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Abstract Siderite nodules are widely developed in the Late Paleozoic marine-continental transitional
facies strata in North China. The siderite nodules formed in the syndepositional stage contain rich sedimen-
tary paleoenvironmental information. This study focuses on the siderite nodule layer within the Taiyuan For-
mation in the Zibo area of eastern North China. By conducting petrological, sedimentological, and geo-
chemical analyses, we explored the formation conditions, diagenetic stage, and paleoenvironmental con-

text of the siderite nodules. The main conclusions are as follows: 1) The siderite nodules in Zibo area were
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formed in the syndepositional stage. The chemical composition and characteristics of siderite nodules can
effectively reflect the palaeoenvironmental characteristics of the sedimentary period; 2) Siderite nodules
were formed in brackish water, weak reduction-reduction, weak alkaline-alkaline environment of marine-
continental transitional facies; 3) The siderite nodules were formed in the Early Permian Asselian—Sak-
marian transition period (295.6+1.1~296.7+1.1Ma), correlating with the terminal phase of the Early
Permian’s discontinuous glacial P1; 4) During their formation, the region experienced significant terres-

trial weathering, with a generally warm and humid climate. The bottom seawater temperature of the epicon-

tinental sea was between 9.3 °C and 19.6 °C, with an average of 13 C.

Key words sidirite nodules, development stage, formation environment, ancient seawater tempe-

rature, North China, Late Paleozoic
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Fig. 1  Location of Zibo area and regional geological map of western Shandong Province

in eastern North China (after Lii and Chen, 2014)
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Fig.2 Sedimentary environment and evolution of the Carboniferous-Permian in Zibo area ( Well Wk03) ( Zircon age by Lii et al., 2022)
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Fig. 3 Characteristics of siderite nodules in outcrop and the Taiyuan Formation of Well Wk03 in Zibo area

R1 EEMX Wk FRXRAZESRERNEZTWAHABR (wt%)

Table 1  Main mineral composition of siderite nodules in the Taiyuan Formation of Well Wk03 in Zibo area (wt% )

B i 5 it A5 KA BHCAT Tr it Hzfi £330 g3 A T 478
JH1 17.2 11.8 / 1.9 0.6 / 58.3 9.5 0.3 0.4
JH2 30.7 14.6 / / 0.3 / 47.7 6.2 0.5 /
JH3 26.0 13.8 0.3 0.8 1.5 0.7 51.0 4.1 0.7 1.1

gizsEmh. (2) WETY, EEAAKE, K
fi. BRA; UAadehE (11.8%~14.6%) , M
Kioe#e, HARME 0.2~5.0 wm Z[0]; KA1 & &
bo (3) AT, FRAE17.2%~30.7% Z
B, Lheie oy £, AR S eSS Y2
M. (4) L. L& 8 £ (4.5% ~
9.1%), RZMIEL, KETELKT H L=
R RER

TP X 22 Bk R 25 h W LR Fe 10 i
(F£2) vF 43.87% ~53.92%, -1 % 48.84%,
BRI R BN, A B 2. SRR

ok 18.16%, Mg, Ca, Na, K, Ti, P ¥4
HERM, PR EERD, FHTEMN0.04%,
mElaEhwETREMU S AE, i F 55.58% ~
70.04% 2z [6], F#J 62.26%, Hkh Al, & &5
T 16.73% ~20.35% Z [6], Fe I & &N 2.66% ~
6.40% , X452/, Mg, Ca, Na, K, Ti, P
JLR O SN, FRHM, Hd, PotRS
A A A W IO 0 5 T T X35 2k T A A i
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Fig. 4 Morphological characteristics under SEM of the Taiyuan Formation siderite of Well Wk03 in Zibo area

R2 HEMEX WKk A XKREAZHRRERREALEEERTERSE (%)

Table 2 Content of major elements of siderite nodules and surrounding rock in the Taiyuan Formation

of Well WkO3 in Zibo area (wt% )

FESL 5 Si0, Al O, Fe, 04 MgO CaO NaO K,0 MnO TiO, P,0; TFe
JH1-1 15.23 3.18 53.92 0.98 0.67 0.05 0.33 0.38 0.10 0.03 37.74
JH1-2 16.55 5.45 48.90 1.25 0.96 0.05 0.53 0.46 0.14 0.03 34.23
JH2-1 30.52 9.74 45.45 2.89 1.12 0.15 1.01 0.60 0.11 0.02 31.82
JH2-2 21.00 6.10 43.87 1.81 1.09 0.01 0.75 0.71 0.15 0.05 30.71
JH3-1 24.95 4.15 63.40 1.83 0.78 0.11 0.24 0.19 0.06 0.01 44.38
JH3-2 17.92 4.05 53.51 0.86 0.39 0.01 0.13 0.21 0.07 0.01 37.46
WYl-1 59.48 17.40 4.16 1.12 0.22 0.29 2.73 0.01 0.49 0.02 2.91
WYI1-2 65.01 16.73 4.14 2.11 0.60 0.08 2.80 0.02 0.93 0.07 2.90
WY2-1 55.58 17.98 6.40 1.66 0.389 0.38 2.60 0.05 0.46 0.03 4.48
WY2-2 64.71 17.84 4.01 1.77 0.31 0.09 2.99 0.02 0.94 0.08 2.81
WY3-1 58.75 20.35 2.95 0.51 0.31 0.29 1.79 0.02 0.60 0.02 2.07
WY3-2 70.04 17.05 2.66 0.76 0.21 0.18 2.05 0.01 1.13 0.03 1.86

T FAZALEA AL, 20T 2 A

3 MEHME WK AXRAZHRERMETRERE(X107)

Table 3 Content of trace elements of siderite nodules in the Taiyuan Formation of Well Wk03 in Zibo area(x10”°)

RE Sk G \ Zn Sr Ni Cu Cr Co Ba Th U
JH1-1 60.25 53.38 29.89 52.26 20.93 33.18 39.52 61.01 2.02 0.46
JH1-2 70.20 59.90 34.60 57.30 19.80 37.00 70.50 63.04 2.32 0.63
JH2-1 112.24 68.63 49.82 51.05 24.76 38.52 63.03 112.39 4.02 0.89
JH2-2 79.60 33.10 49.00 30.30 18.30 51.90 47.00 90.00 2.97 0.86
JH3-1 30.95 107.86 17.93 51.81 3.79 66.35 50.01 29.80 1.61 0.40
JH3-2 20.20 52.50 16.90 33.40 6.52 51.80 46.90 31.50 1.47 0.35
I 1y 62.24 62.56 33.02 46.02 15.68 46.46 52.83 64.62 2.40 0.60

75 - Y4 140.00 94.00 480.00 89.00 63.00 110.00 19.00 390.00 6.00 2.00

T FAZALEA WAL, 24T 2 A
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Table 4 Content of rare earth element of siderite nodules in the Taiyuan Formation of Well Wk03 in Zibo area( x107°)

FE i 5 JH1-1 JH1-2 JH2-1 JH2-2 JH3-1 JH3-2 NASC
La 33.9 43.7 31.8 31.0 56.5 52.3 32
Ce 87.6 70.4 80.4 57.7 210.9 141.0 73
Pr 8.7 8.5 7.4 7.0 20.1 20.0 7.9
Nd 34.3 34.5 29.5 28.2 71.3 76.5 33
Sm 6.6 6.5 6.0 5.8 16.0 16.1 5.7
Eu 1.6 1.6 1.4 1.4 3.3 4.0 1.2
Gd 7.9 6.0 6.7 4.9 13.6 12.7 5.2
Th 1.1 1.1 1.0 0.9 1.7 2.2 0.9
Dy 5.8 5.5 5.6 5.3 8.6 12.4 5.8
Ho 1.2 1.1 1.1 1.1 1.5 2.3 1
Er 3.5 3.4 3.5 3.5 4.4 6.8 3.4
Tm 0.5 0.5 0.5 0.5 0.6 1.0 0.5
Yb 3.2 3.5 3.5 4.0 3.8 6.3 3.1
Lu 0.5 0.5 0.5 0.6 0.5 0.7 0.5
5Eu 1.3 1.3 1.2 1.1 1.4 1.3 /
5Ce 1.0 1.4 1.0 1.0 1.2 1.1 /
(La/ Yb) , 1.3 1.2 1.1 1.0 1.4 1.2 /
(La/ Sm) 1.2 1.2 1.2 1.0 0.7 0.6 /
(Gd/ Yb), 1.3 1.0 1.2 1.0 2.0 1.8 /
SLREE 172.8 165.2 156.5 131.1 384.1 309.9 152.8
SHREE 23.5 21.6 22.4 20.8 34.7 44.4 20.3
SLREE/ SHREE 7.4 7.6 7.0 6.3 11.0 7.0 7.5
SREE 196.3 186.8 178.9 151.9 418.8 354.3 173.1

f: SLREE, SHREE4HIMUFEE . Mt OZMER, QILETE (NASC) FRMEMIFIIEN (REE) . B2 e A 3 0 BORE
ST 2 I HE
£S5 OEEMEK WKO3 FRKFEAESRER 6°C, 60 AMISME. Z E. HREF pH E

Table 5 6"C and 8"0, Z value, paleotemperature and pH value of siderite nodules
in the Taiyuan Formation of Well WkO3 in Zibo area

B 5 g 2 8"C (ppp) /%o 8"%0 (pppy /%o 8"0 i (pop) /%o 8"0 (swow) /%o Z T/C pH {4
JH1-1 -3.8 -3.9 -1.3 29.5 118.9 10.6 7.6
JH1-2 -2.6 -3.6 -1.0 29.8 121.5 9.3 8.3
JH2-1 -0.9 -6.0 -3.4 27.4 123.8 19.6 8.1
JH2-2 -3.7 -5.5 -2.9 27.9 118.3 17.3 7.3
JH3-1 -1.8 -4.2 -1.6 29.2 122.8 11.8 7.7
JH3-2 -2.1 -3.7 -1.1 29.7 122.5 9.7 7.3
T -2.5 -4.5 -1.9 28.9 121.3 13.1 7.7

e AR R M EARE : 80,55 =0.97 8" 0oy =29. 945 FAZRLAEARIFEALCRE , 4351401 2 41003 B0 He

( SREE) H#%, 7F (151.9~418.8)x10°° 2 Jq], 4 it

Sy 276.7x10°°, SLREE/ SHREEA»F 6.3~11.0

Zl‘Eﬂ, I—i&j 7.7 (%:2 4)0 5'3(: (PDB) {EE 4.1 %%ﬁi)ﬁ%#&ﬁi%l‘ﬁﬁﬁﬁ*ﬁ
-0.9%0~-3.9%0 2z [8], F4-2.5%0; 60 (PDB) 4.1.1 i HRESST Y

HAE—6%0~=3. 6% [d], V-¥]-4.5%c(F 5), M X Z R EERS i, 5ETEZ
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BTG, BRI )2 B 3-A);
TEFI AT T AT LB 200K . HOpR 45 P8 dh 28 gk (1
4) (Wang et al., 2023) 5 Z5H% NAT 1 2 Bl 25 19 2
B, AREPRECH L (A S), fE—E g bRk
TEEIIRT R A s B B (B R 2T 5 & i
£, 2003),

10

%10

fiEd/keV
B 5 U X WkO3 A Ji 24 25 4k o1 45 4% b B 5 IR i kT
FRIE (B HEE) (P Wang et al., 2023)

Fig. 5 Characteristics of strawberry pyrite in siderite nodules in
the Taiyuan Formation of Well WkO03 in Zibo area (under SEM)
(after Wang et al., 2023)

4.1.2 8°C5H "0 mytAXH

— kK, 8°CH 80 KIEHCRE HA Y
AR SENE, W8 7R 28 Bk 45 A AE T R i B 2
FICEE R e s (B, 2014),
Tl X 32 Bk 45 B vh 1 87C S 3 (o —2. 5%
80, P A 4. 5%0( £ 5), & A H &
FHEASCHE (R =0.0727), SO T 38 8 B 45 4% 4%
ARBA T Z G SCEAER], AR T8 U bR
[F] 37 2R 1) 2H LR AE o
4.1.3 5"0 AR

B[R] 7 2R 20 AR AR 2 8 A R BRI AR
8" OfEL I W AR AR A 2 5 R R /K sl R TR Ak % 28 T
I XA i 45 B, Kaufman 1 Knoll (1995) jifi i3
T IE R £k 2 TR 1 870 AL, AR A AR B g
SN 870 {858 7T il AR K 1 5 4R 60
(=5%0~0%0) ic 5% —3,

— BN, 80,y >=5%0, W3 B T 45 A% K
Fl a2 e s s i sy (BB 2%, 2014,
TR 2016); —10%0<8"0,,, <—5%0, I35k
BT 25 4% I L e BUE R, B SCE 1R R R i A
/N (Kaufman and Knoll, 1995); 1iis"0,,,<-10%o,
R BUE M ASAE SR ZY (Li et al., 2009) . i 1 3
X 25 8k 5t 45 4% 11 810, (A T —6. 0%0 ~ —3. 6%0 22
], IR -4 5% (£ 5), S 0L I i35
BRI S5 A% 32 B BCEAE T s ma 3, JEA LR B T i
T ) B AE S
4.1.4 HWEITEHE

Shields I Stille (2001) A K B % 1 1 B2 19
#47, DUBUE T REE B BiaUR L Ce BT &
£, Eu B #, MREE Z¥r s 4. Wik, # 1
JCE WRFAE W] DL B e 0 FR ) 02 15 32 B A AR 5
M. —Bik A, 8Ce 5 SEu St B & A 41 56 1 H. 6Ce
5 YREES W] 0 E A GRS, 1 W B 1R T X
TREMEEBREET BN (S 5EM
R, 2023) I T X ZE R BT A4S 8Ce &
8Eu. 8Ce 5 SREEHH 25 R® 435k 0. 2744 F1
0.0534, FIXRMEAR2ZE(E 4), RUIZEHKRAZ)ZN
i 1 IO FEA WA Z B CEE B 5

4.2 EEMMXERREZHEFHRFE

ZR B R RS E K b B s, HOE il
MFeE 5 MR E XA —#8/r & (Hatch
and Leventhal, 1992), —#k i, & E 5% 00
B T 2 —E W pH {E 15 %40 8 J5E3E B A 2 08 AR,
E I ZE BRI A A X (pH Hl W/ T 7.0~7.8 2
i), PEsk—A%, 20205 AAbib AL (Eh) 4 F
-0.3~0 Zu), 5568 —ib IR o AW 5T I T
TR ST, BERAT R AR PR AR ST X 22 Bk T 45 4 1 i
P2 RAHE o
4.2.1 |EFEEMH

(1) BUSTTH

IR, ULV, Ni, Cu, Zn FI0HR N
L JE U OT R o Cu Fl Zn FETUAR S e H A ot 4
3B 1 22 S R AN [ A ORG24 Jo A A
JEREAR I, RAFTEDIR M i Cu 23 18] Zn 2f
S QL ONVA N R (=075 A N S I A O 1 D VT A 7 B el 1)
Cu/Zn {HRFR 7R TR IR 85 & S 9 8 45 Ni 2%
WoCR, TEAMLFMA T TK, FEREFMA T EE
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FIEMITE (NiS) (BRI A, 2022) , —MRIAH
Cu/Zn, V/(V+Ni) {H W] DUE N A AR 5 AR 1k 1
BASHR, Cu/Zn<0.38 B JZ Wit S 3R 85, V/(V+
Ni) B> 0.46~0.60 Sz W% A B 58 (B Rk € 5%,
2022; FEMSIRAE, 2004 ) o I 1l Hb XO2E K BT 45 4
1 Cu/Zn {H 4 F 0.04 ~0.39 ], FEy 0.25;
V/(V+Ni) {4 F 0.37~0.72 Z ja], FH 0.54
(% 6) . DIRAEIREE RN 228K 45 8 BT 55 146 )5 —
I I il 2 08 I = K BB

6 EEMX WKO3 3 KIRAZEKREZARE
BEE/METHRLE
Table 6 Typical major/ trace element ratios of siderite

nodules in the Taiyuan Formation of Well WkO3 in Zibo area

FefhgwS Cu/Zn Th/U V/(V+Ni) Si/Ba Si/Cu Mg/ Ca

JHI-1
JH1-2
JH2-1

0. 39
0
0
JH2-2 0. 55
0
0
0

39 0. 54 49 .43 . 46

.33 67 55 55 .75 . 30

. 36 51 69 44 . 01 . 58

45 72 54

JH3-1 . 04 02 37 . 34

JH3-2
¥ 1

.12 20 37 54 .59 . 20

Eal e o
e e e e e e e

1 1

1 1

2 2

2. 68 1. 66
61 4. 73 2

2 2

2 1

e @ e e e @2

.25 04 54 53 .53 .92

T BN R LA R RO, 23 BT 2 2D d

(2) BRI FFAE

FERRHTARAR | B RO KN K AR
B (T 25 RRAE R AT 358 3t 38 718 22 S T 245 A% 0 Il it 1)
AR R A (Wei e al., 20165 Bk 3 4,
mnn%@mc X &Wﬁ%ﬁﬁ%ﬁ
4.5%~9. 1%, FBK; WIEW W ERR, AE
mw&l%ﬁ3ﬂ% SR, HRLEARRR b
(FE5), FWESE 8T 25 7% 1 I 300 JE Pk 174 i 22 96 IS
R KRB
4.2.2 BWEEH

WIS ZE R 1 Fe, Co, Ni ik, AL
JE B S WU R BR B o 8 R B RE A5 o 7R AR DURUA
ZH, Fe, Co, Ni LR &KL H MG, &#EA
[ (R KA BT SR A I R e, T R A 0 15 o FER T
0, U B K Fet Sk AL Fe't HE B AR
(Fe,0, - nH,0) Vi¥E, HTCEA ML Co Hl Ni fifi H
ULTE . TERMESME T, WEEARAEA Fe™, if
REf CO™EALIFIL AL (CoO - OH) Vi, {HEEA
AHE NI &4k, M Ni BEE R EL, -5
Fe 1 Co KA 4185 (L, 1991),

VR (1991) Sl IR A MR DU Fe, Co.
/EHUH R pH MR, 58 —25 A
Eﬁﬁﬂﬁ%pHﬁ:
=13.09(InCo + InNi)/InFe

LkﬁﬁﬁﬁﬂﬁmE SR A Y T
7.3~8.3 11 pH ¥&ith, PHMHEKN 7.7 (£ 5). R
WA 58 DX 22 2k o B BT 583 P 3 05 v
4.2.3 HEERFME

SRR 60 58 CH MUARIE . TR
JGE CAERRAE, AT DU 52 R R BR45 v (9 ol 3 B

(1) B, AR

FRIRER A Hh 67°C . 8" 0B 1l £ i &5 +h 19 25 1k
AR AL HL S T M G 87°C 53 B i 56 R E %),
HZ B e e 5 IR 2 RN, R BT
1°C, 8"CAUAN 0.035%0 (fFHifEE4%:, 2007),

AW S R P ZE RS AL i,
T BRAEAR SN X 80 [HRZ W (HB B X4, 1996)
LASES DU 20 9 HE B R 3R 10 670 AR vE (870 =
—1.0%0) , T — B 20 A B IR £h %5 80 (H 4 N
-3.6%0, —FAHE 2. 6%, T A8 0 =-2. 6% ¥
M B B AR A 1 870 (H AL IE AR 24 T
SEDU 8 AR LAY 860 fH (£ 5). Keith Fll Weber
(1964) #5°CH 8"0 HFWE ML, JFEE T
— A R EA S

Z=2.048x (8"C+50) +0.498 % (8"0+50)
(PDB #rifE)

A, 8°C, 80 LI PDB MER#E, 25 Z>120,
M8 7R JBK R EE 5 45 Z< 120, WFE/RIRKIREE

ST M XSS R 45 i Z {4 118.3~123. 8
ZI, FYER 121.3, Z HAGTE 120 24 (R
5), H8"CH Z MW S IEMENE (R7=0.95),
B T IR S T AR 5 Bl A O U RS

(2) W IeE S &I E

W55 %M, Sr. Ba, Th, U JG & X UTF 5% 1)
AR AN B . KRR BE L BAIRET, Sr. Ba gt
R LLE R R R A MR A AE . MK AR R B2 3 in )
— RN, Ba RS HKEPMRBREE T445
JER BaSO, VLUE, T3 Sr v R M & & A X H &,
St/ Ba (B K /N 5 iy £8 B 19 = AR 52 B A9 0E A OC 1
(VESRJK, 2018); Th, U Jn&R S HFEA XL 5,
U TR A G WAL= IR B K2R, ERAHT &
WA E S Th RN 59 EE 0 W) F 5% 58 9 %

Ni &
PAR
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W1z zd, HAERAH 8 w4, Th/ UEA] L
AR AR SR (g%, 2020)

KUt, Sr/Ba, Th/ UAE AT LA R K &2 7 36 B,
24 Sr/Ba<0.5, 38/~ fitHEFIE,; 0.5<S1/Ba<1, 18/~
THEAR PR BT St/Ba>1, WL A R (TE %K,
2018), Th/U>7.0, 8 /n fli #H B, 2.0<Th/ U
<7.0, $E/RLIPEAIREE; Th/ U<2.0, FE/RIGAHIFEL
(EJEWESE, 2020),

T T X 22 Bk BT 45 % Sr/Ba fH A T 0. 44 ~
0.61 Z 8], “FH#{EH K 0.53 (£ 6); Th/ UfEH S T
3.50~4.50 Z ], FI{EH 4.04 (£ 6);5 RWET
T A b DX 322 % o 45 A2 0 BT 1 i o R A B 5

4.3 FHRREBREEBHERAR

FRF 5] 7 51 3 A7 3 DA Ay e R T 0 0 4 A Ak 2
51 A R B - 249 i R J PR A A, e f il
FAEUORMZ h, SR 32 5 108 ~ 405 ka K
fii £ ~ 100 ka Zff 0% . ~40 ka R A ~ 20 ka
% 7% (Strasser et al., 2006) o K 3L 3 18 7F Al AT

A 0.8 B
=
<
=1 140.7
<
S
!,I
BN 4 0.6
=t
<
=
= 05 -
: :
< E
< =
S - 0.4 'Lg
S s
L =
=t H03
&=
-
L
é 40.2
S
=
=
=) H0.1
L
S
i L 0
10 10* 10 10 10' 10° C
.
Rtk
Pow
20% median-smoothed
I Robust AR(1) med dian
Robust AR(1) 90% =
— == == == = = = Robust AR(1)95% =
77777777777777777777 Robust AR(1) 99% o=
FEETIEY o
———————— 405 kyrE
® wwok O
© mwox  © wx 100

PATE 75 WL B 0) R BRE | AR W A Rk 55 il LA 2 i)
(Husinec and Read, 2018), Laskar Z& (2011) i}
B 3 25 250 Ma oK ok 250 Ma i} 8] 8 FE A #9 K SC
IR G NE 2 O 7 O I SN B SN T ATz S 1 B ]
(~405 kyr) TE#EAHAMGEEN (250 Ma DIR)
AT R ZE /N o R ST o At 78 ¥ 4 i 2 4 4
AREF . ZERENRHAERZEHZES (Fang
et al., 2018; Falahatkhah et al., 2021), K, i
FHGE [T M 2 27, a] LA il AU A AR AT F 9T, M
B o PR RSO ) RUEE (ATS) , A7 BILiE g
Bl gEit b, HAre B H T AL, AU
AARHZE (RUWEFEM P59, 2020)

MM RFEHEAR— &R, HANLKH 1
JZkEEK A (F 2), iR 301.3£1.1Ma (Li
et al., 2022) , (HIJ52H P 25 8k BT 45 A% DU AR R A7
BRI BR E . A0 50 1 i i WkO3 /Y GR %k
P, NI 3 DXOR R AT R SO a0 B o B S
Bola eAT THRME . £ 3 AE AL 3 LA B 3 2 PR 05
SRR RS (RWESE, 2011), RS XAb

0.8

0.6

SR /e A m

0.2

VREE/m
A—MTM 45 3% 53 H1 3 B—FFT ARSI 40 7 5 C—IE P45 R AR # 5 1) GR Bk
Bl 6 M X WKO3 - K IFAL B S&m b 28 4 3% 43 At

Fig. 6 Spectrum analysis of natural gamma curves of the Taiyuan Formation in Well Wk03 in Zibo area
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G RBE 2EAT MTM Zh 335 04 (2m ZHERE )
(Thomson, 1982) F1 FFT % [&] /3 # (P i B ot
75 ) (Kodama and Hinnov, 2014), R 5] #h 24
K 2= B4 5 g Il 5 5 (& 6) . BL COCO 43 #r
( Correlation Coefficient) (Li et al., 2018) #f & 2
DU R, Fdz ] e 0 oly 2o 90 5 77 0 4 2 1 Lol
RS HEATIRI, DAL, T WKO3 S K JRL 4 1 4R AR
B R o

X B JEAT MTM 73 #r S i 4k FET 234, L)
HVE S R T 90% ) B3 I Oy 44.5m | 32.3m,
21.7m, 12.5m, 10.8m, 4.8m., 3.4m, 2.2m,
1.7m, FHEMH K 44.5~32.3m, 12.5m, 10.8m,
4.8~3.4m, 2.2~1.7m (] 6-A), Kfm L %K
(~405ka) . L% (~125ka, ~100ka) ., A}=
(~40ka) F1% 2% (~20ka) BEELL(E N 1:0.31:
0.23:0.1:0.05, [iiqE WkO3 F:3H 1] i i) 2% A4~ e 2] J&]
B 1:0.28:0.24:0.1:0.05, 5BE A+ 4>
Fii, TS X WKO3 e rp i 20 & 9 O AR e el 5
RSB JE S AH XS R

# WkO3 H i) GR Bufls £ ab B 5, X ik
15 COCO 2 #r, 43 Hrit L 2000 vk 52 45 3% 45 0l iF
iAo AR H, I 35 M ACOT- 15 30 3 1 XK 5t 20
DURE AR A B A o 10. 3 em/kyr (1] 7) o

Zi4 COCO 73 Mt 453 2 /Y & A I0 AR 3 =% i
MTM 3y % 3% 43 B DL M 3 46 FET 43 A /9 45 2R
405kyr (55K By 44. 5 m, X AR I A 8 HE AT U8 I,
HENZ) 6.5 DAL A (405 kyr) JIHI (18] 6) o

T X WkO3 b R T2 N 22 8k o 45 % )2
JHL 1 JH3 3 5 BEBEJK 5 63 m, S1m, HEEZE N
12m (& 2), PAdf 0B S k47 S, D 1l
X 22 Bk BT 45 4% 2 JHL U0 ALY i [6] Oy 295.6 +
1.1 Ma, Z5#J2 JH3 GUARI (] Jy 296. 7+ 1. 1 Ma,
ZEER R UL R A X I o B — & i Asselian —Sakmarian
1P .

4.4 EHHREBEBEESIRSE

Z2 R A A% S — Fh IR U SR A UL AR Y, TR
DURR BT BOY A0 22 B o 25 4% 2 2 36 DURR A0 PR 05
= H (Weibel et al., 2016) .
4.4.1 TEREEMNHRENET

TEUURRY B0 38 & i s (R X T Ui %
A, Se M BRI B T RIJT R, & &
RET R, ez W38 75 % 1 < ; Mg 1
mi T E S YU, P AE TR IR B 5w AR
St/ Cu, Mg/ Ca, P J& UM 8 b5 (B 26
&%, 2020), BT 1.0<Sr/ Cu<10.0, Jzme

0.4 ———————————————————————————————————
= A
“N'/‘ 10.3 em/kyr
w 0.2+ -
K
zZ
ob— v v e
2 4 6 8 10 12 14 16 18 20
PR R em + kyr™
o T T T T T T T T
> B
%
1 0.01 F
i
T
1 | | | | | 1 1 1
2 4 6 8 10 12 14 16 18 20
GO R em » kyr™!
E]m.H 1 1 1 1 1 1 1 1
= c
N i
ey 3
]
K
i)
EL
Bl 0 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18 20

A—RJEAL R AL R EL, 76 10.3 em/ kyr (L BB R M (BFERT 99%) 5 B—RIFHAF BB EFAKF, 7 10.3 em/ kyr 4b/hF 0. 001;
C— IR JBU 2 A A 36 DU 36 oP SR R SC S B B0k, 75 10,3 em/ kyr AR 7
B 7 I W03 K JRZH COCO 73 A7 foe (6 L AR i 4 45 5t

YU R /em + kyr!

Fig. 7 COCO analysis of optimal deposition rate of the Taiyuan Formation in Well WkO3 in Zibo area
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U e 10 A€ 5 St/ Cu>10.0, Fole 5 R #o g,
mH A —E /R M (AR HSE, 2019),
Mg/ Ca>0.5, $575 il B W2 iE <45 ; Mg/ Ca<0.5 B,
M sz e g AT B (o Mk £ R, 2013) 6

T 19 0 [X 22 K B 45 A% S/ CufB7E 1.43~4.73 2
[a], ) 3.39; Mg/ Cafd7E 1.30~2.58 Z[a],
PJ1.92 (£ 6), BoWzs 8k I 45 08 nl ) T i i 1
TP, BB TP PSRN T 0.01%0 ~
0.06%0 2 [], ~F-I{E ALK 0. 04%0 (£ 2) B3k
Jo S5 AZ T FSCIR A oty A S A Rl e 3 AR
4.4.2 HFEMWTHEEAENIESENETR

e i A 485 (CTA) 5 FH R A0 W 4 O IXC 1 XL
LFEE  (Nesbitt and Young, 1982), i t— &
WARERE B /TR CIA R 202 3 AN X 2
CIA fH1E 50~ 65 Z[u], #5/5FE¥% THA M, Wik
FRBESS 3 (£ 65~85 Z 0], J8 75t W 9w i i U fee, KL
PG B v 4 5 2 85~ 100 Z[H], F5 /% & $A I 1 11 44
i B e, XU FR BE 9 (Nesbitt and Young,
1982; fR/NGE MBS Je X, 2018), CIA (it 5 22X
mr:

CIA= [ALO,/(ALO,+Ca0" +Na,0+K,0) ] x100

J e A T o S AR T AT A oh A
hn, ECCIA B AEMRAR, IR 2 CIA {5 B
TPRCIE (FR/Nidg AR e SC, 2018) o # 2g ARAE T mT
FH Nesbitt #1 Young (1982) #EHAY A-CN-K = &
Ml Panahi 4 (2000) #2119 CIA,, A x 2 Ffhjy
BEATRE, HREASX T

CIA,, =[ALO,/(ALO,+Ca0" +Na,0+

K,0.. ) ]x100

K,0,,.=[m-ALO,+m-(Ca0 " +Na,0) ]/(1-m)

m=K,0/(Al,0,+Ca0 " +Na,0+K,0)

IR A Ky A B DR R AT O

AWE5EiE H A-CN-K = ff [ %F CIA {8 #1712
IE, JF¥ 4% CIA M5 Hl S CIA [HF 17X il ie,
LA R SV - S Y

T X R i 2H 22 8k T 45 4% CIA,,, fH A T 85. 86
~96.00 Z [d], JH3 FiZ CIA $udi 2= (e, MRS
HWAE 96.00, SEH{E K 87.09; [Hl& CIA, H AT
83.16~87.55 Z[a], FI{H M 86.14 (F& 7; & 8-A,
8-B) ., TE45# CIA OEKE b, ¥& SR T55 IE
Lz b, RUILEZILT KM Z B9 S AER, dl
T EDIE T 45 #% 3% 2 )5 WA 1E R e i )

(F 8-A) . KIEJR M4 AME & CIA {5 HA LA
fi . AFEDESAFSE (K 8-C), ik, RPN B
S BRI ZE R B A RAF I R s, 250 CIA
{EAG /R U MR, KRR B

x7 EHEMX WKk H KRAZHREZRES
U F TR

Table 7 Chemical alteration index of siderite nodules

and surrounding rock of the Taiyuan Formation of Well

WkO3 in Zibo area

BESh g JHI-1 JH1-2 JH2-1 JH2-2 JH3-1 JH3-2 3

JH-CIA 86.17 88.35 85.86 87.63 87.06 96.00 87.01
WY-CIA  82.13 83.46 81.53 83.45 87.50 85.86 84.00
JH-CIA,,, 86.17 88.35 85.56 88.33 87.06 96.00 87.09
WY-CIA,,, 84.99 87.55 83.16 87.56 87.50 86.06 86.14

4.4.3 EHRREBREBBLHEKEERE

FEFIFHSC . 80 A7 iy ik B I B, %y
AW BRI IUR ST e S S A A (B AL
(HBJe L5, 1996) HSa 1 RS2 (R AR
AR, 2023), FIXE &AL, NHER,

SRR BTAS R B AR AL R B W R TR AL
N (B E A, 2017), WS B0 4R 4 T s
1°C, H 8"0 R 0.24% (Li and Ku, 1997), 0]
DAAR R 670 Bt J3 T w55 107 AV 1 28 1k 56 KA Ry ol
KT A 1 AT SEAR . T AR S Given 1 Wilkinson
(1985) MIEJ& iy AR 28 Al Bty il B2 T3 A 5

1(C)=16.9-4.38[ (80,0, +2.8) ]+

0. 1[(8"0,c0,+2.8) 17

AW 5T & B — B ik Sakmarian — Adinskian
2R AE 10~ 15 °C Z ] (Given and Wilkin-
son, 1985), A [E AT # X F. — B {ll Asselian—Ad-
inskian g 5 ¥ K IR BE N 24 ~30°C  ( Chen et al.,
2013) . Hepg i IX B =8 20 7% 38 B o v K U B AE
26~30 CZ | (PRISE, 2013), EILm il —&
1 Asselian—Sakmarian [t fili 35 Ay i & 25 20 °C ( Yang
et al., 2016) ,

TP X AE R A TRZE T X (Eh e
&, 1993) . ZFEER 45 Y T Asselian — Sakmarian
APERE (295.6+1.1—296.7+1. 1 Ma), fLFH—F
HAREZE K PLR (FLEYE, 2019), A MAH
XPHREVSI] (R, 20185 #piLlifgss, 2021), HAEKE
TV KR B (MHELR, 20155 RLE%E, 2019),
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A—ZEBRBA5 % CIA (EACIE A ; B—H4E CIA (HACIEE; C—55i1% S
Fl & CIA {HXT LA, SNC: Aot v hir il g 2% T 24 1 3t 52 b 2 KAk #
# (Yang et al., 2016)

A8 T X WkO3 JF R R4 45 4% . Bl E A-CN-K [&]
(Nesbitt and Young, 1982) K CIA {H X} L
Fig. 8 A-CN-K diagram ( Nesbitt and Young, 1982) and
CIA value comparison diagram of the Taiyuan Formation nodules

and surrounding rocks of Well WkO03 in Zibo area

P I 1A b 7R T el 2 9 A RS2 o T K B AE 9. 3 ~
19.6 CZfH], P42 13°C(%K5).

5 EEHRIAR

Xof e T 2 S T 1R e IX K it 4 2 A T 4 A Y R A
FA 5T ARG LU AR

1) 1 XA it 4 22 B o 46 % 0 A /] 0 AR B
BOB BT 55 38 J5—ik J5t . 58 B — ik . K IR
KR 1) T it ek O 2 JBOK BR S vp o [R) AR B B I
R 22 BRI 45 I 2 5 o R A B A B R T 5

2) T ORI 2 B R S OE TR B
tH: Asselian—Sakmarian 35 J 1 (295.6+1.1—296. 7 +
L1 Ma), xR ZF M AES R K P1OR,

3) T DXOR D 20 25 Bk T 4 O iU, B
WACREBE By, AU BRI R, i R T IS 2l
BARRENT 9.3C~19.6 CZH], F¥H13C,
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