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Time-lapse impedance inversion based on L, norm
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Abstract Injecting supercritical CO, into underground reservoir space significantly alters the properties of the sequestered
area, resulting in obvious time-lapse responses on post-stack seismic data. Time-lapse wave impedance inversion is an effective
method to identify reservoir changes by calculating differential wave impedance with post-stack time-lapse differential data.
Since reservoir parameters lapse are usually localized, the differential wave impedance often displays clear, block-like features,
meaning that the reflectivity of differential wave impedance tends to exhibit sparsity. And due to the insufficient sparsity of the L,
or L, regularization constraint term used in the conventional time-lapse wave impedance inversion method, it results in the prob-
lem of unclear boundary delineation in time-lapse difference imaging. In this paper, we propose to add L, , norms with stronger
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sparsity-promoting characteristics as a prior constraint into the differential wave impedance inversion to enhance the clarity of
the inversion results at the boundary clarity. The L,, norm constraint improves the sharpness of the inversion results, especially at
impedance interfaces. Through model testing and analysis, it is found that the L., norm constraint provides the highest inversion
resolution in the vertical direction when compared to L, and L, norms. Additionally, in order to overcome the problem of poor
transverse continuity of the inversion results that may be caused by using the single-channel inversion method, this paper adopts
the f~x filtering method for result enhancement. By applying the proposed method to the model data and the CO, geological
storage data in the deep saline layer of Sleipner, Norway, it is shown that the time-lapse wave impedance inversion method based
on the constraints of L, , norms can characterize the time-lapse seismic differential response efficiently and accurately, and it can

be used as a means to monitor the CO, geological storage.
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Fig. 1 True impedance model and inversion results with different constraints (a) basic model; (b) monitoring model; (c)
differential model; (d) the inversion results of L, L,,, and L, constraints before f-x filtering; (g) the inversion results of L;, L,

and L, constraints after f-x filtering
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Fig. 5 Data of CO, geological storage in Sleipner’s deep saline aquifer after stacking (a) basic data; (b) monitoring data

PE#7/m-s-1-g-cc’

PE#/m-s-"-g-cc’

800 800 6000
4500
5500
850 850 |
5000
4000 I
900 900
4500
g £
= 950 3500 = 950 4000
£ E
3500
1000 3000 1000
3000
1050 1050
2500 2500
1100 1100 2000
1750 1800 1850 1900 1750 1800 1850 1900 1950
E &
7000
(c) \
6500 — e
— LR
6000 / fRsR Y
[RESES
O
o
o
£
:Ln—:’
=
800 850 900 950 1000 1050 1100
B 8)/ms
E 6 EMHFEERMARRELER () BMEIENEBRRIEE; b)L, ARMKBERREER; (o) H Well-A L E L &7

YRR EE R
Fig. 6 The impedance inversion results of basic data (a) the low-frequency model of impedance corresponding to the basic

data; (b) L, constrained impedance inversion result; (c) comparison of multiple constraint inversion results at Well-A location



928

AihBkEE 2024 4E 12 H 55 9 55 6 1

PRTDLAE S, M T L ML, 8, Lo, WA HR R
AR Well-A Hp BTN RAM S e, 652
U BELT A% Ak S T Ak RE A i A 110 22 i i (R R, X AR
R A S5 R — 80, HILEZERITRAL, U
B EE RS T RS PP R . T Well-A b
AR A B B B BT A2 1k (CO, JERIs RS Al ), K
I FRATHE K  Well-B {3 & (CDP 1836) &b &t~y 17— 111}
e, PP B R & 6b Hh Ay S 2 5, il i A%
I T AT A0 A 4 st R e BEL T 2%
W18 6b H 1) S A R R EAE S AT AT A
2 F U PSR, WE 7 s, B/ 7a it fx

Z S AHT/m-s1-g-cc™’

800 0
-200
850
400
900 -600
g -800
= 950
= ~1000
[m=}
1000 —~1200
~1400
1050
1600
1100 - 1800
1750 1800 1850 1900 1950
&

DB G 22 UL BHBTAE R, Bt 2 O A B BT I
ik (T5 PALAEFT ) Il E CO, TE ARG EIMA
(R AR, T B A D BT, A& ]
LI, 225 Byt L BA IR i 24,
O TR AR A e s SR R B . 25 BT A
WAEH 5 B )5 22 AR AL Bl — 2. & 7o R TR
DB FHAT 5 07 AL (Y 22 5 B BT S 2 2R, 3
BAT R i —Et.

200

(b)

0
-200 :[

—400

—-600 [
-800 [

-1000 | i JL

-1200

%= SPEFH/m-s~'-g-cc’

—1400 |

— HEEE

—1600 T — RBSE

-1800
800

950 1000 1050 1100

B 8)/ms

850 900

7 ERFMERBEHRREER () ERKEHRELER ; (b)Well-B (L E KRB HF K EHS £ R K EH RS R

Fig. 7 Difference impedance inversion results of real data (a) the inversion results of differential impedance; (b) the comparison

between the logging impedance at Well-B position and the inversion results of differential impedance

4 e

1) 8 B 5 S PR GO R FHINN,  Beik T e T
) 2 S B BHLATIE, b T Ly VRO B i 235 2R - 1 2
R, SRR F AL A AT RO S ELSEREA 5
MEHZ T, Ly AR O 2R A5 AR X S0 B 14 S5 8 45

RPN

R, Lo WARESE A5 2 de R 0 BRI S A2R, IR H
RS frc i M A A 22 S BH PO R B, X 5 S8 PR 7
FPUE S RYIS .

2) fox U AT A AU A BT I s S AR 1) A
HELEIR, 4 Ly SRR fo BB P 45 5 T LA JIHS
TR TN N % 22 S L

[1] HUANG C, ZHU TY, XING G C. Data assimilated time-lapse visco-acoustic full waveform inversion: Theory and application for
injected CO, plume monitoring[J]. Geophysics, 2022, 88(1): R105—R120.

[2]  AHAZE, A T0URE, FRICEE . LT AN 2SS AL SR 1Y CO, MBI Z S BU 5T [7]. HERP A4, 2016, 59(11): 4234
4245. [HAO Y J, YANG D H, CHENG Y F. Research on reservoir parameter inversion of CO, geological storage based on adaptive
hybrid genetic algorithm[J]. Journal of Geophysics, 2016, 59(11): 4234—4245.]

[3] A, EMS, BORE . BUAHE CO, TA ML UL ALEL Y 4 F R0 [1]. A hBH5E 4, 2024, 9(02): 307-317. [HUANG S I,

WANG P, ZHAO F L. Molecular simulation of CO, heavy organic matter deposition mechanism in shale oil injection[J]. Petroleum

Science Bulletin, 2024, 9(02): 307-317.]



BT Loy TR RS P BB 0T 15 929

(4]

[3]

(6]

[7]

(8]

9]

[10]

(1]

[12]

[13]

[14]

[15]

(16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]

/N, 2R 030G . U 2 b 5 i 7 T R R R HG I . il 3k 4 3 B R 11998, 33(06): 707-715. [CHEN X H, MOU Y G.
Four-dimensional seismic reservoir monitoring technology and its application[J]. Petroleum geophysical exploration, 1998, 33(06):
707-715.]

s . B R 22 5 I i K v FHIESY [D]. dbat s AR 2A (dE ), 2019, [TANG W. Time-lapse seismic difference inversion and
application research[D]. Beijing: China University of Petroleum-Beijing, 2019.]

BAvm, MR/, A5, AL L TR BG5Sl 2 I E] A 1 I 7% AR i 2 R 2% S ST ], MR LR, 2023, 66(04):
1681-1698. [WEI SY, CHEN X H, LIJ Y, et al. Time-lapse seismic wave equation differential inversion based on scattering theory and
dynamic time regularization[J]. Chinese Journal of Geophysics, 2023, 66 (04): 1681—1698.]

WANG Y C, MOROZOV I. Time-lapse acoustic impedance variations during CO, injection in Weyburn oilfield, Canada[J]. Geophysics,
2019, 85(1): M1-M13.

GLUCK S, DESCHIZEAUX B, MIGNOT A, et al. Time-lapse impedance inversion of post-stack seismic data[C]. SEG Technical
Program Expanded Abstracts, 2000: 1509—1512.

TANG W, LIJ Y, ZHOU L, et al. Time-lapse impedance difference inversion of post-stack seismic data[C]. SEG International Exposi—
tion and 88th Annual Meeting, 2018: 5343—-5347.

LIJY, WANG S D, CHEN X H. Time - lapse seismic elastic impedance difference inversion and application[C]. SEG 2011 Annual
Meeting, San Antonio, USA, 2011: 2492—-2496.

BARAIJAS C, MUR A, ADAMS, et al. Joint impedance and facies inversion of time-lapse seismic data for improving monitoring of CO,
incidentally stored from CO,—EOR[J]. International Journal of Greenhouse Gas Control, 2021, 112.

R, WRANE . RS R B BT RGE T AT S (9], B R L ER Py BEERE , 2003, 26(1): 41-44. [L1J Y, CHEN X H. Research on
impedance inversion method of time-lapse seismic waves [J]. Progress in exploration geophysics, 2003, 26 (1): 41-44.]

DUARTE W, RIFFAULT D, DOUMA H. Efficient wave-equation-based forward modeling of time-lapse post-stack seismic images with
illumination variations[C]. 15th International Congress of the Brazilian Geophysical Society & EXPOGEF, Rio de Janeiro, Brazil, 2017:
1746-1751.

ZHU Z Y, JIANG X D, ZHAO W, et al. Time - lapse pre-stack elastic impedance inversion based on seismic difference data[C]. SEG
Technical Program Expanded Abstracts, 2011: 2497-2501.

RUBLTT , BRAES), X . T 45 1) S A o 24 SR ) SR 55 138 DL S 37 16 [9]. A48, 2024, 63(03): 645-653. [LIU C F, WEI
H D, LIU R. Bayesian inversion method for fracture weakness based on anisotropic gradient constraints [J]. Petroleum geophysical
exploration, 2024, 63(03): 645—653.]

ZHOU L, LIAO J P, LIU X Y, et al. A high-resolution inversion method for fluid factor with dynamic dry-rock V,/V, ratio squared[J].
Petroleum Science, 2023, 20(05): 2822-2834.

JEIAR, B, AR5t 45 ZE TS Zoeppritz Iy FEAYAH)Z Bl SMERTN 5 i% (7], HuBR R4, 2021, 64(10): 3788-3806. [ZHOU
L, LIAO J P, LI J Y, et al. Prediction method for oil and gas content in reservoirs based on precise Zoeppritz equation [J]. Journal of
Geophysics, 2021, 64 (10): 3788—-3806.]

YING X Y, ZHANG S X. Bayesian inversion for effective pore-fluid bulk modulus based on fluid-matrix decoupled amplitude variation
with offset approximation[J]. Geophysics, 2014, 79(5): R221-R232.

WER, XU, To5, 55 HT 745 29 ORI PR o B bR R0 iY = 28 8 ) SO 5 vk (1], Huskp 32741, 2018, 61(12):
4934-4941. [PENG G M, LIU Z, YU H Z, et al. Three-dimensional gravity inversion method based on cauchy distribution constraints
and fast proximal objective function optimization[J]. Journal of Geophysics, 2018, 61(12): 4934—4941.]

WANG L, ZHOU H, WANG Y, et al. Three-parameter pre-stack seismic inversion based on L;, minimization[J]. Geophysics, 2019,
84(5): R753—-R766.

WANG Y, MA X, ZHOU H, et al. L,, minimization for exact and stable seismic attenuation compensation[J]. Geophysical Journal
International, 2018, 213(3): 1629—-1646.

BRABAE, BR/NE, 250t 45 JE T Lo, IENMEROMRRIREST “Bh” B (J]. il eR Y B, 2022, 57(06): 1409-1417. [GENG
W H, CHEN X H, LI J Y, et al. Seismic wave impedance “block” inversion based on L,, regularization [J]. Petroleum Geophysical
Exploration, 2022, 57 (06): 1409—1417.]

et s, A, WO e, 45 R T 000 MR i 35T P 24 1% e o P BH e S 8 5 1 (0], AR A AR L 2024, 9(04): 549
562. [HOU S Y, LI ] Y, GENG W H, et al. Improved elastic impedance inversion method based on differential hyper Laplace block
constraints [J]. Petroleum Science Bulletin, 2024, 9(04): 549—-562.]

A= . BT Sl BT R 0 S0 R T EEESE [D]. db st R EA TR ORAE (dEsY), 2021, [LIY Q. Research on pre-stack inversion
method based on analytical solutions of wave equations [D]. Beijing: China University of Petroleum-Beijing, 2021.]

CANALES L. Random noise reduction[C]. SEG Technical Program Expanded Abstracts, 1984: 329—329.

SPITZ S. Seismic trace interpolation in the f-x domain[J]. Geophysics, 1991, 56(6): 785—794.



930

FhBREER 2024 4E 12 H oS 6 ]

[27]

[28]

[29]

[30]

[31]

[32]

i fdE . MR 2RI AR FAE AN 2 M e VN O ST [D]. dEET : AT (JEED), 2021, [ZHANG J. Research on seismic
constrained reservoir characterization and uncertainty quantitative evaluation method [D]. Beijing: China University of Petroleum-Bei—
jing, 2021.]

T, M, £k, A& BURIRS 00 P HES 1Ak 22 18 s i R SO [T]. M ERPHE AR, 2022, 65(7): 2681-2692. [WANG N,
ZHOU H, WANG L Q, et al. Data driven block arrangement regularization for multi-channel pre-stack seismic inversion[J]. Journal of
Geophysics, 2022, 65(7): 2681-2692.]

TR, R, TAE, 55 Arkn TR 20 A PP-PS IBE-A S i ARG 3002 [0]. HhERIEE=A4R , 2018, 61(3): 1169—1177. [WANG
Y F, TANG J, GENG W F, et al. A sparse solution algorithm for PP-PS joint inversion with particle filter constraints[J]. Journal of
Geophysics, 2018, 61(3): 1169—-1177.]

QIAO T, TURKIYAH G, SCHUSTER G. Travel-time tomography and efficient physics-informed Bayesian inversion[C]. Second
International Meeting for Applied Geoscience & Energy, 2022: 2040—2044.

PRATIKNA K, RAHMAN M, MONDOL N. Characterization of Utsira formation around the Sleipner CO, storage site, central North
Sea[C]. Second International Meeting for Applied Geoscience & Energy, 2022: 552—556.

RUSSELL B. Repeatability indicators in time-lapse seismology and their application to the Sleipner CO, storage project[C]. Carbon
Capture, Utilization, and Storage Conference and Exhibition, 2024: 425-434.

(%h%% MR

FE—1EE: BCHEE (1997 4F—), WLAFEA, WRRHEMRE . 20 . CO, Hi i H /2% )y ot ,

Iwj_6016@163.com.,

BIEEE: 25 (1978 4F—), M1, Zd%, WRERRHEME ., SRTAVO RH . ZWIKGH . A0

YIBEEIESE, lijingye@cup.edu.cn,





