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Time-lapse image
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Time-lapse image: raw
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Time-lapse image: inve
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Time-lapse image:
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Time-lapse image: raw
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Time-lapse image: raw-obstruction
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Introduction Time-lapse imaging
Key assumptions
Time-lapse processing workflow
Time-lapse inversion workflow

Time-lapse imaging — Acquisition

Baseline

Reservair,
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Introduction Time-lapse imaging
Key assumptions
Time-lapse processing workflow
Time-lapse inversion workflow

Time-lapse imaging — Acquisition

Monitor

Reservair,
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Introduction Time-lapse imaging
umptions
pse pro workflo
Time-lapse i

Time-lapse imaging

Lomy = do
Lim; =d;

Am =m; —mg

L;: modeling (acquisition) operator
d;: seismic data

m;: earth reflectivity model

Am: time-lapse image

i—o. Baseline

i—1: Monitor
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Introduction Time-lapse imaging
umptions
pse pro workflo
Time-lapse i

Time-lapse imaging

L;: modeling (acquisition) operator
d;: seismic data

m;: earth reflectivity model

Am: time-lapse image

i—o. Baseline

i—1: Monitor

m;: migrated image (LT,-d,-)
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Key assumptions
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Key assumptions

@ Production- (or injection-) related changes in acoustic
properties are measurable
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Introduction Time-lapse g
Key assumptions
Time-lapse
Time-lapse in

Key assumptions

@ Production- (or injection-) related changes in acoustic
properties are measurable

@ The baseline migration velocity model is accurate
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Introduction Time- e ging
Key assumptions
Time-lapse pr
Time-lapse inversio

Key assumptions

@ Production- (or injection-) related changes in acoustic
properties are measurable

@ The baseline migration velocity model is accurate

@ Velocity changes between surveys are small
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Introduction Time-lapse i
Key assumptio

Key assumptions

@ Production- (or injection-) related changes in acoustic
properties are measurable

@ The baseline migration velocity model is accurate
@ Velocity changes between surveys are small

@ Compaction and other geomechanical effects between surveys
are small
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Introduction Time-lapse i
Key assumptio

Key assumptions

@ Production- (or injection-) related changes in acoustic
properties are measurable

@ The baseline migration velocity model is accurate
@ Velocity changes between surveys are small

@ Compaction and other geomechanical effects between surveys
are small

@ Data comprise only primary reflections
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Introduction Time-lapse i
Key assumptio

Key assumptions

@ Production- (or injection-) related changes in acoustic
properties are measurable

@ The baseline migration velocity model is accurate
@ Velocity changes between surveys are small

@ Compaction and other geomechanical effects between surveys
are small

@ Data comprise only primary reflections
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Introduction

Time-lapse processing workflow
Time-lapse inversion \ ¢

Workflow: 4D processing

Multiple + noise
attenuation

Amplitude + phase
corrections

Warping
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Introduction

Time-lapse processing workflow
Time-lapse inversio

Workflow: 4D processing

Multiple + noise
attenuation

Amplitude + phase
corrections

Warping

Match Filtering

gayeni@sep.stanford.edu

Gboyega Ayeni & Biondi Biondi Wave-equation inversion of time-lapse seismic data sets



Introduction

Time-lapse processing workflow
Time-lapse inversion \ ¢

Workflow: 4D processing—updated

Multiple + noise
attenuation

Amplitude + phase
corrections

Pre-stack + post-stac

warping

gayeni@sep.stanford.edu

Gboyega Ayeni & Biondi Biondi Wave-equation inversion of time-lapse seismic data sets



Introduction

e-lapse prc g kfloy
Time-lapse inversion workflow

Workflow: 4D processing+inversion

Multiple + noise
attenuation

Amplitude + phase
corrections

Pre-stack + post-stac

Wave-equation inversion

warping

data sets
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Introduction

Workflow: 4D processing+inversion

Multiple + noise
attenuation

Amplitude + phase
corrections

Pre-stack + post-stack

X Wave-equation inversion
warping
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Data-space inversion
R rized in o

Data-space inversion

d; — data

m; — reflectivity image

L; — modeling operator
Am — time-lapse image
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Data-space inversion
R

Data-space inversion

I-0 0 my . do
Llsm_ Ll Amm d]_

S"" — forward (baseline to monitor) warping
Am™ — time-lapse image at monitor position
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Data-space inversion
R

Data-space inversion

LO 0 my . do
L,S" LS Am® d;

S"" — forward (baseline to monitor) warping
Am” — time-lapse image at baseline position
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Method

Data-space inversion

U™ - mapping operator
m— m— -1
U™ = LS ([ TL] T L)
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Method

Regularized-inversion

Lo 0 , d,
0 U"L d;
EoRO 0 b - 0
0 €1R1 ml 0
—GCoMNo Gy 0

Q
o
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Method

Regularized-inversion

Lo 0 , d,
0 UL, d

EORO 0 rmng — 0 ~0
0 €1R1 1 0

—GCoNo Gy 0

R; — spatial regularization

N; — temporal regularization

€; — spatial regularization parameter
(i — coupling parameter
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Method

Image-space inversion

mo

0 H m?

Roo 0 ﬁ’lo - 0

¢ w |La =] o

No A5 0
| A% AE |0 |

i = L] L; — Hessian
i= L,-Td,- — migrated image
; — inverted image

i — spatial regularization

;i — temporal regularization

>3 T

>
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Method

Image-space inversion

mo
0 H m?
Roo 0 ﬁ’lo — 0
0 RY, [ m? ] ~10
Mo —N, 0

[ —Ao AR L 0 |

H — target-oriented approximation to the full Hessian
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Method

Image-space inversion

1
Roo 0 ﬁ’lo — 0
0 Ry [ b ] |0
No —A5 0
| Al A | o ]

Hf’ Hessian with monitor geometry but baseline velocity
m; — migrated monitor warped to the baseline
m

b
1
f inverted monitor a the baseline postion
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Method

Image-space inversion

> 3
—o S
Q

L
Moo —Noy
L —Ny A

Data-fitting
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Method

Image-space inversion

mo
0 H m?
Roo 0 o] | O
0 RY, [ m? ] ~10
No —N, 0

[ —Ao AR L 0 |

Spatial regularization — non-stationary dip-filtering
Temporal regularization — difference operator
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Method

Image-space inversion

mo
0 H m?
Roo 0 ﬁ’lo — 0
0 RY, [ m? ] ~10
No —N, 0

[ —Ao AR L 0 |

— Can be easily extended to multiple surveys
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Method

Image-space inversion

mo
0 H m?
Roo 0 ﬁ’lo — 0
0 RY, [ m? ] ~10
No —N, 0

[ —Ao AR L 0 |

— Can be easily extended to multiple surveys
— Can be solved in a target-oriented way (e.g., around the reservoir)
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Method

Image-space inversion

mo
0 H m?
Roo 0 ﬁ’lo — 0
0 RY, [ m? ] ~10
No —N, 0

[ —Ao AR L 0 |

— Can be easily extended to multiple surveys
— Can be solved in a target-oriented way (e.g., around the reservoir)
— Can be efficiently repeated with different regularization parameters
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Method

Image-space inversion

mo
0 H m?
Roo 0 ﬁ’lo — 0
0 RY, [ m? ] ~10
No —N, 0

[ —Ao AR L 0 |

— Can be easily extended to multiple surveys

— Can be solved in a target-oriented way (e.g., around the reservoir)
— Can be efficiently repeated with different regularization parameters
— Can be easily integrated with conventional inversion framework
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Field data set
Complete data example

Examples Gapped data example

Location: Norwegian North Sea

- o - o e = oo o
Y
Yoo I
@
68° ]
24 so0o
]
67° )
o
200 km .
6% /& a,
b eronmovsuno
9 P
&
- K
S
o Haterpre
o orent
f%"”“’ Modified from: STATOIL Annual Report (2006)
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Field data set

Examples

Baseline: stacked image/velocity model

Distance (m)

6000
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Field data set

Examples

Baseline — Target area

Distance (m)

6000
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Field data set

Examples

Baseline — Target area

Distance (m)

6000
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Field data set
Complete
Gapped

Examples

Baseline — Target area

Distance (m)

2000 4000 6000 8000 10000
o
o
o
N
E
£ ~ = Z
Bo = = - : — . 1
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@ ———— - e — S8 e ——— - = \.“ pe
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e —— w—— = - e S -
= ————— Z
8 > — =
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Field data set
Complete data example

Examples
P Gapped data example

Baseline: Raw

1000 2000 3000 4000 5000 6000 7000 —2000
sx (m) offset (m)
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Field data set
Complete data example

Examples
P Gapped data example

Baseline: After demultiple

1000 2000 3000 4000 5000 6000 7000 —2000
¢ (m) offset (m)
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Examples Complete data example

Baseline: Radon model

68000 7000 8000 9000 0.001
emp (m)
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Examples Complete data example

Baseline: Radon model

Multiples

00 4000 5000 68000 7000 8000 9000 0.001
emp (m) slowne (s/m)
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Field da et
Complete data example
Gapped data example

Examples

Baseline: Prestack image before processing

~ 2875
»
>~
«
)
o
S
O
E a
oo
= O
2,0
O™
o
o - - - .
S - - :
<0 2000 4000 6000 8000 10000 0
distance (m) ang (deg)
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Field data set
Complete data example
Gapped data example

Examples

Baseline: Prestack image after processing

2875

20000.37192

depth (m)
3000

4000

0 2000 4000 6000 8000 10000 0
distance (m) ang (deg)
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Field data set
Complete data example
Gapped data example

Examples

Time-lapse image: raw

Distance (m)

2000 4000 6000 8000 10000
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E
£
o
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Field data set
Complete data example
Gapped data example

Examples

Time-lapse image: demultiple

Distance (m)

2000 4000 6000 8000 10000

)

S =

o

N
E
£
o
ag

™
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o
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Depth (m)

Gboyega Ayeni & Biondi Biondi

Field data set
Complete data example
Gapped data example

Examples
Time-lapse image: amplitude correction

Distance (m)
6

o — -
(=3 —= =
8 ==
N
= e aes =S -
= e—— -——= e
= — e ——
o
j=3
<3 = =
53 = s
(=3
(=3
(=3
i
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Field data set
Complete data example

Examples Gapped data example

Time-lapse image: warping (prestack+ poststack)

Distance (m)
2000 4000 6000 8000 10000

]
|

2000

Depth (m)

3000

4000
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Field data set
Complete data example

Examples Gapped data example

Time-lapse image: inversion

Distance (m)
2000 4000 6000 8000 10000

2000

Depth (m)

3000

4000
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Field data set
Complete data example

Examples Gapped data example

Time-lapse image: inversion

Distance (m)

2000 4000 6000 8000 10000
o = = = =
o
o
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™
o
o
(=3
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Field a set
Complete data example
Gapped data example

Examples

Time-lapse image: inversion

Distance (m)
4000 6000 8000 10000
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Field a set
Complete data example
Gapped data example

Examples

Time-lapse image: inversion

Distance (m)
4000 6000 8000 10000
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Field a set
Complete data example
Gapped data example

Examples

Time-lapse image: inversion

Distance (m)
6000 8000 10000
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Field data set
Complete data example
Gapped data example

Examples

Time-lapse requires careful processing/interpretation!

Distance (m)

4000 6000 8000 10000
- ———
°
8
g
]
E
£
g
o
ag
8
°
8
g
g
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Field data set
Complete data example
Gapped data example

Examples

Raw time-lapse — Artifacts

Baseline/monitor

Distance (m)
600

1800

2400

Depth (m)

3000

3600
I
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Field data set
Complete data example
Gapped data example

Examples

Raw time-lapse — Artifacts

Baseline/monitor

- Monitor
g . /
E \ /<
° o Q _\ Baseline .
g - A
) v
A
v
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Examples

After multiple attenuation

Field data set
Complete data example
Gapped da ample

Baseline/monitor Difference
s
8
2
5
o
g
53
3 +
h —
£ =
£ = ]
3
o
o
S
S S
<
3
o
8 <
8
8 ) b
(

Monitor-Baseline

O O 2 =

data sets
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Examples

After amplitude balancing

Field data set
Complete data example
Gapped da ample

Baseline/monitor Difference

s

8

2

o

g

53

3 +

I b

E —— -
= = <
£ = ]
3
o

. -

S

8
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Field data set
Complete data example
Gapped data example

Examples

After warping

Baseline/monitor Difference
3 {
§ g i Monitor-Baseline /
. b X
EL t\/ /
£
] \
o
>
g A
8 \ 0
A
v
q > |
8 < )
8 > /
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Field data set
Complete data example
Gapped data example

Examples

After warping

Baseline/monitor Difference Vert. Displacement
s (
8
8
) = /
b X
EL t\/ /
£
=
8 N Q
> .
s - Not production related!
g ‘ G
A
v
q g |
sl < /
8 > /
m) 0
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Field data set
Complete data example
Gapped data example

Examples

Raw time-lapse — Reservoir

Baseline/monitor

Distance (m)

1800

2400

Depth (m)

3000

3600
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Field data set
Complete data example
Gapped data example

Examples

After multiple attenuation

Baseline/monitor Difference
3 <
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Field data set
Complete data example
Gapped data example

Examples

After amplitude balancing

Baseline/monitor Difference
S > Ve
@ ) A
[QV) \
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8
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N
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Field data set
Complete data example
Gapped dat: ample

Examples

After warping

Baseline/monitor Difference Vert. Displacement
— >
8 <
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0 \
j ~2
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o
S
8
8
8 A\
(OV] N
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Field data set
Complete data example
Gapped data example

Examples

After warping

Baseline/monitor Difference
8 4
k4 — q I
0 \
] ~2
(@)
(@)
3 Production related!
J /
B = T¥ g
z >
3 >
o >
o
S
8
8
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(OV] N
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Field data set
Complete data example
Gapped data example

Examples

After warping

Baseline/monitor Difference Vert. Displacement
8 4
k4 — q I
0 \
] ~2
(@)
(@)
3 Production related!
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o >
o
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8
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(OV] N
o )
o 7
m) 0 ©

gayeni@sep.stanford.edu

Gboyega Ayeni & Biondi Biondi Wave-equation inversion of time-lapse seismic data sets



Field data set
Complete data example
Gapped data example

Examples

After warping

Baseline/monitor Difference Vert. Displacement
8 pa— Small background
- misalignments
(V)
] ~2
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3 Production related!
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o
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Examples Gapped data example

Complete baseline

Baseline
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Examples Gapped data example

Gapped monitor

Monitor

Production/
drilling facilities
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Field data set
Complete data example

Examples Gapped data example

Data: Complete baseline

000 3000 4000 5000 8000 7000 000
sx (m) offset (m)
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Field data set
Complete data example

Examples Gapped data example

Data: Gapped monitor

000 3000 4000 5000 8000 7000 000
sx (m) offset (m)
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Field data set
Complete data example

Examples Gapped data example

Data: Gapped monitor

1000 2000 3000 4000 5000 8000 7000 2000
sx (m) offset (m)
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Field data set
Complete data example

Examples Gapped data example

lllumination ratio: monitor/base

Distance (m)

6000

k]
<
c
8
T
c
€
=
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Field data set
Complete data example

Examples Gapped data example

lllumination ratio: monitor/base

Distance (m)

6000

k]
<
c
8
T
c
€
=
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Field data set
Complete data example

Examples Gapped data example

lllumination ratio: monitor/base

Distance (m)

4000 6000 £

w 2
Zz
-
L
()
<

o z

m =
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E
Z
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=

H
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Field data set
Complete data example
Gapped data example
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Field data set
Complete data example
Gapped data example

Examples
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Field data set
Complete data example
Gapped data example
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Examples

Gapped data example

Prestack warping: vertical components
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Field data set
Complete data example

Examples Gapped data example

Prestack warping: before
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Field data set
Complete data example

Examples Gapped data example
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Field data set
Complete data example
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Field data set
Complete data example
Gapped data example

Examples

Time-lapse image: raw (complete data)
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Field data set
Complete data example
Gapped data example

Examples

Time-lapse image: raw (gapped data)
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Field data set
Complete data example
Gapped data example

Examples

Time-lapse image: after all processing (

2000

Depth (m)

3000

4000

Distance (m)

Gboyega Ayeni & Biondi Biondi

Wave-equation inversion of time-lapse seismic data sets

gayeni@sep.stanford.edu




Field data set
Complete data example
Gapped data example

Examples

Time-lapse image: after WE inversion (gapped data)
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Field data set
Complete data example
Gapped data example

Examples

Time-lapse image: raw (gapped data)
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Examples

Field data set
Complete data example
Gapped data example

Time-lapse image: after WE inversion (gapped data)
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Conclusions

Conclusions

@ Time-lapse seismic data sets can be more accurately imaged
using joint wave-equation inversion

o Careful data processing is required before inversion or before
any meaningful interpretation of time-lapse amplitude
differences

@ We demonstrated that wave-equation inversion provides
improved results over conventional time-lapse processing

o Finally, we showed that wave-equation inversion can attenuate
artifacts caused by inconsistent acquisition geometries
between surveys
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Conclusions

Ongoing work

o Application to full-azimuth 3D time-lapse data set
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