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Abstract. A major cause of the attenuation levels observed in seismic data from sedimentary regions is
the mesoscopic loss mechanism, caused by heterogeneities in the rock and fluid properties greater than
the pore size but much smaller than the wavelengths of the fast compressional and shear waves. The main
objective of this paper is to apply a numerical upscaling method to determine the plane wave complex
modulus of a viscoelastic solid long-wave equivalent to a fluid saturated poroelastic (Biot’s medium)
with mesoscopic-scale heterogeneities in the form of brine-CO2 patches. This is achieved by applying
time-harmonic compressibility tests at a selected set of frequencies to a representative sample of bulk
material. These tests are modeled as boundary value problems stated in the space-frequency domain.
This numerical upscaling approach was applied using data from the CO2 sequestration Sleipner-field
case. A numerical flow simulator to represent the CO2 injection and storage was combined with a wave
propagation model in order to obtain synthetic seismograms. The flow and petrophysical parameters
were determined to obtain synthetic seismograms resembling actual field data. The simulations yield
CO2 accumulations below the mudstone layers and synthetic seismograms which successfully match the
typical pushdown effect, observed in actual field data.
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1 INTRODUCTION

Recent results have demonstrated the importance of the mesoscopic effects in the context of
exploration geophysics, being the dominant P-wave attenuation mechanism in reservoir rocks
at seismic frequencies (Pride et al., 2004). Basically, when a compressional wave squeezes
an heterogeneous fluid-saturated porous material, the different regions of the medium, due to
their distinct elastic properties, may undergo different strains and fluid pressures. This in turn
produces fluid flow and Biot’s slow waves generating energy loss and velocity dispersion.

White and coauthors (White et al., 1975; White, 1975) were the first to model the wave-
induced fluid flow produced by mesoscopic-scale heterogeneities, showing that this mechanism
can produce important attenuation and velocity dispersion effects at seismic frequencies in par-
tially saturated rocks. They obtained approximated solutions of the response of plane porous
layers alternately saturated with gas and water (White et al., 1975) and of spherical gas pock-
ets in a water-saturated porous rock (White, 1975). Since then, many authors have made very
important contributions to a better understanding of this subject (Pride and Berryman, 2003;
Johnson, 2001; Norris, 1993; Gurevich and Lopatnikov, 1995). The major drawback of these
analytical theories is that they can only be used in the case of heterogeneities having idealized
geometries. Mesoscopic effects have also been studied by performing numerical simulation of
wave propagation (Helle et al., 2003). This is a more versatile approach since one may model
heterogeneities of any kind and shape, but is computationally expensive or even not feasible.
The methodology used in this work obtains the effective plane wave complex modulus of het-
erogeneous rock samples by defining an equivalent viscoelastic solid with the same attenuation
and velocity dispersion as the original fluid-saturated porous rock. This is achieved by applying
time-harmonic compressibility stresses to a representative sample of bulk material, which are
mathematically modeled as local boundary value problems stated in the space-frequency do-
main. Biot’s equation in the diffusive range is used to model the response of the heterogeneous
material to the applied stresses, and the approximate solution is obtained using a finite-element
procedure.

We test this methodology using data from the CO, sequestration site in the Utsira formation
at the Sleipner field. The only field data available is a collection of seismic sections (time-lapse
seismics) used to monitor the CO storage procedure. An estimate of the CO5 injection rate and
the location of the injection point are known. Using these data we build a geological model,
including intramudstone layers with openings, whose coordinates are defined by using the field
seismic data. We also model fractal variations of the petrophysical properties. The numerical
simulation of the CO,-brine flow is based on the Black-Oil formulation. The flow simulator pa-
rameters and the petrophysical properties are updated to obtain CO, saturation maps, including
CO; plumes. Then, we compute synthetic seismograms on the basis of the resulting saturation
and pore-pressure maps. Wave attenuation and velocity dispersion are included using the above
described methodology, obtaining an equivalent viscoelastic medium at the macroscale. The
wave equation is solved in the space-frequency domain for a collection of frequencies in the
range of interest with a finite-element iterative domain decomposition algorithm. The space-
time solution is recovered by a discrete inverse Fourier transform.

The numerical examples illustrate the success of the combined application of the flow and
wave propagation simulators to model the CO, storage procedure in the Utsira formation at the
Sleipner field, in particular representing the pushdown effect observed in field data.
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2 METHODOLOGY
2.1 COs; - brine flow model in porous media

The well-known Black-Oil formulation applied to two-phase, two component fluid flow
(Aziz and Settari, 1985) is used to simulate the simultaneous flow of brine (subindex o) and
CO; (subindex g), considering that CO5 may dissolve in the brine but the brine is not allowed
to vaporize into the CO, phase. This formulation uses the PVT data (COs solubility in brine;
CO,, and brine formation volume factors) as a simplified thermodynamic model. The solution of
the Black-Oil model is obtained employing the public domain software BOAST (Fanchi, 1997)
which solves the differential equations using the IMPES (IMplicit Pressure Explicit Saturation)
finite difference technique.

2.2 Modeling of the mesoscopic attenuation effects at the mesoscale

Let u, and uy denote the averaged displacement vectors of the solid and fluid phases, respec-
tively. Let uy = ¢(tiy — u,) be the relative fluid displacement, where ¢ denotes the porosity
and set u = (u,, uy). Let e(u,), 7(u) and pr(u) denote the strain tensor of the solid, the stress
tensor of the bulk material and the fluid pressure, respectively. The stress-strain relations are
(Biot, 1962):

Ta(u) = 2G eg(u,) + 0u(Ay V- u, + a MV - uy), (D
ps(u) = —a MV -u,— MV - uy. @)

G is the shear modulus of the dry matrix. The other coefficients in (1)-(2) can be obtained in
terms of K, K,,, and K, the bulk moduli of the solid grains, dry matrix and saturant fluid,
respectively (Carcione, 2007).

Biot’s equations in the diffusive range and in the absence of external forces are (Biot, 1962):

V- r(u) =0, 3)
iy + EVp(w) = 0, “

where i = \/—1, w is the angular frequency, ;. is the fluid viscosity and  is the frame perme-
ability.

A very convenient approach to study mesoscopic effects is to apply time-harmonic compres-
sional stresses to a representative sample of a fluid-saturated porous rock, which enables us to
obtain its equivalent complex plane-wave modulus. This is performed by defining an equiv-
alent viscoelastic medium with the same attenuation and velocity dispersion as the original
porous rock. The theoretical basis for this procedure were given in the works of (White, 1975;
Dutta and Odé, 1979; Johnson, 2001).

To perform this test, we solve equations (3)-(4) under convenient boundary conditions. De-
note by v the unit outer normal on I', the boundary of the domain, and let y be a unit tangent on
I" oriented counterclokwise so that {v, x} is an orthonormal system on I

To determine the complex plane wave modulus of our fluid-saturated porous medium, let us
consider the solution of (3)-(4) with the following boundary conditions

r(w)v-v=—AP, (x1,23)€I7, 5)
T(wr-x=0, (r,z3) €l (6)
w v =0, (z,z3)€lPUuTr?ur?, (7)
u v=0, (x1,25)€T. (8)
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where I'?, T'®, T'B and I'7 are the left, right, bottom and top boundaries of the domain, re-
spectively. For this set of boundary conditions the solid is not allowed to move normally to
the lateral and bottom boundaries, the fluid is not allowed to flow out of the sample, a uniform
compression is applied on the boundary I'"" and no tangential external forces are applied on the
boundary I'.

Denoting by V' the original volume of the sample, its (complex) oscillatory volume change
AV (w) allows us to define the equivalent undrained complex plane-wave modulus M. (w), by
using the relation

AV (w AP
L _ _ ; ©)
Vv M. (w)
valid for a viscoelastic homogeneous medium in the quasistatic case.
Then, for each frequency w, the complex volume change produced by the compressibility

test can be approximated by

AV (w) = Luy” (w),

which enables us to compute the effective complex plane-wave modulus M, (w) from (9).

The corresponding complex compressional velocity is V,.(w) = M%—Ew), where p, is the

average bulk density of the sample.
Next, the following relations allow us to estimate the effective compressional phase velocity
V,(w) and quality factor ),(w) in the form:

1\ 1 Im(V3)
wa=re()] o R 1o
In order to estimate this equivalent complex plane wave modulus M, (w), we use a finite-
element procedure to approximate the solution of the equations of motion (3)-4 with the bound-
ary conditions 5-8.
We use bilinear functions to approximate the solid displacement vector, while a closed sub-
space of the vector part of the Raviart-Thomas-Nedelec space of zero order (Raviart and Thomas,

1975; Nedelec, 1980) for the fluid displacement is employed. It can be demonstrated that the
error associated with this numerical procedure measured in the energy norm is of order h'/2,

2.3 Seismic Modeling: A viscoelastic model for wave propagation

The equation of motion in a 2D isotropic viscoelastic domain 2 with boundary 0f2 is (Santos et al.,
2011) :

Wou+Voo(u) = flz,w), Q (11)
with boundary condition:
—o(u)v = iwDu, . (12)

Here f(z,w) is the external source and D is a positive definite matrix which definition is given
in (Ha et al., 2002).

The numerical solution is computed at a selected number of frequencies in the range of
interest using an iterative finite element domain decomposition procedure. The time domain
solution is obtained using a discrete inverse Fourier transform (Ha et al., 2002) . To approximate
each component of the solid displacement vector we employ a nonconforming finite element
space which generates less numerical dispersion than the standard bilinear elements.
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3 NUMERICAL RESULTS

We consider a model of the Utsira formation having 1.2 km in the z-direction, 10 km in
the y-direction and 0.4 km in the z-direction (top at 0.77 km and bottom at 1.17 km b.s.1.).
Within the formation, there are several mudstone layers which act as barriers to the vertical
motion of the CO,. The initial porosity ¢ is assumed to have a fractal spatial distribution
based on the so-called von Karman self-similar correlation functions (Santos et al., 2005), and
horizontal and vertical permeabilities are determined from porosity using the relations described
in (Santos et al., 2014). COs is injected during five years in the Utsira formation at a constant
flow rate of one million tons per year. The injection point is located at the bottom of the
formation: = = 0.6 km, 2z =1.082 km. Figure 1 shows 2D vertical slices (corresponding to
n, = 3) of the CO;, saturation fields after five years of CO; injection. CO, accumulations
below the mudstone layers can be observed. As injection proceeds, part of the injected fluid
migrates upwards due to the openings in the mudstone layers that generate chimneys.

0 300 600 900 1200
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1170 0

Figure 1: CO, saturation distribution after five years of CO2 injection

We analyze the capability of seismic monitoring to identify zones of CO, accumulation and
migration. With this purpose, we use 2D slices of CO saturation and fluid pressure obtained
from the flow simulator to construct a 2D model of the Utsira formation. The seismic source is
a spatially localized plane wave of main frequency 60 Hz.

In order to compute the equivalent complex plane-wave modulus for each saturation, we
consider a porous sample with a spatially variable gas - water distribution in the form of irregular
patches fully saturated with gas and zones fully saturated with water. No mixing forces are
taken into account and the two fluids are assumed to occupy different mesoscopic regions of the
model. The generation of these kind of distributions involves the use of a stochastic fractal field
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(Santos et al., 2005). To illustrate this, in Figures 2 and 3 we show patches for 0.05 and 0.3 of
CO, saturation.
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Figure 2: Patchy water-gas distributions for overall CO, saturation S, = 0.05. The yellow
zones correspond to 100 % gas saturation and the black zones to 100 % water saturation

Figures 4 and 5 display fluid pressure maps at frequencies of 1 Hz and 50 Hz, respectively.
Both maps correspond to patchy water-gas distributions for overall CO, saturation S, = 0.30
(Figure 3). We can observe that pressure is lower in zones of 100 % CO. saturation. Besides,
comparing both figures, as time proceeds higher pressure values are obtained.

Figure 6 displays the seismogram after five years of CO injection associated with the CO,
saturations shown in Figure 1. A standard f-k filter is applied to the seismic sections. The
reflections seen in those seismograms show the CO, accumulations below the mudstone layers
as the injection proceeds. In particular, the pushdown effect observed in the real seismograms
of Figure 7 (Chadwick et al., 2005) due to CO, accumulations is clearly observed.

4 CONCLUSIONS

We describe a methodology to deal with the mesoscopic loss mechanism. It is based on the
finite element solution of the classical Biot’s equations to simulate oscillatory compressibility
tests, obtaining the complex effective plane wave modulus for different saturations. Unlike
the theoretical White’s theory valid only for periodic alternating layers, our method allows
to simulate any kind of heterogeneities within the domain. Our results indicate that in the
frequency range analyzed the complex effective plane wave modulus is very sensitive to the
overall gas saturation. The fluid-flow simulator yields CO, accumulations below the mudstone
layers and the corresponding synthetic seismograms resemble the real seismic data, where the
pushdown effect is clearly observed.
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Figure 3: Patchy water-gas distributions for overall CO, saturation S, = 0.30. The yellow
zones correspond to 100 % gas saturation and the black zones to 100 % water saturation

Figure 4: Fluid pressure map at frequency of 1 Hz, corresponding to patchy water-gas distribu-
tions for overall CO; saturation S, = 0.3
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Figure 5: Fluid pressure map at frequency of 50 Hz, corresponding to patchy water-gas distri-
butions for overall CO, saturation S, = 0.3
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Figure 7: Real cross-correlogram after 5 years (Chadwick et al., 2005)
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