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Abstract The exploration and development of marine-continental transitional shale gas is in the pri-
mary stage. The Shanxi—Taiyuan Formations shale has good hydrocarbon generation potential and is also an
important horizon for the development of marine-continental transitional shale gas in China. In order to ex-
plore the relationship between sedimentary environment and organic matter enrichment of the Shanxi -
Taiyuan Formations shale in the western Linging Depression, Bohai Bay Basin, Well XJ1 was investigated
in detail by means of petrology, organic geochemistry, element geochemistry and numerical analysis. The
results show that the Shanxi—Taiyuan Formations shale is characterized by a low content of brittle minerals,
a high content of clay minerals and a high resistance to hydraulic fracturing. It is also found that the
Shanxi—Taiyuan Formations shale comprises a high-quality source rock with an average TOC content of
4.03% , which has the potential for shale gas exploration and development. During the deposition of the
Taiyuan Formation mudstone/shale, the study area featured an anoxic, moderately stagnant oceanic envi-
ronment under a warm and humid climate, with frequent variaions in terrigenous debris influx, low depo-
sition rate and low to medium paleoproductivity level. During the deposition of the Shanxi Formation mud-
stone/shale, the study area featured anoxic, moderately to strongly stagnant and brackish to brine seawa-
ter under complex and ever-changing paleoclimatic conditions, with a stable and high terrigenous debris
influx, medium deposition rate and medium to high paleoproductivity level. Given the linear correlation,
grey correlation and robust regression analysis between paleoenvironmental conditions and TOC content, it
is concluded that the enrichment of organic matter in the Taiyuan shale is mainly controlled by paleocli-
mate, paleoredox and ancient water salinity conditions, while the enrichment of organic matter in the
Shanxi shale is mainly controlled by paleoclimate and terrigenous debris input conditions.

Key words Bohai Bay Basin, western Linqing Depression, Shanxi—Taiyuan Formations, marine-
continental transitional shale, sedimentary environment, organic matter enrichment
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Fig. 1 Location of western Linqing Depression of Bohai Bay Basin (a) ( modified from Zhao et al., 2012) and

the Carboniferous—Permian of Well XJ1 and sample point distribution (b)
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Fig. 2 Lithofacies palaeogeographic maps of the Taiyuan (a) —Shanxi Formations (b)

in western Linqing Depression (modified from Lii et al., 2012; Chen, 2020)
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Fig. 3 Core lithologic photos of the Shanxi—Taiyuan Formations of Well XJ1 in western Linqing Depression
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Fig. 4 Frequency distribution of organic matter abundance and hydrocarbon generation potential diagram,

and classification of Shanxi—Taiyuan Formations mud shale in Well XJ1 in western Linqing Depression
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Table 3 Trace element indexes of paleoclimate conditions

of Well XJ1 in western Linqing Depression
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Fig. 5 Terrestrial debris flux index and dilution condition relationship diagram of mud shale samples
from Well XJ1 in western Linqing Depression
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Fig. 6 Vertical variation of TOC content and terrestrial debris flux index of the Shanxi-Taiyuan Formations marine-continental

transitional shale in Well XJ1, western Linqing Depression
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Table 5 Trace element indexes of paleoredox of samples from Well XJ1 in western Linqing Depression
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Table 6 Robust regression to solve fitting parameters of mud shale in Well XJ1 in western Linqing Depression
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Fig. 14  Curves of fitted values and true values of robust regres-
sion analysis of mud shale samples from Well XJ1 in western

Linging Depression
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Fig. 15 Enrichment model of organic matter in marine-continental transitional mud shale of

the Shanxi—Taiyuan Formations in western Linqing Depression

R AL FESR S, U, TR R D T R
TS A, SRR UTRUKR R G A 1 T R,
R PO R DA R IR, WEILFEENT, &
HORJFA P TUA A HLBF AR 15-a) .

Py L PCAR B B, AR5 IX 3 2 % = P —
WIS (B KSR, 2012 R PENISE, 2012),
AR A, A A 0 KRR B TR
Fe i H. e A Tl DR 8 18 A, A DR B SR R
AULBUKMR, fe ity i B0, 42 T d K
7K. Hek, PR E , AR TIBUR AR
AR E BB RE B, P A AT AR R L R i i B Y
IKRIREE, AP E SRR A T B IR AT SR AT
fledt TAHPLTE L, el v A R W A LR
JUA (B 15-b) o

BT BB, TR AR U A PR
AR RO A, il R AR A AN L RE 8 4
i A SRR R, L RE AT W DR S A £
A, BET A R POBUKAR Bt 2R R, AT T
AP E S X E ULV A LR R % 2 Rl 36

BN ICF R, A BT o iRl A e UA A
BLT ™ A R AT B A A5 1, IR A B T 8 /s g il i
PR TR A DL AR PLAE, Oy i AR B B R R
BT — % 19 BLE I

6 it

1) Fis 80 1 125 4 M ek 39 39) B 04 R 1M B
XJT I PE2H K b 20 e 00 0 A 0 o AR AR 45 A
wAERE AR L OKER AR bR L b AR R bR LGl
AR AR AR, R I s £ 2 T B
i A DRI TR A |l B2 3 T ) o e 2k
P AR AR AR A S DA B B R S —
S A TUBUKRREE ;s I 4R s 1208 T
R F i P04 JFS 308 i DA R b S TR R Ll e
S EAA . BUBUK DLGREK . T — S
KL R R D LA B — i i B A DO ARUK AR

2) R IR S TOC & /A 4T,
8 2o A SR IR I LA K AR ARE B 3 A, A LS 2
URRB B,y A0 2% 1R A R ol 05 648 1S iy A KT A AL 5



_

CM K

1106 + W E

#& 2024 % 10 A

wERAEENPmIER; KIEHITRNE, AL
TR B GE aa K 75 S L AN Y58 3 L by enn
KARERJE .

3) WAk —R S MU E B, B
S S A R 7 Xl A 0 1 B L o R T i A
PRAE T B AR, SER S T UUBUK AR AR 7 )
K, AP E AR T Y R T e A S
A B B8 I DTRBUKAR 518, A HLT & A4 4t T 4%
U AR AR AP, TR T W B ok U A A LA

g R A SR EREARNYERFEE L
BEMAARG I HSH Y, A ESRHELE
RAGBEFTRIBRPTPHALRBIGERHEERE

!

5 % ik ( References)

PRl TEd R i B R, £ R 2011 45 T X A
A BR S A HL 4R 1 BR 5T 3 0 2 AL 5 2% e st R
% ,46(1); 5-26. [Chen D Z,Wang ] G,Yan D T,Wei H Y, Yu
H,Wang Q C. 2011. Environmental dynamics of organic accumula-
tion for the principal Paleozoic source rocks on Yangtze block. Chi-
nese Journal of Geology, 46(1): 5-26]

PRKF. 2020. IRV HIBE P8 — R RNV A1 & THUIBURIE S5 Y
BT AP R 2 (b)) 22738 3C. [ Chen T Y. 2020.
Sedimentary characteristics and provenance analysis of Permian
Shanxi Formation and Shihezi Formation in the West Linqing depres-
sion. Masteral dissertation of China University of Geosciences ( Bei-
jing) ]

VR BRELIL, 25300 2 55 5, iR 0 Ak 2012, Il i 34) I AR o
He— TR R WA RIS YU, 30(1) : 179-188.
[Chen W Z,Chen H H,Li W T,Feng Y,Gong X, Xiong W L. 2012.
Study on differentiation of secondary hydrocarbon generation for the
Carboniferous-Permian source rocks in the Eastern Linqing depres-
sion. Acta Sedimentologica Sinica, 30(1): 179-188]

THURE Sk, AR, B8], L IR, 25 2458, 2 2 i 2021,
IO X e A O A OO AR R S A PL I SR O 2
39(2): 324-340. [ Ding J H,Zhang J C,Shi G,Shen B J,Tang X,
Yang Z H,Li X Q,Li C X. 2021. Sedimentary environment and or-
ganic matter accumulation for the Longtan Formation shale in Xu-
ancheng area. Acta Sedimentologica Sinica, 39(2); 324-340]

PN S SO SRR T a0 R | N SID It N EE
. 2021, iRl AR IUA T2 R UTBUBE L B R 5 TUs U R
B, PLAL2EAR, 39(1) : 29-45. [Dong D Z,Qiu Z,Zhang L F,Li S
X,Zhang Q,Li X T,Zhang S R,Liu H L, Wang Y M. 2021. Progress
on sedimentology of transitional facies shales and new discoveries of
shale gas. Acta Sedimentologica Sinica, 39(1) : 29-45]

Ny, wA e, AR AR, ok, X AR XU EE V. 2023 o [ i
Wit 2o 8 A T SO BT R R AE LSRR 22 37 43t AR S L v 4 A
DU 3t e AL TR A Bl T A, 14(3) - 448 - 458.

[Guo W,Gao J L,Li H,Kang L. X,Zhang J] W,Liu G H,Liu Y Y.
2023. The geological and production characteristics of marine-conti-
nental transitional shale gas in China: taking the example of shale
gas from Shanxi Formation in Ordos Basin and Longtan Formation in
Sichuan Basin. Mineral Exploration, 14(3); 448-458]

B/, SR TR B 5k AT . 2015 1 15 35 B AR 0 R i 2 R A D R
fEJe EEN. BLE RS TR, 15(6) : 41-47. [Hu X C,Zhou
Y Q,Zhang F X. 2015. The characteristics of coal source rock in
Taiyuan Formation of Eastern Linging depression and its main con-
trolling factors. Science Technology and Engineering, 15(6): 41—
47]

(SIS i /e e SO O B T S T S
2012, 5018 15 23 M IG5 3 390 I3 I vty 2 ARl s BRI oyt B A
14(4) ; 437-450. [Lia D W,Zhao H G,Li Z X, Liu H Y, Wang P
L,Zhao X S,Man Y,Ning W F. 2012. Palaeogeographic characteris-
tics of the Late Paleozoic in Linqing depression, Bohai Bay Basin.
Journal of Palaeogeography( Chinese Edition) , 14(4) . 437-450]

AR AR 2022, SR IX TR A2 AR AE L DA UWAE : DA AR e e
TR . T R % A 2= AL 3¢ [ Shang FOH. 2022.
Shale reservoir characteristics and shale gas occurrence in complex
structural area: a case study of Longmaxi Formation in Northeast
Chongqing. Doctoral dissertation of China University of Mining and
Technology ]

BRAkAE w5 BRI, e K. 2019, 28 811 X bl AR T AR E
HUiRE AL, i M4, 21(5) : 743-756. [ Yan J H, Chang
J,Chen S Y,Shan T F. 2019. Sedimentary characteristics and evolu-
tion of the Upper Paleozoic strata in Qinhuangdao area. Journal of
Palaeogeography ( Chinese Edition) , 21(5) : 743-756]

AL, BT I, WRIE M. 2012, 1 15 38 B WG A AU AR B I B A
b IR E %5, 28(3) : 1-4. [ Zhao H G, Liang J P, Chen
X Y. 2012. Analysis on sedimentary environment and evolution in
late Paleozoic era in Linging depression. Shandong Land and Re-
sources, 28(3): 1-4]

AR RE DG, KOG, EALAE KA A, EIRE R AR, D
B RV R 2K, R 2015, A BRE H—HE B <B
IR IR D B B A B R ST R, 42(1) : 13-
25. [Zou C N,Zhai G M,Zhang G Y,Wang H J,Zhang G S,Li J
Z,Wang Z M,Wen Z X ,Ma F,Liang Y B, Yang Z,Li X, Liang K.
2015. Formation, distribution, potential and prediction of global con-
ventional and unconventional hydrocarbon resources. Petroleum Ex-

ploration and Development, 42( 1) 13-25]

Algeo T J,Ingall E. 2007. Sedimentary Corg: P ratios, paleocean ventila-
tion, and Phanerozoic atmospheric pO,. Palaeogeography, Palaeocli-
matology , Palaeoecology ,256(3-4) ; 130-155.

Algeo T J, Tribovillard N. 2009. Environmental analysis of paleoceano-
graphic systems based on molybdenum-uranium covariation. Chemi-
cal Geology,268(3-4) . 211-225.

Arsairai B, Wannakomol A, Feng Q L, Chonglakmani C. 2016. Paleopro-
ductivity and paleoredox condition of the Huai Hin Lat Formation in
Northeastern Thailand. Journal of Earth Science, 27(3) : 350-364.

Carroll A R, Bohacs K M. 1999. Stratigraphic classification of ancient
lakes : balancing tectonic and climatic controls. Geology, 27(2) : 99
-102.



_

CM K

#2608 HS5H

EPHAE ¥ V£ 0 97 480 4 74 A 1) P A — KR e B Y AR R TUA DI IR R A LB R 4R 1107

Chen Y H,Wang Y B,Guo M Q,Wu H Y ,LiJ,Wu W T, Zhao ] Z. 2020.
Differential enrichment mechanism of organic matters in the marine-
continental transitional shale in northeastern Ordos Basin, China:
control of sedimentary environments. Journal of Natural Gas Science
and Engineering, 83. 103625.

Ding J H,Zhang J C,Huo Z P,Shen B J,Shi G,Yang Z H,Li X Q,Li C
X. 2021. Controlling factors and formation models of organic matter
accumulation for the Upper Permian Dalong Formation black shale in
the Lower Yangtze region, South China: constraints from geochemical
evidence. ACS Omega, 6(5) : 3681-3692.

Fan Y L,Xiang Y Y,Guo Z J. 2023. Adaptive efficient and double-robust
regression based on generalized empirical likelihood. Communications
in Statistics-Simulation and Computation, 52(7) : 3079-3094.

Francois R,Honjo S, Manganini S J,Ravizza G E. 1995. Biogenic barium
fluxes to the deep sea; implications for paleoproductivity reconstruc-
tion. Global Biogeochemical Cycles, 9(2) : 289-303.

Hart B S, Hofmann M H. 2022. Revisiting paleoenvironmental analyses
and interpretations of organic-rich deposits; the importance of TOC
corrections. Organic Geochemistry, 170: 104434.

Hart B S, Steen A S. 2015. Programmed pyrolysis ( Rock-Eval ) data and
shale paleoenvironmental analyses: a review. Interpretation, 3(1) :
41-58.

He J H,Ding W L,Jiang Z X,Li A, Wang R Y,Sun Y X. 2016. Logging
identification and characteristic analysis of the lacustrine organic-rich
shale lithofacies: a case study from the Es} shale in the Jiyang de-
pression, Bohai Bay Basin, Eastern China. Journal of Petroleum Sci-
ence and Engineering, 145; 238-255.

Khaled A,Li R X,Xi S L,Zhao B S,Wu X L, Yu Q,Zhang Y N,Li D L.
2022. Paleoenvironmental conditions and organic matter enrichment
of the Late Paleoproterozoic Cuizhuang formation dark shale in the
Yuncheng Basin, North China. Journal of Petroleum Science and En-
gineering, 208; 109627.

Li Y,Wang Z S,Gan Q,Niu X L, Xu W K. 2019. Paleoenvironmental
conditions and organic matter accumulation in Upper Paleozoic or-
ganic-rich rocks in the east margin of the Ordos Basin, China. Fuel,
252(6): 172-187.

Liu J,Yao Y B,Liu D M,Pan Z J,Cai Y D. 2017. Comparison of three
key marine shale reservoirs in the southeastern margin of the Sichuan
Basin,SW China. Minerals, 7(10) . 179.

Miao Q Y,Xu C G,Hao F,Yin J,Wang Q,Xie M J S,Cao Y J,Zou H Y.
2020. Roles of fault structures on the distribution of mantle-derived
CO, in the Bohai Bay Basin,NE China. Journal of Asian Earth Sci-
ences, 197. 104398.

Modica C J,Lapierre S G. 2012. Estimation of kerogen porosity in source

rocks as a function of thermal transformation: example from the

Mowry shale in the Powder River Basin of Wyoming. AAPG Bulle-
tin, 96(1) . 87-108.

Qiu N S,Zuo Y H,Chang J,Li W Z. 2014. Geothermal evidence of Meso-
Cenozoic lithosphere thinning in the Jiyang Sub-basin, Bohai Bay Ba-
sin, eastern North China Craton. Gondwana Research, 26(3-4) .
1079-1092.

Shen J,Schoepfer S D,Feng Q L,Zhou L,Yu J X,Song H Y ,Wei HY,
Algeo T J. 2015. Marine productivity changes during the End-Permi-
an crisis and Early Triassic recovery. Earth-Science Reviews, 149
136-162.

Si S L,You X Y,Liu H C,Zhang P. 2018. DEMATEL technique: a sys-
tematic review of the state-of-the-art literature on methodologies and
applications. Mathematical Problems in Engineering, 1. 1-33.

Talbot M R. 1988. The origins of lacustrine oil source rocks: evidence
from the lakes of tropical Africa. Geological Society Special Publica-
tion, 40(1) ; 29-43.

Tenger B,Liu W H,Xu Y C,Chen J F. 2006. Comprehensive geochemical
identification of highly evolved marine carbonate rocks as hydrocar-
bon-source rocks as exemplified by the Ordos Basin. Science in Chi-
na Series D, 49(4) : 384-396.

Wei W, Algeo T J. 2020. Elemental proxies for paleosalinity analysis of
ancient shales and mudrocks. Geochimica et Cosmochimica Acta,
287 341-366.

Yin K D,Xu J,Li X M. 2019. A new grey comprehensive relational model
based on weighted mean distance and induced intensity and its ap-
plication. Grey Systems: Theory and Application, 9(3) : 374-384.

Zhang L ¥ Dong D Z,Qu Z,Wu C J,Zhang Q,Wang Y M, Liu D X,
Deng Z,Zhou S W,Pan S Q. 2021a. Sedimentology and geochemis-
try of Carboniferous-Permian marine-continental transitional shales in
the Eastern Ordos Basin, North China. Palaeogeography, Palaeocli-
matology , Palaeoecology, 571: 110389.

Zhang L F,Zhao Q,Peng S Z,Qiu Z,Feng C J, Zhang Q, Wang Y M,
Dong D Z,Zhou S W. 2021b. Paleoenvironment and organic matter
accumulation mechanism of marine-continental transitional shales:
outcrop characterizations of the Carboniferous-Permian strata, Ordos
Basin, North China. Energies, 14(21) . 7445.

Zhao B S,Li R X,Qin X L,Wang N,Zhou W, Khaled A,Zhao D,Zhang
Y N,Wu X L, Liu Q. 2021. Geochemical characteristics and mecha-
nism of organic matter accumulation of marine-continental transition-
al shale of the Lower Permian Shanxi Formation, southeastern Ordos
Basin, North China. Journal of Petroleum Science and Engineering,

205: 108815.

(REHE FTHK; XXHEE F %)





