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High-resolution seismic imaging and lithologic trap identification for
ultra-deep gas reservoirs in northern slope of Central Sichuan Paleo-Uplift

ZHANG Xuan', ZHANG Fuhong?, XU Xiang', YAN Yuanyuan', HAN Song', DAI Ruixue ',
CHEN Kang', ZHANG Yusheng?, TANG Cong'

(1. Exploration and Development Research Institute, PetroChina Southwest Oil & Gas Field Company, Chengdu 610041, China; 2. PetroChina
Southwest Oil & Gas Field Company, Chengdu 610041, China)

Abstract: The Lower Paleozoic—Sinian lithologic traps on the northern slope of the Central Sichuan Paleouplift, at depths exceeding 6,000 m,
exhibit significant high-frequency seismic attenuation. This is evidenced by dominant frequencies below 30 Hz and over 70% energy loss in the 60 Hz
band. Furthermore, the P-impedance distributions of dolomites, limestones, and siliceous layers show an overlap over 70%, resulting in great
uncertainties of lithologic trap identification. To address the challenges of ultra-deep weak signal recovery and complex lithology discrimination,
this study proposes an integrated technical suite comprising true signal recovery, high-resolution imaging, intelligent interpretation, and quantitative
evaluation. Intelligent denoising using a multi-scale information distillation network boosts the peak signal-to-noise ratio by over 10 dB. The

wavelet transform-based time-frequency energy compensation technique elevates the dominant frequency to 35 Hz and broadens the effective band
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by 27%. The FWI-based multiple suppression technique, which reconstructs multiples' travel paths via wave equation-based forward modeling and

FWI, achieves a 92% well-to-seismic correlation. These techniques collectively enable high-fidelity recovery of ultra-deep weak signals and

accurate reconstruction of complex subsurface wavefields. The integration of phase rotation-based sequence interpretation (with vertical resolution

of 10 m) and a geological-geophysical co-inversion strategy (with reservoir prediction error below 15%) facilitates a dramatic improvement in both

qualitative and quantitative identification of ultra-deep complex lithologic traps. Field applications in the gas field demonstrate a significant

increase in lithologic trap identification accuracy from 62% to 81%. This Al-driven seismic data processing and interpretation system provides an

intelligent solution for ultra-deep weak signal recovery and lithology differentiation, and its success offers a valuable reference for the exploration

of other complex hydrocarbon reservoirs in China.

Keywords: ultra-deep, lithologic trap identification, high-resolution imaging, artificial intelligence, multiple suppression, reservoir prediction
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CRE SR A I R R b e TR O R R 0 R R 1 B P U R 173

B 5 it 2 0 7 e LI . RO IR S S SR OY
J& VE R 5 53 A, B KT 5 2K 2 U0 W G SR A R
PEF T 23%, JUIHXT T3 2 MR A AR AR A 9N 1) 43 BER
KRBT Smit g, KB TAEG “RE e a7 R R R
B, BT S R S 5 R RS B Sh LR HL
AR TR —PIE M 2 8 A3 s RiE g 5 ITH, F5K
U TV AR ARk 5 D e, 2 v it B A L DA B, A Ak s iR T
b )2 B AN A X D RS B A T
222 HJF-H I AP F RUR

TS B T R R AR A ROT R U A F)
Tz BB 8L, A e BT R T R E N it
J2 TR AR R O T B IR AE R, 2R I B D s
T A, 328 sy 4 &% L3 . R, o il by pg
E AL BT DU Bt , 5% 38 W ol Sz 38 5 vk AR A B R 3
W, —BRAEW . WRIELET B S bR e S 8O A
bSO TR T b AR R, O R T Ml B R AT A
PR i 2l 7 B T AR A0, R I T 2 e b R A . B
S, I R T T B X AN TR B e Oy vk AT I, i
T 7E © 13 T b SRR B FT 4 T, R S 38 45 2R % 0
VM AS 7] B2 i 7 35 XA 5% X552 o b, BT 2% {24 1 T 0 A
PO RCR

1120 DB1 g )2 BE R . B 12 I AR[FERT. &
J& RO 5 DB I EITAE . f B 12 A I, b R 4
T2 S8 T v T A X 23 [ AR S5 25 0 1) /AR AR, 38
FHT T 126682 (FL B EE R T 3%) 5 K ki 123 1 il
D, 58 v B Sk Rl GO A S B S e R E R

K

[ pesi=

L BIEST

[ RIES

[ RES

. s

l FE (D)

B I (RGRTF)
I Dn2

11 DBI JHifZ iR

Fig. 11  The reservoir model of Well DB1

| ks
B ik
NS ESE

| RELE
W

[

[ 12 KB, &5 kRS DB I
a B Eigiikel ;b REUPIRARR R o IET WS E R F S S H00RE 5 ASICEL; d FRTRIN RIEG; o Feni e HURGNE L L5 £ B

GeiteA R

Fig. 12 Prestack and poststack inversion sections across Well DB1



174 £l

B o5 65 %

A R 20 A 2 AR Y M B X R E AR A 2 R Y
Hb 7 R REAE, 4 R S - R A ROHUR N, o &
Al AVO J& PEHl 4 A M UR S 80, B 5 R 3R 5
25 LF i e B S e, A D R AR T T
L B X T ALBRE /N T 3% 19 I 2 A )2
SR JH 3B I R0 I Jk v 2 8 9k A ST 2 AR 4R, 45 B i
JRGE T2 SO R AT Y A DR AR, SEEL T AL
5 TG B ST . T AL R AR — A B A
B — 7 1 DU A b 72 S Y T S T R AN () Iz i 4
R E B .

3 BB

YV ALV O B0 O B 2 O )2 )R S W ek
Ptk o anial 13 Frow, fF 5T XD Y B i )2 R B A T

10 ~ 80 m, & LB )2 (LB E K T 3%) EE 404 T
Fr e RE A (1] 13 v 3G Rl A DI, H 5 e 7 35 8 H
oG I A L B S AR A, 5 R ) RO Al 2 ] 22
i, 3K S 1 R P RO R (0 T Bk BRAK S iR
PR ECE e JZ (13 rh 2R el S A (0 DX /9 23 A
BE— IR T AR B, T EUR R R P S . A
F 8 25 I8 VE BE £ 5 M 5T 8 3 5 B 38 07 3k X o 1k
BIPR EAT TF0, W T B0 R 5 B = oa il R R
FHAC 22 5, A REAR T R 0 i 8 rp i) 22 figp P, NG 9 21
TP AT B, S BTN R AR SR TR S A Y
FEANL, REME R E W, 2T IX 2 H R IE, Pl EA
WRIAF & T 80%. N HIZMT T MR, a1 bty
L AL A 3 20 T S T AR KT 30 km? B9 T B 1) A
TAS AT B PR P 13 A, S48 T BRSSO R ALAT
BRSSP B AL TR B L i PO A A

O 20 E
HAEREE RS

P13 KT B it B R Pl P 1 A

Fig. 13

4 ZFRiE

B T v R R S R 3 ) 1 B A B R

Reservoir thickness and lithologic trap distribution in the fourth member of the Dengying Formation

W RRAR S R IR I L R 22 S R A S i B
37 fi 2 R S5 MR, 3 22 2R R AS SUR A, M T R
BE UG RE B BT — R R IR R . TR



514

TSI R R L R R TR 2 UM R e o A R S R PR R 175

o BCHE Kb BT T, kTR BE A o AR A A] A A, 42
T2 REAE B M R MR H R, SEBL T R e
T 5515 5 1Y e A ERAE (W {5 M L 4R T 10 dB LA
) B G /N B R S I AR BE A EEHOR 2o A A
O3 M 5 S AR T 2 ROBRL, O MR AR S BRI &
35 Hz, A 8 #1561 27%, AR T 1% Go 4 e #2207
12 B BOBUENE 3 B T A P 2B iy S 1 A 22 U I il 5
ARH e 3 7 RE R 5 kAU, IR E W)
BRI E 92%, B3F Rl 1 )Z R 8 E e+
oo TEHRE M BE Dy T, AH AL ERS B Y R EOR Stk T
B TR £h 7 i JZ /N 206 B 0 22 A M X R Ml o — 3t Bk )
PP ] S AR R RS T S PO DL 5T R 2 2T AL
i, AR JZ YN 1] 73 AR IR F 5 me 7R RN RLALTT T 1
b RO TR )2 P R T U A RN 62% T &
81%, Sy o7 78 2 i ek OO B 4 A O S L (HE,
AR T AR AN RATSTE — & B2 L E AR ARG M 72
B o B ARSI RO, ROR T — P RS 2T R
FaBae | SR A2 3T B0, M LA O R A R 24 G
BRI AR SE, DA S VR R T
S Z 3L HK (References)
(1] IR, FE A, MR, 56 v [ A i oo e AR DX R R 58
SR [T A ERYELIR, 2024, 59(1): 169-184.
ZHAO B L, DONG S T, LIU Y M, et al.Breakthrough and inspiration
in seismic exploration of highly difficult exploration area on land of
CNPC[J].0il Geophysical Prospecting, 2024, 59(1): 169-184.
(2] #BRWL, SO0, Bk, 25 D) b SRl —Je & Sp il e iR B R RIA R
FURRHE [J. AR 577 &, 2016, 43(2): 179-188.
YANG Y M, WEN L, LUO B, et al. Hydrocarbon accumulation of Sini-
an natural gas reservoirs, Leshan-Longniisi paleohigh, Sichuan Basin,
SW China[J].Petroleum Exploration and Development, 2016, 43(2):
179-188.
(3] vk, BCE, £330z, % N EHUR 0 — e L5l B iz BLR U
FERUHLA [J]. RARTHIBRR, 2015, 26(3): 444-455.
LUO B, LUO W J, WANG W Z, et al.Formation mechanism of the
Sinian natural gas reservoir in the Leshan-Longnvsi Paleo-uplift,
Sichuan Basin[J].Natural Gas Geoscience, 2015, 26(3): 444-455.
(4] Bk, BRI, S0, S by ek kTS A A2 A B sl I R e
A [1A7Th2EAR, 2015, 36(4): 416-426.
LUO B, YANG Y M, LUO W J, et al.Controlling factors and distribu-
tion of reservoir development in Dengying Formation of paleo-uplift in
central Sichuan Basin[J].Acta Petrolei Sinica, 2015, 36(4): 416-426.
(57 BREE, e, BRERE, 251 X2 A A T TRk R A2 M
SRR EERIMER (1] KRR, 2022, 33(6): 917-928.
ZHANG X, RAN Q, CHEN K, et al.The controlling effect of strike-slip

fault on Dengying Formation reservoir and gas enrichment in Anyue

Gas Field in central Sichuan Basin[J].Natural Gas Geoscience, 2022,

[10]

[11]

[12]

[13]

[14]

33(6): 917-928.

YL, WRMR 22, 32M1, S5 BT 2 IR PR G 48 5 S T e IR 2 W4
FHEAEAPE R RPERR (9] A IR, 2022, 61(3): 543-555.

LI HY, CHEN J A, GONG W, et al.Prediction of physical and fluid
properties of ultra-deep fault-controlled reservoirs based on multi-at-
tribute fusion prestack inversion[J].Geophysical Prospecting for Petro-
leum, 2022, 61(3): 543-555.

HFILT, Hben, 5471, 45 AL PR RE— R AL 2 ) 2 B U3 5
LA 0] 5 i3 A7 A — S 38R b DX KT S 2 S 1) (7] i AR,
2022, 61(3): 408-422.

GAN L D, DAI X F, XU Y P, et al.Recognition and suppression of in-
terlayer multiples based on integration of processing and interpreta-
tion—A case study of Dengying Formation in Gaoshiti-Moxi area,
Sichuan Basin[J].Geophysical Prospecting for Petroleum, 2022, 61(3):
408-422.

TR, Bt SRR, 55 2 BRI A 4R A 2 i M R RS A0 T
W7 [TATIER, 2024, 63(2): 426-436.

LV B N, CHEN X H, WU H J, et al. A fine seismic prediction method
for complex carbonate fractured-vuggy reservoirs[J].Geophysical Pros-
pecting for Petroleum, 2024, 63(2): 426-436.

AR ERZ M SRR R BOR S (7] 4 sk 2R, 2024,
59(4): 915-924.

LI Y L.Ultra-deep oil and gas reservoir seismic prospecting technolo-
gies progress[J].0il Geophysical Prospecting, 2024, 59(4): 915-924.
AR, 5N, W, 5 IR E R R A R IR B K
JESHTT 8] [J] AR B EIER, 2024, 59(2): 368-379.

LI C, HAN L H, YANG Z, et al.Development and tackling directions of
seismic exploration technology for deep and ultra-deep marine carbon-
ate rocks[J].Oil Geophysical Prospecting, 2024, 59(2): 368-379.

XU, ERk—, PhIT, 45 SRR A S8R AU 2 S & 5 MR LR 5 TR
W78 N [ A7 i ER Y BRIEE, 2023, 58(6): 1463-1471.

LIU T, WANG T Y, SUN K, et al.Pre-stack and post-stack seismic
comprehensive prediction method and its application in carbonate frac-
tured-vuggy reservoirs[J].0il Geophysical Prospecting, 2023, 58(6):
1463-1471.

HAYE, BRIGESE, W, 5 TRZ B R B VA S A b R T DGR
ARBSE (] A7 R BB R, 2022, 57GE T 2): 80-86.

CHANG S Y, MU X L, ZENG ] H, et al.Key technologies for deep
concealed karst reservoirs prediction based on seismic data and applica-
tion[J].0il Geophysical Prospecting, 2022, 57(S2): 80-86.

B2y, SR, HOROR, A5 FEMUB R IREOR TR R iR L A g
FOREA [T] AT B ER P BIAR, 2022, 57(H T 1): 21-28.

ZENG H H, SU Q, ZHANG G R, et al.Application of broadband seis-
mic exploration technologies in deep carbonate imaging[J].Oil Geo-
physical Prospecting, 2022, 57(S1): 21-28.

ENLER, ARG, AE0L, S A B T RIR R IR R A Wi AR
PR B BRIEA (1] A AR, 2022, 61(5): 865-875.

WANG L X, LIH Y, LI H, et al.Imaging and prediction technology of
fault-karst reservoirs in ultra-deep carbonate rocks under complex geo-
logical conditions[J].Geophysical Prospecting for Petroleum, 2022,
61(5): 865-875.

(dt: FH )



	1 超深层岩性圈闭成像关键技术
	1.1 基于多尺度信息蒸馏网络的智能去噪
	1.2 基于小波变换时频域分析的能量补偿
	1.3 全波形叠前反演多次波压制

	2 超深层岩性圈闭识别关键技术
	2.1 基于高频层序约束的岩性圈闭定性识别
	2.2 超深层多尺度储层智能定量表征
	2.2.1 动态波形自动匹配
	2.2.2 地质−地球物理协同反演


	3 勘探成效分析
	4 结束语
	参考文献

