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Fig.1

Shale burial depth of the Longmaxi Formation in the research area and comprehensive stratigraphic histogram

of the Wufeng Formation-Longmaxi Formation
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(a) organic-rich siliceous shale in unit I-A; (b) lime-bearing siliceous shale in unit I-B; (c) clay-bearing siliceous shale in unit I-C; (d) argillaceous siltstone in unit IT
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Fig4 Cross-plot of P-wave impedance and clay content of the Longmaxi Formation shale in well W01

(data arranged by sedimentary unit)
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Fig.5 Rock structure model ™

(a) heterogenous support in clay-bearing siliceous shale; (b) grain support in argillaceous siltstone (White represents quartz and carbonate particles, gray represents clay

matrix)
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Fig.6  Cross plot of P-wave impedance and P-S-wave velocity ratio of the Longmaxi Formation shale in well W01

(data arranged by sedimentary unit)

AL AT X B R SRR A F R R ) (EE
PR 5 R B, A FEL I R PR Dk L5
SRS M T T IR AR B — iR ok
L, & TAHLTORI A7 5 & 80 A 3k BORE & 7
RiAE N — BT TR T

4 A1 EHAE BT B B R A
BN

TEAMLICEAR)Z T A e & 13 A Bl 138
558 i )2 P s 7 SR N7, T TOC 757 e P4 15 o ) i 1)
FH A5, BV A SR TOC 75 %] 52 Wi it J2 1 i
EHBEAZA LR, EEAmARSES A
HUTTAY T-A BTG SRRSO 38 B .

KT RHBEAAIT A AT, 3%
A B A SRR AN A YA SR IR R T 2 I
B ST E S UG, Hh i g A F 2k A
TR HE A B R A S 5 A= A 0 2 S Rk B A 1k
WA G, ik B AR W 5% %A 8 ) AR T B R
FHUTRE R . B 7 RR T W8 A S A YA 5
HE WO H T A8 Ak, 25 R R AR A 0E e D
BB ICHR 1-A sn i) R 2 e
N 2 BRI, 75 3 660 m AR AR . W8 A
e N R N R 2 B R B R L
9% X e TR AL v JZ BT 1-B BT 5 1-C BT £
I B E A0E

TRIE/m IR

50% 100%

1-C
1-B
1-A
] i
W i

17 WOl I g Eh i 20 DU A7 9 i 40 A3 o i 28 A ]
Fig.7  Vertical variation diagram of quartz composition and

content in the Longmaxi Formation shale in well W01

A WOT FH-55dhs 15k 3 B 47 5 B AT BT #5 80
SUARE R BBHPT R (68,9) o A& L
IR (ZNT40% ) , N BELATC Rl A 0% 5 S8 F9 48 T i ik
/IN B TOC 758 3 i i/ (151 8 55181 9 rp R X
s, F W ph AL | B B AR RCR T RESR T4



1366 It M

5434

11000 -

Al-A BI-B ¢I-C

10500

10000

z
2
2 9s00H N
@ A A A
= 9000
ﬁg
S
8500
8000
7500 1 1 1 1 J
25 35 45 55 65 75

HESEI%

K8 WOl b BiEA A A 59 tse &’

Fig.8

11000
Al-A ®BI-B ¢1-C
10500 -
10 000 f

9500

9000

I BHAT/(m/s-g/em”)

8 500

8000 [

Intersection diagram of quartz content and P-wave impedance of the Longmaxi Formation shale in well W01

7500 1 .
0

TOCHE &/%

E9 WOl SE&A i 5 TOC &/ S P T & K

Fig.9 Cross plot of total organic carbon (TOC) content and P-wave impedance of the Longmaxi Formation shale in well W01

EIGURL S | 7S () RE AR AR | R I B A AL ) i 2
FRIERSZMR (055 ) i fls T E 008, AR S e
Ik —E BRI CR T 40%) , YA BHHTH 4 bifi A2 0 5
SN EE I (B TOC & & iy HE i g hn (K18 5
Pl 9 2T (A, IX ) , 3R WU A H A e R 5 | R A i A
ROR W RE SR T LTS R A FALRCR | B £ 9%
TR GHAitt J2 SR PR R AR A 5 ) (1G5 (5 40 T 32 AL
B WO A S R AR AR B S (R Ry
40% ) 2= A1 SR 5 | E AL BCR SR LTS | R
AR AL IR SRBETE XAt 2 SR E A2 0 o o 9l 2
SALE R R TE Zhao et al. X B b X g TR AH

TUA BIFFE A T AL A58 A D 5 Bl
FUELI N 37% ) , 38 5%k EE 3 AriA A A0 SR (4 B
A AR, 2 O SR SRR A R M B 22
SRR

TET-A BT PP BHPOF BT R B 15
i AR — 2 I B A A, B ek BT
JLPRSEE (K 8 S 9 e (X ) o 3k B HIAE1-
ATRICHR RV AT S S R I R T TOC 54 (43
I A D55 5318 0 20% 7247 15, TOC & 8348 in 2% 72
) B BHHOIFBEA K W AZ A, BRI 4 e ot
REAIA ML D = SRR AR (4 52 M ] BEAT ELAIR



a4

XS DU ERITENS TU At 2 SRR ) 2 1367

TH , 1 AT BESE T A0 SR U = 5 D5 3
SN THEIE AT WH AL LR, IR
T e SEA P A A SRR BN (1~10 wm) , HI
i VA HLBILAE N0 A D BB R
(10~50 pum ) , HAuETE T A5 [ B

5 DUREAL ST

FEF UL oM & B A 5T X P HE 4 0 2
S ) 7 5 S A 1 T R S5 2 DDA O, I 22 T
Ik 3 SR AR 14 72 kR 3 W HC IO AR A B 1 AR
o BRI AVO RS LR TOR IR BGHPE S50
B RERAE, R A B AT AVO KLE D R g e
PR TN BE 7 e de s HAT AR Ak

WX N T 1-A ¥00 1-B #AJC 1-C FAIT AT T
AN ] J2 T0 174 ol i L% 202 LA R 2 g e B L sk
U R (110, 11) , KSRl A TORR R AR K Feli bl )
AEXT K ik 0 A 328 25 3k U (1-A B8 1-C 250 ) , G\ ik
RELC RN I B Lb S AR 2 BT 3 ka3 /e s
Bt TORR PR AR RE BT 1] 7o RE DR DO RN R B8 )
A5 (1-C HLE TTETT ) , GN ik B AT RN R I B LE A7 B
FAiOE:hI

AV E 4, 1-A 05 1-B BT =
)R i R A AT ) DA BEL e R A Uik 3
FeastE, HoI-A B0 5 1-B BT A LA 2 40 T K

w02

WOl

B0 W52 X g B 8 4 AN ] AR R T Al B BT S 38 B e

Bili BT RN | o A A B 5 DX A A 2 1
AR E . ER, B 1-A N BEBTATIAR i
N AR A 23 18] 20 A, WO -5 W02 H 6 Fos X
B0 R ARG AR P AN BT AR AR, 3 AT g 26 B X
DX 35 0 i 2 s WA 5 A, RS XV X R
HR R G5 R B NI BELBT AR AIE , R 1 X I 2 1Y
J T RER 2

FE1-C B N, MBI R s AR b O B A\ I B
PUFNAE I R AT PO R DX, DRI TR A 1 B R
B X AR P e DX S i U v T AR B IX
S S I R S, B AR DX S AR M TR, R
AL RAFEAE T A R0 4515 [ 2 R PP R
P Wl N ¥ e e A ] A N NI (5 = e e
T AR T EAR ISR IE L. I, 7F 1-C FoT N, AR
AU DX 8l Py T2 it 2% o et T P R DX

6 4Eit

(1) DURRIREEF I o A1 B4, BRI E 1 TR
K BT IS P i) 35 28 R TR U S i D LR
B v R SO 0 e 2 TR B SRR R 22 5 B BT
BT IR SR 1 YR O DA B T AT P A S S 4
F14 75 3t ek I U HAT BRI BT AR

(2) PR BLE T TOC 14, i 7K
AR, A AR R B I, S B LT

Fig.10  P-wave impedance inversion slice for different depositional units of the Longmaxi Formation in the study area



1368

#H 438

Wol

I-A

0 2
[ S

A 11
Fig.11

REAR , N TEATT R TT 550, i BHAATC 5 A B0 JEE L
SERFAE AR L B A RO

(3) ATHEH TOC 5 I AE R T il = i Sy
MRS R R H Ok R N T
40%) , I BTG RS A AR 2 AR 5 2 A 2
F BRI CRT 40%) , A7 S 00RL Y RE AL 2R
EFE AN, T-A SICH A M) £ SR DU il =
PEIT T A3 SR 8O0 55 TR B A D

(4) %UFH%HUAVO}Q@Xﬁ& S a1 1
fE kB ER OB AL A 25 SRR T-A 05 1-B
$7nﬂﬂﬁ%ﬁ1%}:ﬁ%5ﬁﬁ§ir%&,ﬂﬁI-CimV\]ﬁE
SUHZ B — B ELRAE DY 00 U2 B i T
PR DX

2% 3 Hf (References)

(1] ARAfE, BB, SR E A 28 ARSI LA REIR B HTREIR ().
FAREK T, 2016,36(1) : 1-10. [ Zou Caineng, Zhao Qun, Zhang
Guosheng, et al. Energy revolution: From a fossil energy era to a
new energy era[J]. Natural Gas Industry, 2016, 36(1): 1-10. ]

(2] BSR40 RE . AEERUM AU 5 R[], ORI,
2020,38(1):1-29. [ Qiu Zhen, Zou Caineng. Unconventional pe-
troleum sedimentology: Connotation and prospect[J]. Acta Sedi-
mentologica Sinica, 38(1): 1-29. |

[3] ARARE,BHE, ARG, 5. E A SOTT R kR W ) K5
[]. KRS Tk, 2021,41(1) : 1-14. [Zou Caineng, Zhao Qun,

Cong Lianzhu, et al. Development progress, potential and pros-

(4]

[5]

[6]

(7]

(8]

[9]

5 IX EE%@%@KHU@H%EME& Fﬁ“ttfi{,ﬁifﬂﬁ

Inversion slice of P=S wave velocity ratio in different depositional units of the Longmaxi Formation

pect of shale gas in China[J]. Natural Gas Industry, 2021, 41(1):
1-14. ]

Hart B S, Macquaker J H S, Taylor K G. Mudstone (“shale”) dep-
ositional and diagenetic processes: Implications for seismic analy-
ses of source-rock reservoirs[J]. Interpretation, 2013, 1(1): B7-
B26.

LiDL, LiR X, Tan C Q, et al. Depositional conditions and mod-
eling of Triassic oil shale in southern Ordos Basin using geochem-
ical records[J]. Journal of Central South University, 2019, 26(12):
3436-3456.

SR XKAR  MREAR, 55 B IX T — g S BR 2 T4
TUBRIRSE AT ML RTARALER ], P Rep2Aai (A AAREARD)
2022,53(9):3756-3772. [ Lian Mengli, Liu Dadong, Lin Ruigin,
et al. Sedimentary environment and organic matter enrichment
mechanism of Wufeng-Longmaxi shale in the northern Guizhou
area[J]. Journal of Central South University (Science and Tech-
nology), 2022, 53(9): 3756-3772. |

Guo T L. The Fuling shale gas field: A highly productive Silurian
gas shale with high thermal maturity and complex evolution histo-
ry, southeastern Sichuan Basin, China[J]. Interpretation, 2015, 3
(2): SI25-SJ34.

Wang Y X, Xu S, Hao F, et al.

characteristics of Wufeng-Longmaxi shales, Jiaoshiba area, south-

Geochemical and petrographic

west China: Implications for organic matter differential accumula-
tion[J]. Marine and Petroleum Geology, 2019, 10(2): 138-154.
Wu J, Liang C, Hu Z Q, et al. Sedimentation mechanisms and en-
richment of organic matter in the Ordovician Wufeng Formation-
Silurian Longmaxi Formation in the Sichuan Basin[J]. Marine
and Petroleum Geology, 2019, 101: 556-565.



el PUE SRR

NN U 2= SRR R R

1369

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

RERL, WRTR L PREE, 55 . AR DTS BUZRRRE LA LB R L T
AL AR (A AREA D L 2022, 53(9) £ 3490-
3508. [ Xiong Min, Chen Lei, Chen Xin, et al. Characteristics,
genetic mechanism of marine shale laminae and its significance
of shale gas accumulation[J]. Journal of Central South Universi-
ty (Science and Technology), 2022, 53(9): 3490-3508. |

SRALE 2, XS, 45 Bl AR AR A T i 2 UL
ST Ak, 2022,43(2) :234-249. [ Zhang Jian-
guo, Jiang Zaixing, Liu Peng, et al. Deposition mechanism and
geological assessment of continental ultrafine-grained shale oil
reservoirs[J]. Acta Petrolei Sinica, 2022, 43(2): 234-249. |

ZEIH BRIV, A IRIE AR U S SRR SO
PR ZR : DA DR BH X R 38 B e e S o L] A S
J5t,2023,45(2) :296-306. [Li Juan, Chen Lei, Ji Yubing, et al.
Gas-bearing characteristics and major controlling factors of shal-
low marine shale: A case study of the Lower Silurian Longmaxi
Formation in Taiyang block of Zhaotong area[J]. Petroleum Ge-
ology & Experiment, 2023, 45(2): 296-306. |

Zargari S, Prasad M, Mba K C, et al. Organic maturity, elastic
properties, and textural characteristics of Self Resourcing reser-
voirs[J]. Geophysics, 2013, 78(4): 223-235.

Allan A M, Kanitpanyacharoen W, Vanorio T. A multiscale meth-
odology for the analysis of velocity anisotropy in organic-rich
shale[J]. Geophysics, 2015, 80(4): 73-88.

Zhao L X, Qin X, Zhang J Q, et al. An effective reservoir param-
eter for seismic characterization of organic shale reservoir[J].
Surveys in Geophysics, 2018, 39(3): 509-541.

Vasin R N, Wenk H R, Kanitpanyacharoen W, et al. Elastic an-
isotropy modeling of Kimmeridge shale[J]. Journal of Geophysi-
cal Research: Solid Earth, 2013, 118(8): 3931-3956.

Carcione J M, Avseth P. Rock-physics templates for clay-rich
source rocks[J]. Geophysics, 2015, 80(5): D481-D500.

Zhao L X, Qin X, Han D H, et al. Rock-physics modeling for
the elastic properties of organic shale at different maturity stages
[J]. Geophysics, 2016, 81(5): D527-D541.

Suwannasri K, Vanorio T, Clark A. Monitoring the changes in
the microstructure and the elastic and transport properties of Ea-
gle Ford marl during maturation[J]. Geophysics, 2018, 83(5):
MR263-MR281.

Bredesen K, Jensen E H, Johansen T A, et al. Seismic reservoir

and source-rock analysis using inverse rock-physics modeling: A

[22]

[24]

[25]

Norwegian Sea demonstration[J]. The Leading Edge, 2015, 34
(11): 1350-1355.

Ouadfeul S A, Aliouane L. Total organic carbon estimation in
shale-gas reservoirs using seismic genetic inversion with an ex-
ample from the Barnett Shale[J]. The Leading Edge, 2016, 35
(9): 790-794.

Kumar R, Bansal P, Al-Mal B S, et al. Seismic data conditioning
and orthotropic rock-physics-based inversion of wide-azimuth P-
wave seismic data for fracture and total organic carbon character-
ization in a north Kuwait unconventional reservoir[J]. Geophys-
ics, 2018, 83(4): B229-B240.

Zhao L X, Wang Y, Liu X W, et al. Depositional impact on the
elastic characteristics of the organic shale reservoir and its seis-
mic application: A case study of the Longmaxi-Wufeng Shale in
the Fuling gas field, Sichuan Basin[J]. Geophysics, 2020, 85(2):
B23-B33.

ST, 2T AR, AL IO T2 — e T R A IR
K Bt B BT A LRI [0, A 50T & L 2020, 47
(1):193-201. [Guo Xusheng, Li Yuping, Borjigen T, et al. Hy-
drocarbon generation and storage mechanisms of deep-water
shelf shales of Ordovician Wufeng Formation-Silurian Long-
maxi Formation in Sichuan Basin, China[J]. Petroleum Explora-
tion and Development, 2020, 47(1): 193-201. |

Chen X, Rong J Y, LiY, et al. Facies patterns and geography of
the Yangtze region, South China, through the Ordovician and Si-
lurian transition[J].
aeoecology, 2004, 204(3/4): 353-372.

B TUE S HERYBIEOR M. dbae . o E A A R
2018. [Yang Qinyong. Geophysical technology of shale gas
[M]. Beijing: China Petrochemical Press, 2018. ]

Zhang L C, Xiao D S, Lu S F, et al. Effect of sedimentary envi-

Palacogeography, Palaeoclimatology, Pal-

ronment on the formation of organic-rich marine shale: Insights
from major/trace elements and shale composition[J]. Internation-
al Journal of Coal Geology, 2019, 204: 34-50.

SRR EIGRE BRI 4 A TR a AT A LU IS S 2R B M
IR ERTHR SOH )], HERY AR, 2012, 55(11) :3786-
3794. [ Zong Zhaoyun, Yin Xinyao, Zhang Feng, et al. Reflec-
tion coefficient equation and pre-stack seismic inversion with
Young’s modulus and Poisson ratio[J]. Chinese Journal of Geo-
physics, 2012, 55(11): 3786-3794. ]



1370 o % R F43%

Influence of Sedimentary Environment on the Elastic Characteristics
of Shale Reservoirs: A case study of the Longmaxi Formation in the
Zigong area, southern Sichuan
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Abstract: [Objective] It is important for reservoir quality evaluation and geological modeling of unconventional oil
and gas reservoirs to know the direct relationship between sedimentary environment and seismic elastic response of or-
ganic shales. [Methods] The sedimentary characteristics and lithofacies of the Longmaxi Shale in the Zigong area
were characterized, four depositional units (I-A, I-B, I-C and I1) were identified, and the influence of sedimentary
environment on the elastic characteristics of shale of Longmaxi Formation in Zigong area, Sichuan Basin was ana-
lyzed. [ Results] The results show that the sedimentary environment primarily controls the elastic characteristics of
the shale in the Longmaxi Formation in two aspects: (1) owing to the difference of rock structure caused by hydrody-
namic action, the elastic characteristics of shale in the deep water shelf environment are clearly different from those
of argillaceous siltstone in the overlying turbidite environment; (2) in the deep water shelf environment, the varia-
tion of elastic characteristics is controlled by the precession system and water depth. In addition, quartz and total or-
ganic carbon (TOC) content have a competitive relationship in influencing the elastic characteristics of the reservoir.
Finally, the prediction ability of pre-stack amplitude vs. offset (AVO) inversion to seismic elastic attributes is used
to trace the sedimentary evolution process, which provides insight into directly characterizing sedimentary facies of
unconventional shale reservoirs by geophysical attributes. [ Conclusions] The sedimentary environment affects the
elastic characteristics of shale reservoirs by controlling the structure and composition of rocks. By analyzing the influ-
ence of quartz and TOC content on the elastic characteristics of reservoir, the softening effect caused by organic mat-
ter was found to be dominant when the quartz content is low, and the hardening effect of quartz grains dominant when
the quartz content is high.

Key words: sedimentary environment; elastic properties; organic shale; Longmaxi Formation; Zigong area;

Sichuan Basin



