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Fig.1

Mesozoic stratigraphy of the Ordos Basin, along with the location and lithological log of the Anya section
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Fig.2  Outcrop characteristics of siderites and their surrounding rocks in the Fuxian Formation, Anya section,

Yulin, northeastern Ordos Basin
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Fig.3  Microscopic characteristics of siderites in the Fuxian Formation, Anya section, Yulin, northeastern Ordos Basin
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JEPEEYA AL 5 () ZE R0 KRR AR Sk WOR SR SR . R SR IRC Z2HE UTET 13.0 m AR AJZARZEEROT R 5 5 (D) B (o) s 1 B9 RERE BT EE , oR

Fe S OTCH & i, RWIZEH 5 s gk L /e

Fig4 Micromorphological characteristics and energy dispersive spectroscopic (EDS) analysis of siderite grains in the Fuxian

Formation, Anya section, Yulin, northeastern Ordos Basin

itk AR TR) s 2R 32 e 1 2 e R (S8 m B 45
2004) . — BN BRIR R A FE AL 670, BI(E /N T
~10%o F2 71 52 3 ™ H A VR HT Y 52 Wi (Kaufman and
Knoll, 1995 & 4% B 45 |, 1997 ; Aharon, 2005 ; [ £ 1k
85,2017; JR30 55, 2017) o [RJI), —LEWFFEHE T B IR
e s®0,, 58St MR IR 80, KT -11%0
2 —12%o M HE b A s 3 0 I s 1R
(Aharon and Liew, 1992; Bekker et al., 2001, 2003)

BEAN, MoK A A i B ER R A 4 ) 8C,,,, 23 Bl
B WARIE A . SEH AN IR R Y1 8°C,,,,
F18%0,,, S IEA IO R, RUTHGE R KA R
15 (Knauth and Kennedy, 2009 ) ; Ifii P 2% 2 [8] JC {2 3% 41
ONE T2 W B | A IR)AE ZR 8 A2 I LV R I 52
LT AR Z B (Wu et al.,2024) . 4 5] 1
YA RE S TP 670, (K T -10%0, H.8°C.,
8"0,,,, Z [H JC I & AH G (Bl Ta,n=14,r=0.23) , iX %
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Table 1 Characteristics of major and trace elements of siderites, Anya section, northeastern Ordos Basin

WSS Si0y%  K0/%  Na0/%  CaO/%  MgO/%  ALOJ%  TFe,0/%  MnO/%  TiOJ%  P,0J%  Vilpgle) Nil(pglg)
S01 33.806 1.321 0.108 1.07 2.507 13.350 31.69 0.697 0.603 0.161 58.160 24.113
S02 6.304 0.657 0.077 1.614 4751 9.170 40.32 1.153 0.294 0.134 57.729 20.738
S03 21.994 0.922 0.097 1.893 5.655 11.840 3235 0.413 0.561 0.048 54.100 17.841
S05 6.765 0.398 0.086 2.498 1.460 4.079 54.22 0.930 0.239 0.426 20.228 11.930
S08 22.976 0.685 0.088 3.440 3.649 11.020 31.15 0.303 0.413 1.424 67.873 11.591
S10 10.407 0.339 0.077 2.104 3.544 5.483 46.67 0.633 0.213 0.348 63.319 13.297
S13 25.482 0.670 0.078 1.180 2.424 18.110 28.84 0.159 0.520 0.189 174.313 9.701
S21 38.262 0.881 0.087 0.698 1.343 24.820 15.08 0.110 0.588 0.167 129.281 12.427
S24 4.979 0.130 0.085 1.934 1.743 3.637 55.90 0.416 0.114 0.606 52.849 5.803
S27 28.420 0.790 0.087 1.271 3.196 16.650 26.72 0.230 0.455 0.197 157.097 23.170
S31 21.244 0.555 0.083 1.702 3.395 12.210 34.69 0.295 0.341 0.249 132.733 8.863
Ss01 9.876 0.420 0.087 1.753 2.592 5.205 49.95 0.536 0.190 0.448 43.112 6.403
SS05 11.704 0.402 0.138 3.309 1.736 7.377 46.45 0.355 0.210 1.767 66.872 10.575
$S10 15.507 0.464 0.072 0.796 1.650 10.030 43.50 0.950 0.288 0.268 107.472 27.305

®2 SBREGEMFILHGMZERNEEHY B LTREHE (ng/g)
Table 2 Rare earth element (REE) content of siderites in the Fuxian Formation, Anya section,
Yulin, northeastern Ordos Basin (pg/g)

FEfh i La Ce Pr Nd Sm Eu Th Gd Dy Ho Er Tm Yh Lu La
S01 25.95 47.43 5.61 19.37 3.83 1.01 0.56 3.46 292 0.60 175 027 177 027 2596
S02 25.30 46.94 4.78 18.07 3.66 0.82 0.59 3.50 3.47 0.77 2.16 0.35 2.41 0.40 25.30
S03 27.54 48.78 584 1976 371 097  0.60 3.54 362 084 248 041 267 044 2755
S05 12.38 23.71 2.64 9.95 1.94 056 033 2.01 1.80 041 132 021 136 022 12.38
S08 52.76 117.96 1424 5876 1156  3.25 1.98 1274 1084 226 558 074 419 058 5276
S10 20.96 40.94 5.11 18.02 372 096  0.63 3.87 357 078 225 036 254 039 2097
S13 45.36 79.02 10.08 3752 6.35 154 085 5.51 464 101 292 046 307 049 4536
s21 34.17 59.95 725 2328 4.38 1.05 0.59 3.66 311 064 1.81 0.27 186 030 3417
S24 10.76 22.87 267 1127 252 070 042 271 254 053 135 021 139 022 10.76
s27 36.69 71.58 825 3116 554 137 079 4.98 413 089 255 042 276 045  36.69
S31 31.76 68.38 8.82 3415 5.97 144 079 5.22 406 085 249 039 270 043 3176
SS01 22.93 47.13 643 2693 7.48 1.94 1.07 7.41 544 098 227 028 169 025 2293
$S05 37.80 85.09 1318 73.07 2397 7.0 441 31,73 2057 352 743 080 420 054 37.80
SS10 28.79 61.99 8.66 3547 6.76 1.62  0.88 5.88 463 097 271 0.45 338 054 2879

B ) T T S8 2k RE Y 6°C,, RN 60, [ RS2 B I
Je I FH ) (.3 R
4.2 FEHN IR

fie [} 57 28 2 A ST DA T AR U 1 A 2k T 2
(Trwin et al., 1977; Plet et al.,2016) . BRERELHH)
(AR [ 57 2R 2H A 22 Fh R TR, A 35 AR AR v i ik 1) G
BURR AT LIS R ™= A i JC AL | R e 8L E = A i G
BLB , DA Kty B R e aed A b e A R il o T A R TR
R 6°C., (B H 2 E TE 0%o A2 AT, 1A HIL BT R fit
A R Y 8°C A N ~25%0 (Irwin et al., 1977 ; Pye et
al.,1990; Abalos and Elorza,2012) . 777 ke nl [
st A B AR 8 C (ELAY CH, M2 8 8°C (LAY CO,, J5 & 1

15 ] 3K +20%o, 17 B B 48 Ak 1) AR 8°C {H 19 CH,
i — 25 Az IR 87 C A 1Al , HAE BRI, At T -30%0~
—100%0 (Irwin et al., 1977 ; Matsumoto, 1989; Peckmann
and Thiel , 2003 ; Krylov et al.,2008) .

WFFE XS24 19 8°C.,, [HAR LT 12, N=11.25%0
F1+16.32%0, Y F-0.30%0. FRPEX—45E KA
FEIX S RE S A R 6°C, IEH A, 111
ZEER R 1Y 8°C., N IEME (T 0.38~16.32%0, -1
{8 3.72%o, 8 6 Rt X35k ) , FL8VC,, (E 0 T e
77 BSEE AR LR C B 6°C B3 il (B 5 3K +20%0) -
X IZH 22 IR T B 5 e M FH AR
Ko TRV A—B A R 2T, ol B o Hl
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Fig.5 Chondrite-normalized REE diagram for siderites

®3 SBREGEMMFICEGM T EFNEERY THER.
AR LR FF YRR E AL FFHE
Table 3 Values of inorganic C-O and organic
carbon isotopes of siderites in the Anya section,

Yulin, northeastern Ordos Basin

FES SRS 8°C, /%0 80, /%0 liRE e 8°C, %o
s2 —4.69 -7.40 st -24.32
S3 -6.84 -6.85 s2 -22.75
s4 -6.71 -7.47 s3 -23.00
S5 7.76 -9.17 s4 -23.09
87 3.8 -1.67 S5 =
S8 0.38 -8.52 s7 =
810 1.36 -6.90 S8 -24.59
S13 5.27 -7.04 S10 -27.10
S16 -0.84 -7.38 S13 -28.99
S17 -2.37 — S17 —
s21 1.81 -1.80 s21 -30.83
s23 1.31 -5.37 s23 -32.03
s24 6.71 -8.63 s24 =
s27 1632 = s27 -28.69
$31 -1.83 -7.63 31 -18.75
sso1 -3.07 -9.07 Sso1 ~28.69
$803 -2.00 -9.40 8803 -26.31
8805 -2.69 -8.62 8805 -26.43
SS06 -8.05 -7.28 SS06 -27.21
$S10 -11.25 -8.04 $S10 -14.33

T« — 3R 78 R I8 B ARSI 1 R

Y, 7= A T 6 C {1 HCO; Al 71 6 C{E /Y CH,. Rl
BB 5B MU, S EOZ T R 1 8°C,,,,
{EL#8 N-CIE i BB by 1 i 5 J5 7 R 58 4y o R o
SEARAE T FE, AT i) AL 2 KR, 5 Huang er
al. (2024) B W BA R 8 C M A A , £UITE
ZEEH E B WA N R CH, & i 5 T

e, (R BT 24 T H A AR SR AR T T G i (&1 6
8°C,,) o 1E8.3~9.6 m X [H] , Z2 k4" 6°C,,,, i-FI4{H K
=6.07%0, PN S, M BK AR AL 22 PR BT AR X AR
L AR I E S, BlS, 7E 10.2~14.4 m X[ (6F
N F N-CIE fie R F B B ) , B bt A A4 5 7 H e
YEFH# 51 (Huang et al.,2024) , Wb Abad # b AR i
FAIAER 8" C B A B — T T Bk 2 40 4 3 #E (g P g
W ,8"C,,,) , B A A Y 6 C A KA 1] T 1E{H ;
Jy—J5 T, 7 B R v AR B i E 8V C LI CO, ik
— sl 8°C,,, B IE R R X T 56E) o X —id 72
FIREMERE T IZ X R N2k 6°C,,, 6L T 0 B IE(H Y
M4 (K 6), TF 14.4~16.0 m B, i W b A5 E A AL
Y FE8S5 L ity T 77 A Y CH T2 T K AR v it 155, A £
SUCAA MR TTIL B e A TR R B -, IR RES 522
BT . AR, b TR B eV R AR R R E 87C
BB HCO; W AR 22 80 1) T BLaR IR, A5 3 87C,,
AR A (E6) . 7ESII 16.0 m LAERY)JZ B, K4k
WA TRE , 228007 1Y 8°C,, [ o) T =75
ST (K 6) . 7E8"C,,, FUE R ZEERA RS (32
BLA3 A F N-CIE S5 K UL By B Je i 2 op) |, 3L
(B30 Bl oM —11.25%0 52-0.84%0 , F- Y1 N ~5.23%0, X
SESEERA 8VC,,,, (5 548 ML % A 7= A B Y 8C (B
AHIE (B 3K -25%0) , 2 I SEZZ 004 it P i mT
AESRUE T 15 ARG T U A ThoA AL o0 it ™
A= B TEALIK

7E T-OAE 1 N-CIE Bt f5z K 17 4 #% By B (10.2~
14.4 m) ,Z28kA"8"C,, fH B T 29-7.44%0 W Tl %
Wi J 12 67 A RS 1 A RS T BROAR , L 5 2 B ) i vp R
TR A BEIE R AR B e AR DL L Cy
FE Jot 1 8°C A 52 BRI 1 A & (Jin et al., 20205
Huang et al.,2024) , 3 HZZ 80" 513(]‘“%@5%*)1}3\%
8 C o TELAE U L B 071 i 8 B2 347 AH AL (Jin et al., 20205
Huang et al.,2024) o 3XRW] 22807 FE i A Lk
TR K F 220 TV 18 B T VR A 1 K A v 5 L I
(A9 VE 22, 7E 3 170 T-OAE Bk [6] 43 2% B KA %
BB Z )5 (29 17~25 m X [H]) , Z28K07 1 6°C,, fH FFIK
HEL U RAS (B 6) . SR, IZB BLi = A= Ybr ik &
Py ) B DRI X — B 3R kA 6., 14 il YR i A
R
43 EHT %R

AT P Z2 R T AT T L A Ak FR R [ PR g
o — YR A AR 32 B B o ) A I
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Wk % SR Z 4 Toarcian KPE SRR IS8 Bm™ Aoyl PR HC R S

913

A, IR 28 i KRG 2 kW B KA IS - A 2200
(James, 1954 ; Klein, 2005 ; Planavsky et al.,2010) .
T AP TR KA i i B A B R Al A
R E PRI G AT LA ke ) e R4 T A ) i A
(Gurvich,2006) . AFFEIXZZEA i + 70K Eu 04T
MR ZE R Y Eu s W E RN 7 5, B
Eu/Eu™ TFe,0,(K 7b,n=14,r=0.15) .Fe/Al(Kl 7c,n=
14,r=0.32) Fe/Ti (& 7d,n=14,r=0.15) = H %A A5
PEo A, B WSS R e BRI A Y B TR
IXBEUEHEHERR T PRI Ry 22 e i
Bk B R R A R SO RN K
FLR AL 08, JFpidiazs =R . IT9EERE,
2 T B AW IR E TR — R & BB L& 1
R SRR R VR I A R B (K AR
2023; 5Kk =B, 2024) o AR R T T-OAE H] 1], 7K
SCURIAIE S, PR R SR Z A KA AE T, TR e A=
B R AR AR, BT M AL KRR AE
% (Kl 6) (Jin et al., 2022; Baranyi et al., 2023,
2024) . BN _LIEERAY A SCOEER , gl 1 e L &
e PR R I, N T BRI BT R . X

PR Bk ) R R M R AR T i XUk =
Ytk ASRIR Z Wt i 72
44 REORAEIMER

B Fe IR ER A B -0 R e /=X I m] 4y
B AR BT A B rh A SR A AR AR Y LBk
fe2f g (BRI, 2021) o BF5E X N REE fid 43455
AR EBU G ARY B EC AR (B 5) , PR 22 8k
WIS R — i, f5 2 e 5 1E 55—,
PERL AR AP DU —FriE (224 R 5, 2011) o BT AT
DR o0 R EL /A 1 i e 2 =R (DR F
R L oL R AN T EM L0 R RN, Z W4
SR s s, PR R R 1 J0 28 B4R 5 e e o
JERAE s () TEWNAIIE b, 2 AL R A Bk iy
LZE 22/ e w1 W UG BT /N N R 2ol e w SO N
A AT EERAE 5 (3) F T IIA T KR A Fe R
AL 2 S B E 76 + 90 2K (Surya et al., 2012) ,
TE Fe S8 A o3 itk B0 0 25 4 26 Bl b 4 + o0 R
(Haley et al.,2004) , X — i PR AT A FE 5 P # AR
FFEM R EEAIG . XL TR A RRE
iE— 20 RN ZE N B AR IR T KA B

0
(a) (b)
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Fig.7

Cross-plots of geochemical proxies for siderites from the Anya section, Yulin, northeastern Ordos Basin
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HRAE IS 2K o A & i B AN ] AR Al TR
CIB R S E =R AN/ =R AN & =0 T oY LN B o
55,2015) 0 T HEEEICR IR B 2352 B A AR
A, WMo UV CrIG S e E AL A T #
= N o 1 NG AT € X7 = S Ll N
W JECA AR S B AR DU h & 4 (Lewan, 1984
Morford et al.,2001) . AL, X $6TC 3K # JHVERF T
UL 19 S8 I S A5 A Y 248 bR . Hirr, V/AL
(B RE A% 42 1t 5 T DTN A 5 4810 3 JrUIR 25 1 2245
BN I8 B E ) VIALE TR 7 H B4 ) R85 (Zhang et
al.,2016) . BT XA FE 5 VIALE A T 8.23~
27.45 wglghot.% , FIE A 15.60 pg/ghot. % ,ix—F-1
fH 5 T Kbl L #h5e (UCC) (29 13 pg/g/wt. % (Emerson
and Huested, 1991) ) FIE K F M J5 Kty (G- 00 4
(PAAS) (£ 14 we/g/wt.% (Piper and Calvert, 2009) )
(- 249468 o SR, AT 43 FE i VIALE R A (/N T
13 pg/g/wt. %) ,3X I GedE s D3R a 2 BT Ak
J SR, FET A A A I BREE T SR 43 i
WE BT I 2 A B AR B . X — 45 R 5T i i
Fey/Fe, FUAE it 4o 142 B # TiD (T 6 B € X3 ol i
TH AR 25 1A S A — B S PR B 1 2518 SR —
#(Liet al.,2023)(E6).
4.5 ZFHH TAREN

HEAWESE B, 22 80 28 = APl - (1) Y
KM Fe L K HCOS R s, KA B3 TE L 3%
g 0L — % B0 7E W AH P (Ohmoto et al., 2004 ;
Garcia et al.,2016) ; (2) 3 & T AL 8k i 50 H e B
IR ST b FL K Y B AR DUTE ) B R e i
¥ (Lovley, 1991 ; Teixeira et al.,2017) ; (3) i i 45 L
JoT R R o AR, A e IR e H % 3L R A R (3] >
170 °C,>1.2 Kbar) , ZA MY sk S A YR L 5 4
BLBR B4 53 i 7 A 0 W 9 1 7 ) (Halama et all.,
2016) .
451 BEREERH T AAILAF
R DI SR A T AR R R R ik
JE VR RIR S T LA &R R BT . FERR
O3 ZE AT RE P A A P WL 3 B AR B
WA R BB MUORLAEAE (181 4) o Hoh REARIR Bk
138 H I T R AR B B sl e R B Bt (Canfield
et al.,1992) . TEWNAPREE Y, BRI EL W LA . B
HUURY I HERR , BRI EE /e /K—TTRR ) TR T FE
Az i HS (Bl 1ot i R R 30 [ S I AR B R Hh ik [ T

BCHS™) Bl 5 HS ] 7B (B B2 ) 2 CA L
LIPS Fe S SIS YK AR PR IR R A i
PLSHFE R A2 i, I HLUCEA AT 1 0 i 3
TR A G AR 22 R T AR TR (18] 8 L8] 9a)
PRt , BP9 IX 22 0 5 i 2k G R R W2 k™
[F)REAE BT [F) A= B Bl R4 s B B B L IR A
Rt A B BRI P sk SR A E NI i Bl
Jiiaty | Zead AR IR A RV PR Fe™ o 7R
BRI J5U v, 3% 2 Fe 2 5 A HIL BT A A0 20 A 1) D
1 SPCAH IR ES &I W 6°C,,, W IE I ZE 80 o)
— 7T, FE 7 H e Y, Fe U AT BE 5 40 B 7= FR e B
FHA B 1 0 CAE IR A5 &, JE B8 C.,.,, M IETE Y
Y (K 9a) o (AR, 208 i X 22 8k
W 8°C.,, [HFHET O B, 2R A Ut = FE e A o 480
AAE I DTRR A 2H 53325 B AR P16

452 ZAZREZRT T B ALE]

T R R A A B S DU AU e v A8 e
fEZ — , — ok s R e i A b — AR SRR Y
YA AR RS 2 el s TR T e
DA T AL LA R ALBR K rh %) R Ak 22 ARk (RS
2017) o ZEERH BEAZ R IE U B i 1 30 gk, —
IR HEAE ] s AKE 9 1) IX 38 (Raiswell , 1987 ; van der
Weijden, 1992) . HFFE X Z2 8k 25 R G UA
2 PR UAJZ B, I VUA G AE KN
JEAS, HA5 R R Y 2 20 I e R4 (181 3) , R ]
SER% L B L3 IS 45 5T AR (Criss et al., 1988) .
RRIEZE AN ELE YA R BB, 4508 T R A=
Il e

B TR R 45 A% ) A A A B A AL RS AR K
Wiff (Gaines and Vorhies,2016) . B4 K A HETE R
SERRIRESE I IR S5A% 0 RTS8, 18 U0
WYy it FL B Z 8] 0 e 45V P B  idE A5 N i
PR AR NI, 5 eI A AL A 45 A
K B TR ER ) B2 i Vs S0 BN 25 4% 0 S, DA 45 4%
BTG R . WFFE DR R A il WL 3] 25 S e = 2
A G, W BAFE AR A X AP E5 R I
T EVE R Y B (Gaines and Vorhies,2016) . £E
XA R, Sk RSO AR A Fe™ BT LB K
B TR USRS AT LT SR A A A A i £
SCCAH MR B E H Bely 55 7 FY eV FH AR 7 i i 1. 6°C.
HABRES A A R A 8 C{E A FeCO, (& 9a) .
bl FeCO, R ARWI R R B WY MUAE %A% 0>, B i ik
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3 M A% SRR 2 S Toarcian KPR AR (RS2 400 14 ol PR B LMl Jo 28 S
AR R FLER K AR S A Py ER Ak A
e ©.
AU / CH,0+0, — CO,+H,0
 NO;
= CH,O+4Fe(OH),+8H' — CO,+4F¢” +11H,0

WAk

Mn**

2CH,0+S0; — 2HCO +H,S

Fe*'+S?” — FeS — FeS,

/
/
Fe'+2HCO; — FeCO,+CO,+H,0

B8 B LR L K S AR S 3 (B Liv e al., 2019 18 50)

Fig.8 Redox zoning in sediment pore water during early diagenesis (modified from Liu et al., 2019)
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Fig.9 Formation model of layered and nodular siderites in the Fuxian Formation in the Anya section,

Yulin, northeastern Ordos Basin
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Abstract: [Objective] The widespread siderites in the marine strata of the Toarcian Oceanic Anoxic Event (T-
OAE) are believed to have resulted from a low sulfate concentration and increased terrestrial iron supply. Similar
large amounts of siderite have also been reported in paleolakes in the same period. However, the mechanism of lacus-
trine siderite development and its connection with the T-OAE remain unexplored, but is crucial to a better compre-
hension of lacustrine biogeochemical cycling in the early Toarcian.[ Methods ] Mineralogical and carbon isotope geo-
chemical analyses were performed on siderite samples from the lacustrine Anya section of the Ordos paleolake. The
sources of iron and carbon, as well as the sedimentary environment, were investigated by integrating major and trace
element data, which allowed exploration of the formation mechanism of siderites during the T-OAE period of climatic
change. [ Results] The coexistence of pyrites and siderites was observed by scanning electron microscopy (SEM).
The value of inorganic carbon isotopes (86"”C,,,) varies from —11.25%o0 to +16.32%0, and the organic carbon isotope
(8"C
REEs are depleted, with Eu anomalies ranging from 0.69 to 0.85.[Conclusions] The iron in the Anya siderites is

..) value ranges between —32.03%0 and +14.33%o. Light rare earth elements (REEs) are enriched and heavy
derived from terrestrial inputs; the carbon included HCO, produced by methanogenesis, as well as carbon released
by organic matter decomposition and aerobic methane oxidation, either bacterially in the suboxic zone or archaeally
below the oxic-anoxic interface immediately after methane production. The pore fluids during siderite formation were
a suboxic to anoxic environment. During the T-OAE, intensified continental weathering and increased surface runoff
transported abundant Fe® ions into basin lakes whose widespread anoxia, abundant organic matter and low sulfate
concentrations created favorable conditions for extensive siderite deposition.
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