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«	
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6	
  

Gas	
  saturated	
  rock	
  embedded	
  in	
  water	
  saturated	
  rock	
  

Gas	
  

Water	
   Radius	
  of	
  patches	
  =	
  a	
  



«	
  Complex	
  »	
  upscaling:	
  patchy	
  
satura1on	
  

Physical description (White, 
1975; Pride et al., 2004):     
16 parameters 

7	
  

Gas	
  saturated	
  rock	
  embedded	
  in	
  water	
  saturated	
  rock	
  

Gas	
  

Water	
   Radius	
  of	
  patches	
  =	
  a	
  

Analy1c	
  rela1ons	
  
for	
  low	
  and	
  high	
  
satura1ons	
  

Equivalent 
generalized Biot-

Gassmann 
medium: 7 
parameters 



UPSCALING MACRO-SCALE 
PARAMETERS 

MODELING 
Forward 
problem 

MACRO-SCALE 
DATA 

MICRO-SCALE 
PARAMETERS 

8	
  

Forward	
  	
  problem	
  
Porosity,	
  fluid	
  and	
  solid	
  parameters….	
  

Seismograms	
  

Effec1ve	
  porous	
  parameters	
  



8 unknowns in 2D :  
-  Solid ux and uz and relative fluid/solid wx and wz displacements 
-  Stresses τxx, τzz, τxz and fluid pressure P 

 
7 parameters :  
-  Inertial terms: ρ, ρf and 
-  Mechanical moduli: KU, G, C and M 
 

 

Elastic fields 
Poroelastic fields 

Poroelastodynamic	
  equa1ons	
  
	
  

Elastic fields 
Poroelastic fields 

Equations of motion 

Mechanical behaviour laws 

Equations of motion 
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Frequency dependence: ω 
–  Simple upscaling:     (ω) è flow resistance term 

 
 
Simple upscaling 

Poroelastodynamic	
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Frequency dependence: ω 
–  Simple upscaling:     (ω) è flow resistance term 
–  Complex upscalings:     (ω) 
    KU (ω), G (ω), C (ω) and M (ω) è mechanic moduli 

 

Complex upscalings 
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  equa1ons	
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Par1al	
  satura1on:	
  effec1ve	
  a5ributes	
  
	
  

P-waves velocities P-waves attenuations 
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Patchy	
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  results	
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  sizes	
  a	
  

Effec1ve	
  fluid	
  phase	
  results	
  (computed	
  using	
  averages	
  
equa1ons	
  and	
  plugged	
  in	
  Biot	
  saturated	
  theory)	
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Effective saturated medium 
(amplitude / 2) 
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a = 5 cm 
a= 10 cm 



14	
  

Inverse	
  problem	
  

MACRO-SCALE 
DATA 

MICRO-SCALE 
PARAMETERS 

Inverse problem 

Quantitative imaging of 
poroelastic parameters 

Porosity,	
  fluid	
  and	
  solid	
  parameters….	
  

Seismograms	
  



15	
  

Two-­‐steps	
  inversion	
  

Inverse 
problem 

MICRO-SCALE 
PARAMETERS 

MACRO-SCALE 
ATTRIBUTES 

DOWNSCALING 

SEISMIC IMAGING 

MACRO-SCALE 
DATA 

Between 10 
and 18 
parameters  

- Propagation velocities: VP, VS 
- Attenuations : QP, QS 
- AVO attributes 
- Phase velocities 

Grid search: Monte-
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- Arrival times tomography 
- FWI 
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- MASW 
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•  seismic imaging: local 
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•  downscaling: semi-global 
optimization 

Porosity,	
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  and	
  fluid	
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-  Arrival times  
-  Attenuations 
-  Full waveforms 
-  Polarization 
-  Surface waves dispersion 



16	
  

Skeleton	
  and	
  satura1on	
  parameters	
  downscaling	
  
(unsaturated	
  medium)	
  

VP, VS 

VP, QP, ρ 

True model 

φ	
  

φ	
  

cs	
   cs	
  

cs	
   cs	
  

Sw	
  

Sw	
  

Fit: 
φ = 34 % 
cs = 22 % 
Sw = 70 % 

Fit: 
φ = 0.14 % 
cs = 0.6 % 
Sw = 0.5 % 

A	
  priori	
  known	
  
parameters:	
  
• 	
  Fluid	
  phases:	
  Kf,	
  ρf,	
  η	
  
• 	
  Solid	
  phase:	
  Ks,	
  Gs,	
  ρs	
  



17	
  

Skeleton	
  and	
  satura1on	
  parameters	
  downscaling	
  
(unsaturated	
  medium)	
  

VP, VS 

VP, QP, ρ 

True model 

φ	
  

φ	
  

cs	
   cs	
  

cs	
   cs	
  

Sw	
  

Sw	
  

Fit: 
φ = 34 % 
cs = 22 % 
Sw = 70 % 

Fit: 
φ = 0.14 % 
cs = 0.6 % 
Sw = 0.5 % 

A	
  priori	
  known	
  
parameters:	
  
• 	
  Fluid	
  phases:	
  Kf,	
  ρf,	
  η	
  
• 	
  Solid	
  phase:	
  Ks,	
  Gs,	
  ρs	
  

è Need of amplitude data to estimate 
saturation => AVO data 



3D	
  three	
  layers	
  model	
  

POROELASTIC RESERVOIR 
(10 m thick) 

1000 m 

850 m 

Source 
x = z = 0 m Receivers 

z = 10 m 
x = (100 ; 1000 m) 

ELASTIC LAYER 

ELASTIC LAYER 

18	
  

Explosive	
  source	
  
Source	
  func1on	
  =	
  Ricker	
  wavelet	
  
Central	
  frequency	
  =	
  10	
  to	
  60	
  Hz	
  

0

0.5

1.0

1.5

2.0
Ti

m
e 

(s
)

100 200 300 400 500 600 700 800 900 1000
Offset (m)

Vertical displacement uz

Synthe1c	
  seismogram	
  for	
  a	
  10	
  Hz	
  source	
  

P	
  direct	
  wave	
  

PP	
  reflected	
  wave	
  

PS	
  reflected	
  wave	
  



AVO	
  curves	
  for	
  PP	
  and	
  PS	
  events	
  

200 400 600 800 10000.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4 x 10−16

Offset (m)

Am
pl

itu
de

PS	
  event	
  
Horizontal	
  displacement	
  ux	
  
Low	
  water	
  satura1on:	
  20	
  %	
  
Several	
  source	
  frequencies:	
  
10,	
  20,	
  30,	
  40,	
  50	
  and	
  60	
  Hz	
  

PP	
  event	
  
Ver1cal	
  displacement	
  uz	
  

Source:	
  40	
  Hz	
  
High	
  water	
  satura1on:	
  90	
  and	
  80	
  %	
  
Low	
  water	
  satura1on:	
  10	
  and	
  20	
  %	
  

19	
  

200 400 600 800 10000

0.2

0.4

0.6

0.8

1

1.2

1.4 x 10−16

Offset (m)

Am
pl

itu
de



AVO	
  curves	
  for	
  PP	
  and	
  PS	
  events	
  

200 400 600 800 10000.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4 x 10−16

Offset (m)

Am
pl

itu
de

PS	
  event	
  
Horizontal	
  displacement	
  ux	
  
Low	
  water	
  satura1on:	
  20	
  %	
  
Several	
  source	
  frequencies:	
  
10,	
  20,	
  30,	
  40,	
  50	
  and	
  60	
  Hz	
  

PP	
  event	
  
Ver1cal	
  displacement	
  uz	
  

Source:	
  40	
  Hz	
  
High	
  water	
  satura1on:	
  90	
  and	
  80	
  %	
  
Low	
  water	
  satura1on:	
  10	
  and	
  20	
  %	
  

20	
  

200 400 600 800 10000

0.2

0.4

0.6

0.8

1

1.2

1.4 x 10−16

Offset (m)

Am
pl

itu
deè Least-square fitting of AVA curves 

 

APP	
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Conclusions	
  
•  Strong	
  frequency	
  dependence	
  of	
  AVO	
  a5ributes,	
  especially	
  at	
  high	
  

frequency	
  
•  For	
  high	
  and	
  low	
  fluid	
  satura1on	
  scenarios,	
  the	
  effect	
  of	
  satura1on	
  

on	
  the	
  a5ributes	
  is	
  minor	
  (except	
  at	
  high	
  frequency)	
  
•  Different	
  behaviors	
  between	
  horizontal	
  ux	
  and	
  ver1cal	
  uz	
  results	
  
•  Strong	
  differences	
  between	
  patchy	
  satura1on	
  and	
  averages	
  results,	
  

mainly	
  for	
  PP	
  results.	
  
è	
  The	
  AVO	
  analysis	
  can	
  give	
  us	
  some	
  extra-­‐informa1on	
  on	
  wave	
  
amplitudes	
  

•  Road	
  ahead:	
  
–  Real	
  data	
  examples	
  
–  Inversion	
  approach	
  using	
  AVO	
  a5ributes	
  
–  4D	
  applica1ons	
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Models:	
  gas-­‐water	
  systems	
  
	
  

VP	
  

QS	
  

VS	
  

QP	
  

Patchy	
  satura1on	
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Models:	
  oil-­‐water	
  systems	
  
	
  

VP	
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QP	
  

Patchy	
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PP	
  event,	
  ver1cal	
  displacement	
  uz	
   30	
  APP	
  (θ)	
  =	
  R0	
  +	
  G	
  sin2(θ)	
  +	
  K	
  sin4(θ)	
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PP	
  event,	
  horizontal	
  displacement	
  ux	
   31	
  APP	
  (θ)	
  =	
  R0	
  +	
  G	
  sin2(θ)	
  +	
  K	
  sin4(θ)	
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PS	
  event,	
  ver1cal	
  displacement	
  uz	
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PS	
  event,	
  horizontal	
  displacement	
  ux	
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Least-­‐square	
  fixng	
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Source:	
  40	
  Hz	
  

High	
  water	
  satura1on:	
  
98.75,	
  95,	
  91.25,	
  87.5,	
  83.75	
  and	
  80	
  	
  %	
  

Ver1cal	
  displacement	
  uz	
   Horizontal	
  displacement	
  ux	
  

APP	
  (θ)	
  =	
  R0	
  +	
  G	
  sin2(θ)	
  +	
  K	
  sin4(θ)	
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Extrac1on	
  of	
  AVO	
  informa1on	
  
Method:	
  
1.  Computa1on	
  of	
  full	
  waveform	
  seismograms	
  in	
  3D	
  stra1fied	
  three	
  

layers	
  medium,	
  
2.  Extrac1on	
  of	
  maximum	
  amplitude	
  for	
  each	
  event	
  (PP	
  and	
  PS)	
  

using	
  a	
  1me	
  windowing,	
  
3.  Computa1on	
  of	
  AVA	
  curves	
  (amplitude	
  A	
  with	
  respect	
  to	
  the	
  

incidence	
  angle	
  θ),	
  
4.  Least-­‐square	
  fixng	
  of	
  these	
  curves	
  with	
  polynoms	
  to	
  compute	
  the	
  

a5ributes	
  as	
  
	
  APP	
  (θ)	
  =	
  R0	
  +	
  G	
  sin2(θ)	
  +	
  K	
  sin4(θ)	
  
	
  APS	
  (θ)	
  =	
  B	
  sin(θ)	
  +	
  C	
  sin3(θ)	
  

	
  where	
  R0	
  and	
  B	
  are	
  the	
  intercept,	
  G	
  and	
  C	
  are	
  the	
  gradient	
  and	
  K	
  
is	
  the	
  curvature.	
  

5.  Plot	
  of	
  each	
  a5ributes	
  with	
  respect	
  to	
  the	
  frequency	
  and	
  the	
  
satura1on	
   35	
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2D	
  elas1c	
  FWI	
  (Brossier	
  et	
  al,	
  2009)	
  è	
  VP	
  and	
  
VS	
  high	
  resolu2on	
  2D	
  images	
  

Seismic	
  imaging:	
  poroelas1c	
  FWI	
  

3D	
  acous1c	
  FWI	
  (Sirgue	
  et	
  al,	
  2010)	
  è	
  
high	
  resolu2on	
  images	
  

Poroelas1c	
  FWI	
  (De	
  Barros	
  et	
  al,	
  2010)	
  è	
  
differen2al	
  approach	
  

Es1mated	
  model	
  
True	
  model	
  
Star1ng	
  model	
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Downscaling	
  

VP, VS, QP, QS, ρ 

•  Skeleton parameters: φ and KD, GD 

•  Fluid phase properties: Kf, ρf and η 
•  Unsaturated medium : φ, KD and V1 

 

DATA	
  

MODELS	
  

Non	
  linear	
  inverse	
  problem	
  

DOWNSCALING 
Discrepancy	
  between	
  model	
  and	
  data:	
  L2	
  norm	
  

VP	
  =	
  g	
  (φ,KD,Sw,…)	
  

MICRO-SCALE 
PARAMETERS 

MACRO-SCALE 
ATTRIBUTES 
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Semi-­‐global	
  op1miza1on	
  

Number of generated models: 
a)  10 
b)  100 
c)  1000 
d)  Fit map 

Fast and analytic forward 
problem  

 
 
Neighbourhood algorithm (NA, 

Sambridge, 1999): 
–  Only 2 control parameters 
–  Model space guided 

exploration 
–  Fit quality and uncertainty 
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True model 

Data: VP 

φ	
   φ	
  

10010	
   10010	
  5000	
   5000	
  

cs	
  

cs	
  

A	
  priori	
  known	
  parameters:	
  
• 	
  Fluid	
  phase:	
  Kf,	
  ρf,	
  η	
  
• 	
  Solid	
  phase:	
  Ks,	
  Gs,	
  ρs	
  

Skeleton	
  parameters	
  sensi1vity	
  (saturated	
  medium)	
  

Fit between true model – estimated model ≈ 50 % 

è Local minima, low constraining 
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Skeleton	
  parameters:	
  addi1onal	
  data	
  input	
  

VP, VS, QP, QS VP, VS, QP, QS, ρ 

VP VP, VS, ρ VP, VS 

True model 

φ	
   φ	
   φ	
  

φ	
   φ	
   φ	
  

cs	
   cs	
   cs	
  

cs	
   cs	
   cs	
  

0	
  	
  	
  	
  Misfit	
  	
  	
  	
  0.1	
  

Fit ≈ 50 % 

Fit < 0.16 % 

VP, QP, ρ 

è Best constraining φ and cs estimation when we use more data 
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Downscaling	
  ayer	
  injec1on	
  

Fluid	
  phase	
  es1mated	
  by	
  downscaling	
  

η Kf ρf VP 

VP Kf 

η 

ρf 

VP	
  es1mated	
  by	
  acous1c	
  
differen1al	
  FWI	
  

(Asnaashari,	
  2011)	
  

True	
  
models	
  


