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KUK — B R 5 R B e 5w SR W ), vk
Vi 3 S S0t - 1 5 P TR, A BRBRAIG PRt 3 T
2 2 B (VLR IEAE 20195 Yang et al., 2020) .
TR H A £ ok 2 — — B 20 0 BR PR TR A ) Bl AR DT
FRUE U ) J R A8 AR R AL P e s A
ML &2 R T2 K B (Zhao et al.,2018) , M2 1%
S H 7E 8% A A2 db v i AR 0 AR E (B i E 4
2021) . XEJZFIL T B =AU

2022) . JEIPEREEER S ECE AIURTE S 5
WG A K A H )2 B M2 BRI —f—5
HE B UATE AR B AR A A RA
ST EM A REIEF AN ESZE R (BHE,
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h—R S E AR RO A 8 WA
FEHA (Liu, 1990; HE e 45, 20145 2% 55 45, 2023)
H 2 AT ML B 4 2 15 32 A BRI T i 1 AR L e
A AAT B RGN

FETF Milankovitch (1941) #2 H 19 K SCHLIE S50,
Hays et al.(1976) 37 T 45 T3 A2 LI K B kG FE il R SC
AEARAMELR BRI T A AR AL 5 Mk Ll S50 )
YOG FR o HiLJZ rhic S A e o3 Rl R Ay S f
= AT ] TR 9 Milankoviteh i€ 81 J& 39 , 430 g 111
iy 2225 R SCARAR 2 PR & R, S A X 2 6 1) AT br
TR e R B 2 R 43 5 6 R 8 TR B (Hays et
al.,1976; Laskar et al.,2004,2011; R4 FHF4,2011;
W 4G, 2014; P03 BB 5F L 2017 A Bl 5%, 2019;
Zhao et al.,2022) . 7 LT PRAF S A 0 8h 32 f oL
2RSS R o S A R e R R R AL
N 52 T 5 ML 22 5% & 4E (Chu et al., 2020 ; Storm
et al.,2020; Lin et al.,2023) {2 ¥ T X% & A WL Z
ROy A A HLTE & S R I I ] b 23 2 A
S A AR A A R R AR M 2 2 KR A AR
P PR 51 H Y Milankoviteh i€ [8] 82 57 1 AR B Hb 2 19 K
SCARAR AR N (F2—3 %5 2008 ), [] 7 fili A 3 )2 A
WA 2 1 i (38— 55,2008 ; Wu et al.,2014)
AR, by A A H 2 1) R SRR 24 e B 3 22 1
B (Wu et al.,2013; 2 W FZE, 2017; Zhao et al.,
2022) , SR Xy A AR i A AR i s O A 2
F A TE 0] )2 2 AT R B =, 6T R SCHLIE
H b s AT ML E K AL ) R T e
A HiiE .

AT E XA AR A AR E A LR TS R
JERFSE , BT 1-13 | L-22 . 1-25 K L-152 P4 - H 28
A5 (GR) I (0.05 m 8] B8 ) R HE [ 3 22443
Br, I 456 L-152 I35 220 )0 2 & it (1 m[A]F) |
BRSO RE S DA AL B B | i
JHE TR bt )22 2 3ok A N7 R 43 R 38 R SO ] b = A A
F 2 Vi it o Y AP R0 ot R )23 AR [ ) 8 ) %o L
7 RS Rl M 2 A% 4L BB LT LA, LAY
Shy 1 il =8 9 A ARG AR B A BB R L B A B
WA

1 DX o 5

TR Z W AL T AR SR P, R T
22 AR 335 1% 2 1 22 e 0] 2 Al (8 2 45, 20045

kA8 4L , 2004 ; Hinnov, 2013 ; 5K Hit 45, 2023) . [ HLF
20 MRS I L AR 1 132 B R BUEAL seRnLE A T R b
25 (BkICsh % ,2019) , 285 T 24 150 Ma FYUTRRR] B
FUXAGR I, B2 e 20 T B PR R AR RS
1RIFFEZ VR (BT, 2014) . WA Heth—F =
B IR R AR TP B A R AR IR S R E
B (R LA ,2014) , B A 2R e g2 3504, Z 1
70 Bl TR T S B TR . AR R R A AL
VUL % B FRBRIREL 5 Hb | B RE g B2 — A Y AT op
TRV JRIES 132 350 0B 32 28 B 1) 22 ST T RRUE ] (
MIEAE,2021) 1058 T Mot A A RRER T LR Y
A B A R il A 2 ZR S Ak (Huang et al., 2018) .
WAy e H B R] AR A F AR R, SR R
T ( 2=V %, 2014; Song et al.,2023; K fay 45
2023), )iz R B Je miBEE, RS ARt e hE iy
TG B R, ACERAZ T IR i 8% R BT
T 7K 1) B PR EGR Bl 2B TR T2 U Sy — A
I—INATTRUA R (Liu,2020) . I, AR R B B i
6%, #EA T EFEERSU% T 541 (Huang et al.,2018),
G AV RE 2 2ot < S 7a b7 P Pl i = - = N R AR BT 208
HROIE 3 LA B4 B A X AR b e i b M
foe AT IAEE 77 2 T 5 K52 A (Liu, 1990; Huang et
al., 2018 ; F WK fr 45, 2023 ) , 18 “FL R 114 L 2 Y22 11 1)
VR DT RN PR 2 Ry T 5 0% Bl AR TRl U 90 R (L,
1990; 5K35445,1999) .

T AGE 2T LB A A7 AT S IR TS s A AT 08 X A2
e MR S 2 B AT T AR AR 2 R (Lia, 20205
Song et al.,2023), fEILARRF—_BRALN T K
AR (W et al.,2021), FAB&TH . FAET
HIETLBPRG, Hh A& T AT F BRI
M i), A & TR T B SR IR S G 30 2 25 A5 D)
BICEN)  WE9E XA R R R G AR
SEUTR(HREESE,2022)

2 WSk

FEARE AR ZM B ARG AR FZ— &R
BYAIR L — 1P 4H , fU 45 1-152 125 L-22 F L-13 Y
F10.05 m [ 19 GRIWSHEE , L-152 1 m (] R
FER A E X B 2696 % (XRF) TR K , 42 4D R
a1 TOC FHE R MEAEE . T A4S 52
AR IR 08 T T )RR A B, BOAR TR A (] b )2 43 B
Has TR A FEmZ.
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ARSCHET GRIMI RS UM DURR 32 Hh Y K 3C

JAE S IR E R U= 20 . GRIWIF & R4k
R, RO LA PR AU AR A B R A TR

fit

#(Weedon, 2003 ; Yang et al.,2014) . i Acycle

2.4.1BRAFXE Y I GRAIN B A e o] 3t J2 70 B

11

B — BB O O BRI

ZMSEOLFR 1. AR5 34012758 H Acycle
B Lowess 7772 (Li et al.,2019a) 2 5% GR Il I 15 57
H60% B A 301 3, 122 35 5K FH Robust AR (1)
Multi-taper method (MTM ) DA Kz FR T8 48 L 0725 46 (Fast
Fourier transform, FFT) 7 ¥ JEA 7305 43 . MTM fd
F2m-MTM, LA 545 4 BE EATHNE B i 32 e KA
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Table 1 Carboniferous-Permian astronomical parameters
B/ Ma At 02 kyr St 02 kyr R kyr & 2 AW kyr E3
270 405 125,95 36.0,44.3 17.8,20.8
298 405 125,95 35.5,42.9 17.7,20.6 Waltham, 2015
300 405 125,95 35.5,42.8 17.7,20.6
~290~274 405 132,98 324 18.9,16.8 Fang et al.,2022
~305~296 405 100~128,88~95 30~46 24,17 Tang et al., 2022
~295.65~290 405 100~123 41~46 B AE,2023

W E R 0.8 cycle/m, FFT ¥ a8 1355015 B H bR
J2 B K R B 1.5 4% o TR R SR AR 56 R B0 v
(COCO) FEATUTAR B AR A PEAL , XY 11 H- (A I 4 —
LLI VG AL AR D B R A T AR A S A (i
#655,1993) ,COCO 431 >R H Pearson 75725 , ¥ TR
RV E N 0~15 em/kyr, 255K 2 AR B
HEON5 000K, BERLMEEBIRL, COCO 32 7] T4l
TFRCH#S GR 78 D535 7R R B Sk b i A 5 R B0,
Toe A FR BB 0 TR S50 B T e KA OE R B (L e
al.,2019a) . i# it COCO A5 E e (P XU R
PETTZS A BT 5 V0 1 SR 0T m] Sk

GO EETAR AR 2B MTM RESE BT FIAH 56 2250
AT ARAS A DUBLE R, AT DLt — A5 00 e U F J2
%%fi?ﬂﬁ%%ﬁﬁajﬁ(Berger et al.,1992; i et al.,
2018; SR M G5, 2020) . K SCHLE S 800 JH 1)
PEASARIL T R SCRE ) A A AR 8h 45 2 25 b
HRER AR R CRMES,2011) . ARLM S
20 H RS M BR AT SRR A 0o 36 e 0o 36 RPN
W A RECN 23.3:5.46: 1.97: 1 ( T g A 45
1993;Liu, 2020) . HUERFLIE 1) 405 kyr £ 00 3857 2]
& BT H AR L TR S], OAR R e E K, S
Bt RBULAE 405 kyr KA ORI S A7 AE , 9k
H TR e DA b 2 (Hays et al., 1976; Laskar et al.,
2011; B YLHEEE, 2012; Zhang et al.,2015; 5 5 % ,
2017 ; RFRFE N KM ,2022) . FI, A SO R B
HARRAE 405 kyr K 0o R A5 5 A7 R SCTHIE

AR A FH Si0,/A1L,0, . Mg/Ca , Fe/Mn 1 V/(V+Ni)
SERE AR AR SRR AR (Liu, 1990) , £
B e iy el A M AR A A 2., O 5 i) v A DR ST 40
5T NI TE P] ( = MU 2 7 ) AT X E,
TR R S TE 280 b o o 3 e et — L —
B Tt PR VA B WL AR AR IR A R 1
SRR N SR ING Y= VA i 1 i

3 el E oA

3.1 RXAHESINASRIRRE S

AR A M 45 T R AR A P L-13 9 22 9
L-25 IR0 L-152 3 GR NI FF 91 43 G ZE TR [l 52
13.04 m.6.48 m . 12.50 m 1 8.83 m X 1 (A5 L Bl 1A
PR I {E L 76 4.01 m . 1.79 m.3.33 m #12.74 m %}
I 1) AT A I A, [ L-13 R A TR
1.42 m PUBURE R (] 2) , HEAR KK T 95%. K
JFgH i L-13 3 L-22 F  L-25 A1 L-152 3 GR )%
H1) 43 590 AE DT FUBE 8] J5E EE 9.95 m, 6.48 m . 7.46 m Al
10.70 m X L7 (AR H B R S5 U, 72 3.22 m .6.48 m,
1.85 m 1 3.50 m XoJ 1 % 43 S8 e {1 db 3, W] ) 1-22 J:
I L-152 H IR 77 7E 1.81~2.67 m Fl1 1.30 m 14 IT i
M, BB (SR T 95% (& 3) .l L-13
I L-22 9 L-25 AT L-152 H: GR W85 43 BIAE DT
PR 0] JEE 3 29.10 m . 17.65 m . 16.50 m F1 17.60 m %}
I AR IEAE 8.2, £ 7.50 m .4.00 m . 3.90~4.99 m Fll
5.10 m X R A9 A0 3 A0 HE 0 d S U A, L AR B AR AE
2.09 m.1.34 m.1.51 m 1 1.54~1.86 m A TTEIET, HL
EARK TR T 95%(E 4),

COCO ZrHr & 5 i on L-13 H \L-22 HF . L-25 J-
L-152 H AR 40 A TR 20815 53 5510 2.8 em/kyr
1.6 em/kyr.2.2 em/kyr F12.8 em/kyr, A JE ZH 1 (E 43 5]
2.9 em/kyr,2.8 em/kyr, 2.3 em/kyr F12.3 em/kyr, 111
VUL IEAE 53531 M 5.2 em/kyr 5.3 em/kyr 4.9 em/kyr F
4.2 em/kyro 25 H- TR 5 f A BT X6 1 8 Al i
(H)m/NF 1%, 35 K-SR, FBH IR RSBk 5y
Xof 0 B AT REPE KT 99% , BITURR R A 3¢ 2R B
e (ELS) , I AT LA 2 45 A1 b2 A B AR D UR LR

T A b v P78 4% b X R — J2 7 A AE I AT 22
St LI A B AN — | AR AR 3 X I 2 X
I, =% Yang et al. (2014) 1 Wu et al. (2021) 19
CA-ID-TIMS £ AW A5 A9 2ok B2 L RS A AR %, A
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Fig.2 MTM spectrum and FFT evolution spectrum of GR data from Benxi Formation for typical wells in western North China
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Fig.5 Sedimentation rate analysis of Benxi Formation-Shanxi Formation

IRAL— . 2 AL BR A% 298.89 Ma, B AN R4 Al
KIFLH A3 0 301.13+0.21 Ma, KL TR AR Ky
298.18+1.20 Ma, L1 P4 2H T5i A 4F % | FR oA 295.346+
0.080 Ma (&l 1), FEF R4l i, v] JH 2 K4
IR 1] g 2.9541.41 Myr, 11 75 20 350 B ] Sy
2.834£1.28 Myr, A IR A S/ D ER A I s . L-13
122 L-25 1 L-152 A B 4 DU RRUE 43 1)
F41.7 m 16.8 m,57.0 m F140.6 m; A5 4H JE 3
$991.6 m.88.2 m.43.3 m F1109.3 m LLI 75 £H JEE J3 43 531
J781.4 m . 105.9 m,138.6 m F163.1m. H| FHITFRT ]
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FITTTUREE X 107 75380 A S R L VG 20 SF- 2 TR
(#£2),COCO 73 15 2 i e A DU HUR I 7EF- 349770
FRUHCR XA P o 1L PG 2H A TR R I I g AN IR 4
FUR SR, 3 — G 57 31 it Fefi 2o 8 AH DR 1) B AH DT
PR 728 1 5200 ] P 5 AR b v H b xR 2 B
BYIAHOC (R SLAE,2014) .

L-13 . L-22 HF \L-25 H I L-152 00 0 H- AR
2 UL R 301 52 45 T UUBUEEE 4 13.04 m . 6.48 m,
5.94 m F118.83 m a1 KSR, Al IA R AR 1Y
405 kyr KA 02 JE 0 . TG FET AR B 1R

KEB—LABRETRERSEHRAREEI L

Table 2 Optimum and average sedimentation rate comparison of

Benxi Formation-Shanxi Formation

AEL KIFLH P2
5 BRI RS ST AU R FTURRER HAETTER TR ER
/(em/kyr) /(em/kyr) /(em/kyr) /(em/kyr) /(em/kyr) /(em/kyr)
L-13 2.8 — 2.9 2.1-5.9 52 1.9~5.3
L-22 1.6 — 2.8 2.0~5.7 53 2.5~6.8
L-25 22 — 2.3 1.0~2.8 4.9 3.3~8.9
L-152 2.8 — 32 2.5~7.1 4.2 1.5~4.3
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FEBA TR A, RV B P AR
R A O3 JE A . Ay, KR4 9.95 m .6.48 m,
7.46 m F110.70 m {4 JE 1A k7 405 kyr KU S5 1A,
i L 28 T8 143 5 4 131 kyr, 100 kyr, 100 kyr Fil
127 kyr, 43R JE 1153 591 H 28~42 kyr 143 kyr, 117G
2129.10 m,17.65 m,16.50 m F1 17.60 m J&E 4 405 kyr
g o0 2 A 30, O o0 32 R 23 53] SR 100 ke
105 kyr. 98~122 kyr £ 117 kyr, &} 5 & 81 43 51 4
29 kyr.31 kyr.37 kyr f1135~43 kyr (€ 2~4) . 1 FK
SCHLIE JE 0l e e R ATL R B2 ) L % 2 S B T g
B~ 100 kyr Fll~33 kyr (14O 28 F1 AR 2 5] 191 o7 7 o
(BYIREEE 201255757 ,2017; Huang et al.,2021 ;1B
o A 20225 R T ME KM, 20225 Chu et al.,
2023) . PO I BRG] 405 kyr 4 fib 0o 2 S5
98~131 kyr %8 i LR JE 1, 29~44 kyr ) i il 4} % )
W, 5 WA st —5 S (280 Ma~300 Ma) Y EE 1
03 A A BT A S S AR AT (S AR S, 19935 Li
et al.,2018,2019; 37 45,2023) .
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3.2 EEIMtEREZE

X DY E1HF T 405 Teyr K A0 3% S B EA 7008 I A
W W PO ST ) 2 X L, L3 (L-22 9F
L-25 RN L-152 300 BIAEAE 18,1719 17 A4 iElml . DA
L-152 3 R 8], b e b AR 4 — 1L P 4 P AR B )2
J 12 A TR 43Sk 18 AN U2 T, o SQ1~SQ4
FE LR T IR IR, SQ5~SQ14 e
U AP RN IR 20 1l 1) e B s — ) 1
FHUTER, SQ15~SQ18 J& F b (Ve M2 Bl iy i
T—=ANTTR B R SCHE I A2 P b2 3 X1
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Fig.9 Thin-section photomicrographs of Benxi Formation-Shanxi Formation, well L-152

(a) silty sandy mudstone, with a few organic matter bands, Benxi Formation, 1 890.87 m; (b) silty sandy mudstone, with a few organic matter fragments, Benxi Formation,
1 887.32 m; (c) rhodochrosite-bearing mudstone, with rhodochrosite in a spheroidal granular distribution, Benxi Formation, 1 868.67 m; (d) mudstone, with organic matter in a
banded distribution, Benxi Formation, 1 865.96 m; (e) mudstone with local spherical pyrite-filled pores, Taiyuan Formation, 1 805.55 m; (f) pyrite-bearing siltstone with a few
organic matter fragments, Taiyuan Formation, 1 804.65 m; (g) mud-bearing pyrite-bearing siltstone, with a few sporadic organic matter fragments, Taiyuan Formation,
1761.45 m; (h) rthodochrosite-bearing mudstone, with rhodochrosite in a agglutinated state, Taiyuan Formation, 1 756.80 m; (i) silty mudstone, mainly with a few organic mat-
ter bands slightly oriented, Shanxi Formation, 1 726.07 m; (j) pyrite-bearing mudstone, with pyrite spherulitic distribution, Shanxi Formation, 1 868.67 m; (k) mudstone, with

pyrite agglomerates sporadically distributed, Shanxi Formation, 1 687.95 m; (1) muddy siltstone, with a few organic matter clastic bands, Shanxi Formation, 1 686.75 m
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Astronomical Cyclonic Constraints in Carboniferous-Permian Organic
Matter Enrichment in North China
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Abstract: [Objective] Climate change caused by astronomical orbital parameters is closely related to biological
turnover and sedimentary evolution of the ocean and lakes, which in turn affects the organic matter enrichment in the
strata. The Late Paleozoic coal-bearing rock system in North China is dominated by coal, mudstone, siltstone, sand-
stone and tuff observed in a number of depositional cycles in the vertical direction. It is also an important system for
current oil and gas exploration and development. The aim of this study is to systematically reveal the influence of the
astronomical orbital cycle on organic matter enrichment in this coal-bearing system.[ Methods] Natural gamma log-
ging sequences were obtained for four wells (sampling distance 0.05 m) and continuous mineral elements for one well
(sampling distance 1 m) in western North China. Astronomical cyclotron time series data and elemental geochemical
analysis of typical samples were used to clarify the pattern of organic matter enrichment in stratigraphic cyclotrons at
different scales.[ Results] (1) Six 1.2 Myr ultra-long obliquity cycles and eighteen 405 kyr long eccentricity cycles
are recognizable in the Carboniferous-Permian Benxi Formation, Taiyuan Formation and Shanxi Formation. (2) Us-
ing Mg/Ca, SiO,/AL,0,, Fe/Mn and V/(V+Ni) ratios as paleoclimate and paleoredox proxies, six long-period varia-
tions and 18 medium-period variations were identified, all corresponding with ultra-long obliquities and long eccen-
tricities. (3) Comparative analyses of paleoenvironmental restoration and organic carbon content during the deposi-
tional period of the Benxi Formation-Shanxi Formation show that paleoclimate evolution and organic matter enrich-
ment are basically synchronized and controlled by the astronomical orbital cycle, and that during periods of increas-
ing ultra-long obliquity or long eccentricity the climate is warm and humid and the reducing nature of bodies of water
is enhanced, which promotes organic matter enrichment. [ Conclusions] The above results reveal Carboniferous-
Permian climate change in North China influenced by the astronomical orbital cycle and the development of a con-
strained organic matter-rich sedimentary system, and find that the paleoclimate change during the same period was
obviously constrained by the long eccentricity. The findings can be used as a reference for the study of global climate
evolution and organic matter enrichment mechanism in the Permian.
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