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Résumé — Impact de la présence de fractures pour le monitoring des stockages de CO, : éléments
pour une approche intégrée — Le monitoring des sites de stockage de CO, dans des réservoirs
fracturés (champs d’hydrocarbures déplétés ou aquiferes salins profonds) nécessite de prendre en compte
I’impact de la fracturation et la substitution de fluides sur la réponse sismique. Les données sismiques
peuvent fournir des informations sur la souplesse additionnelle due a la présence de fractures et de fluides
a travers I’analyse de 1’anisotropie sismique azimutale avec un modele de physique des roches adapté.
Nous introduisons un modele de physique des roches construit en collaboration avec des géologues qui
fournit une description réaliste des milieux fracturés. Ce modele concerne des milieux géologiques
fracturés en présence de fluides et qui sont caractérisés par un certain degré de porosité matricielle, la
présence de plusieurs familles de fractures connectées ou non avec la porosité matricielle et 1’existence
d’une anisotropie intrinseque. L’application directe de ce modele montre que la valeur de 1’anisotropie
des ondes P mesurée a partir de données sismiques peut étre expliquée par plusieurs jeux de parametres
parmi lesquels la densité de fractures, la souplesse du fluide interstitiel ou la porosité. La présence d’une
anisotropie inhérente modifie également 1’anisotropie des ondes P et, par conséquent, I’interprétation de
sa valeur en termes de substitution fluide dans un milieu poreux fracturé. En ce qui concerne le
monitoring de la substitution fluide, si des données sismiques sont acquises avant et apres cette
substitution, la modification du niveau d’anisotropie des ondes P peut étre liée au changement de
souplesse du contenu fluide dans le milieu non modifié, présentant le méme réseau de fractures et la
méme porosité. Cette valeur relative d’anisotropie peut étre correctement interprétée en termes de
substitution fluide, a condition d’avoir des contraintes sur la valeur de quelques parametres impliqués
dans la valeur de I’anisotropie des ondes P, comme par exemple la porosité et la souplesse de fractures
adimensionnelle. Ainsi, une approche intégrée, multidisciplinaire est nécessaire pour contraindre la
valeur de ces parametres. Par exemple, des informations géologiques provenant des puits et des
affleurements peuvent donner une limite supérieure quant a la détermination de la densité de fractures
attendue en profondeur. De plus, la mécanique des roches permet de comprendre 1’état de fracturation en
profondeur pour identifier les fractures prédominantes par rapport a I’interprétation de 1’anisotropie
sismique en termes de substitution fluide dans un réseau de fractures.

Abstract — Impact of Fractures on CO, Storage Monitoring: Keys for an Integrated Approach — The
monitoring of CO, storage in fractured reservoirs (depleted hydrocarbon fields or brine aquifers)
requires the study of the impact of fracturation and fluid substitution on seismic data. Seismic data can
provide information about the additional compliance due to the fractures and the fluids through the
analysis of seismic azimuthal anisotropy with an appropriate rock physics model. We introduce a rock
physics model built in collaboration with geologists, providing a realistic description of fractured media.
This model concerns fractured geological media in the presence of fluids characterized by some degree
of matrix porosity, the presence of pore fluids, connected and/or non-connected fractures, the presence of
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several fracture sets, and an inherent seismic anisotropy. The direct application of this rock model shows
that the P-wave anisotropy value measured through seismic data can be explained by several sets of
different parameters such as the fracture density, the pore fluid compliance or the porosity. The presence
of inherent layer-induced anisotropy can also modify the P-wave anisotropy and thus the interpretation
of this value in terms of fluid substitution in a fractured porous medium. As far as fluid substitution
monitoring is concerned, if seismic data are acquired before and after this substitution, a change in the
P-wave anisotropy value can be linked to the modification of the compliance of the fluid content in the
same medium exhibiting the same fracture network and the same porosity. This relative value can only be
correctly interpreted in terms of fluid substitution provided we have some constraints on a few of the
parameters involved in the P-wave anisotropy value such as the porosity, and a rough idea of the level of
normalized fracture compliance. Then, a multidisciplinary approach is mandatory to constrain these
parameters. For instance, borehole and outcrop geological information can give the upper limit of the
fracture density expected at depth in the same formation. Furthermore, rock mechanics helps in
understanding the fracturation state at depth to identify the predominant fractures in regard to the

interpretation of seismic anisotropy in terms of fluid substitution inside the fracture network.

INTRODUCTION

The monitoring of CO, storage in fractured reservoirs
(depleted hydrocarbon fields or brine aquifers) requires the
study of the impact of fracturation and fluid substitution on
seismic data. The presence of sub-seismic fractures (hereafter
named fractures for brevity) in several reservoirs is evi-
denced by much larger permeability derived from production
data than expected from core data (matrix permeability)
(Bourbiaux et al., 2005; Cosentino et al., 2001). Several pre-
vious studies dealt with the modelling of the influence of
fractures on seismic anisotropy (e.g., Brown and Lawton,
1993; Fjaer et al., 1996; Rasolofosaon, 1998a; Ikelle and
Gangi, 2000; Gajewski et al., 2003), but we want here to
emphasize that a multidisciplinary approach is required in
order to finely characterize the impact of fractures on CO,
storage monitoring. Hence, we will be able to give better rep-
resentation of the fractured medium in order to significantly
reduce prediction uncertainty of flow models used to estimate
the long-term fate of stored CO, (Bourbiaux ez al., 2005).

Sophisticated models describing the effect of both fractures
and pores on seismic anisotropy have been proposed
(Thomsen, 1995; Gurevich, 2003; Cardona, 2002), extending
the conventional fracture model of Schoenberg (1980) and
the crack model of Hudson (1981). The model used in this
study extends the previous models in order to achieve a more
realistic description of fractured geological media in the
presence of fluids (Dubos-Sallée et al., 2008). More
precisely, it is characterized by:
— some degree of porosity;
— the presence of multiphasic fluid;
— the presence of connected or non-connected fractures;
— the presence of multiple sets of fractures;
— the presence of inherent seismic anisotropy (e.g., due to

thin layering, shales, etc.).

From a practical point of view, seismic azimuthal anisotropy
is one of the main signatures of the presence of vertical

fractures in sedimentary formations (e.g., Thomsen, 2002).
Furthermore, seismic methods are very useful for extending
the description of the fracturation beyond the close vicinity of
the wells and for obtaining a description of fractures at a
large scale, provided that the presence of the fractures has
been confirmed by independent observations such as
borehole wall imaging, core samples, well logs, formation
tests, etc. In the case where a single family of rotationally
invariant and parallel vertical fractures is, if not the only, at
least the major cause of seismic anisotropy, the main
parameters characterizing fractures are:

— their orientation;

— their consequence on the medium compliance;

— their fluid content;

— their density, and finally;

— the permeability linked to their presence.

These parameters are arranged by increasing interest for
reservoir characterization. Unfortunately, the difficulty in
estimating these parameters by seismic methods also
increases, which clearly illustrates the difficulty of the task.

It is easy to measure the fracture orientation (given, for
instance, by the azimuthal variations of the P-wave NMO
velocity in surface seismics) and the overall compliance of the
fractures (e.g., Riiger, 1998). The combined use of different
types of waves (P, S, converted waves, etc.) allows one to
infer information on both fluid content and fracturation (e.g.,
Thomsen, 2002). In contrast, the evaluation of the remaining
parameters (number of fractures per unit length, permeability)
is much more difficult and necessitates a complete set of
complementary data (wells, production, geology, etc.) and an
integrated approach (such as the one we propose). Such data
are woefully rare compared with the daunting literature on the
topic, as pointed out by Worthington (2006).

In the first part of this paper, we will briefly explain the
impact of fractures on seismic anisotropy for non-specialists
of geophysics. Secondly, we will describe the petroelastic
model developed in collaboration with geologists. In the third
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part, we will discuss the predictions of the model and the
influence of fracture compliance, porosity and fluid content
on seismic anisotropy and the consequences for monitoring
purposes. Finally, we will conclude with the importance of
an integrated approach to interpret seismic data well.

1 SEISMIC ANISOTROPY DUE TO FRACTURES

The first part of this work is dedicated to a brief explanation
on the influence of the presence of fractures on seismic
waves that is intended for non-specialists of seismic
anisotropy. A complete and very good description of seismic
anisotropy for exploration purposes can be found in Helbig
(1994).

Fractures and compliant pores are not the only cause of
seismic anisotropy. For instance, the presence of horizontal
layering in sedimentary formations on a scale much smaller
than the seismic wavelength induces an anisotropy called
polar anisotropy, or more often Vertical Transverse Isotropy
(VTI) (Thomsen, 2002). Besides layer-induced anisotropy,
Nur and Simmons (1969) with ultrasonic experiments on
rock samples in the laboratory and Gupta (1973a,b) with
seismological field data both first experimentally demon-
strated the role of oriented cracks/fractures and stresses on
seismic anisotropy in geological media. These pioneering
works showing the importance of another type of anisotropy,
different from polar anisotropy and called azimuthal
anisotropy, were significantly extended by Crampin with sig-
nificant practical applications (e.g., Crampin, 1978, 1981). In
the early 1980s everything was ready to demonstrate the
potential of vectorial seismology and anisotropic media in the
context of seismic exploration (e.g., Thomsen, 1986; Lynn
and Thomsen, 1986; Alford, 1986; Willis et al., 1986).

If we consider a medium with a single vertical set of
parallel fractures, the manifestation of seismic anisotropy
concerns the P- and S-waves (Fig. ). The velocity value of
the P-wave depends on the angle between the ray path and
the fracture orientation: the P-wave velocity is minimum if
the ray path is parallel to the fracture (V“P ) and maximum if
the ray path is normal to the fracture direction (V,?) (Fig. la).
Hence, the level of anisotropy for the P-wave is given by the
well-known parameter €, roughly equal to the percentage of
difference between the fast and slow velocities (Eq. 1):

vi-v/
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A more popular manifestation of seismic anisotropy is the
S-wave birefringence phenomenon (Fig. /b). When a S-wave
coming from an isotropic medium travels through an
anisotropic medium, a separation into two waves occurs: in
our case, the fastest wave exhibits a polarization parallel to
the fracture plane (velocity V”S) and the slowest one exhibits a
polarization perpendicular to the fracture plane (velocity V;5).
The birefringence phenomenon does not occur in only one
case: when the S-wave ray path is normal to the fracture
plane. The parameter y is a quantification of the S-wave
anisotropy (Eq. 2), but contrary to the parameter ¢ the symbols
“perpendicular” and “parallel” concern the orientation of the
polarization (and not of the ray path) relative to the fracture
plane:

~ T )

As explained previously, fractures are not the only cause
of seismic anisotropy and the addition of several cases of
anisotropy, such as a layer-induced anisotropy and a fracture-
induced anisotropy, implies that the medium can exhibit a

4
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Manifestations of seismic anisotropy due to fractures on P- and S-waves: a) the fastest P-wave velocity is reached for ray path parallel to the
fractures (VI’I’ ), the slowest corresponds to a ray path normal to the fractures (V1); b) a S-wave coming from an isotropic medium is split into two
S-waves (S| and S)) in an anisotropic medium: the fastest S-wave exhibits a polarization parallel to the fracture (V”S), the slowest one exhibits a

polarization perpendicular to the fracture plane (V).
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more complicated anisotropy symmetry type. In such cases,
the development of general equations concerning the seismic
wave behavior is tricky (Helbig, 1994). In the specific case of
moderate anisotropy strength, simple analytical expressions
for kinematic and dynamic quantities of interest for seismic
processing can be obtained, specially for P-waves (Mensch
and Rasolofosaon, 1997).

In this study, we do not use this well-documented description
of the effect of seismic anisotropy on kinematics or on the
determination of seismic reflectivity coefficients. As explained
in detail in the next section, the aim of this work is to provide
a model described by parameters which allow one to give a
more realistic (geological!) description of fractured geological
media in the presence of fluids.

2 ROCK PHYSICS MODEL INVOLVING FRACTURES

The petroelastic model we propose (Sect. 2.4) issues from
several discussions with geologists. Geologists want geo-
physicists to introduce fracturation into a rock physics model
which can correspond to what they observe in the field.
Hence, geophysicists have to achieve a more realistic
description of a fractured geological medium than the ideal-
ized description of the fracturation by specific geometrical
shape such as penny-shape and with a single orientation. So,
after some discussions with geologists, we propose this
model, which concerns fractured geological media in the
presence of fluids characterized by some degree of matrix
porosity, the presence of pore fluids, connected and/or non-
connected fractures, the presence of several fracture sets, and
an inherent seismic anisotropy.

2.1 The Biot-Gassmann Model

Linear isotropic poroelastic theory was introduced by Biot
(1941). The relations between the macroscopic parameters of
Biot’s theory and the microscopic parameters of the porous
medium and of the saturating fluid can be found in Gassmann
(1951). These elements are briefly given here. For further
details, please refer to the original articles.

The undrained bulk and shear moduli, respectively K,
and w,,,, of a rock are linked to the corresponding drained
bulk and shear moduli, respectively K, and w., by the
relations:

K nd = Kdry + b2M > Myna = Mdry (3)

u

The b coefficient is known as the Biot effective stress
coefficient and M is the pressure to be exerted on saturating
fluid to increase the fluid content by a unit value in a non-
deforming frame (Bourbié et al., 1987). The Gassmann
theory (Gassmann, 1951) gives the link between the
macroscopic parameters b and M and the microscopic
parameters describing the medium. The undrained bulk and

shear moduli, respectively K,,,; and w,,;, of a rock are linked
to the porosity (®), the bulk modulus of the saturating fluid
(Kp), the density of the saturating fluid (py), the bulk modulus
of the solid intact matrix, or equivalently the grain constituent
(Kg,qin)» the density of the solid intact matrix or grain
constituent (p,,;,), the bulk modulus of the drained rock
(K,4) and the shear modulus of the drained rock (). The

Gassmann theory gives the following relations:

(-9

Kdrv
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K, K
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2.2 Anisotropic Poroelastic Theory

The anisotropic poroelastic theory is described by Brown and
Korringa (1975) and Cheng (1997). The anisotropic relations
corresponding to the previous are:

K;;sz = K;:t + bijkaM’ ®)
with:
bij = 61/ - Kij/:l Sffﬁﬁ: > (6)
and:
1 r rain r rain Ui rain
M = Kij"mn Sl (Sl:‘;kk - S;kk )"' N (Cﬂ ‘- S ) (7

In these relations, summation convention on repeated
indices is assumed. K;i,il and S,gf,)d respectively designate the
components of the stiffness tensor and of the compliance
tensor of the considered material ((.) corresponds to “und”
for undrained medium, to “dr” for drained medium, to
“grain” for grain constituent or to “fI” for saturating fluid),
and §; the unit symmetric tensor of rank 2, or Kronecker
tensor. Cheng (1997) called the symmetric tensor b;; the Biot
effective stress coefficient tensor. The parameter "™ is the
fluid compressibility.

In the isotropic case, four macroscopic parameters are
sufficient to describe a porous medium: Ky, Wy, b and M.
Whereas in the general case, an anisotropic medium is
described by the 21 elastic components of the tensor K. If
this medium also exhibits a matrix porosity, seven other
parameters are necessary: the six components of the
symmetric tensor b;; and the scalar coefficient M.

2.3 Description of a Non-Porous Fractured Medium:
Schoenberg’s Theory

We consider a homogeneous isotropic medium with a single
fracture, considered as a plane of mechanical discontinuity
exhibiting a negligible width in regard to the seismic wave-
length. This fracture separates two identical media (Fig. 2).
The parameters describing the fracture model are:

— the solid matrix elastic parameters (A and W), and;
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Isotropic medium
(e} >

W
FR

Ac

— v

B
T
(o}

Isotropic medium

Figure 2

Fracture separating two identical isotropic media. o and T
correspond, respectively, to the compressive and the shear
stresses.

— the fracture stiffness parameters K (normal) and K
(tangential) linked to the compressive (o) and shear (t)
stresses by the relations:

o=KyAu ; t=K,Av ®)

where Au and Av correspond, respectively, to the normal and
tangential displacement discontinuities induced by the seismic
wave. The normal and tangential fracture stiffnesses, respec-
tively designated by K and K, characterize the quality of
the mechanical coupling between the isotropic media sepa-
rated by the fracture. More precisely, in the case of perfectly
cemented fractures, no displacement discontinuity is induced
by the wave (Au = Av = 0 in the previous relations). As a
consequence, Ky and K; must be infinite to allow the wave-
induced stresses o and T to be finite values. The opposite
limit case is when Ky and K vanish (K = K = 0). In this
case the wave-induced stresses o and T also vanish. This sim-
ply corresponds to completely open fractures which totally
reflect the incident wave.

Schoenberg and Douma (1988) consider isotropic media
affected by the presence of n fractures per length unit in the
direction normal to the fracture planes. Each of these
fractures exhibit the same behaviour as the fracture described
above. These fractures are parallel to each other and
randomly distributed in the media. The elastic components of
the compliance tensor of the fractured medium can be written
as:

S[jkl = S;;;d + 6Si,f'1:(llc )

m rac

where §7, is the matrix (or intact rock) compliance and 357
is the additional compliance due to the presence of fractures.
We can distinguish two fracture properties, a “normal
fracture density” (e,) and a “tangential fracture density” (g;),
directly linked to the dimensionless normal and tangential
fracture compliances Ey and E; through the following

relations:
E N E T

gy = ; €=
N 1+E, ! 1+E,

10)

The parameters Ey and E; are linked to the normal and
tangential fracture stiffnesses K and K, by the relations:
A+2
_n(2h) L m

N ’ T
N T

an

with n the number of fractures per unit length.

2.4 How Anisotropic Poroelastic Theory
and Non-Porous Fractured Media Theory
are Combined

We use the model of Dubos-Sallée et al. (2008). The main
elements of the theoretical work are explained here. The
proposed petroelastic model can consider connected and non-
connected fractures. The connected fractures correspond to
the fractures connected to the porous network and that can be
involved in the wave-induced fluid displacement. Hence, the
non-connected fractures correspond to fractures that are not
involved in this macroscopic fluid displacement.

So, the drained compliance tensor S;f,z of the medium is
corrected by the presence of the connected fracturation and
the compliance tensor S %m of the intact matrix is corrected by
the presence of the non-connected fracturation. The following
corrections are applied using the Schoenberg formalism and
replaced Equation (9):

dr _ qdr conn.frac.
corr _ Sy, = Si, +085 (12)

and

grain _ Qgrain non-conn.frac.
- S ijkl T Sijkl + 6S ijkl

(13)

Furthermore, if several sets of fractures are considered, the
compliance correction due to each fracture set is added to the
compliance of the material considered (medium or grain), the
interaction between the fracture families being neglected.

corr

The last step of the model is to apply the anisotropic
poroelastic theory of the previous section to the new porous
medium characterized by the new drained compliance tensor
and the new grain compliance tensor.

3 IMPACT FOR SEISMIC MONITORING

3.1 Direct Application

In this part, we present typical predictions of the model for a
sandstone exhibiting an inherent Vertical Transverse Isotropy
and a fracture-induced anisotropy due to a family of vertical
parallel fractures. We define the azimuth-dependent P-wave
anisotropy as the difference between the horizontal velocity
VA orizonai(82) for the considered azimuth and the vertical
velocity V% i Normalized by the vertical velocity. Figure 3
shows the value of the P-wave anisotropy as a function of the
azimuth of observation for different pore fluids (gas or water)
and different porosities (5% or 15%).
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Predictions of the model for a sandstone exhibiting an inherent
Vertical Transverse Isotropy and a fracture-induced anisotropy
due to a family of vertical parallel fractures (fracture azimuth:
0°). P-wave anisotropy as a function of the azimuth of
observation for different pore fluids (gas or water) and different
porosities (5% or 15%). Three combinations of VTI and
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fracture-induced anisotropies are given:

a) VTI anisotropy 0% and fracture-induced anisotropy 20%;

b) VTI and fracture-induced anisotropy 20%;

¢) VTT anisotropy 10% and fracture-induced anisotropy 30%.
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The first case (Fig. 3a) concerns a fracture-induced
anisotropy of 20% (the fracture azimuth is 0°) with no other
cause of anisotropy. In the direction parallel to the fracture,
there is no P-wave anisotropy, as expected. Actually, for this
azimuth, the vertical P-wave velocity and the horizontal
P-wave velocity are identical, leading to this null value. For
the other azimuths, the horizontal P-wave velocity is affected
by the presence of fractures and becomes smaller than the
vertical P-wave velocity. That is the reason why the P-wave
anisotropy value is negative with our definition. The P-wave
anisotropy value is more and more negative with azimuth
until reaching its maximum absolute value in the direction
perpendicular to the fracture. We can notice slight variations
between 0° and 90°; for instance, for the curve corresponding
to a water content and a matrix porosity of 5% (Fig. 3a). In
fact, contrary to the P-wave NMO velocity, the mathematical
expression of the gP-wave velocity in a weakly anisotropic
medium of arbitrary symmetry type is not elliptical and
exhibits local maxima and minima, leading to the observed
slight variations (Mensch and Rasolofosaon, 1997;
Rasolofosaon, 2000).

The second case (Fig. 3b) concerns the same medium as
before with an additional inherent layer-induced anisotropy
of 20%. The maximum of P-wave anisotropy is reached for
the fracture azimuth, as expected: it is actually a well-known
method to obtain this orientation. When gas is the pore fluid,
the value of the P-wave anisotropy for the fracture direction
corresponds to the VTI level chosen: 20%. In this direction,
parallel to the fracture, there is no anisotropy due to fractures
and the fluid inside the fracture is too compliant to stiffen the
fracture. That is the reason why the prediction gives 20%.
For water as a fluid content, it is no longer the case: the
presence of a less compliant fluid makes the fracture stiffer
and so decreases the anisotropy. The inherent VTI anisotropy
exhibits a symmetry axis perpendicular to the symmetry axis
of the fracture-induced anisotropy. Hence, as long as the
azimuth increases until a direction normal to the fracture, the
VTI anisotropy is progressively thwarted by the presence of
the fracture-induced anisotropy. For the same reason, from
90° to 180° the influence of fracture-induced anisotropy on
the P-wave anisotropy is more and more weak, leading to a
value corresponding to the inherent VTI anisotropy chosen for
azimuth 180°. We can also add for this second case (Fig. 3b)
that the influence of the matrix porosity is weak for highly
compliant fluid, such as gas, but it is no longer the case for
water, for instance, for which different porosities lead to
different P-wave anisotropy profiles.

Figure 3¢ concerns another combination of layer-induced
and fracture-induced anisotropies: the VTI anisotropy is
weaker than in the previous case and the fracture anisotropy is
stronger. In return, fluid contents and porosities are similar to
those used to build Figure 3b. For the azimuth corresponding
to fracture orientation, we can make the same comments
given for the previous case: for a compliant fluid, the P-wave
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anisotropy level is the inherent VTT anisotropy of the medium.
Furthermore, for this azimuth, the more compliant the fluid,
the higher the P-wave anisotropy. For greater azimuths, the
fracture-induced anisotropy progressively makes up for the
inherent VTT anisotropy. Beyond an azimuth close to 45°, the
influence of the presence of a huge amount of fractures is
very strong. Hence, the additional compliance introduced by
fractures into the medium leads to a situation for which verti-
cal P-wave velocity becomes greater than the horizontal one.
As a consequence, the P-wave anisotropy is then negative
(Fig. 3c). This phenomenon is enhanced by the compliance of
the fluid content: if we consider absolute values, the more
compliant and at a second order the more porous it is, the
more anisotropic it is.

3.2 A Scalar Quantity Can Impact the Seismic
Anisotropy

We have briefly seen in the previous section that a scalar
parameter, the porosity, can influence a tensorial property,
the seismic anisotropy. Hence, this part is dedicated to a little
close-up on this non-intuitive impact. Thomsen (1995)
considers this influence on elastic anisotropy due to aligned
fractures. If fractures are connected to the matrix porosity,
the fluid content can leave the fracture to go into the pore

space. Whereas the fluid content tends to stiffen the fracture,
if the porosity is great enough to allow the “leak” into the
pore space, the compliance of the fractures increases and thus
seismic anisotropy also. Figure 4 concerns the P-wave
anisotropy value in the vertical plane perpendicular to the
fracture azimuth, as a function of matrix porosity for a
sandstone exhibiting three normalized fracture compliances,
five different pore fluids and two inherent VTI anisotropies
(0% and 20%). The fracture compliance is the fracture
density multiplied by the compliance of a single fracture. The
normalized fracture compliance is the fracture compliance
relative to the matrix compliance (Eg. 11). Hence, Figure 4a
corresponds to the context described by Thomsen (1995): a
unique cause of anisotropy (fractures) and a homogeneous
porous matrix. These results of our model confirm that the
porosity has an impact on seismic anisotropy in the vertical
plane normal to the fracture set, even if the porosity is a
scalar quantity. The matrix porosity impacts our rock model
through the Gassmann formulation: the undrained stiffness
tensor is a function of the drained stiffness tensor and the
matrix porosity where the matrix porosity weighted in a way
the drained stiffness tensor. So, if the drained stiffness or
compliance tensor is affected by the presence of connected
fractures, the matrix porosity will emphasize this influence.
As far as seismic anisotropy is concerned, gaseous CO, and
supercritical CO, have the same impact in our model. For this
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Figure 4

P-wave anisotropy in the vertical plane normal to the fracture set (Epsilon) as a function of matrix porosity of a sandstone exhibiting three
normalized fracture compliances (10%, 20% and 30%), five different pore fluids and two inherent VTT anisotropies: a) 0%, b) 20%.
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first case (Fig. 4a), we can conclude again that the P-wave
anisotropy value increases with the normalized fracture
compliance, the compliance of the fluid content and the
matrix porosity.

Figure 4b corresponds to a medium exhibiting an inherent
layer-induced anisotropy of 20% and three different levels of
fracture-induced anisotropy described through three different
values of normalized fracture compliance (10%,20% and 30%).
Because of the influence of the VTI anisotropy, the maximum
of the P-wave anisotropy, in the vertical plane perpendicular
to the fracture set, is reached for the smallest normalized
fracture compliance. For this level of normalized fracture
compliance (10%), the horizontal P-wave velocity is in fact
weakly impacted. Hence, the P-wave anisotropy value remains
close to the VTI anisotropy as far as compliant fluid content
is concerned (see Fig. 4b Epsilon = 0.16). For more compliant
fluid contents, the P-wave anisotropy is impacted by the
variation of the vertical P-wave velocity. The presence of a
less compliant fluid, such as water, inside the porous medium
makes the medium stiffer and thus increases the vertical
P-wave velocity, leading to a decrease in the P-wave
anisotropy. This stiffening phenomenon is enhanced in a
medium exhibiting a low porosity.

For the highest normalized fracture compliance (30%), the
impact of the layer-induced anisotropy is considerably
thwarted (Fig. 4b). Actually, in this case, the horizontal
P-wave velocity is greatly influenced by the presence of frac-
tures and becomes very close to the vertical P-wave velocity
whatever the fluid content and the porosity.

3.3 Implication for Fluid Substitution Monitoring

The main consequence of the results discussed in the two
previous sub-sections concerns the fact that the absolute
value determined for the P-wave anisotropy from seismic
methods is not straightforward to interpret since different
parameters are involved in anisotropy.

In the case of CO, geological storage, the in situ fluid,
which can be brine, oil or a mixture of oil and brine or water,
is generally substituted by CO, in a supercritical state. So, if
seismic data are acquired before and after this substitution, a
change in the P-wave anisotropy (AEpsilon in Fig. 5) can be
measured, which is clearly linked to the modification of the
compliance of the fluid content in the same medium exhibiting
the same fracture network and the same porosity. This relative
value can only be correctly interpreted in terms of fluid
substitution provided we have some constraints on a few of
the parameters involved in the P-wave anisotropy value such
as the porosity, and a rough idea of the level of normalized
fracture compliance.

Figure 5 corresponds to the change in P-wave anisotropy
due to a substitution of in situ water by CO, in a supercritical
state as a function of matrix porosity, taking into account two

0.10
i ——O—— Norm. frac. comp. 30%
i ———e—— Norm. frac. comp. 20%
i ——a—— Norm. frac. comp. 10%
c L
o
2 0.05
i1}
<
c
o
3 -0.05
i1]
= L
| VTI Anis = 20%
of1o0L— v vy
5 10 15 20
Porosity (%)
Figure 5

Variation of P-wave anisotropy value due to the substitution of
in situ water by CO, in a supercritical state as a function of
matrix porosity, taking into account two inherent layer-induced
anisotropies (0% and 20%) and three levels of normalized
fracture compliances (10%, 20% and 30%).

inherent layer-induced anisotropies (0% and 20%) and three
levels of normalized fracture compliances (10%, 20% and
30%). For instance, in a VTT medium, a change in the P-wave
anisotropy value of —0.04 can correspond to a fluid substitution
in a sandstone exhibiting a matrix porosity of 6% and a
normalized fracture compliance of 20%, or in a sandstone
exhibiting a matrix porosity of 10% and a normalized fracture
compliance of 10%. If we consider a medium without
inherent VTI anisotropy a AEpsilon of 0.04 can correspond to
a fluid substitution in a sandstone exhibiting a matrix porosity
of 6% and a normalized fracture compliance of 20%, or in a
sandstone exhibiting a matrix porosity of 12% and a
normalized fracture compliance of 30%.

Hence, if we want to monitor the fluid substitution in a
fracture network of a CO, storage site, we have to precisely
define the matrix porosity and the fracture compliance and
thus the fracture density. It is the reason why an integrated
approach is necessary. Seismic data alone can give the
orientation of the fracture and the overall compliance, but
cannot discriminate the parts of the different parameters in this
compliance we have described here. Outcrop observations, if
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Diffuse fractures

Fracture swarm

Figure 6

Two fracture network types found in sedimentary formations with weak tectonic structures: diffuse fracturation (left) and fracture swarms (right)

(after Auzias, 1995).

they are available, and representative of what happens at
depth, can give us information about the type of fracture.
Generally, two fracture network types can be found in
sedimentary formations with weak tectonic structures. The
first type concerns diffuse fractures, extremely common in
well-bedded formations. These fractures are generally
perpendicular to the beds and exhibit no relative displacement
between two blocks separated by the fracture (Fig. 6). The
distance between two fractures is linked to the bed thickness.
Some fractures are due to stress relaxation, so the fracture
density observed has to be considered as an upper limit of
what we can expect at depth. The second type concerns
fracture swarms, which may affect tabular zones (Fig. 6). They
cut several beds with no displacement and are characterized
by the presence over a relatively short width of a great
number of vertical fractures with very low spacing.

As the rock physics model used considers a constant density
of fracturation in the investigated volume, the confirmation
of the presence at depth of such fracture swarms, thanks, for
instance, to deviated wells, has to be taken into account
through the compartmentalization of the reservoir as far as
the study of P-wave anisotropy is concerned.

The information obtained via borehole imaging
interpretation can also give an idea of the fracture density in
specific areas and this data has to be used keeping in mind
the possibility that it is not necessarily representative of the
large-scale network. We also have to wonder about the state
of stress at depth that determines which sets of fractures can
be considered as the predominant ones in regard to the
interpretation of seismic anisotropy and fluid substitution
inside the fracture network. The matrix porosity also has to
be specified as finely as possible on several core samples to
limit the uncertainty that would lead to a greater uncertainty
on fracture compliance and on the monitoring of the fluid
substitution in geological storage of CO,.

CONCLUSION

We have described the petroelastic model developed in
collaboration with geologists which concerns fractured
geological media in the presence of fluids, characterized by
some degree of matrix porosity, the presence of pore fluids,
connected and/or non-connected fractures, the presence of
several fracture sets, and an inherent seismic anisotropy. We
have also shown the P-wave anisotropy predicted by our
model in different configurations, taking into account
inherent VTI anisotropy or not, a single vertical fracture
network and different fluid contents. These configurations
are representative of subsurface media which can be involved
in CO, geological storage. As explained in Section 1, the
measurement of the P-wave anisotropy is an appropriate and
relevant method to identify the fracture network orientation
and the fluid substitution in a fracture set provided time-lapse
seismic data are available. Nevertheless, the results shown in
this study illustrate how different parameters can influence
the P-wave anisotropy such as normalized fracture
compliance, the compliance of the fluid content and the
matrix porosity, even if the porosity is a scalar parameter.
Hence, the absolute value measured for P-wave anisotropy
from seismic data acquisition is not explained by a unique set
of these parameters.

The monitoring of the fluid substitution inside a fracture
network benefits greatly from 4D seismics since it is a good
way to avoid the difficult interpretation of the absolute value
of P-wave anisotropy. Furthermore, we are also convinced
by the benefit of a multidisciplinary approach to correctly
interpret the part of the seismic anisotropy due to the
fractures and thus to monitor geological storage of CO,
better.
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