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ABSTRACT

We studied the seismic attenuation and velocity dispersion

effects produced by wave-induced fluid flow in weakly consoli-

dated sandstones containing patchy carbon dioxide CO2ð Þ-brine

distributions. The analysis also focuses on the velocity push-

down because of the presence of this gas, as well as on the

role of the wave-induced fluid flow (mesoscopic) effects on the

amplitude variation with angle (AVA) seismic response of thin

layers containing CO2, such as those found at the Utsira Sand,

Sleipner field, offshore Norway. We found that this loss mecha-

nism may play a key role on conventional surface seismic data,

suggesting that further data analysis may provide useful infor-

mation on the characteristics of the fluid distributions in these

environments. Numerical experiments let us observe that

although mesoscopic effects can be very significant in this kind

of media, the seismic response of a given isolated thin layer

computed considering such effects is very similar to that of a

homogeneous elastic thin layer with a compressional velocity

equal to that of the original porous rock averaged in the effec-

tive data bandwidth. This suggests that the thin-bed prestack

spectral inversion method published by the authors could be

used to estimate representative compressional velocities and

layer thicknesses in these environments. In effect, results using

realistic synthetic prestack seismic data show that isolated CO2-

bearing thin beds can be characterized in terms of their thick-

nesses and representative compressional velocities. This infor-

mation can be qualitatively related to CO2 saturations and

volumes; thus, the prestack spectral inversion method could

find application in the monitoring of the evolution of CO2

plumes at injection sites similar to that at the Sleipner field.

INTRODUCTION

Underground storage of carbon dioxide CO2ð Þ is an immedi-

ate option to reduce the amount of this greenhouse gas emitted

to the atmosphere, and thus to mitigate climate change. Seismic

methods constitute a very useful tool to monitor the injection of

this gas because of the marked contrast between its acoustic

properties and those of brine.

Since October 1996, an average of 1 million tons of CO2 per

year have been injected into the Utsira Sand at the Sleipner

field, offshore Norway, with more than 11 million tons in the

formation by 2010 (Chadwick et al., 2010). This formation is a

weakly consolidated sandstone at depths between 800 m and

1100 m. Internally it contains thin intrareservoir shale layers,

having typical thicknesses of 1–2 m and up to 6 m. The CO2 is

injected at a supercritical state near the bottom of the Utsira

Sand, and it rises because of buoyancy effects until it reaches

flow barriers such as the thin shale layers and the top seal shale.

Beneath each intrareservoir shale, CO2 accumulates following

the structural relief and forms layers of up to a few meters thick

(Arts et al., 2008). These thin layers can be identified in the

seismic data as bright subhorizontal reflections, which are

caused mainly by the high compressibility of the CO2 as com-

pared to that of the brine, and by constructive tuning effects of

the top and bottom reflections at the CO2 accumulations (Arts

et al., 2004). The correct interpretation of the seismic responses

of these structures is crucial to performing a proper monitoring

of the injection process at the Sleipner field.

The major cause of seismic attenuation in reservoir rocks at

seismic frequencies presumably is wave-induced fluid flow
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because of mesoscopic-scale heterogeneities, i.e., heterogeneities

larger than the pore size but smaller than the predominant wave-

lengths (White, 1975; White et al., 1975; Pride et al., 2004;

Carcione and Picotti, 2006). It long has been recognized that this

loss mechanism is particularly important in the presence of rocks

partially saturated with hydrocarbon gas and water because of the

strong contrast between the physical properties of the pore fluids.

White (1975) and White et al. (1975) were the first to model

this phenomenon, showing that this mechanism produces signifi-

cant attenuation and velocity dispersion effects at seismic fre-

quencies in partially saturated rocks. Since then, many authors

have made important contributions to a better understanding of

this subject, including a great variety of analytical solutions to

model the seismic responses of rock samples containing hetero-

geneities of ideal geometries; see, for instance, Norris (1993),

Johnson (2001), Pride and Berryman (2003). Other studies are

based on numerical simulations of wave propagation, such as in

Helle et al. (2003) and Rubino et al. (2007), among others.

However, in the low-frequency range, these methodologies are

computationally expensive or not feasible because the diffusion

length associated with the fluid pressure equilibration is very

small as compared with the seismic wavelengths.

Alternatively, Rubino et al. (2009) present an approach where

numerical oscillatory compressibility and shear tests are applied to

representative rock samples to obtain their equivalent complex

undrained plane-wave and shear moduli. This upscaling procedure

permits handling of complex geometries and also is computation-

ally convenient, because the rock sample has to be much smaller

than the wavelengths associated with the excitation frequencies.

As mentioned by Arts et al. (2004), the assumption of an homo-

geneous mixture of CO2 and brine in the porous volume of the

rocks with respect to the seismic wavelengths is likely to be ful-

filled only approximately at the Sleipner field. In such a case,

considering that the reservoir contains patches of CO2 in a brine-

saturated background, and taking into account the high porosity,

high permeability, and low frame moduli of the Utsira Sand,

together with the high compressibility of the CO2, significant

attenuation and velocity dispersion effects are expected to arise

because of wave-induced fluid flow. These effects may play a key

role in the observed seismic responses of these environments;

thus, a better comprehension of this subject is needed. As far as

we know, there are no published observations of attenuation for

the Sleipner field, which would allow us to recognize these effects

on the seismic data. Certainly, a deeper understanding of the

mesoscopic mechanism in these environments would help to

extract, from seismic data, useful information about the meso-

scopic-scale characteristics of the CO2-bearing layers, such as

overall CO2 saturation, nature of fluid distribution, and mean size

of CO2 patches, among others.

In this sense, questions such as whether the distribution of

CO2 within the Utsira Sand is patchy or homogeneous remain

unanswered, for there is no clear evidence. It is an open ques-

tion whether a patchy CO2 saturation produces significant

effects on conventional surface seismic data (Lumley, 2010).

And in that case, assessing the possibility of being able to

derive useful information about these environments from seis-

mic data needs further investigation.

Different quantitative methods have been applied to the

extensive data set of the Sleipner field, as clearly summarized

by Chadwick et al. (2010). In particular, several authors have

successfully applied elastic prestack or poststack inversion pro-

cedures to the real seismic data or to synthetic data representa-

tive of this injection site. For instance, Delépine et al. (2009)

use a poststack stratigraphic inversion of the 1994 and 2006

data sets to obtain acoustic impedances for the Sleipner plume.

In addition, Clochard et al. (2009) compare prestack and post-

stack inversion procedures, and verify that their prestack inver-

sion methodology is feasible and useful in this environment.

Chadwick et al. (2010) describe other quantitative methods

applied to the Sleipner data sets but focusing on the reservoir’s

topmost CO2 accumulation. These methods include a topo-

graphic analysis that provides structurally derived thicknesses

by assuming a velocity model for the overburden, and spectral

decomposition algorithms, which provide temporal layer thick-

nesses and compressional velocities when constrained with inde-

pendent true thickness estimates. Constrained amplitude varia-

tion with offset (AVO) analysis based on reflectivity modeling

of subtuning layers with assumed petrophysical properties also

has been used as a thickness classification tool. Clearly, given

the complexity of these environments, the uncertainties associ-

ated with the various parameters involved, and the nonunique-

ness of the modeling techniques, the quantitative determination

of thin-layer thicknesses and velocities is a challenge and

requires further investigation. As mentioned by Chadwick et al.

(2010), the analysis and applications of these methods to real

data from the Sleipner field are ongoing.

With these motivations, we first study the seismic attenuation

and velocity dispersion effects that take place at a weakly consoli-

dated sandstone, similar to the Utsira Sand, which contains patchy

CO2-brine distributions. We also analyze the role of this physical

mechanism in the velocity pushdown effect, i.e., in the time shift

observed in reflections within or below the CO2 plume because of

the presence of CO2 in the pore space of the rock.

Next, we analyze the seismic response of CO2-bearing thin

beds such as those found at the Sleipner field, taking into

account mesoscopic effects. With this aim, we follow Rubino

and Velis (2009) to obtain the AVA response of CO2-bearing

thin beds embedded between two brine-saturated sandstones,

taking into account the viscoelastic behavior of the CO2 accu-

mulations. To model the viscoelastic nature of the thin beds we

employ the numerical method published by Rubino et al.

(2009), which allows replacing a highly heterogeneous fluid-sat-

urated porous rock by a viscoelastic solid with the same attenua-

tion and velocity dispersion.

Finally, we use the prestack spectral inversion technique pro-

posed by Rubino and Velis (2009) to evaluate the possibility of

characterizing this type of thin beds. With the ultimate goal of esti-

mating their thicknesses and CO2 saturations from seismic data.

VISCOELASTIC BEHAVIOR OF ROCKS

CONTAINING HETEROGENEOUS

CO2-BRINE DISTRIBUTIONS

As mentioned in the introduction, the propagation of seismic

waves in rocks containing mesoscopic-scale heterogeneities in

the fluid or frame properties may induce fluid flow. This physical

process constitutes the dominant P-wave attenuation mechanism

in reservoir rocks at seismic frequencies and can be understood as

follows: When a compressional wave squeezes a heterogeneous
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fluid-saturated porous material, the different regions of the

medium — because of their distinct elastic properties — may

undergo different pore-fluid pressures. This produces fluid flow

and thus generates energy loss and velocity dispersion.

In our opinion, the role of these effects in seismic monitoring of

CO2 sequestration has not received as much attention as it deserves.

As far as we know, there are no articles that study this topic in

detail, with the remarkable exception of the paper by Carcione et al.

(2006). These authors quantify these effects at the Utsira Sand, and

observe that mesoscopic loss may be very significant at this geolog-

ical formation. However, to obtain this information they employ the

analytical White’s model (White, 1975), which is valid strictly for

spherical gas patches, and do not analyze the role of this physical

mechanism in the velocity pushdown effects.

In this section we use the method presented by Rubino et al.

(2009) to extract the viscoelastic behavior of rock samples con-

taining highly heterogeneous quasifractal distributions of CO2

and brine. Because we consider rock samples containing hetero-

geneities associated with pore-fluid distributions, shear tests pro-

duce unimportant mesoscopic effects. Thus, in the numerical

examples shown in this work, we assume that the shear moduli

of the rock samples are frequency independent, real, and equal

to the shear moduli of their dry matrices.

Oscillatory compressibility test

Rubino et al. (2009) present a numerical upscaling procedure to

obtain equivalent complex frequency-dependent plane-wave moduli

for heterogeneous fluid-saturated porous rocks. In their method, a

representative sample of the heterogeneous medium is subjected to

a time-harmonic compression, and no tangential forces are applied

on the boundaries of the sample. Following Rubino et al. (2009),

the equivalent undrained complex plane-wave modulus �Mc xð Þ can

be expressed in terms of the amplitude of the time-harmonic com-

pression and the (complex) oscillatory volume change, which is

estimated solving Biot’s equations of motion in the space-frequency

domain under appropriate boundary conditions.

Then, the complex compressional velocity can be estimated using

VPc xð Þ ¼ �Mc xð Þ=�qb½ �1=2
, where �qb is the average bulk density of

the rock sample. The equivalent compressional phase velocity

VP xð Þ and (inverse) quality factor QP xð Þ then are estimated using

VP xð Þ ¼ Re
1

VPc
xð Þ

� �� ��1

;
1

QP xð Þ ¼
Im VPc

xð Þ2
n o

Re VPc
xð Þ2

n o :
(1)

We refer the reader to the work of Rubino et al. (2009) for

the details of this numerical method.

Application to the Utsira Sand containing patchy
CO2-brine distributions

To analyze the amount of attenuation and velocity dispersion

caused by heterogeneous fluid distributions, let us consider the

Utsira Sand with a spatially variable CO2-brine distribution in the

form of irregular patches fully saturated with CO2, and zones fully

saturated with brine. We take into account neither mixing nor capil-

lary forces, and we assume that the two fluids occupy different

mesoscopic regions of the model. We consider neither chemical

interaction between pore fluids and rock frame nor solubility effects.

We generate these (binary) heterogeneous distributions using

stochastic fractal fields based on the so-called von Karman self-

similar correlation functions, which are used widely in the

statistical characterization of heterogeneities for different appli-

cations. Following Frankel and Clayton (1986), we consider a

particular case for which the spectral density is given by

Sd kx; kzð Þ ¼ S0 1þ k2a2
� �� HþE=2ð Þ

; (2)

where k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

x þ k2
z

p
is the radial wavenumber, a is the correlation

length, H is a self-similarity coefficient 0 < H < 1ð Þ, S0 is a nor-

malization constant, and E is the Euclidean dimension. Equation 2

corresponds to a fractal process of dimension D ¼ Eþ 1� H at

scales smaller than a. In the experiments shown later, we take

E ¼ 2, D ¼ 2:5, and different correlation lengths.

We first partition the computational domain (rock sample) into a

finite number of square subdomains Xj, where j denotes cell num-

ber (we select 100� 100 square cells in all cases) and assign to

each Xj a pseudorandom number drawn from a uniform distribu-

tion. We then Fourier transform this field to the spatial wavenumber

domain and filter its amplitude spectrum using equation 2. Then,

we transform the result back to the spatial domain and obtain a

microheterogeneous water saturation field S
jð Þ

w .

We obtain the final (binary) patchy field (i.e., the mesoscopic

heterogeneities) by selecting a threshold S� and setting each cell

to zero-water saturation (i.e., 100% CO2 saturation) or 100%

water saturation according to whether S
jð Þ

w is smaller or larger

then S�. In practice, we select S� in such a way that an overall

CO2 saturation SCO2
is obtained for each fractal field realization.

Figure 1 shows some examples of the quasi-fractal fluid distri-

butions considered in this work.

The next step is to compute the mesoscopic loss. For this pur-

pose we need the rock frame and pore fluids’ physical

Figure 1. Examples of quasi-fractal distributions of CO2 and brine
in the Utsira Sand. (a) a ¼ 0:01 m, SCO2

¼ 0:1; (b) a ¼ 0:01 m,
SCO2

¼ 0:3; (c) a ¼ 0:1 m, SCO2
¼ 0:1; (d) a ¼ 0:1 m, SCO2

¼ 0:3.
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parameters. In this sense, we assume that the solid matrix of the

rock sample is homogeneous and corresponds to the Utsira Sand,

with properties given by Arts et al. (2004).

Following this work, we take a rock porosity / ¼ 0:37, mineral

bulk modulus Ks ¼ 36:9 GPa, and solid grains density qs ¼ 2:65

gr=cm3. Also, we consider a brine density qw ¼ 1:09 gr=cm3 and

bulk modulus Kw ¼ 2:3 GPa. In addition we set, for full water satu-

ration, VP ¼ 2:05 km=s and VS ¼ 0:643 km=s (Arts et al., 2004).

Thus, using the inverse Gassmann’s equation and the relation

between shear velocity, bulk density and shear modulus, we obtain

the rock frame bulk modulus Km ¼ 2:68 GPa, and the shear modu-

lus lm ¼ 0:857 GPa. Also, water viscosity is taken to be gw ¼ 1 cP

and rock permeability j ¼ 1 D.

We calculate the CO2 density and bulk modulus employing

the equation of state proposed by Duan et al. (1992), consider-

ing a temperature T ¼ 37�C and pressure P ¼ 10 MPa, which

are representative values for the reservoir under consideration.

Thus, in the numerical experiments we set qCO2
¼ 0:693 g=cm3

and KCO2
¼ 0:0229 GPa. In addition, we use Sutherland’s for-

mula to compute CO2 viscosity as a function of temperature,

obtaining gCO2
¼ 1:56� 10�4 P.

Figures 2 and 3 show, respectively, the equivalent compres-

sional inverse quality factor and phase velocity as functions of

frequency, for particular samples containing an overall CO2

saturation SCO2
¼ 0:1 and different correlation lengths. In all

cases the samples are squares of side length L ¼ 0:5 m, and

we employ computational meshes of 100� 100 equal square

elements. It can be seen that the energy losses are very signifi-

cant in the seismic frequency band, with quality factors below

10 in some cases, showing the importance of this loss mecha-

nism in the behavior of the rock samples under consideration.

We can observe significant velocity dispersion effects, mainly

for correlation lengths above 0.1 m. On the other hand, the

mesoscopic effects become less significant as patch size

decreases.

These effects become less significant for CO2 saturations

higher or lower than about 0.1 (plot not shown for brevity). In

the case of samples with SCO2
¼ 0:3 and correlation lengths

between 0.01 m and 0.2 m, for instance, although velocity dis-

persion increases with patch size, these relative changes do not

exceed 5% in the frequency range considered. In addition,

equivalent quality factor is below 10 only for the largest correla-

tion lengths and for frequencies above 45 Hz.

Velocity dispersion effects on the velocity pushdown

The presence of CO2 in the pore space of the rock produces a

lowering of the compressional velocity, which may induce sig-

nificant pushdown of reflections within or below the CO2 plume.

This effect is clearly seen in the time-lapse seismic data of the

Sleipner field, and can be used to obtain additional information

about the CO2 distribution (Arts et al., 2004; Chadwick et al.,

2005; Ghaderi and Landrø, 2009).

Because wave-induced fluid flow may produce significant ve-

locity dispersion effects, we are interested in studying the role

of this physical mechanism in the pushdown, an analysis not

formally performed previously.

With this objective, and taking into account that we are

dealing with rocks having local properties drawn from certain

probability distribution function, we apply a Monte Carlo

analysis similar to that suggested by Rubino et al. (2009) to

extract the statistical characteristics of the pushdown as func-

tions of overall CO2 saturation, correlation length, and fre-

quency. We consider different saturation values, frequencies,

and correlation lengths, and for each set of parameters we

generate a large number of realizations Nr. Next, for each

realization we obtain the equivalent compressional phase ve-

locity, Vi
P, i ¼ 1;…;Nr , and calculate the pushdown factor

(i.e., the time delay corresponding to a 1-m-thick layer) using

(Chadwick et al., 2005)

2
1

Vi
P

� 1

VP

	 

; (3)

Figure 2. Equivalent inverse quality factor as a function of fre-
quency, for rock samples containing an overall CO2 saturation
SCO2

¼ 0:1 and different correlation lengths.

Figure 3. Equivalent compressional phase velocity as a function
of frequency, for rock samples containing an overall CO2 satura-
tion SCO2

¼ 0:1 and different correlation lengths.

R60 Rubino and Velis

Downloaded 03 May 2011 to 130.223.74.145. Redistribution subject to SEG license or copyright; see Terms of Use at http://segdl.org/



where VP is the compressional velocity of water-saturated rock

VP ¼ 2:05 km=sð Þ. Then, we obtain the mean and standard devi-

ations of the pushdown factor, which represent the statistical

behavior of the samples under consideration. To ensure conver-

gence of the Monte Carlo approach, we consider a criterion sim-

ilar to that shown by Rubino et al. (2009), i.e., for each set of

parameters we check that after Nr realizations the variance of

the pushdown factor, as a function of the number of realizations,

stabilizes at a constant value.

Figure 4 shows the mean pushdown factor plus-minus one

standard deviation for three correlation lengths and SCO2
¼ 0:1

(dotted and dashed lines), as functions of frequency. In each

case we set Nr ¼ 70 and check that the convergence criterion is

satisfied. We can observe that the pushdown strongly depends

on frequency, mainly for large correlation lengths. For instance,

for a ¼ 0:2 m there is a decrease of almost 30% between 10

and 50 Hz. It is interesting that the lower the frequency the

lower the uncertainty. This is because for very large wave-

lengths the medium is seen as homogeneous, independently of

the realization. As frequency increases, the wavelengths start to

see differences among realizations, with the consequent increase

in standard deviations.

We analyzed the statistical behavior of samples containing

SCO2
¼ 0:9 and for the same three correlation lengths used in the

previous experiments. However, because for such high CO2 satu-

ration values velocity dispersion effects are negligible, there are

no differences among the responses obtained using the different

correlation lengths (Figure 4, solid line; note that the three curves

coincide). In addition, the pushdown does not depend on the

frequency in these cases and the uncertainty is negligible.

This analysis shows that the velocity dispersion effects may

play a key role in the velocity pushdown, mainly when CO2

concentrations are low; thus, seismic data at the Sleipner field

may contain important additional information that may be used

to improve the knowledge of this reservoir.

Mean equivalent compressional velocity and
attenuation

The fact that seismic data contain errors of different nature and

magnitude, and that their energy is concentrated within a rela-

tively narrow frequency range, suggests that they will at most

provide information about a single-phase velocity and a single

quality factor that are representative of that narrow bandwidth.

For this reason, and from a practical point of view, we aver-

age the compressional phase velocities and quality factors in a

given effective data bandwidth for a large number of rock sam-

ples, and plot them as functions of overall saturation and corre-

lation length.

Accordingly, Figure 5a shows the equivalent compressional

phase velocity, as a function of CO2 saturation and for various

correlation lengths, averaged in the frequency range 10–60 Hz for

a large number of realizations. This plot also includes the low-

frequency limit velocity (solid line), which we compute taking

into account that at sufficiently low frequencies the fluid pressure

is uniform (isostress state); thus an effective fluid with bulk mod-

ulus given by Wood’s law (Carcione and Picotti, 2006) can be

used. Figure 5a shows that mean compressional phase velocities

are higher than the low-frequency limit values. These differences

are because of velocity dispersion effects and are more significant

for large correlation lengths and SCO2
near 0.1. On the contrary,

for the correlation lengths considered in this work, we can

observe that for CO2 saturations above 0.3–0.4 or near zero, or

for very small patch sizes, average velocities are very close to the

low-frequency limit.

Figure 4. Mean pushdown factor (dots) plus-minus one standard
deviation as a function of frequency, for three different correlation
lengths. Dotted and dashed lines correspond to SCO2

¼ 0:1, while
the solid line corresponds to SCO2

¼ 0:9.

Figure 5. (a) Mean equivalent compressional phase velocity and
(b) inverse quality factor as functions of CO2 saturation, for dif-
ferent realizations and correlation lengths.
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Equivalent compressional quality factors also were averaged

within the same bandwidth and for the same set of realizations

(Figure 5b). These data show that very important attenuation

levels take place in these experiments, and become more signifi-

cant as the characteristic size of the patches increases. The aver-

age quality factors take values below 10 for SCO2
near 0.08 and

correlation lengths above 0.05 m. This behavior corresponds to

that observed in Figure 5a, because higher attenuation levels

usually are associated with higher levels of velocity dispersion.

For CO2 saturations near zero or above 0.6, approximately, av-

erage quality factors take values above 100. In the particular

case of very small CO2 patches, this parameter is above 100 for

saturations above 0.2, approximately.

This analysis, which as far as we know is the broadest and

most complete of its kind, shows that seismic data associated

with rocks with patchy distributions such as those considered in

this work are expected to carry information that may help to

provide a broad insight about CO2 saturation values. In addition,

these results show that for the patch sizes considered in this

work, mesoscopic effects are more significant for CO2 satura-

tions near 0.1 and large correlation lengths. If CO2 saturation is

higher than 0.6 or close to zero, attenuation and velocity disper-

sion effects can be disregarded irrespective of the patch size.

Therefore, in these cases, CO2-bearing rocks behave like an

elastic solid with a compressional velocity given by that of the

low-frequency limit. For very small patch sizes, this approxima-

tion is valid for SCO2
higher than about 0.2.

SEISMIC RESPONSE OF A CO2-BEARING

THIN BED

As mentioned in the introduction, in the Utsira Sand, CO2

accumulates beneath thin intrareservoir shales, forming thin

CO2-bearing layers that can be identified in the seismic data as

bright subhorizontal reflections. The results shown in the previ-

ous section demonstrate that seismic attenuation and velocity

dispersion effects associated with wave-induced fluid flow may

be very significant in these media; thus, they may play a key

role in the observed seismic responses.

In this section we analyze the seismic responses of thin layers

containing heterogeneous distributions of CO2 and brine in the

AVA domain. We use a method similar to that presented by

Rubino and Velis (2009) to obtain the AVA response of a thin

bed embedded between two homogeneous half-spaces but, in

this case, we include the viscoelastic behavior of the CO2-bear-

ing layer. It is important to remark that in the modeling we

neglect the ultra-thin shale layers (1 to 2 m thick) typically

found at the Utsira Sand because the contrast between the

acoustic impedance of the water-saturated shale layers and that

of the water-saturated sandstone is very low.

METHOD

Let us consider a horizontal layer embedded between two

elastic homogeneous half-spaces. Taking into account a unit am-

plitude harmonic compressional plane wave of frequency

x ¼ 2pf arriving at the thin bed with an incidence angle h, we

find relationships between the scalar and vector potentials asso-

ciated with the compressional and shear wavefields traveling

upward and downward in the different media of the model.

After solving for the potential amplitude associated with the

reflected compressional wave and multiplying it by the source

amplitude spectrum, we obtain the spectra of the prestack data

for different incidence angles. We refer the reader to the work

of Rubino and Velis (2009) for the details of the calculations.

To take into account the viscoelastic nature of the thin layer,

the wavenumber associated with the compressional wave and

the Lamé constant kc should be taken as complex and frequency

dependent. To compute them, we consider a compressional

plane wave propagating through such a viscoelastic medium,

and relate the inverse quality factor and phase velocity with the

modulus of the wave vector, kP, in the form

VP xð Þ ¼ x
Re kPð Þ ; (4)

1

QP xð Þ ¼ �2
Im kPð Þ
Re kPð Þ : (5)

Then, we can express the modulus of the wave vector as

kP ¼ x
VP xð Þ 1� i

2QP xð Þ

� �
: (6)

In addition, the equivalent complex undrained plane-wave

modulus can be written as Mc xð Þ ¼ kc þ 2lm, where lm is the

shear modulus of the saturated rock. Thus, kc is complex and

frequency dependent, and can be expressed as

kc ¼ Mc xð Þ � 2lm: (7)

In summary, for each frequency we apply the oscillatory com-

pressibility test to obtain the equivalent phase velocity, quality

factor and complex plane-wave modulus. Next, using equations

6 and 7 we compute kP and kc.

Numerical experiments: Elastic versus viscoelastic
models

With the aim of analyzing the effects of the mesoscopic loss

on the seismic behavior of CO2-bearing thin beds such as those

found at the Utsira Sand, we apply the recently presented

method to obtain the seismic responses of these structures con-

sidering different thicknesses, incidence angles, and CO2 satura-

tions. In all the examples we use a 30-Hz Ricker wavelet and a

correlation length a ¼ 0:1 m.

Figure 6 shows some particular realizations of the seismic

responses of layers with thicknesses h ¼ 5 and h ¼ 10 m, contain-

ing two different CO2 saturations, for two incidence angles (solid

lines). In all cases there is an increase in the reflectivity with the

angle of incidence and with CO2 saturation. The last point is

explained by the fact that the bed mean-phase velocity is lower

for SCO2
¼ 0:3 than for SCO2

¼ 0:1; thus the contrast between the

acoustic impedance of the thin bed and that of the water-saturated

sandstone is more significant. In addition, the reflectivity is stron-

ger in the case h ¼ 10 m as compared with h ¼ 5 m, as a conse-

quence of the tuning effects for the considered wavelet.

Figure 6 shows the seismic responses obtained after replacing

the (viscoelastic) thin layer by an elastic bed with the same shear

velocity and bulk density, but with a compressional velocity
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similar to that of the heterogeneous CO2-bearing bed averaged in

the effective data bandwidth (dashed lines). As expected, the dis-

crepancies between the elastic and viscoelastic models are more

significant for SCO2
¼ 0:1, because mesoscopic effects are particu-

larly important for this saturation value. However, it is interesting

that although wave-induced fluid flow effects are very significant

in these media, the discrepancies are negligible.

To understand this we have to take into account that the dif-

ferences between the seismic responses are associated with

energy losses within the bed and with velocity dispersion effects

on the acoustic impedance contrasts between the layer and the

upper and lower half-spaces. Energy loss effects are not signifi-

cant because the layer is very thin as compared with the pre-

dominant wavelengths of the seismic waves. In addition,

because the elastic model considers the mean-phase velocity

computed within the frequency range in which the data contain

most of the energy, the differences because of velocity disper-

sion effects are minimized. It is important to remark that if we

consider a model with many thin beds, we would have a cumu-

lative effect; thus, attenuation effects would play an important

role. However, in this work we assume that the seismic response

of the target thin layer does not interfere with that of other

layers, and transmission and absorption losses associated with

the overburden are included in the source spectrum through an

appropriate well calibration at the target interval.

PRESTACK SPECTRAL INVERSION OF SEISMIC

DATA FOR THE CHARACTERIZATION OF

CO2-BEARING THIN BEDS

As we mentioned in previous sections, the patchy nature of

the CO2 accumulations adds complexity to the modeling of

the seismic response of this kind of structures. If we wish to

extract useful information from the seismic data to fully char-

acterize CO2-bearing layers below tuning thickness, we must

assume a simplified model. In this sense, the similarities

between the elastic and viscoelastic seismic responses shown

in Figure 6 and analyzed in the previous section suggest that

the prestack spectral inversion method proposed by Rubino

and Velis (2009) and originally devised to deal with elastic

thin beds could be used to study thin beds containing patchy

CO2-brine distributions. This inversion procedure carries out

the estimation of the thin-bed parameters in the frequency

(amplitude spectrum) domain using simulated annealing (SA)

and considering AVA data.

In contrast to using zero-offset data, the use of AVA data

contributes to increasing the robustness of this inverse prob-

lem under noisy conditions, as well as to reduce significantly

its inherent nonuniqueness. To further reduce the nonunique-

ness, this method permits imposition of appropriate bounding

constraints to the parameters of the media above and below

the thin bed, which need not be known accurately. In addition,

the use of simulated annealing to minimize the cost function

permits us to avoid local minima and poor convergence,

which are usual difficulties arising in this kind of geophysical

problem.

With this purpose, in this section we invert the seismic response

of thin beds in the prestack spectral (amplitude) domain, assuming

an elastic layer embedded between two homogeneous half-spaces.

We generate realistic data for thin beds similar to those found at

the Utsira Sand, taking into account their viscoelastic natures

because of mesoscopic effects. We consider several CO2 satura-

tions, correlation lengths and bed thicknesses. Because the rock

properties are sampled randomly from a certain probability distri-

bution function, we generate a large number of realizations and

invert the resulting data in each case.

Following the procedure proposed by Rubino and Velis

(2009), let A f ; hð Þ and Â f ; hð Þ be the amplitude spectra of the

observed and calculated prestack data, respectively. Then, let

J be a function that measures the discrepancies between

A f ; hð Þ and Â f ; hð Þ. Here, J is a 10-dimensional cost function

that depends on the elastic properties and densities of the top

and bottom half-spaces, and on the thickness, density, and

elastic properties of the thin bed. Notice that although the

simulated data assume that the top and bottom half-spaces

have the same elastic properties, in the actual inversion these

parameters are allowed to vary independently. Cost function

J is given by

J ¼ 1

NM

XN

i¼1

XM

j¼1

wi A fj; hi

� �
� Â fj; hi

� �� �2
; (8)

where N is the number of incidence angles, M is the number of

frequencies, and wi are weights. The minimization of J with

respect to the model parameters represents a highly nonlinear

inverse problem that can be solved conveniently using a hybrid

optimization scheme that involves simulated annealing and a lin-

earizing approach, as outlined by Rubino and Velis (2009). Note

that in the actual computations, A f ; hð Þ represents the seismic

Figure 6. (a, b) Seismic responses for a 5-m, and (c, d) 10-m thick
bed, for SCO2

¼ 0:1 (a, c), and SCO2
¼ 0:3 (b, d). Black lines cor-

respond to an incidence angle h ¼ 0�, while gray lines correspond
to h ¼ 40�. Solid lines represent the responses obtained taking
into account the viscoelastic nature of the thin bed, while dashed
lines are obtained by replacing the thin layer by an elastic bed
with a mean compressional velocity.
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response of the CO2-bearing thin bed taking into account its

viscoelastic properties, as discussed in previous sections. Contra-

rily, Â f ; hð Þ is calculated by assuming an elastic bed.

Results and Discussion

In practice, we obtain A f ; hð Þ from the observed data after

isolating the seismic response of the CO2-bearing thin bed in

the time-angle domain using an angle-dependent time window.

This process is illustrated in Figure 7, where we show a typical

angle gather used in the inversion together with the angle-de-

pendent time window (we use a Hamming window to avoid

truncation effects). Then, we obtain A f ; hð Þ by applying the Fou-

rier transform to the windowed data and taking the modulus.

The data used in the following numerical tests were obtained

as follows. First, we calculated the AVA response of the visco-

elastic thin-bed model in the frequency domain for incidence

angles in the range 0��40� and considering a 30 Hz-Ricker

wavelet. Then, after applying the inverse Fourier transform, and

to simulate realistic data, we added two types of noise: additive

and convolutional. The additive noise consisted of the summa-

tion of pseudorandom numbers drawn from a Gaussian distribu-

tion. For convenience, random noise was filtered previously

with a 5 to 100 Hz passband filter. The convolutional noise was

added, on the other hand, with the aim of simulating the effects

of small reflectors that may be present in the data. These reflec-

tors can be associated with the presence of the underburdens

and overburdens. In this sense, we chose an arbitrary set of

well-log data to construct an angle-dependent reflectivity using

approximate Zoeppritz formula. Subsequently, we convolved

this reflectivity with the source wavelet and added the result to

the data. Finally, we applied a constant hyperbolic moveout to

each trace. Figure 7 shows a typical gather constructed this way

and used in the tests that follow.

During the inversion process, we consider bounding con-

straints in all the model parameters to guarantee physically

reasonable models and to allow for the incorporation of a priori

information. This is accomplished by selecting narrow search

ranges for those parameters whose values are known approxi-

mately from other means (e.g., well-log data). On the other

hand, we set wide search ranges for those parameters where this

extra information is not available.

In a practical context, for the inversion of the seismic

responses of the CO2-bearing thin beds we assume that densities

and velocities of the two half-spaces are known within a toler-

ance error of about 65%, but density, thickness, and velocities of

the thin bed are allowed to attain any value within much wider

search ranges (see Table 1). As noticed, the search ranges for the

S-wave velocity and the density of the CO2-bearing layer are in

fact relatively narrow, because these quantities do not vary signif-

icantly for different CO2 saturations, and reasonable estimates are

available based on previous works (e.g., Arts et al., 2004).

To analyze the performance of the inversion procedure in

different scenarios, we carried out a large number of inver-

sions for different CO2 saturations, correlation lengths and

thicknesses. For simulating the seismic response of the thin

layers we selected a Ricker wavelet, whose tuning thickness

can be estimated using the expression
ffiffiffi
6
p

= 2pf0ð Þ, where f0 is

the dominant frequency (Chung and Lawton, 1995). In the

case of a 30-Hz Ricker wavelet, the tuning thickness is about

13 ms, which turns out to be about 10 m for CO2-bearing beds

such as those found at the Utsira Sand. In the numerical exam-

ples that follow, we used thicknesses of 4, 7, and 10 m. In all

cases we added noise to the data with a signal-to-noise ratio

(S/N) of about 10 (by amplitude) and chose the 10–60 Hz

band for the computation of the cost function J (we set all

weights equal to one). As a result, the effective S/N ratio in

the 10–60 Hz band is about 23 dB.

In addition, for each realization we averaged the results of

100 inversions, where each inversion involved the same data

but different SA seeds. We used this strategy because of the

difficulties associated with the minimization of the cost func-

tion J, which often does not show a very clear global mini-

mum. Consequently, slightly different sets of model parameters

led to excellent data fits. Nevertheless, because the variability

of the compressional velocity and thickness estimates was

small, we assumed that these averaged values correspond to

the optimum solution within the global minimum region of the

10-dimensional model space.

Figure 7. Typical prestack data used in the inversion. The hyper-
bolic gray lines show the angle-dependent window used to isolate
the assumed CO2-bearing thin bed seismic response. In this par-
ticular case, h ¼ 10 m, SCO2

¼ 0:1, and a ¼ 0:1 m.

Table 1. Search ranges used in the inversion.
a

Layer VP (km/s) VS (km/s) q g=cm3ð Þ

Top half-space 2.0–2.2 0.6–0.7 2.0–2.2

CO2-bearing thin bed 1.3–2.2 0.5–0.7 1.9–2.1

Bottom half-space 2.0–2.2 0.6–0.7 2.0–2.2

aThe thickness of the CO2-bearing thin bed is allowed to vary in
the range 2–25 m. For the two half-spaces, we assume that their
true properties are VP¼ 2:05 km=s, VS¼ 0:643 km=s, and
q¼ 2:073 g=cm3.
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Figure 8a shows, as a function of CO2 saturation, the esti-

mated compressional velocity for a 10-m-thick CO2-bearing

layer considering three different correlation lengths (a ¼ 0:01,

0.05, and 0.2 m). In particular, for each of the correlation

lengths, we took into account 70 realizations associated with

different CO2 saturations randomly distributed in the range 0–1.

We can observe that for very low CO2 saturations, there is a

rapid increase in the compressional velocity for decreasing satu-

rations. On the other hand, for saturations above 0.2, no signifi-

cant velocity changes are appreciated.

Because mesoscopic effects are much more significant for CO2

saturations about 0.1, the elastic model used to fit the actual

viscoelastic response becomes less appropriate in these cases. In

addition, at these saturation values the compressional velocity is

very sensitive to the geometry of the CO2 patches. As a conse-

quence, it turns out that the dispersion of the inverted velocity is

larger at these saturation levels, as can be observed in Figure 8a.

Contrarily, when CO2 saturations are relatively high (say above

0.2), the fit is much more accurate and the compressional velocity

is less sensitive to the pore fluids distribution; thus, the variability

of the inverted velocity is smaller.

It is interesting to see that the uncertainty of the inverted veloc-

ity is significantly lower for very small correlation lengths (e.g.,

squares in Figure 8). This can be explained by noting that for the

frequencies considered in this work, the patches are very small

and the wavelengths do not see differences among realizations.

Figure 8b and 8c show the results obtained for CO2-bearing

layers of thicknesses 7 m and 4 m, respectively. We can observe

that the results obtained in these cases show similar behaviors to

those found for a 10-m-thick bed.

Figure 8 can be compared with Figure 5a, where we plotted,

for several CO2 saturations and correlation lengths, the com-

pressional velocity associated with the Utsira Sand containing

patchy CO2-brine distributions, averaged in the bandwidth

10–60 Hz. The similarities between the plots suggest that,

although the inverted velocities shown in Figure 8 are not

expected to attain the same numerical values as those in Figure

5a, their behaviors with respect to SCO2
are comparable. The

inverted velocities are, in fact, model parameters associated

with a (simple) elastic thin-bed model that produces a seismic

response similar to that of the viscoelastic model at different

saturation levels. This fit is valid, at least, within the frequency

range where the observed seismic energy is concentrated, which

coincides with the bandwidth selected for the inversion. Thus,

considering that the mean velocities shown in Figure 5a exhibit

a clear relationship with CO2 saturations, we believe that the

inverted velocities shown in Figure 8 can be used as a petro-

physical attribute to characterize CO2-bearing thin beds in

terms of saturations.

In effect, take Figure 8a as a reference. The gray bars show

the mean (binned) inverted compressional velocity plus-minus

one standard deviation, as a function of CO2 saturation (bin size

0.1). These bars can be used as a guide to associate inverted

velocities with SCO2
. It is clear from the graph that in general,

relatively high compressional velocities are associated with low

(below 0.2) CO2 saturations. On the other hand, velocities lower

than about 1.45 km/s are indicative of SCO2
higher than about

0.2. It is not possible to make any distinction among saturations

above 0.2 because the inverted velocities do not show any sig-

nificant change for these saturation values. On the contrary, the

analysis shows that the inverted velocities may help discriminate

qualitatively among saturations below 0.2, but in a broad sense,

because the correlation length is not known.

On the other hand, the uncertainty of the inverted velocities

increases, as expected, for thicknesses below tuning (see Figure

8b and 8c), especially for large correlation lengths. Here, the

uncertainty is viewed as the dispersion of the inverted velocity

and is represented in the graphs by the gray bars. As in the previ-

ous case, for these layer thicknesses high inverted velocities are

indicative of low saturation values, while low velocities are asso-

ciated with saturations above 0.2.

It is important to remark that should the patchy distribution

be of known correlation length, the dispersion of the inverted

Figure 8. Estimated compressional velocity as a function of CO2

saturation for a layer thickness of (a) h ¼ 10 m, (b) h ¼ 7 m, and
(c) h ¼ 4 m. In each case we consider three correlation lengths
(denoted in the figure’s legend) and a large number of realiza-
tions. For each realization, the associated dot represents the aver-
age of 100 different inversions performed on the corresponding
synthetic data. Gray bars show the mean (binned) velocity plus-
minus one standard deviation (bin size 0.1).
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velocity in Figure 8 would be much smaller; thus it would be

possible to draw more certain conclusions about CO2 satura-

tions. Naturally, the fact that in general the correlation length is

not known limits the potentiality of these results, especially for

very thin beds. For this reason, we believe that the inverted

velocities can be used only as a guide to infer broad information

to characterize qualitatively CO2-bearing thin beds.

In addition to the thin-bed compressional velocity, the other

parameter of interest is layer thickness. Table 2 shows the mean

and standard deviation of the inverted thicknesses for three dif-

ferent CO2 saturation ranges, taking into account the values

obtained for the three correlation lengths. As expected, the

larger the thickness and CO2 saturation, the smaller the uncer-

tainty. For h ¼ 10 m, the accuracy of the inversion is very high,

even for low-saturation values. As the layer thickness decreases,

the accuracy becomes smaller; however, even in the case of a 4-

m-thick bed the estimates are reasonable and may be very useful

to improve knowledge of the distribution of the injected CO2 in

the formation.

It is important to emphasize that the thin-bed analysis and

results presented in this work are limited to models consisting

of a single viscoelastic layer embedded between two elastic

half-spaces. Multilayer and other complex models are beyond

the scope of this work. Hence, a key assumption is that the seis-

mic response of an individual CO2-bearing thin layer can be iso-

lated from the seismic data using appropriate tapering windows,

and that these data have been preprocessed properly for true am-

plitude. Transmission and absorption losses associated with the

overburden are assumed to be included in the source spectrum,

information that can be obtained through proper well calibration

at the target interval. These assumptions also were utilized by

Ghaderi and Landrø (2009) for estimating thickness and velocity

changes using prestack time-lapse seismic data in the Sleipner

field. On the other hand, typical problems related to phase

changes with offset and NMO stretch effects are not an issue

for the spectral inversion method, for it relies on amplitude

spectra only.

Finally, it is worth mentioning that the results suggest that the

proposed spectral inversion method may be used as a qualitative

interpretation tool to characterize CO2-bearing thin beds in a 2D

or 3D framework. In this sense, it would be possible to obtain

useful information about how the layer develops areally and

what the CO2 plume extension is within that unit. Presumably,

at points far away from the injection point the CO2 saturations

are low; thus the extension of CO2 plume could be delimited by

detecting those regions where the inverted compressional veloc-

ity is relatively high. On the other hand, because zones with rel-

atively low velocities are indicative of high CO2 saturations, the

procedure could be used to monitor in time and in space the

extent of the CO2 distribution, as well as how it migrates to the

nearby zones around the injection point.

CONCLUSIONS

The application of the oscillatory compressibility test permits

us to study seismic attenuation and velocity dispersion effects

because of wave-induced fluid flow in media similar to the Utsira

Sand, containing highly heterogeneous distributions of CO2 and

brine. We can observe that these effects may be very significant,

with quality factors below 10 in some cases, mainly for CO2 satu-

rations near 0.1 and correlation lengths above 0.1 m. This physi-

cal process may produce significant velocity dispersion; thus it

may play important roles in the velocity pushdown effects. Seis-

mic data from these environments are expected to carry informa-

tion on wave-induced fluid flow effects; thus, further data analysis

may permit derivations of useful characteristics about the meso-

scopic-scale properties of the fluid distributions, a subject that

will be investigated in future works.

The AVA seismic response of a thin bed containing patchy

brine-CO2 distributions such as those found at the Utsira Sand

is very similar to that of an elastic thin bed with the same shear

velocity and bulk density, but with a compressional velocity

equal to that of the patchy-saturated Utsira Sand averaged in the

effective data bandwidth. This result is explained by the fact

that although the mesoscopic loss is very important in these

media, energy losses within the thin bed are not significant

because the layer is very thin as compared to the predominant

seismic wavelengths. In addition, the differences because of ve-

locity dispersion effects are minimized when using a mean com-

pressional velocity. In the case of multilayer models, the cumu-

lative effects certainly would lead to significant attenuation.

However, in this work we assume that the seismic response of

the target thin layer does not interfere with those of other layers,

and transmission and absorption losses associated with the over-

burden are included in the source spectrum.

These facts permit us to make use of a prestack spectral inver-

sion algorithm to estimate representative compressional velocities

and thicknesses of CO2-bearing thin beds, information which

could be used to provide a broad insight into CO2 saturations and

volumes. In this sense, results using realistic simulated prestack

seismic data show that isolated CO2-bearing thin beds with prop-

erties similar to those of the Utsira Sand could be characterized in

terms of their thicknesses and compressional velocities, which

allows us to derive some broad but useful information about CO2

saturations. In this context we show that relatively low velocities

are indicative of CO2 saturations above 0.2–0.4, while relatively

high velocities are indicative of low saturations. However, the

fact that the correlation length is not known limits the possibility

of assessing more accurate saturation estimates, a limitation that

becomes more severe for very thin beds.

It is important to remark that this analysis is valid for patchy

models with correlation lengths in the range 0.01 m to 0.2 m.

As expected, the smaller the correlation length the smaller the

uncertainty of the estimates, for inverted velocity and thickness.

If the correlation length (or mean size of the CO2 patches) were

known, the information contained in the inverted velocity would

allow us to derive more accurate CO2 saturation estimates from

seismic data. Unfortunately this information is not available,

Table 2. Mean and standard deviation of the inverted thick-
ness for different CO2 saturation ranges.

a

Actual thickness SCO2
< 0:1 0:1 � SCO2

< 0:2 SCO2
� 0:2

4 m 6:161:8 4:961:5 3:360:5

7 m 8:061:1 7:260:9 6:060:4

10 m 10:360:7 9:960:4 9:460:1

aValues are given in meters.
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and only rough but very useful CO2 saturation estimates can be

obtained using the proposed method.

Another limitation is that it is not possible to discriminate among

saturations above 0.2, an issue that is naturally expected because

the compressional velocity at the Utsira Sand does not show any

significant change for these saturation levels. In spite of this, we

believe that the inverted velocity represents, from a practical point

of view, an important petrophysical attribute that can be used as an

indicator to characterize CO2-bearing thin beds. Furthermore, the

proposed procedure allows us to obtain reasonable thickness esti-

mates for subtuning CO2-bearing layers of a few meters. This kind

of information is crucial to performing a proper monitoring of the

injection process at sites such as the Sleipner field.
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