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Introduction

Seismic waves in fluid-saturated poroelastic materials. |

Fast compressional or shear waves travelling through a
fluid-saturated porous material (a Biot medium)
containing heterogeneities on the order of centimeters
(mesoscopic scale) suffer attenuation and dispersion
observed in seismic data.

The mesoscopic loss effect occurs because different
regions of the medium may undergo different strains
and fluid pressures.

This in turn induces fluid flow and Biot slow waves
causing energy losses and velocity dispersion due to
energy transfer between wave modes.
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Introduction

Seismic waves in fluid-saturated poroelastic materials. |l

Since extremely fine meshes are needed to represent
these type of mesoscopic-scale heterogeneities,
numerical simulations are very expensive or not feasible.

Alternative: In the context of Numerical Rock Physics,
perform compressibility and shear time-harmonic
experiments to determine a long-wave equivalent
viscoelastic medium to a highly heterogeneous Biot
medium.

This viscoelastic medium has in the average the same
attenuation and velocity dispersion than the highly
heterogeneous Biot medium.

Each experiment is associated with a Boundary Value
Problem (BVP) that is solved using the Finite Element
Method (FEM).
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Introduction

Biot's equations in the diffusive range of frequencies

Frequency-domain stress-strain relations in a Biot medium
Tk/(u) = 2Gek/(u5) + Ou ()\,_, V-u®+ BV uf> ,
pr(u) = =BV -u* — MV -u’,

f f)_

u=(u, uf), u® = (u3, u3), uf = (ui, uj

Biot's equations in the diffusive range:

V-7(u) =0,
iwpr "t + Vps(u) =0,

w: fluid viscosity,  x:frame permeability.
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A viscoelastic
medium long-wave
equivalent to a
Biots medium. |

The complex P-wave modulus of the long-wave equivalent
viscoelastic medium. |

Biots' s equations are be solved in the 2-D case on square
sample Q = (0, L)? with boundary I = TtUTBUTRUTT in
the (x1,x3)-plane. The domain Q is a representative sample
of our fluid saturated poroelastic material.

M ={Ca,x) €Mixy =0}, = {(q,x) el x=L},

ré = {(x1,x3) € T : x3 =0}, r’ = {(x1,x3) € T : x3 = L}.

For determining the complex plane wave modulus, we solve
Biots' s equations with the boundary conditions
r(uy-v=—AP, (x,x3)el’,
T(w)y-x=0, (x1,x3) €T,
u-r=0, (x,x3)elturkurs,
uf =0, (x,x3)eT.
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A viscoelastic
medium long-wave
equivalent to a
Biots medium. |

The complex P-wave modulus of the long-wave equivalent

viscoelastic medium. I

The equivalent undrained complex plane-wave modulus
E,(w) is determined by the relation

AV(w) AP

V. E(w)

valid for a viscoelastic homogeneous medium in the
quasi-static case. V: original volume of the sample.
Then to approximate AV/(w) use
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A viscoelastic
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equivalent to a
Biots medium. |

The complex shear modulus of the long-wave equivalent
viscoelastic medium. |

Solve Biots' s equations with the boundary conditions

—r(uv=g, (x,x)el"urturk,
u*=0, (x,y)elB,
uf v =0, (x,y)er,
(0,A6G), (x1,x3) €T,
g= (0, —AG), (x1,x3) € TR,
(—=AG,0), (x1,x3)el’.
The change in shape of the rock sample allows to recover its
equivalent complex shear modulus G,(w) using the relation

ta(0()) = £

O(w): departure angle from the original positions of the
lateral boundaries
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To find an approximation to tg(6(w)), compute the average
horizontal displacement uf’T(w) of the horizontal

displacements u;(x1, L,w) at the top boundary I'". Then use

tg(0(w)) =~ up T (w)/L,

that allows to determine the shear modulus G, (w)

40> «F»r <
«0O0>» «4F>» «=Z>r «=)»

DA
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A viscoelastic
medium long-wave
equivalent to a
Biots medium. |

Phase velocities and Quality factors.

The complex P-wave and shear velocities are

VsclW) = EU(W) Vpcl\W ) = E(w)
) = \[ 70 vel) =727

The compressional phase velocities v,(w), vs(w) and quality
m(Vpc
Vp

factor Qp(w), Qs(w) are
(w)°)
e(Vpe(w)?)’
(«)7)
(w)?)

2

—

W

=

w

1 - 1
() = [Re <v,,c (w)ﬂ e
Im 2

=[] ok - e

w)?)’
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A viscoelastic
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Schematic representation of the experiments to determine the complex P-wave and shear modulus

Figures (a) show how to determine E,(w), (b) show how to
determine G,(w).
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HYP(Q) = {ve [HYQ)]?:v-v =0 on TtUTRUTB},

Hyg (Q) = {v e [HY(Q)]?:v=0 on I},

et Ho(div,Q) = {v € [L*(Q)]*: V-v € L*(Q),v-v=0 on T}

formulation. The 2

e V() = [H" P(Q)] x Ho(div; ), V(T) = [H3 2 ()] x Ho(div; Q).
Let

A(u,v) = (/Lli u V)—I-Z Tim(u), €im(v®))
— (pr(u), V-v"))
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that

To determine E,(w): find u(P) = (u(=P), u(F:P)) € V(P) such

ANuP) v) = — (AP V- V), ¥V v= (vs,vf) e VP,
To determine G,(w): find u(™) = (u(&T) uF:7)y e P(T)
such that

A(u(T)7 V) = - <g7V5>F\I'B 5

V v= (vs,vf> e V),

«40O>» «Fr «=)» «=)»
«O> 4AF>» «=Z>r «=)»

DA
DA
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e s NP =ty v|g € [PLai(R)]?, v-v =0 on TEUTRUTE}
Nyg ={v: vlg € [PLa(R), v=0 on B} N[CO@Q)2.
VE={v:v|g €ProxPyi,v-v=0 onT}.

Variational V(h’P) = Nh’P X V(I;, V(h’T) = N&’BT X Vg.

formulation. The
FEM

Ps.¢: polyn. of degree not greater than s in x; and not
greater than s in x3.

The FE procedures to determine E,(w) and G,(w):

AuhP) v) = — (AP v® - Virr,V v = (vs,vf) e phP),

AT vy = — &V )nre, W= (vs,vf> c YT,
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e £ Semtes: process associated with the fluid pressure equilibration is
accurately resolved.
The diffusion length is given by the relation length

2k Ky
Variational Ld = )
formulation. The /JAU

FEM

Finite element procedures. |l

We take h so that the minimum diffusion length is discretized
with at least 3 mesh points at the highest frequency, which is
sufficient to represent a (smooth) diffusion-type process.
Besides, the size of the rock sample is not arbitrary: it has to
be big enough to constitute a representative part of the Biot
medium but, at the same time, it has to be much smaller
than the wavelengths associated with each frequency.
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Patchy gas-brine saturation arises in hydrocarbon reservoirs,
where regions of non-uniform patchy saturation occur at
gas-brine contacts. Patchy-saturation patterns produce very
important mesoscopic loss effects at the seismic band of
frequencies, as was first shown by J. E. White (GPY, 1975).

Juan E. Santos,

To study these effects, consider porous samples with spatially
variable gas-brine distribution in the form of irregular patches

Application to the - ||y saturated with gas and zones fully saturated with brine.

cases of patchy

gas-brine The domain € is a square of side length 50 cm, and a
sgturatlon and

highly 75 x 75 mesh uniform is used.

eterogeneous

frames

The frequency is varied from 0 to 500 Hz and the solid
matrix is sandstone 1 with properties given in Table 1. The
fluids porperties are given in Table 2.
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Table: Physical properties of the solid materials
Sandstone 1 Sandstone 2 Shale
Ks 37 GPa 37 GPa 25 GPa
ps 2650 kg/m> 2650 kg/m> 2650 kg/m>
¢ 0.3 0.2 0.3
Km 4.8 GPa 12.1 GPa 3.3 GPa
m 5.7 GPa 14.4 GPa 1.2 GPa
K 1072 m 0.23 x 1072 m 1.5 x 107 m
e Macroscate.

DA
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Table:

Physical properties of the fluids
Brine Gas
K¢ 2.25 GPa 0.012 GPa
pf 1040 kg/m? 78 kg/m3
n 0.003 Pa - 0.00015 Pa -

«O>r «Fr o«

DA
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Application to the
cases of patchy
gas-brine
saturation and
highly
heterogeneous
frames

Patchy gas-brine distribution for two different correlation

lengths

cm

side length (o

cal

Verti
Vertical side length (cm

0 25 50
Horizontal i de I ength (cn) Horizontal side I ength (cn)

(a) (b)

(a): correlation length 10 cm (b): correlation lengths 5 cm.
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Vp (kinvs)

Application to the
cases of patchy
gas-brine
saturation and
highly P L Y |
heterogeneous él()equew(Hz)

frames () (b)

10
Frequency (H2)

(a): Compressional phase velocity (b): Inverse quality
factors. Notice the attenuation peak moving to higher
frequencies for the shorter CL.
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0.14 0.35
Introduction 0.12 0.3
A viscoelastic 01 0.25
medium long-wave
equivalent to a 0.08 0.2
Biots medium. |

0.06 0.15
Variational
formulation. The 0.04 5 0.1
FEM

0.02 0.05
Application to the

I s ue length (cm

Fluid Pressure (Pa)
Vertical s de length (cm

Fluid Pressure (Pa)

2

cases of patchy Fori zontal si de length (cm ° tori zontal side length (cm) °
gas-brine

saturation and

highly

h

e (a): 10 Hz (b): 60 Hz.

Fractured  Biot Gradient of pressures can be seen at the gas-water interfaces,
media

. stronger at 65 Hz than at 10 Hz. This Figure illustrates the
F v ong-wave

equivalent to 2 mesoscopic loss mechanism.

ractured biots

medium. |

The Macroscale
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The effective shear modulus when the solid matrix is composed of two different materials.

Tanba? (paf'
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Vertical side length (cm
Uire et ti & ent

Fori zontal i de |ength (cm Hori zontal i de | ength (cm)

oo -

Application to the
cases of patchy
gas-brine
saturation and
highly
heterogeneous

, ,
frames R

0 E
Frequency (H2)

Top left: Fractal shale-sandstone 2 distribution. Black zones correspond to pure shale and white ones to
pure sandstone 2. Shale percentage is 50 %. Top right: Absolute fluid pressure distribution (Pa) at 30
Hz. Bottom: Inverse quality factors Qs and Qp. Qs of about 75 between 20 and 40 Hz, Q) about 70 at
65 Hz. Conclusion: wave induced fluid flow (mesoscopic loss) is observed when shear and compressional
waves propagate through Biot media with highly heterogeneous solid frames.
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Fractured Biot
media

Fractured Biot media.

Fractures are common in the earth’s crust due to
different factors, for instance, tectonic stresses and
natural or artificial hydraulic fracturing caused by a
pressurized fluid.

Seismic wave propagation through fractures and cracks
is an important subject in exploration and production
geophysics, earthquake seismology and mining.

Fractures constitute the sources of earthquakes, and
hydrocarbon and geothermal reservoirs are mainly
composed of fractured rocks .
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Fractured Biot
media

Fractured Biot media. Il

Modeling fractures requires a suitable interface model.
Nakagawa and Schoenberg (JASA (2007)) presented a
set of boundary conditions (B.C.) to represent
fluid-solid interaction within a fracture and the effect of
its permeability on seismic wave scattering.

At a fracture, these B.C. impose: continuity of the total
stress components, discontinuity of pressure
proportional to averaged fluid velocities and
discontinuities of displacements proportional to stress
components and averaged fluid pressures.

They allow to represent wave-induced fluid flow
(mesoscopic loss) by which the fast waves are converted
to slow (diffusive) Biot waves when travelling across
fractures.
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Fractured Biot
media

Boundary conditions at a fracture within a Biot medium. |

Q = (0,L;) x (0, L3) with boundary I in the (x1, x3)-plane,
x1, x3: horizontal and vertical coordinates, respectively.

Q contains a set of horizontal fractures () =1 ... Jf)
each one of length L; and aperture h(f). This set of fractures
divides € in a collection of non-overlapping rectangles

RO 1=1,.-- J +1.

Assume that the rectangles R() and RU*1) have a fracture
F(f:) as a common side.

[u®], [uf]: jumps of the solid and fluid displacement vectors
at I'(F:0),

vii+1 and Xy 4+1: the unit outer normal and a unit tangent
(oriented counterclockwise) on T'F)) from R() to RU+1),
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Juan £ Santos [u® - viaa] = v (1= DBOQ = M) - v
1
()2 (L (+1) (N
o2 ((=pf ™)+ (=pt)) 1),
(v - X1 41] = 07 T(Wvr 41 - X141
{uf : V/,/+1} = oy (=r (W) i1 - v
11 (I+1) ()
ey (A + (o) )
(— (/+1)) (- (/)) _ ip® "1 (u(/+1) . u(/)) .
Fractured Biot pf pf E(f) 2 f f I7I+1’
media

T 1 - v = 7Yk - Vigas
T(Wvr 1 - X1 = T(WVige1r - X1,

ny and nT: normal and tangential fracturescompliances.
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A VTI long-wave
equivalent to a
fractured Biots
medium. |

fractures.

A Biot medium with a dense set of horizontal fractures
behaves as a Transversely Isotropic and Viscoelastic
(TIV) medium when the average fracture distance is
much smaller than the predominant wavelength of the
travelling waves.

This leads to frequency and angular variations of
velocity and attenuation of seismic waves.

The time-harmonic experiments described before are
generalized and applied to determine the TIV medium
long-wave equivalent to a densely fractured Biot
medium.

A TIV medium equivalent to a Biot’s medium with aligned
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A TIV medium equivalent to a Biot’s medium with aligned
fractures. Il

~ s =s .
gjj(d), ej(d): stress and strain tensor components of the
equivalent TIV medium

=5 R
U : solid displacement vector at the macro-scale.
The TIV stress-strain relations:

=S ~s ~s ~s
o11(0) = p11e(d)+ p2 exn(d )+ p13 e33(d),
~ =S =S ) ~s
o(d’) = p12en(td )+ p11 ex(d )+ p13 es3(d),
~ =S =S =S et
033(0) = p1zenn(d )+ p13 exn(d )+ p33 es3(d ),

~s
= 2 pss ex3(d),
~s
2 pss e3(U ),
~s
= 2 pes e12(d ).

)
P22 = P11, P23 = P13, P55 = Pa4, P12 = P11 — 2P66-
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A VTI long-wave
equivalent to a
fractured Biots
medium. |

A TIV medium equivalent to a Biot’s medium with aligned

fractures. |

o In the context of Numerical Rock Physics the complex

stiffness coefficients p;j(w) are determined using five
time-harmonic experiments, each one associated with a
BVP.

e The BVP’s consist on compressibility and shear tests on

a sample of Biot material with a dense set of fractures
modeled using B. C..

e The BVP's are formulated in the space-frequency

domain and solved using th FEM.

e This approach offers an alternative to laboratory

measurements. It is essentially free from experimental
errors and can easily be run using alternative models of
the materials being analized.

29/52



A Numerical
Rocks Physics
Approach to
Model Wave
Propagation in
Hydrocarbon
Reservoirs

Juan E. Santos,

A VTI long-wave
equivalent to a
fractured Biots
medium. |

The Experiments to Deterime the Five p;; TIV Stiffness

APy
AP
(a) (b)
AG o= APy
AG AP
v A
AG
() (d)
AG
AG
- AG

() : Figures (a) and (b) show how to determine p33 and pi1,
(c) determines pss, (e) determines pge and (d) determines
P13.
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AT (6 BETE the macro-scale was validated by comparison with the
analytical solution given by Krzikalla and Miiller (GPY,
2011).

Next were applied to patchy brine-gas saturation, a case for
which no analytical solutions are avalaible.

Instead of the stiffnesses p;y(w) the Figures display the the
corresponding energy velocities and dissipation coefficients.

In all the experiments we used square samples of side length
2 m, with 9 fractures at equal distance of 20 cm and fracture
aperture 1 mm.

AT The numerical samples were discretized with a 100 x 100
ng-wave
capiielfEm i@ 2 uniform mesh.

fractured Biots
medium. |
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Material Properties of background and fractures.

Table: Material properties of background and fractures

Background Solid grains bulk modulus, 36. GPa
KS
solid grains density, ps 2700 kg/m3
Dry bulk modulus Kp, 9 GPa
shear modulus G 7 GPa
Porosity ¢ 0.15
permeability x 0.1 Darcy
Fractures Solid grains bulk modulus, 36. GPa
Ks
solid grains density, ps 2700 kg/m3
Dry bulk modulus Kp, 0.0055 GPa
shear modulus G 0.0033 GPa
Porosity ¢ 0.5
permeability ~ 10 Darcy

The properties of the saturant fluids, brine and gas, are the
same than in the previous example for patchy saturation.
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Figure 33 (a) : qP energy velocity Figure 33 (b) : qSV energy velocity.
qP and qSV velocity decreases as gas saturation increases. qSV velocity exhibits the typical cuspidal

triangles.
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gP and SV dissipation factors at 30 Hz for full brine, full
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Propagation in gas, 10% and 50% patchy gas-brine saturation.
Hydrocarbon
Reservoirs
Juan E. Santos, 90 — 0% Gas 90 — 0% Gas
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Figure 34(a) 1099 Figure 34 (b) o
igure a): —— igure H .
qP qsVv
qP anisotropy is enhanced by patchy saturation, is highest at 10 % gas saturation and with maximums
A V‘TI long-wave for waves arriving normally to the fracture layering. qSV waves show maximum attenuation at 10 % gas
equivalent to a
fractured Biots saturation, with different anisotropic behaviour depending on gas saturation.

medium. |
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Fluid pressure for normal compression to the fracture

plane at 30 Hz and 10 % patchy gas saturation.

nz
g

0 10 20 30 40 50 60 70 8 90 100
100 1.8
90 1.6
80 14
70

1.2
60 —
o}
o
0.8,
40 oM
0.6
30
0.4
20
10 0.2
0
10 20 30 40 50 60 70 80 90 100

. nx .
Higher pressure values occur at fractures. Darker regions
identify gas patches. High pressure gradients at boundaries

of fractures and patches show the mesoscopic loss effect.
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Consider a square computational domain of side length 1500
m and a compressional point source principal frequency 30
Hz located at the center of the domain.

The computational mesh is 200 x 200 x 200, so that the
mesh size is h = 7.5 m.

To model wave propagation in a densely fractured Biot
medium we use a long-wave equivalent VT| medium with the
pry computed as explained above using the Numerical Rock
Physics approach.

The solution of the equations of motion for the VTI medium
was computed using a parallel implementation of a finite
element domain decomposition procedure based on a
nonconforming 3D FE space.

The Macroscale
AN/ A A= o - AL
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Figure 38 (a) : 200 ms Figure 38 b) 300 ms
The faster wave front correspond to the qP wave, that moves faster in the horizontal than in the vertical
direction, in accordance with the velocity graphs in Figure 33 a). The qSV wave shows vertical and
horizontal wavefronts as well as the typical cusps (energy triplication) in the triangular wavefronts at 45
degrees, as indicated in Figure 33 b).

At 300 ms the qP wavefront in Figure 38 b) is already leaving the computational domain, while the qSV
wavefronts are arriving to the artifical boundaries. Note that the absorbing boundary conditions for TIV
media are working quite well, no spurious reflections from the artificial boundaries are observed.
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Figure 39 (a) : Brine saturation in background and fractures,  Figure 39 (b) : Patchy gas-brine
saturation in background and fractures with 10% overall gas saturation
The fast wave front in Figure 39 a) corresponds to the qP wave, that it is not seen in 39 b) because of

the high attenuation of this wave in direction normal to the fracture layering (see Figure 34 a). qSV
wavefronts in Figure 39 b) move slowly and more attenuated than in Figure 39 a),_ln accordance with %eq o

velocity and attenuation graphs in Flgurescbg b d 34 bf
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Figure 40 (a) : Full brine saturation, Figure 40 (b) : Patchy gas-brine saturation in background and
fractures with 50% overall gas saturation.
qSV wavefronts in Figure 40 b) are not as well defined as in the case of 10% patchy gas-brine saturation
in 39 b). The triangular cusps are still present close to the vertical direction but not as well defined as in
Figure 40 a).
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Capture and storage of carbon dioxide in deep saline
aquifers and aging oil reservoirs is a valid alternative
approach for reducing the amount of greenhouse gases
in the atmosphere

We model CO; injection in the Utsira formation at the
Sleipner gas field in the North Sea.

Within the formation, there are several mudstone layers
acting as barriers to the vertical flow of CO5. Injection
started in 1996 at a rate of about one million tonnes
per year.

A petrophysical model of the Utsira formation is built
based on fractal porosity and clay content, taking into
account the variation of properties with pore pressure
and saturation.

The macro-scale. Seismic monitoring of CO, sequestration. |
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T, e \We describe a methodology to model the CO, flow and
Juan E. Santos, monitor the storage combining numerical simulations of

COo-brine flow and seismic wave propagation.

e Flow of brine and CO5 is modeled with the Black-Oil
formulation for two-phase flow in porous media.

e A space-frequency domain wave propagation simulator
is used to monitor the injection. A Zener model is used
to determine the P and S waves moduli in the brine
saturated zones.

o In zones where CO; is present, patchy CO2-brine
distribution is assumed and the time-harmonic
compressibility tests are used to model P-wave velocity
and attenuation. The S modulus is determined using a
mechanism related to the P-modulus.
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A petrophysical model for the Utsira formation. |

The pressure dependence of properties is based on the
following relationship between porosity and pore pressure

p(t) = Sopult) + Sepe(2):
(1'_ ¢c)

Ks

(p() — p) = do — () + peln ‘{;t)
0

Sp, Sg: brine and CO; saturations, ¢: a critical porosity

®o = ¢o(x, z): initial porosity at hydrostatic pore pressure
pPH, assumed to have a fractal spatial distribution around the
average porosity (¢g), obtained from the neutron log.

Ks: bulk modulus of the solid grains, computed as the
arithmetic average of the Hashin Shtrikman upper and lower
bounds of quartz (bulk modulus of 40 GPa) and clay (bulk
modulus of 15 GPa).
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A petrophysical model for the Utsira formation. Il

Relationship among horizontal permeability (ky, ), porosity
and clay content (C):
LSS0 (0O €
ix (1) o(t)? Rg RZ)
Rq, Rc: average radii of the sand and clay grains, respectively.
Assumed relation between the horizontal and vertical
permeabilities Ky, , Kx;:
kx (t)  1—(1—0.3a)sin(7Sp)
kxs(t)  a(l— 0.5sin(7Sp))
a: permeability-anisotropy parameter (a= 0.1 here)).

The bulk and shear moduli of the dry matrix, K, pm are
computed using the Krief model:

Kin(t) = Ks(1 — ¢(£))¥/ =90,
pm(t) = ps(1 = g(£)) M —o0)
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A petrophysical model for the Utsira formation. Il

Using the moduli K, ps, Km, ttm,porosity ¢ and
permeabilities Ky, k,, the fluids bulk moduli and viscosities
and the CO, saturation map we determine the complex and
frequency dependent P-wave and S moduli at each
computational cell using the harmonic experiments.

The flow simulator model uses the following relative
permeabilities and capillary pressure functions:

. Se — Sec
Krg(sg) = Krg(l _igc _gsbc) ¢

1S, —Spen
Kon(Se) = Ki(g 5 — 50"

* 5 - 5 C Ne
Pca(sg) = 'Dca(l _é:sgc _ngC :

Sgc and Spc: saturations at which the CO; and brine phases
become mobile.
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(a) CO; saturation after 1 year of injection (b) CO, saturation after 3 years of injection

CO;, is seen to move upwards and accumulate below the
mudstone layers.
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(a) CO; saturation after 7 years of injection (b) Vertical permeability after seven years of CO5 injection

In Figure a) CO» continues to move upwards and accumulate
below the mudstone layers. Figure b) shows the updated
saturation dependent vertical permeability.
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o We use 2-D slices of CO5 saturation and fluid pressure
maps obtained from the flow simulator to construct a
2-D model of the Utsira formation. The mesh is 600
cells in the xi-direction and 200 cells in the x3-direction.

e The seismic source is a spatially localized plane wave of
main frequency 60 Hz located at z = 772 m. A line of
receivers is located at the same depth to record the
Fourier transforms of the vertical displacements.

e The plane-wave simulation (a flat line of point sources
at each grid point at the surface) is a good
approximation to the stack.
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(a) vp map at 50 Hz after 7 years of CO, injection

Time-lapse seismics applied to monitor CO; sequestration. Il

2600 0.77

2400

2200

2000 0.97 4

Depth (km)

1800

P-wave phase vel ocity (nfs)

1.07 {8
1600

0.6
Hori zontal Distance (km

1 = 1400 1.17

0.6
Hori zontal Distance (km

600

This Figures show how the injected CO, change P-wave
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(b) Qp map at 50 Hz after 7 years of CO; injection

velocities and quality factors v, and Qp; both decrease in the
COy-saturated zones. A lower value of @, indicates a higher

attenuation.
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Time-lapse seismics applied to monitor CO, sequestration. 111
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(a) Seismogram after 3 years of COy injection.
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(b) Seismogram after 7 years of CO; injection.

Figures a) and b) show how CO, modes upwards and
accumulates below the mudstone layers. the pushdown effect
is clearly observed
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gas-brine (a) Seismogram after 3 years of COy injection. (b) Seismogram after 7 years of CO» injection.
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Fractured Biot Figures a) and b) show the delay in the arrival times of the
media . .
o reflections, the pushdown effect and the strong attenuation
S in the chimney region observed in real seismograms. The

fractured Biots

mediumn. | delay has been properly matched in th@_}e simulations.
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