2015;Ran Bo et al.,2015;Chen Chao et al.,2016;Ma
Yiquan et al.,2016) . {HUZ2HTARIBEFEE 5, T2 4L
HAE Z N T, sl 2 Jd FIR ) i P K AR PR B (2R
7545 ,2015; Chen Chao et al.,2016;Ma Yiquan et al.,
2016;Nie Haikuan et al.,2017) , % F 363 I A a9 &
ol 0 A — g B R 2H R K AR PR R AE B A HILIG S R
A B RRT R, B, AREFE s Al—
Co + Mn 1 Cd/Mo W37 4 4 Jg JC R $8 4%, )il
Fh b % TG 2H — s B A TR S IV 27K AR 1) v
B/ TSR AR AL TR H M BR Ak 2 TR d  F R AL
FrE M EERER

=1 ZRANESEFUEMMIKEEMERE
Tablel Overview of trace metal characteristics and

concentrations in the Earth’ s main reservoirs

JLE Mn Co Mo Cd

JE I %k 25 27 42 48

PRV R (a,b) (pmol/g) | 0.182 | 0.034 | 105 0.6
ST (0,b) (prol/g) | 149 | 3|5 (0004

MKW (a,b) (ka) | 0.04 | 0.35 | 800 |30~150
) EHFE () (ne/g) 600 17 1.5 | 0.098
TR () (pe/g) 850 19 2.6 0.8
¥ 45 > P/ Data sources: a—Mcelroy, 2006; b—Morford et

al., 1999; c—Mclennan, 2001; d—Wedepohl, 1971,

1 DI o 5

HE T 7 WG SR Bl 2 L A B I A7 5 X PR
Fifi i1 2% # 3% ( Metcalfe, 1994 ; Robertson, 2012; Nie
Shiqi et al.,2015) (& 1a), LB}, A8 5 Ho A by PG L
BB 4% Mo BN AR e 0 9 A 2 M B 20 1 ( Su Wenbo
et al.,2009 ; Zhang Guowei et al.,2013), [FA}, 425
M P77 e ) BF e, FOEAE AT 00 il N 3 L s
B FEH T H P I 53 b X 5 AP FR 45 ( Zhang
Guowei et al.,2013) , 3 FHu &5 LA D01 2
TR e e 25 e e R R R oY i A — L8

FEC Ry Bl T L, T2 o g L B 1 I T 5 1) 2 A
Jay PR V& /76 75 ( Chen Xu, 1984 ; Xiao Bin et al.,
2017 ; Wei Xiangfeng et al.,2017; Wang Chao et al.,
2018) (Kl 1b) .,

FFE DIk E BB rh & F] S B 1 (31°45732. 8"
N.108°46"44. 7"E) 4o F DU I 2 M Ak 2%, X P T
H—Je R H TUEFE L KT BRI, WEHER M EARIR
b= SN frm B AN L 34 E S S 2 v R R
(Bl 1e), IR —EREFEMDTIE,
WAL P 7 R ST B A ek T U B B DU B R
AP I BT A BRI IO ) K 2B U RE I 1 5 5 T2 <
PREE ARG, %0 TR VR 21 5 B K, i MR AR AE
5y R PR =B T B LR EE A U KR
TR RD T DU R 3 v BE LUK PR @ U8 A ROk D o e
FHRAE EENEA, LA SR IK AR,
P e R HE A O 451 B IRER A B b B e
TIN5
2 SrAT ik

BEGRSR F 0 BB £ H S8 T Y i 2 A
e TR B, AR S A A B PR ARE R T
26 1 ELATRERMERIRE S L FOE 2 11 1, e iR
M5, FEITTRETE HIRLT YL = 5%
B, T, RERME RS T S ot 2
200 H L F ( DZG 20.10-1990 1990; DZ/T 0223-
2001 2001) ( Chen Chao et al., 2016) , #£ 5 5efd A
AR (LiBO,/Li, B, 0, ) M mlik , 15 F 5 P g 22
HETL SIS Philips PW2424 19 X 52896 6%
AT T FEITE WA, 1 Sio, . ALO,,
Ca0.,K,0, Na,0, Fe,0,, MnO , MgO | TiO, gl P,0;,
SIMTRE I AF A b 1 R AR fE GB/T14506. 28-2010
(Markhand, 2017) . 4B EEEE LT 5%, W
TCERMNAAE Hh E Rl B 75 e R 58 e i, HLAk
AEBRGEREINT CB R R 200 H LLF BURE S AE 55°C
HEAE P T4 12 h 5 FREL 20 ~ 25 mg T Teflon %5 4%
o A BB AEK TN, R EHE& A 2 i AR 2 A
FBREE; D 1 mL A ER A1 1 mL S 9 ER T 10 mL
Telflon Z#% ,ﬂfﬂfg 20 mln,ﬁi/\ﬁ%%ﬁ]%tp , 7
JE BT 190 °C LA I 40 hy BUH R AR K
Teflon 2 a8 BUH B T 150 °Cnbi Bz& =501, 1
mL ASERZE I+, HE WK, AR N 2 mL
EFRFN 3 mL BLK, BMANEWFED IFEEET
150 C LA 2 E 30 by B fe M 2l K e 45 20
oty 5 2000 5 A2 AT, (o A 0 11 R B 5 A5
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B 1 (a) SRR AR 2L P T AR R 0 (9 A3 AE 2015) 5 (b) 347 3b & AL NG B Bt — 7L i B A i
% J5) (B Zhou Kenken et al.,2014; 4 Metcalfe, 1994, 1&30) M PIR D A 52 (45 YLP) FIE AL E 5 (o) A 72PEilim
T ZH A T B2 R AR A

Fig. 1 (a) The location of South China Block on the reconstructed global paleogeographical map ( from Nie Shigi et al.,2015) ;
(b) the structural framework of the northern of the Upper Yangtze Platform during the Late Ordovician—Early Silurian and the
location of the Yueliangping (abbreviated as YLP) profile in Chengkou, Chongqing province ( from Zhou Kenken et al.,2014;
modified from Metcalfe, 1994); (c) stratigraphic column of the Wufeng Formation and the Longmaxi Formation of the
Yueliangping profile

%A ICP-MS X SERIES #4743 07, 4 M1 %
54 b E E Z bR GB/T14506. 30-2010, FFhTE
IR R A 0. nx1072 ~nx10"%(n=1~9), TTEIK
JERI BT IR 22 <5% . FEim SRR LS [ 25
IRIRER , A ALK (TOC) 7 & AE A% Tl b 5 i B bf

S b HAEIE BE T CSS80A AR 73 M A EA T, AR
NIRRT 4047, TOC &5 40 AT RS BE AL T+
0.5% (Ye Yuehao et al., 2017) .

FEXT G B R AT AL B R 5] R R
(X, o) B3 M) A= B, BT R



% 6 3]

HAKAE B TICE Mn, Co Cd Mo HYIEFHTTBUA A LB R 4 P 2 IR AR 01 2t b 2 19 1 1319

FBRAE S DTER RN BN Y 5200 ( Tribovillard et al.
2006) . 3 IEZ M5 FH (X, 0y, ) MBS
(HIF.,
(X/AL) g

BT (X/AD :;S ()
Kty (X/AD) s X B ALRCERES 02 A0
ALBIATRE, (X/AD ot X T AL IR PAAS
O R # ORI DS ) FhAE—JT R AL 195
(Zheng Yan et al.,2000) , {5 X g >1 HIF NI
FARXT PAAS BAE, 2 JI5 4,

3 ZERATTHE

T Mg SR 2 BUE A LR LR T i A
KBRS HOLE 2,

3.1 TOC.TELERMKUFSHERIEA,

RDERAEREHTW

T4, Mn Co ,Cd Mo F1 U 4 & A8 fb v il 43
2K 0. 008% ~ 0. 248% ( YLP12 Ay T W 20 T0i 8 WL 35
PrBORER: Mn & 58 0.248%) 1. 66 ~30.35 pg/sg.
0.04~3.67 pg/g.0.97 ~ 127.30 pg/g Al 1.15 ~
15.09 pg/g,Mn Co & EREERML, FBR AT
i, U e R AR, W HEREBUNT 30, Mo IH
SEFLEAE TG R 7 m J2 BEE B, i 7E 3
JFECE LN, & 4ERZECKT 100, FLIEL] Cd/Mo
fH°A 0.002 ~ 0.087, K #B 4 K F 1E % ¥ /K (H
(0.006) , 4=HB/NFF-2 5T #1H (0. 308) . [w(Co)/
(pg/g) ]« [w(Mn)/(%) J{E}0.013~1.267,/NF
SEETUAE (1.615) , B4 Mn, Co,Cd Mo Fil
U By & = 722 1k 30 Fl 40 %1 4 0.008% ~ 0.070%

*2 AR EREEA—RSZESA TOC Mn,Co,Cd Mo 1 U ST ERRITHLER
Table 2 Analytical and calculated results of TOC, Mn, Co, Cd, Mo and U of Wufeng—Longmaxi Formation shale from

Yueliangping profile

=4 1= TOC Al Mn Co Cd Mo U )

o . Mn g Corpry | Moggy Urir)

tiit L (%) | (%) | (%) | (pg’e) | (pg/g) | (pg/g) | (png/e)
YLPO1 03w 0.86 0.89 | 0.031 30.35 0.04 0.97 1.15 4.35 14.84 10.88 4.15
YLPO2 03w 1.56 1.97 | 0.008 7.92 0.04 1.18 2.85 0.49 1.74 5.97 4.66
YLPO3 03w 1.86 1.54 | 0.023 3.13 0.11 1.88 2.73 1.89 0.89 12.25 5.73
YLPO4 05w 4.18 2.12 | 0.008 1.66 0.09 57.91 10.41 0.46 0.34 273.46 15.86
YLPO5 05w 3.44 2.45 | 0.023 10.11 3.67 42.03 13.39 1.19 1.80 171.84 17.66
YLPO6 03w 2.4 2.18 | 0.023 14.03 1.40 56.09 11.67 1.33 2.80 257.15 17.26
YLPO7 03w 1.82 2.36 | 0.008 16.22 0.09 34.93 8.79 0.41 2.99 147.93 12.01
YLPOS8 05w 2.17 1.85 | 0.023 11.10 2.57 25.09 6.69 1.57 2.61 135.79 11.69
YLP10 05w 3.93 5.57 | 0.008 12.31 0.35 127.30 14.97 0.17 0.96 228.35 8.66
YLP11 05w 3.68 3.32 | 0.008 11.30 3.11 67.80 15.09 0.29 1.48 204.25 14.66
YLP12 03w 3.25 1.48 | 0.248 5.11 1.57 23.92 4.93 20.98 1.51 161.94 10.76
YLP13 St 4.81 4.34 | 0.008 10.46 1.27 55.93 11.75 0.22 1.05 128.99 8.74
YLP14 S,! 2.7 2.32 | 0.015 16.05 4.49 38.72 10.41 0.84 3.01 166.98 14.48
YLP15 Sl 2.64 2.25 | 0.015 21.59 1.31 44.44 11.58 0.86 4.17 197.51 16.60
YLP16 S,! 4.6 4.89 | 0.008 10.33 0.23 93.03 16.21 0.20 0.92 190.18 10.69
YLP17 S,! 3.08 2.40 | 0.015 70.21 0.12 33.23 8.71 0.81 12.70 138.26 11.69
YLP18 Sl 3.18 2.15 | 0.015 16.41 0.37 43.62 8.51 0.90 3.31 202.44 12.75
YLP19 S,! 4.87 3.94 | 0.008 13.72 1.99 90.20 21.12 0.25 1.51 228.70 17.27
YLP20 S,! 4.98 4.52 | 0.008 12.82 4.40 89.31 22.03 0.21 1.23 197.54 15.72
YLP21 St 4.96 5.81 | 0.008 13.79 16.82 122.50 18.37 0.17 1.03 210.74 10.19
YLP22 St 5.41 4.26 | 0.008 10.66 0.16 87.18 11.56 0.23 1.09 204.82 8.76
YLP23 Sl 3.19 5.32 | 0.008 1.76 0.04 19.44 7.89 0.18 0.14 36.54 4.78
YLP24 S,! 2.12 4.85 | 0.070 18.12 0.49 19.00 9.04 1.80 1.62 39.14 6.01
YLP25 S,! 2.79 8.15 | 0.008 1.96 0.02 9.07 13.31 0.12 0.10 11.13 5.27
YLP26 Sl 3.93 5.65 | 0.008 1.58 0.03 11.43 13.42 0.17 0.12 20.23 7.66
YLP27 S 3.44 6.17 | 0.008 18.29 0.15 36.66 10.60 0.16 1.29 59.44 5.54
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1.58~70.21 pg/g.0.02~16.82 wg/g.9.07~122.50  fEf EHEERERAL, 54ERZBUNT 60,

pe/g Fl 7.89~22.03 wg/g, Mn B & 4 R B4 o o%E 4 Cd/Mo {4 0. 002 ~ 0. 1370, K4
/INF 1, Co R SRR BEARML, o Won o8, U /NFIE# K (H (0.006) , 4 &6 /N T 73 A E
HEBRERA, §ERZE/NT 20, Mo B9 & EFE (0.308), [w(Co)/(pmg/g)] « [w(Mn)/(%)]1H
T R TR E B, s EREORT 100,10 4 0.013~1.268, /N T TUAE (1. 615) , TOC<
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Fig. 2 Vertical variation characteristic of TOC, Mn, Co, Cd, Mo and U of Wufeng—Longmaxi Formation shale from

Yueliangping profile
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2% 192 Bt B AR T AE T THIGHS 7 m JE N, 76 G
HIFEBWEHFEE B 2 m JEFEIA TOC & & H B
B, LT A 1. 82% ~ 4. 81% , “F-3 3.19%, It
A TR SR T B R BEB TOC i BT
2.12%~2. 9% MMEZ B (R 2) . K 2 S A 5
HIH TOC Fl Mo & s S AEHE ] F AR, A
AU, Mo U 5 TOC Z [BIfETERAF M IEAR G OE R, A8
FEHEHAIEAR—F, Co Mn 5 TOC Z [AIFF7E 55 ) A
3.2 T Mo/TOC #1 U—Mo thE#E R Xf 7k

HERRENFR

TEIE R K, Mo JT R TR /KM AR e AT R,
Wi LA A A4 A ) 40 U 2 1 2 5% ) ( Nakagawa
et al.,2012) , TFEHT B MK BREE s 2 51
AR ORGP RAT , [FIE Al
#ET Mo RN E £ (Algeo et al.,2006) . MLALAT
PIE TR Mo 19 & i 52 21 A Ak 8 B 25 1R 1)
s FURZA (A AN SR 25 H DR A A I AT 458 IR 45
T AR A — D TR 3R 5 AT Z2 %, 30 19 5 i (T AR
Yy Mo JEEE & i i PR 3 32 B A LA 2 5 A1 K
H Mo B RS, I HLAE S 1 4 B SC R U (Algeo et al.,

2012) .

[Mo]_.=[TOC], - [Mo],,
e

[ Mo/TOC], = [Mo]mI (2)
AP TOC AR BADLIR S (%) , Thr s ARTIH
%,aq R

Hi A (Algeo et al.,2006) {2 F 5 £ 30(2) UL
B Mo/ TOC {E-5 7K Mo JC 2R & 22 [ 14 %o
NG A X B A SRS [ 7 B B A TORR A,
o Z1 i B8 1Y PRV ( Brumsack , 1989 ; Baturin , 2011) | 55
¥t B4 1Y Cariaco Basin( Piper et al.,2002) 217X} kb
5T, e 25 Mo—TOC 7K A4 B3 F2 2 A 1 1) 1+
Ji o

MNP 3a FATTAT LA Y 72T P41 £t 9 PR Y
AT (465 2 SZ., T [6)) i R AR 1Y T ZH Al 15
RIS FE 5 (Li Yanfang et al., 2017) , FIE4H
Mo/TOC {H/NTF 4.5, W7 s ZUH B2 A5, b T iR
YIFE S Mo/TOC EZAE 1 4.5~25. 0, 7 Ky A5
RS, X—2518 507 A (Ran Bo et al.,2015; Chen
Chao et al.,2016;Ma Yiquan et al.,2016;Li Yanfang
et al.,2017 ; Nie Haikuan et al.,2017) 2¢F P4 1| 22,

10007

' . ] PR
@ g . - B
120418 St , ] T EA
WV YLP-WF 2 )&@ il (Cariaco Basin)
M YLP-GYQ <
1|© YLP-LMX & ’59@5 o
Peruvian @0 o) o g; 100
Margin > €6 £ ]
g0 | LBt ¥ oF & \*? 3
T < 00 E :
&5 N O o
% $ & (s & = o o ‘oc/‘) S 1
= s 5 <o E &
= S v Q < o _
2 5 < X L
8 40 5 0 oy o 0 . A SZ-WF
‘ S S A 5 eREET g
P = Mo/Tee ] GRRFR) s YLP-GYQ
b YLP-LM.
o % ﬁ gi }2% % ﬂ: j% N Peruvian
° — AT Mars)
® = .y - HE 0%
0 0 . ¥ é Lo 4'1 X |6 * I T T T T T T |
1 10 100
TOC(%) Uler)

P 3 (a) U1 4 T 2H— b T8 20 DU Mo—TOC 36 & 5 BRI 45 1 X FE I (4 Rowe et al., 2008 Tribovillard et
al.,2012) ; (b) PUJI| Z3 M F 0 2H — g TR 4H T U gy —Mo g PME I (# Algeo and Tribovillard 2009 ; Algeo et al.,2012)

Fig. 3 (a) Comparison of Mo—TOC relationship for Wufeng and Longmaxi Formation in Sichuan Basin and those for modern

anoxic basins (from Rowe et al.,2008; Tribovillard et al.,2012) ; (b) U,y versus Moy covariation for Wufeng—Longmaxi

Formation shales in Sichuan Basin( from Algeo and Tribovillard,2009 ; Algeo et al.,2012)
1E(b) ARG K Y Mo/ U BE/RURBEMH (SW=7.9) ; WF AR LWL TUARE & L GYQ R 3R TR 2H W& HF Boe i\ LMX 210K e 5
B TR S SZ AR AR  YLP A2 A A2 B85 (R R 5 A ) T 0 A U8 T S0k (Li Yanfang et al.,2017) ,Peruvian Margin Bl

e P8 T SCHik ( Boning et al.,2004)

The solid line represents the Mo/U ratios of sea water in (b) ; WF represents the Wufeng Formation shale. LMX represent the Longmaxi Formation

shale ; SZ represents the Shizhu profile. YLP represents the Yueliangping profile (the same below) ; Shizhu profile data are derived from literature

(Li Yanfang et al.,2017) ; Peruvian Margin data are derived from literature ( Boning et al.,2004)
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DA LU 2H Rl SR 2H DA DB K AR ity B A 1Y
ZEIR A B, B2 (T B2, f SR i T
B/ LTI ) Peruvian Margin JTAL ) R FE i
( Boning et al.,2004) Mo A1 TOC {E7E & 3a FriEFT4%
PR B, o mUE AL TP TE Mo/ TOC fEH/N T 9 BT
Bl 2 1 e e Ay v A5 — i Z T PR BRI AR 5 SR
TEOUAAE ., TR RE R K H e BRI (465 0 YLP, &
[F] ) B WA 20 R T B2 20 Y DA RE A Mo AT TOC {6
TEE 3a HFEATHIE], Hok sl FEEAE TP AE Mo/ TOC fH
o 4.5~25.0, 578 o AR R R, X AER
o5 =AY T ) 1 2 i db 2 B |47+ M 5 A6 Sk ) SEBR
THOALT

Algeo Fl Tribovillard (2009 ) 38 1 XF BEA L ¥ 725 (19
WE5E Do 1 A B 55 i B R s B 3 b e AR
(10 U,y — Moy, BVEBEEE (11 3b) . U,y —Mop
PR R A% (] Hsf DRI 23 %) S Ak S 2 A K AR
RO, fEARE R M T PR U B ARTT

HT Fe''—Fe™ bk 7 52 N AR, LA Mo 7 4R
EARTFUR , F B Mo,y /U e 1H R IEH WK 0.1~
0.3 1%, B KGR AR BE 3G 5, Mo JTTE #F AR
WAL U, SR Mo,y /U,y (8144
TN IE R KR 1~3 4% FEIR SR S B P8
& KA AZ A Mo JC R AW 5 B 4h 78, K
[ Mo WeFE HIXHEE RS, S5 Mo. /U, (0 TE 1
JKAY 3~ 10 %, H: 2 ¥ & (40 Cariaco Basin) . 7E5#
i B PRBE Mo JURAMA G, HE/K T Mo M 2RI,
BB B Moy gy, /Uy (80 EE 408K 69 1 714 F
(Gn &) ((Algeo et al., 2009; Tribovillard et al.,
2012, 25463545 2015) .

E 3b thRl LA H, A R #) T 0 2HAE
Moy /U gy A TIEHHEKIY 1. 0~0. 1 £ AT LA
ARV AR A i B R EE DI a4 i ) e
LR A R AEA TR B 5250 UKL 28 14 W BV
SR R 2 47, B Mo e, ORI, Moye, /U v
(R AR BRI ) 3 | 3 R W 4 A 3 T A s 1
S R A X T B B TR B TR TR SR
1Y) Peruvian Margin JUERPIAE 4% B & B, KR 3 A
sl T RS2 B RO 2B A I B T 5 o 1 DX S [ A
(AT 8 BP0 T 04 28 RO B A AR L LR
PR RE UL T8 TE 32 i | S IURL 28 A4 AR P B2 0
OIS e N AR SN B U S VAl wb) RE B2
Mo JC 3R 52 B4 | BRAURL AR R4 52 ma 5ok, 32 3
Mo F3R s 4 INITSZ MR 1 Ab T X FhEREE T 19T
WIE U,y — Mo o, PV ERCPE o6 05 B 5

FIR,

i UL B4, tA 8 Mo/TOC fH Al Uy —
Mo o, B8 1 7 M T4 2 PR B i T R
I IEATE R AT g2 : OFE KRRl ek
LA BT IR e ) T K PR 2% Y B A i
/NG EAHT OMZ, XA~ OMZ H KR [A] A ) B2
oL TR Z i B PR v K 2 D R AR — K
b AEIXFPAEAE T Mo 851 5 e 78 U A R AR 25
5, X B AR A TR AR 2 AR5 5 W B AT ALBT  Mn
il Fe i) 25 ALY rhm TOvE E A DT 2 2 Mo T
REIYsRALE R Q7EX B i T BT AR R
Yoo, S EERZ K B B E IR AL, B R A
J1 5 E OMZ FEAETEKAL S 2, 43 TOC PLvE
TRAR B RAFRIRAE , Mo 5 TOC [R5 2] 5 45, A
ifii B Mo/ TOC {HE1E
3.3 Al—Co - Mn X} FK&iHBFA B/ LFFER

SR EIR

Sweere 55(2016) 1£XF 423K 5 FhAS [7) 2 B2 i B2
JKAAR GnBAY%F | Cariaco Basin, Saanich Inlet, Baltic Sea
(Bornhholm and Arkona Basin ), Mediterranean Sea
(sapropels) ; LA S BUARTEFE P 4 N2 0 L FHE R
X, W Namibian Margin, Peruvian Margin, Gulf of
California, Arabian Sea ULF#II#) Co F1 Mn JCEK & &
IBESE, KB Co 1 Mn PAFPICER 7 HY AR 43 A7
B AR I Z (B A7 RS- 51 22 5%, Co Al Mn 7E
170 R ARRU: 2 B X S8 5T RAE DU h 1y & 5/
THAEZ BRI PR d] . 7 4a b ] Co - Mn
RIS N, — 35 B e AR, AL AR R 7 I Bl U 1 s 4
Wik Aot &, K 4a 2k H Cariaco Basin I
Peruvian Margin [A4Ef, Co -+ Mn Y& ERE =
HIAL S Co - Mn FHXSESF HYAH I, B 33X SEAF
(1) Co 1 Mn & 532 Fli IR T8 0 W) A7 6 1 i ZUE 1
K H FI Baltic Sea( Bornhholm and Arkona
Basin) [UFE i H A & 19 Co Al Mn & &, Co - Mn
BEA RS AL MRGERR ,FoR A AR Co Fl/u
Mn 5 Bl IR S 5 S5 PRLRG, HEITS2 o B 23
I ETHET I E Z /] Co Fl Mn % 4 22 57 1 J5L 1A 32
BHEIR TR M AR BER RG22 A, —TF
I AR BT E R ETHEIR ARG, R A
TR R KA Sl fr) B 64 7 T K AR, LA R
(78 TR o A% Z A B, (E 2 IR LA B = Co
FI Mn ( Sweere et al.,2016) , R AE B THEE 7 X TR
Pyrh Co F11 Mn 115 42 32 3] 45 J& 70 2= I AS 2 A R
il J3— T, TE ¥ B A PR 5 Co Al Mn 1 HE 17
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3 | A Sz-wF
1 | O sz-LMx ”
4 | ¥V YLP-WF
100— B YLP-GYQ
g | O YLP-LMX
= *l?%}?ékSea
= i ve Cariaco Basin &@ % &>
X R R 0<><> >
< 10—= XPeruvianMargin <> O <> <>
g |7 msus LT W L
T Il | Py e s 8
® 1=
g =
> i
8 =
2 0.1
0.01H
= X
e e e A I —
g 2 4 6 8 10 12 14
1000 w(Al)/(%)

::E
=
s 7 R
bl . JERR/ & Tt i
: o
0.01— O
0.001 ' | ' | ' I ' | ' I ' I ' |
0 2 4 6 8 10 12 14

w(AL/(%)

K4 (a) Al—Co « Mn &l $2Hi LA[w( Co)/(pg/g) | + [w(Mn)/ (%) ] {H>0.4 Ml B 5T, <0.4 4
FFRL/ LT IR 5 (b) Al—Co ) * Mn & (5 Sweere et al.,2016)
Fig. 4 (a) Al versus Co + Mn diagram, a boundary [w(Co)/(peg/g) ] + [w(Mn)/(%) ] value of ~0.4 is proposed for
the distinction between open/upwelling (>0.4) and restricted settings (<0.4);(b) Al versus Co gy = Mnp diagram
(from Sweere et al.,2016 )
ARERI AR IR T Li Yanfang 55 (2017) ; IR [ Brumsack (1989) \Baturin(2011) ; Cariaco Basin 345 Fi
Piper 55 (2002) ; Peruvian Margin £(4}i FH Boning %% (2004 ) ; Arabian Sea £(#i [ van der Weijden %5 (2006)

Shizhu profile data are derived from Li Yanfang et al.(2017) ;Black sea basin data are derived from Brumsack ( 1989) and Baturin(2011) ;

Cariaco Basin data are derived from Piper et al. (2002) ; Peruvian Margin data are derived from Boning et al.(2004)
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ZAETH Co A1 Mn TAIZK LA (R 1), BRIHAE Hiir BH 34
BEAKATRE R 3 B A W S 2 I BRI BB, 1t
Gh A —A i B T REZE B AT Mn 78 IR X
R T EEAEM, B2 B E B Mn L £
( Brumsack ,2006) ., [H A Mn 7£ & S KK P IE A
VAR Mo (IV) AL5 9, (EAE BRI ] ¥ A
it # ( Calvert et al., 1993; Tribovillard et al.,
2006) . K, Mn (ALY A AL B T 1P A
TETHAARZ K X 6ok 5 KR/ SRR TS 3 AR
RLRIE A% 18 B R JZKAER Y ENTUIEZ S OMZ It
BV, X S BTG AL B Min Bl S5 % 06 20 I 755 1) T3
o A TR B A TE Mo Y RIS AL, (H
T 5 FF T A BR A% A2 UL, 3 L i 2847 1 Min A))
DL PR TR I KA N, W R BA T 2 Mn 1Y
TR, 24 Mn 1R BE IR BIHE A 0 1 0 (A I, B
K FEAA WL (IREE) , BAR, KT Co TEER
TR I B A i AN I A (I 21 1) Co Al Mn 22
() AR 6 B 2R Bl s B 45 T B Co i AT
BT R, BT LIS, Sweere 45 (2016) 45 1
T Al—Co - Mn X J* it B8 BR58 R0 TF 5/ b T+ U )
SRR (1 4) o

K4 ha T LA A Y i BR BR B AT ik
TR AR AR AR A BT da AR SR 55 3 BE B
BEUFE MY Cariaco Basin FFEFHHEATE Co - Mn {H K
0. 4 BT, BI, i B2 BR 58 5 JF 0 b T it 40 ol S FR
BRI, % FH Co + Mn 5 AL Z [RIBCUF 10 FH G 1, %
W Co + Mn {32 ¥ T Rl IR A8 )8 9 , I H e by H:
BN ZEIE TR R | 1 A 5 R R B A
JZ W Cariaco Basin 5 FF il (4 6 A7 7F — 22 1Y 3% i
e, X —HEWT S Cariaco Basin 55 Fr b HL PR 55 AH — 2
(Lyons et al.,2003) , & 4b Hi%f Co 1 Mn fEFH T &
R T ITHE XA R T ROk BB 8910 DTk
R, MR 4 v FRATAT LAE B, A A ) I Y g
HAN N DR 5 B AR A T B, H 5%
BP0 TH ) P AE I d4a A PROERE S (LS — 100
BB S YLP12) V% AT B3 PR T AE 8] 4b hA
TUPFRERD (CELAS — 1 UL B BORE i YLP12) 3% A dil
PR, 3X 3 B 5 P T 0 2H 53 J LR L Y Co
Al Mn 322 7ok A Rl IREE S Y0 B R AR R A B
SA I IAE A Se PR T Je g AR o, 4 B
2, AT AR B, H e ) 1 iy F PRI 32 500 I A 0
IR TR A W, DA A A L R B
FEH P — | e SR A R —rh KR LT
Friil/ IR X, X AR A 5 g 4 R HR A

DURRIN A 23k 1 224, DL R 1 4 B oA =47
B A BRI VTR BESE A A R AF XN OE &R
(Yan Detian et al.,2010; 2515545 2015) , i T&
4b 1 Co gy + My fHN 0.5~2.0 BIFES 1A K
B DX T HK AR PR 40 AT A8 2 3k 24 32 3
AFEE RTPE TR AR

A A ( Cook, 1976; Parrish, 1987; Parrish #l
Gautier, 1993 ) X AL Lt A AU E A DL A A4 A5
R ZRKE R ETHERITRY , BHA M
By, b 2 — U R N I — s A G Wik —
REIA A k—RE—BRE A4 G .

'S YLP & T O HEE ST 5 s B2 R
(a) i Be & GHUAR A 5 (b) RSB i G A

Fig. 5 Photomicrography of the thin Radiolarian siliceous

rock and Carbonaceous shale interbeds in the YLP section;
(a) Microscope photograph with single-polarization; (b)
Microscope photograph with orthogonal polarization

AR SN 2 ) T A2 T A v L 2 PR
TR E—rETe A A K 5 R R R AR
SRR U SR A A A, LR B IR
TAEFRRZ T, Ak, BN 4% (2004) X7 1 b
ZR P AN 2 W25 (2008 ) % )1 25 b g 1T — AR % —
UG R YR 2 VS P € B T DT RE ST DU
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kB i S DA I BIF TS A 2 R it op B 7
TAERIE R . 0655 (2018 ) 78381 Z- b 10
HA I 2 vUA R BF USSR b b 2 AR5
b DX 7 B Bl 20 1R B 0 2 SRl TR 2 B Bl sl ok il i
L, RABZRISVE & IS BRI X

ZEA L EArdr, v L & B Al—Co - Mn B RTE
X K AR B 5 0T BRI R R AT
Mo/TOC il Uy, — Moy, BV HER B 5 45 2 1010
Sl i B R R i B RIS B T Mn Fe
AR X T Mo DGR B AR BN, 8 % T TOC X
Mo U.Co Mn JTER & E R, (B2 X T i f2
R RIRITEAT Mo/TOC T Uy, — Moy, BVIERESU RS
4, HASBEA Ry 050 K A S A SR A, I,
Al—Co - Mn EIRRAEHR Mo/TOC Fl U ., —Mo, . B3
AR A AP FE IR | PP 5 I AR AR A, BEWS B
AR — A X PO EDIBUK IR I G A T 27 53T
s
3.4 Co - Mn #1 Cd/Mo KIBX &1 AT AR

BHNREETEERZAFA

TEBRE/ FK S5 Cd 5 Mo B0 Ry 43 i3 i i
AT I SMIUURE 16 PR A SH R R A9 TR 18T A7 280
Bt AUTELY)  (Erickson et al., 2000; Emerson et
al,1991) . KA T A SR B B R AR 22 T 1 5 B,
W JFRFR KA AL, Cd AT Mo K1 AT HE LA LAY 7 =X
MK RSB I BT Y Cd/ Mo B %351
7K (Sweere et al.,2016) , X T 5 i B4 245 19 226
TR LA A 77 3 FAT AL BT AR 2R 1) S R AR AR,
W 3 T PR AR ) B G SR Y Cd BT K AT
(32 AT PR, IR Cd/Mo LTk, ¢
HoAth 7 AR B R K P WD 2 A 7 0 T RE B Cd
JCR AR A TR K AR TR, 2 5 Mo
ARG, AT LW ER 3 Cd R 0aE 4 Ik, nl i
XFF Cd B AR AR R HAL P R A =8k KAk Cd
B Ca( Tribovillard et al.,2006) FI7EFT A (IERAL)
PEET Cd AT Mo BEAT R #E AT (Litde et
al.,2015) , Sweere 3¢ (2016) 45 Cd/Mo 7E A [R] ¥
PRI A 1 22 53 B A DL BT S A 1 R R4 o 1A
BT I RURAT S5 A Z 1) (4 SR ZE 7E Cd/Mo fEH
0.1, XR&—NEEMH, A Cd/Mo [ERT 0.1,
W A DL & R E 245 T 71, Cd/Mo A
AINT 0.1, DU A L I AR E B2 A TR AT
M

Co + Mn il Cd/Mo FIHRE FEHRAE A — Bl FT B
TR DT 10 25 DX 00 AN )RR PR PR, LA B Gk SE PR 55 X0f

A NI Y £ 2 (Sweere et al.,2016) , 7E
XA~ Co « Mn Fl Cd/Mo BEA B R H AR5 210 BE
FEE K 2 ) SR DU, B AR 2 i5 A Co -
Mn—Cd/Mo EIWiA T (Bl 6) ., Y Co - Mn fH
55 2 b s B RN AR P K TR I [RAH — 3, SR A
()53 2 AR TN 8 1 SIS /K BE BT - S BUR TR K 5%
FRRTE I, EAT AR B B T AR ) A AL e A B
R, PR A N — A W A HLBE i 45 AR DA AR
FESRAF AR AE 7= Ty B AL F i AR 22 ], i
HARHY Cd/Mo {EAH—EL, 73— ¥iIJC 2 Peruvian
Margin (LRI AE A A2 7 0 B TR IR BR A 0 0T
ZAERY TR = R AE 7 0 L s A AL
B &% 4R S I R PR 55 B M A HE AR ( Boning et al.,
2004) , HFEM FEAHRIEAE Co + Mn—Cd/Mo & i
WA b S, B R 7 g1 Cd/ Mo (B 1 T
B, B/INEEUHE OMZ RN Min AE 2517 Ml G /K 8l 12
FEURA Co - Mn {H, HABIAEE B AT EA Co
« Mn 1 Cd/Mo {if, S RS2 EATHA A R PER (0
Cariaco Basin HA b FHVE il A B8 451 ) 5038 (/K
B AGEE (U0 Arabian Sea) .

10

Cd/Mo

0.0

””0.1 T "”Il T "””10
[(Co)(ug/e)]- [w(Mn)(%)]

6 Co » Mn—Cd/ Mo B PRI ; X BE 77 3k 2R 10 (02 B (2
PRI —RAF T/ TP i B R ) B e SR BN W)
Uit TG 2 B AT AL 5L ($E Sweere et al,2016)

Fig. 6 Co + Mn—Cd/Mo joint chart. The position of the lines
( productivity—preservation, open/upwelling—restricted )
are meant to provide approximate boundaries between the
different settings ( from Sweere et al ,2016)

PR MBS H Brumsack, 1989 ; Baturin, 2011 ; Cariaco Basin %X
A Piper et al., 2002; Peruvian Margin AR A Boning et al.,
2004 ; Arabian Sea (4 Van der Weijden et al.,2006

Black sea basin data are derived from literature from Brumsack,
1989 ; Baturin, 2011 ; Cariaco Basin data are derived from literature
from Piper et al., 2002; Peruvian Margin data are derived from
literature from Boning et al.,2004 ; Arabian Sea data are derived from

literature from Van der Weijden et al.,2006
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Fig. 7 Correlation analysis of TOC and U/Th, V/Cr, P/Ti,

H S SER T A T2 RO BB AR i AR
LVEA Co - Mn—Cd/Mo IR ZE N i1, {UA 4 1F
FEMTEAL TR 5 2000 i A A
Z0 BN FRATIE Z R 1 LU AR . O H 5%
TP T A EH RN e S A A AL AR 2 FIR
PSR 5 () 2 1 50 T L DA R e R 21 AR
WRALTE F 35 i b8 K32 3] R Y
S ;3 F LN R B AT RE Az B ki T AR 4
OEAESS

N T i#E—BAIE Co - Mn—Cd/Mo I RRAE A 5
BT A A e B R A W A LB I E R R 1Y
FIWER 55, FA TR B HLEK (TOC) 5 DL A Ak
JEE A N F8 ¥ U/Th, V/Cr( Calvert et al., 1993;
Algeo et al.,2004) AR B PRAT S5 14 FitE R A
7= J148 %58 P/Ti Ba/Al ( Dymond et al., 1992 ; Calvert
et al.,1993; Dymond et al., 1996 ) #4740 3 PEHr .
M7 HRl U H A S8 BT T2 FOE D3 4 A
A TOC 5 U/Th V/Cr 5280 R A5 M AH SC 1, 1 5
P/Ti Ba/Al S BUSSAAC, B 2 HUMIR AR, ik LE#R
W7 SE PR T2 A e SR A AL AR LA
TRAFAAE N EE R R MR = KA, X —2518
i Co « Mn—Cd/Mo &I RH W7 1) 45 R Al — 2,
XA Co + Mn—Cd/Mo [ RN TR 5T X HL U4 2
A TR A P B B 4 R A FIRTA 28

Ba/Al in Yueliangping profile

4 inb

il it X} Mo/TOC , U—Mo Hip 28 # 5 , Al—Co -
Mn %505 898, KL% Co » Mn—Cd/Mo B4 I R
R A5 LA R 458

(1) X H 52550 7 e 20 g SR 4 1% ] Al—

- Mn J7 3 HI W& A WL DUS ORI EE R 30,
2 B TR B B L A T2 R R 3R
ZH R, DA K 02 UL W BB B0 T 02 rh— e
RN R T3 21 R — KA S A T T i TR
X,

(2) X H SE 2 g2 e SR AL Co -
Mn—Cd/Mo B4 B R K WA AL & R 1 FHR IR
KB, H e PR T 02 R e SR AR A DL E
FEEZ B SR, OF Hox —H W 5/ v/
Th . V/Cr .P/Ti . Ba/Al 5 TOC AH k43 b 45 Y il 4%
W,

(3) Al—Co + Mn F1 Co - Mn—Cd/Mo BE45 EI AR
PO | R X AWN Bk & N =¥ = IND IR = /281
35 B A WL & 4R 4 R A B RCR

Bigt: h ERL A B R s R A AT s 2 IS AR o
PR S R T RN SR T 457 T R R B,
EHE I — IR,
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Identification of organic matter enrichment factors in marine sedimentary
rocks based on elements Mn, Co, Cd and Mo: application
in the northern margin of Sichuan Basin, South China

XTAO Bin, LIU Shugen, RAN Bo, YANG Di, HAN Yuyue
College of Energy and State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation,
Chengdu University of Technology, Chengdu, Sichuan, 610059

Objectives: The geochemical characteristics of organic-rich shales in Wufeng and Longmaxi Formations of
Yuelingping profile in Chengkou County, northern margin of Sichuan Basin have been studied, which purpose is to
further understand the watermass conditions and the main factors controlling organic matter enrichment during the
sedimentary period of this shale successions.

Methods; The Al—Co + Mn and Co - Mn—Cd/Mo are proxies which based on Mn, Co, Cd and Mo elements
can effectively distinguish the two kinds of marine end-member depositional environments that promote organic
carbon burial ; continental margin open/upwelling environment and restricted marginal basin environment. These
methods are mainly used in this paper.

Conclusions ; The results indicate that the enrichment of Mn and Co in the Wufeng Formation is low, and the
enrichment of Mo increased significantly from bottom to top. Longmaxi Formation has an overall loss of Mn, low Co
enrichment, and significantly reduced Mo enrichment from bottom to top. Using the Al—Co + Mn method, it is
found that the restriction environment of the Yueliangping profile mainly occurs in the early stage of Wufeng
Formation, the late stage of Longmaxi Formation and the vicinity of Guanyinqiao Member of Wufeng Formation,
while the watermass of the middle—late stage of Wufeng Formation and the early—middle stage of Longmaxi
Formation are mainly in the open/upwelling environment. The values of [w(Co)/(pg/g) ] * [w(Mn)/(%) ] in
profile are all less than the average shale value of 1.615; the Cd/Mo ratios of Wufeng Formation are larger than the
normal sea water value of 0.006, all less than the average shale value of 0.308, and those of Longmaxi Formation
are generally less than the normal sea water value. The use of the Co + Mn—Cd/Mo joint chart shows that the
organic matter enrichment of Wufeng Formation and Longmaxi Formation in the Yueliangping profile is mainly

controlled by the preservation conditions, which is consistent with the correlation analysis between U/Th, V/Cr,
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P/Ti, Ba/Al and TOC. The discriminant proxies based on the metal elements Mn, Co, Cd and Mo have a good

effect on judging the sedimentary environment and main controlling factors of organic matter enrichment in organic

rich shale from the Paleozoic continental margin.

Keywords ; sedimentary environment ; organic matter enrichment; the discriminant proxies of Mn, Co, Cd and

Mo; upwelling; shale; Sichuan Basin
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