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Fig.1

Geological background of the study area

(a) location of the North China Craton (spot on pentagram); (b) location of the Ordos Basin; (c) lithological log and GR profile of well L-152
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Table 1 Carboniferous-Permian astronomical parameters
B /Ma At 002 kyr St 02 kyr R kyr & 2 W 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 32.4 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 BN AF,2023

W E R 0.8 cycle/m, FET ¥ a8 13 55015 B H bR
JZ B K B 1.5 4% o [a) B SR AR 6 2R B0 i
(COCO) FEATUTAR B AR A PEAL , X 7Y 11 H- (A I 4 —
LUV A AR B R A T MR A R A 5 (T
#655,1993) ,COCO 431 >R H] Pearson 752, K ITTAR
TR [ R 0~15 em/kyr, E4ER B AR B
E N5 000K, BRI B, COCO ¥ 7] FH T4l
THRICHHEE GRJFH D3 i 2 UR B S b A AH G R %k
Toe A HB 8 1 TR S50 7 T die KA 6 R 8 (L e
al.,2019a) . @it COCO A5 B e PP AL K
25 A AT 73BT 7 2 2 RS ) T Sk

GEOEETARAR 205 MTM RESE BT FIAH 56 2250
Ay HTARAS A DUBLE R, AT DLt — A5 0 E U FH J2
%%%i?ﬂﬁ%%&iﬁﬁ(Berger et al.,1992; i et al.,
2018; SR MB35, 2020) . K SCHLE S 800 JH 1)
AR ARIL T R SCEE ) A AR B 45 2 25 b
HRER A R CRMES,2011) . ARLM S
20 HEE MR TE SR O 2 SR O3 RRR A
B HAE KRB 23.3:5.46: 1.97: 1 ( L i 4 4 |
19935 Liu, 2020) . HUBERFLIE 1) 405 kyr K00 3857 2]
& AR H SRR BRPEE S, B AR B E K,
Bt BBUCAE 405 kyr KO R 8 IR A7 A, Ik
H TR DA b 2 (Hays et al., 1976; Laskar et al.,
2011; BYLHEEE, 2012; Zhang et al.,2015; 5 F % ,
2017 R T AE KH5,2022) . R, AR SCsk
HRRE 405 kyr KO R A5 5 UE TR ST

A S Si0,/ALO,  Mg/Ca . Fe/Mn 1 V/(V+Ni)
SRR AR Tt AR SRR AR (Liu, 1990) , £
B e iy el A v AR A A 2., O 55 i) v A DR S 40
5T I TRE P] ( = MU 2 7 ) AT X E ,
T R SCHLTE S B0 A A6 a3 B A e tH— . —
B Tt PR VA B WL B AR AR IR A 8 R 1
i A VA A ML 2 1 o A R o

3 JEmIHE AT

3.1 RXAHESIRSTRRS

AR A3 BT 45 T R AR AL P L-13 9 22 9
L-25 J R L-152 3 GR NI FF 91 3 i AU RR e [ 22
13.04 m.6.48 m . 12.50 m F18.83 m X 1 (A5 L Rl 1A
P I (E L 76 4.01 m . 1.79 m.3.33 m #112.74 m %}
N7 ) A e A, I 2 U, R B L-13 IR R A A
1.42 m PUEUE R (E 2) , B EFE KB KT 95%. K
JRZH T L-13 3 L-22 4 L-25 A1 L-152 3 GR I %
B 43 5 AE DT RLUE [F] )5 BE 9.95 m ., 6.48 m . 7.46 m Al
10.70 m X 17 FA% B B 0 (E, 76 3.22 m ,6.48 m,
1.85 m 1 3.50 m X [0 (14 45 HE 04 i 2, [l I L-22 S
I L-152 H R 77 7E 1.81~2.67 m Fl 1.30 m 14 IT i
M, BB (SRR T 95% (& 3) . thph4 L-13
HL-22  L-25 AT L-152 H: GR 850 43 e DT
FRE 8] JEE 13 29.10 m . 17.65 m ., 16.50 m 1 17.60 m %}
N B AT A 5.2, 7E.7.50 m .4.00 m ,3.90~4.99 m Fl
5.10 m XF 07 A4 A Sl Hh BRI S WA, B A IR A A
2.09m.1.34 m.1.51 m F11.54~1.86 m A TLRLE A, H.
BRI RT95%(E 4).,

COCO ZM M4 5 R L-13 I L-22 H \L-25 H-
L-152 H AR 20 A TR R 05 53 591 24 2.8 em/kyr
1.6 em/kyr.2.2 em/kyr F12.8 em/kyr, K JZH W5 43 1)
2.9 em/kyr, 2.8 em/kyr, 2.3 cm/kyr #12.3 em/kyr, 11
PO LHIEAE 5339 R 5.2 em/kyr.5.3 em/kyr 4.9 cm/kyr Fl
4.2 em/kyr, I AYTTRR A S A T I A R
(H)IE/NF 1%, 5 MK TR, 22 B IR R Sk 3
Xof R0 () AT BEPE KT 99% , BITURR I R A 56 2 B
e (ELS) , e AT A 2 45 A1 b2 A B AR D URLE R

T AL v P78 45 b X ] — J2 7 A AR I AT 22
St FLI R A B AN — | AR AR 3 X I 2 X
I, =% Yang et al. (2014) Fl Wu et al. (2021) [
CA-ID-TIMS $52 A 75 9 =0k B2 K L RS G AR, A
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Fig.5 Sedimentation rate analysis of Benxi Formation-Shanxi Formation

RIL— O AR A% 298.89 Ma, B i AR 4L Al
KL A3 A4 301.1320.21 Ma, KR 4 TH FLAEIS Ky
298.18+1.20 Ma, L1 P4 2H T5i A 4F % | FR oA 295.346+
0.080 Ma (&l 1), FETF R4 IS o, ] JH K4
IR ] g 2.9541.41 Myr, 11 7 20 350 B ] Sy
2.834£1.28 Myr, A IR A S/ D HER A I s . L-13
e L-22 3 125 IR L-152 H AR L DT AR JE 43 5]
F41.7 m 16.8 m,57.0 m F140.6 m; A5 4H JE B
$991.6 m.88.2 m.43.3 m F1109.3 mj LI 75 £H JEE i 43 51
J381.4m.105.9 m 138.6 m F163.1m. F|FHITELRT[A]

x2

RITRR B B Kb 1o A 2] A S 20 A L P 2 S I TR R
(F2),COCO 43 M5 21 1 e HE U A5 78 - 35T
FHECR X RN o Ll v 2 DT R R B (v AR
FR R, 33X — B G 32 B 16 i 2o 8 AH T RR 1] ki A 350
LR Y 52 ), () B 5 e v i b Sk dp 2 ke
DA (R R SLA5,2014)

L-13 3 \L-22 HF \ L-25 FF 1 L-152 FF- DU 1 AR
UL R 301 52 45 T UUBUEEFE 4 13.04 m . 6.48 m,
5.94 m F118.83 m & i (19 KSR, RIIA R AR 1Y
405 kyr KA 02 JE 0 . TG FET A5 Bl 1 R

KEB—LABRETRERSERAREEI L

Table 2 Optimum and average sedimentation rate comparison of

Benxi Formation-Shanxi Formation

REH N P52
e AL R TR BAETUR R TR AT TR
/(em/kyr) /em/kyr) /em/kyr) /em/kyr) /em/kyr) [(em/kyr)
L-13 2.8 — 2.9 2.1~5.9 5.2 1.9~5.3
L-22 1.6 — 2.8 2.0~5.7 5.3 2.5~6.8
L-25 2.2 — 2.3 1.0~2.8 4.9 3.3~8.9
L-152 2.8 — 3.2 2.5~7.1 4.2 1.5~4.3
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Fig.6  Late Carboniferous-Early Permian cyclostratigraphic framework
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(a) 43 kyr period amplitude modulation and envelope analysis; (b) Benxi Formation frequency analysis; (¢) Taiyuan Formation frequency analysis; (d) Shanxi Formation frequency

analysis
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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



780

oL M

»y,
7

Eild 544

KFR . AP LA X R 181405 kyr KA
R JE I i E  EL R R AL E 4R
44 MERIYR THSBREIMERIS BN REENE

DIDE I i 2 i I 0 e 45 bR A X AR Al — 1L
VO 20 DR AR A B HE AT 400 43 o AE D B
Si0,/ALO, T, Mg/Ca B4 , 18 718 A AG AR T I I 107 5
V/(V+Ni) S Fe/Mn Tt 55 , 8 75 340 i 14 58 8 %) 1 5%
U2 B ST 4536 B 2 BN AH J2 , B Ip 06 A oAy B 1 54 A0
JEIRSE AL AV T 550 A BT (B 8) o 4 ikt
W, R4t 6 ] 1.2 Myr MK A5 32 5 A 18 1
405 kyr K008 2 T 09 1 IR AL B BL

L-152 FF AR 8 4l — 110 74 41 5290 TOC A #5215 >
8.63%, F (N 0.12% , - IE N 1.41% , IR TE 2 B
BEH . AVRERIER JECRAFL T KA
eI M T R A2 AR AR AR S 3 S A B R
TAPUR PR RS I55,2022) o 456520 TOCE
FAFHMFRAE TOC AR Z & B 2B i,
THEYUFRE RS K ICHERIBXTR R K TOC KT
1% 5 LR EAHPTZR”, TOC/NTF 1% % LR
HHLURIZZR", K055 5 6 KA EEFn 18 4 i)

REM“SHIVIZERZ—SHIZR”, SRR
IEE LAY & (1 8) o 3k S JE M (75 1k 5 i S
1R7R Y 6 11 1.2 Myr HHCRERAN 18 1 405 kyr KA (0%
FFHIFHARNE R (E8) . LaRx i e R LI & A HL
J )2 ZR 24 T UUR i B B8 Ak, TR S A 1A
AR S A DURRIAEE 9784k, , BP0 A e thE— . — &t
(A LI 42 B el A S A

A TP i A tE— S AR R
I 1 Y 1) FE VS TR AR A, AR R AR VS R R A
WFFE 2 B, 8RR A Al O 38 10 W R A e b
P H ORISR (15— YA AR AR S , Z N g
SR, BRI 2, b R AR AR A5 51 Ak 0 T, et
M B A 555 SR B VR 7 IR G 2 WA A
A A R B, A LT SN 4 (B 10a) o
AR AM O R BN, bR B B, 75
SAGEASVS  ZE TSR, W N DRSS , T 287 o7 R X
6, Bl VA A RIS 5 40 SRAR s/, A ML ) o B e
D HARAEAFI (B 10b) o Z5G VL B4, KSChE R 3
BT T iy BB AR AT R B & SR LA (T 5T L
A EEIERER.

(a) PE e maﬁmu
%ﬁm e ' %@,ﬁ; WAL
Yy e @ LA JH 9995
/ ;tlll{::} 5 ok (LR
nes ﬂﬁiﬂg
: A S 2
gt W it {
Hei S
e L ;
il A 2 : s
RS 0 Ferr I E I @R (A
WA R .
AP Al A/
(b) T
- e ' Sldh i Be A
Ak » ' R A H %39
- ® -
/ KB L T
e l foif s
- B\ = i
RS T g
= A
R
ﬁm‘;ﬁm:mm&/

K10 K SCHE [ul 29 FA AR G £ ¢ R — 3 A A HLIR B SR AR K
()i R R (EEATHIB] () 0 0o 5 PR K 56 5/ M4

Fig.10  Carboniferous-Permian organic matter enrichment patterns in North China constrained by astronomical cycles

(a) maximum value periods of eccentricity and ultra-long obliquity; (b) minimum value periods of eccentricity and ultra-long obliquity
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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.

Key words: astronomical cycles; paleo-sedimentary environment; cyclostratigraphy; organic matter-rich
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