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ABSTRACT

Chen, S.-Q., Li, X.-Y. and Wu, X.-Y., 2014. Application of frequency-dependent AVO inversion
to hydrocarbon detection. Journal of Seismic Exploration, 23: 241-264.

Seismic wave dispersion results mainly from fluid flow in a heterogeneous porous medium,
and reflectivity at the interface of a dispersive medium is frequency-dependent. In theoretical rock
physics, reflectivity can be expressed as a function of velocities which are frequency-dependent, and
the expressions of prestack Zoeppritz equations are also frequency-dependent. In this paper, we
develop a frequency-dependent AVO inversion (FDAI) method that is based entirely on the
frequency-dependent seismic response attributes of prestack seismic data, and apply it to a
hydrocarbon detection case study. Analysis of elastic, frequency-dependent media using synthetic
methods demonstrates improved hydrocarbon detection by FDAI compared to conventional AVO
inversion. Application to a real field seismic dataset indicates that seismic wave dispersion resulting
from the hydrocarbon inclusions can be detected using the frequency-dependent inversion method.
In particular, for reservoir characterization and hydrocarbon detection, dispersion characteristics due

to wave-induced fluid flow in the porous reservoir can be interpreted advantageously using the FDAI
method. ’
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INTRODUCTION

In seismic exploration for petroleum, the main tool for hydrocarbon
detection is presently fluid substitution modelling (Gassmann, 1956), in seismic
inversion and interpretation. The main consideration is that seismic records
contain information on the fluids in the porous media through which the seismic
waves propagate. Seismic characteristics of fluid-saturated rocks such as velocity
dispersion can be frequency-dependent (Chapman et al., 2006). Seismic wave
velocity dispersion is related to the concept of fluid flow (Batzle et al., 2006),
as the driving mechanism for dispersion is believed to be the wave-induced
exchange of fluid between different regions within the porous rock.

The attenuation of a seismic wave refers to the exponential decrease of
wave amplitude, and the variation of wave phase with distance; dispersion is the
variation of seismic wave velocity with frequency during propagation. Velocity
dispersion in the seismic frequency range is also observed in low-frequency
measurements in the laboratory (Batzle et al., 2001). Seismic wave attenuation
and dispersion resulting from wave-induced fluid flow between pores are
particularly relevant to exploration geophysics, because the fluid-related
dissipation of energy in the hydrocarbon reservoir can be inverted from recorded
seismic data (Li and Zhang, 2011). This highly interesting topic is gaining
increasing attention (Goloshubin and Korneev, 2000; Castagna et al.,, 2003;
Korneev et al., 2004; Chapman et al., 2006). Biot’s theory of poroelastic wave
propagation (Biot, 1956a, 1956b, 1962) underestimates velocity dispersion and
attenuation (Mochizuki, 1982; Dvorkin et al., 1995; Parra, 2000; Arntsen and
Carcione, 2001; Ebrom, 2004; Pride et al., 2004). The combined effects of
mesoscopic-scale inhomogeneities, and energy transfer between wave modes,
indicate that high attenuation and velocity dispersion can be explained as a
mesoscopic loss mechanism, as proposed first by White (1975, 1986) and White
et al. (1975), where the mesoscopic scale is much larger than the grain size, but
much smaller than the wavelength.

After studying Biot loss, scattering, and mesoscopic-flow loss for 1D
thinly layered poroelastic media, Gurevich et al. (1997) confirmed that the
attenuation peak for mesoscopic-loss occurs at a lower frequency than that for
scattering  attenuation. Shapiro and Miiller (1999) concluded that
frequency-dependent P-wave attenuation can be observed in the seismic
frequency range through a study of the fluid-mobility effect on P-wave
attenuation for thin partially saturated media, and Johnson (2001) proposed a
new White’s model for pores of arbitrary shape. Miiller and Gurevich (2004)
performed numerical experiments on random and periodic media with patchy
saturated media (i.e., containing both gas and water inclusions) and showed that
the attenuation peak occurs in the seismic band at 80% water saturation.
Carcione and Picotti (2006) studied velocity dispersion and attenuation for thinly
layered, partially saturated media and found that the attenuation peak for patchy
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saturation can occur in the seismic frequency range. For the anisotropic case,
Chapman (2003) established a link between seismic wave behaviour and the
scale length of fractures, for a single set of fractures. Later, Chapman et al.
(2006) extended the analysis of seismic wave dispersion modeling in fractured
media to two sets of fractures, with different scale lengths and orientations.
Theoretical investigations (Jakobsen and Chapman, 2009) unifying global flow
and squirt flow of fluid in porous and crack media were also carried out for an
understanding of this frequency-dependence.

As mentioned above, attenuation and velocity dispersion can have a
substantial influence on seismic data in hydrocarbon-saturated zones.
Researchers have made some significant attempts at frequency-dependent AVO
analyses (Yoo and Gibson, 2005; Marmalyevsky and Roganov, 2006; Chapman
et al., 2006; Odebeatu et al., 2006; Liu et al., 2006). Chapman et al., (2006)
performed a theoretical study of reflections from the interface between a layer
exhibiting fluid-related dispersion and an elastic overburden, and showed that
in such a case the AVO response was frequency- dependent. Using a
patchy-saturated model, Ren et al. (2008, 2009) studied reflection coefficient
variations with frequency, including magnitude and phase angle, for P-waves at
normal incidence on a dispersive medium. Based on analytic equations and
numerical modeling, Liu et al. (2011) investigated the AVO characteristics of
frequency-dependent amplitude versus incident angle at an interface between a
nondispersive medium and a partly-saturated dispersive medium. Innanen (2011)
proposed a Q-value estimation AVF/AVA method by studying the series
expansions of absorptive reflection coefficients.

The theoretical analysis was extended to an inversion of seismic prestack
data, introducing a frequency-dependent AVO inversion concept aimed at
allowing a quantitative measure of dispersion to be derived from prestack data.
Wilson et al. (2009) and Wu et al. (2010, 2012) proposed an inversion scheme
involving frequency-dependent prestack inversion to analyze the frequency effect
of velocity dispersion on reflection coefficients. They tested the method using
synthetic seismic data and real field seismic data, and indicated that the
inversion processing workflow is feasible. Xu et al. (2011) used the frequency-
dependent seismic reflectivity of poststack seismic data to predict a gas
reservoir. Zhang et al. (2011) inverted the dispersion-dependent attributes of
P-wave velocity and gradient by rearranging Shuey’s equation (Shuey, 1985) to
add the frequency content directly. Chen et al. (2012) used a physical model
dataset and verified the theoretical frequency characteristics for a Class I AVO
reservoir.

This paper is an extension of the frequency-dependent AVO inversion
study. We try to invert the characteristics of frequency-dependent amplitude
versus incident angle at an interface between non-dispersive and dispersive
media, aiming to provide enlightenment for a frequency-dependent AVO
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inversion (FDAI) method for hydrocarbon detection in a real field reservoir. We
have reviewed the frequency-dependent AVO expressions and developed a
prestack inversion method for P-wave velocity dispersion from seismic gathers.
The method uses time-frequency decomposition information from prestack
seismic gathers to invert the seismic wave velocity dispersion component related
to hydrocarbon saturation. In order to provide accurate attribution, true seismic
amplitude variation with offset must be maintained in each CDP gather, and the
influence of NMO stretch must be suppressed in seismic data processing.

Our workflow is as follows: first, we review the wave-induced seismic
frequency dispersion and the frequency-dependent amplitude versus offset and
compare the differences between elastic and frequency-dependent synthetic data.
We then derive the frequency-dependent AVO equation and introduce a FDAI
method to obtain the hydrocarbon response in terms of frequency-dependent
characteristics, based on the study of frequency-dependent amplitude versus
offset (AVO), or incident angle (AVA), at an interface with a dispersive
medium. Finally, we apply the FDAI method to a real field seismic dataset from
a hydrocarbon-bearing reservoir and certify the frequency-dependent dispersion
characteristics.

FREQUENCY-DEPENDENT AVO AND INVERSION METHOD
Frequency-dependent AVO

In the case of reflection from a single interface, Gassmann’s theory
predicts that fluid substitution in one of the layers will change the impedance
contrast and therefore the amplitude of the reflection (Gassmann 1951). This
effect is independent of frequency. Reflections from a thin layer are typically
composite events, which result from the superposition of top and bottom
reflections. In this case, fluid substitution will also change the traveltime within
the thin layer, and this alters the interference between the two reflections. This
effect does lead to a change in frequency, so we expect fluid substitution to be
intrinsically frequency-dependent in multiple thin layers.

Based on the squirt-flow mechanism, Chapman (2003) has presented an
equivalent medium theory for fracture modeling, which encompasses both the
Thomsen low frequency limit and Hudson high frequency limit to derive the
seismic wave dispersion response. He argues that by introducing larger scale
heterogeneity (centimetre to metre scale), the transition frequency shifts from
a high frequency band into the seismic band. The modelling assumes that low
frequencies correspond to the case of pressure equalization, where fluid has time
to move to relieve local pressure gradients within the time period of a seismic
wave. In contrast, at high frequencies the fluid does not have time to move and
the pressure gradients persist. Between these two cases, velocity dispersion and
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associated attenuation occur as the elastic properties move between the
compliant low-frequency case and the stiffer high-frequency case. The
mathematical procedure for calculating the frequency-dependent constants is
outlined in Chapman et al. (2006).

Chapman et al. (2006) have presented a modelling framework which
accounts for fluid-sensitive dispersion and attenuation. In this modelling, the
introduction of gas results in a marked increase in attenuation, and associated
dispersion. Attenuation leads to a loss of high frequencies during propagation.
The existence of strong dispersion in a hydrocarbon-saturated layer leads to
frequency dependence of the impedance contrast at the interface and so makes
the reflection coefficient frequency-dependent. This tends to shift the reflections
to higher or lower frequencies quite markedly compared to the background
trend, with the direction of the shift depending on the AVO class of the
reflection. This reflection response does not depend on the thickness of the layer
and is the main focus of our study. Chapman et al. (2006) demonstrated that the
spectral response of the tuning and dispersion effects were often comparable in
magnitude, and argued that both have to be taken into account to interpret
seismic data properly. Odebeatu et al. (2006) introduced a technique for spectral
balancing and differencing of frequency volumes, which shows the spectral
anomalies particularly clearly.

Fig. 1 shows an example of velocity and attenuation variation with
frequency. Fig. 1a shows a decrease in P-wave velocity from high frequency to
low frequency for both gas and water saturations in a sandstone. The parameters
of the sandstone are Vp = 2790 m/s, Vg = 1463 m/s, and p = 2.08 g/cm® with
water saturation, p = 2.06 g/cm’® with gas saturation, and porosity = 30%. The
bulk moduli of gas and water are taken as 400 Mpa and 2000 Mpa,
respectively. The reference frequency is 10 Hz, crack density is 0.1, and
time-scale value 2 x 10> s. The Gassmann effect is shown by the decreasing
P-wave velocity when gas replaces water. The P-wave velocity with gas
saturation shows a larger difference between high and low frequency, and higher
attenuation than for water saturation, which indicates that gas saturation can lead
to abnormally high attenuation. Fig. 1b shows that there is no Gassmann effect
for the S-wave case, because at low frequency the shear-modulus is decoupled
from the saturating fluid. S-wave attenuation is very small for gas saturation
compared to the P-wave case.

Inversion methodology

The FDAI method is based on the simplified AVO inversion equation
using prestack seismic gathers (Wilson et al., 2009). Wilson et al., (2009) use
a heuristic approximation from the simplified AVO equation of Smith and
Gidlow (1987). Here, we derive the AVO equation from frequency-dependent
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reflectivity. As the dispersion information is related to seismic wave velocities,
we should set up an inversion method to quantify the variation of wave
velocities using the pre-stack seismic data. Using Aki and Richards’ (1980)
linearization AVO equations, Smith and Gidlow (1987) proposed a two-term
AVO approximation, in which the reflection coefficient R is a function of P-
and S-wave seismic wave velocity. In the Appendix, where we rewrite the
- frequency-dependent AVO matrix, an analogous equation is proposed for the
dispersion inversion using the prestack gather. Considering the frequency-
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dependent velocities, which for simplicity are taken real-valued, the reflectivity
can be written as

R@O.0) = AORxD + BORs(®) , 0y

where 6 is the angle of incidence, A(f) = (5/8) — '4k%sin?0 + !2tan?0 and
B(6) = —4k2sin20 are known terms in the AVO inversion processing derived
using the initial velocity model, where k = V/V, is a constant defined by the
velocity ratio. Rp(f) = (AVp/Vp)(f) and Rg(f) = (AVs/Vs)(f) are the frequency-
dependent P-wave and S-wave reflectivities, respectively. Because the acquired
seismic data is band-limited in frequency, with a dominant frequency value, we
only use a limited frequency range of seismic trace data for inversion. Using the
Taylor series expansion method around a reference frequency component f;, eq.
(1) can be expanded as

R@.f) = AORxE) + (f—f)AWB)D, + BORsE) + (E—{)B@E)Ds , 2)

where D, and Dg are the derivatives of the seismic wave velocities with
frequency:

D, = dRy/df ; Dg = dRy/df . 3)

Eq. (2) can be used to solve for the two parameters in eq. (3) using a
conventional AVO inversion method (Smith and Gidlow, 1987) by adding a
frequency component to the inversion matrix. Therefore, for prestack migrated
common depth point (CDP) gathers with n offsets denoted by the data matrix
s(t,n), we can perform time-frequency decomposition on s(t,n) to derive the
seismic spectral amplitude dataset S(t,n,f) with a series of frequencies. The
coefficients A and B in the equations, denoted at each sampling time point as
A (®) and B(t), can be derived by the ray tracing method using the initial
velocity model. Considering m frequencies [f;, f,, ... f,], eq. (2) can be
expressed in matrix form:

S(t,1,£)— A (ORp(Ey,) —B,ORs(fp,0) | [ (F,— fo)Am (f,— fo)Bl(t)"
S 1) = AORe (0.0 ~BiORs o) | | (E fo>A1<t) (£ fo>B ) ||Dp

S(t,n,f)— An(t)RP(fmt) B.(ORs(fo,1) (f; fo)An(t) (fi— fo)Bn(t) Dy

| S(tn,f,) An(t)Rp(fo,t) B,®ORs(fo,)| | (fn fo)An(t) (£ fo)Bn(t) J

Set up the vectors S and A as below:
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[ S(t,1,£) — A, (ORp(fy, ) — B, (OR(F ) ]

S(t, 1 5fm) - Al(t)RP(.fO’t) - Bl(t)RS(fO’t)

S(t,n,f;)— An(t)RP(fo,t) —B,(ORs(f,,t)

| S(0,£,) — A OR ()~ BOR(E0) |
(f,— A () (F,—f)B,(t) ]
(fm - fO.)Al (t) (fm - f())B l(t)

(fl - fo).An(t) (fl - fO).Bn(t)

(fm - fO)I\n(t) (fm - fO)Bn(t) ]
- DP

D —
Dy

Then, we can obtain the equation as follows:
S=AD . ®)

The least-squares inversion method can be used to estimate the frequency-
dependent attributes D, and Dy,

D = (ATA)'ATS . (©6)

An efficient implementation

In our method, we established that an efficient implementation for the
FDAI includes gather pre-processing, amplitude balancing and inversion
stabilizing in three parts. First, the FDAI method decomposes the prestack
seismic gather into a series of frequency components using a time-frequency
analysis method. In order to implement FDAI processing using real field seismic
data, there are three major processing steps. Step 1: prepare and process the
prestack seismic data and perform prestack migration to output the CDP gathers.
Step 2: perform time-frequency decomposition on the CDP gathers, analyse the
frequency distribution of seismic data, and select the major frequency
components for inversion, including low and high frequencies around the
dominant frequency. Step 3: perform ray tracing using an initial velocity model
to determine the coefficients A, (t) and B,(t), and perform FDAI for velocity
dispersion using the selected frequency components.
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Second, the seismic amplitude spectrum after decomposition must be
balanced for the imprint of the seismic wavelet in the trace data before
performing FDAI. The aim is to keep the frequency-dependent characteristic in
the prestack gather and suppress the wavelet amplitude effect. A suitable
weighting function is required in designing an amplitude ratio factor to balance
the amplitudes of all frequency components, as the following equation,

D@.f) - W@.HD@.) = S@0.f) , )

where D(6,f) is the decomposed seismic data, W(8,f) is the weighting function
for amplitude balancing, and S(6,f) is the balanced seismic frequency dataset.
The weighting function for different incident angle gathers can be calculated
using the root-mean-square amplitude over a time window.

Finally, according to the numerical modeling results of Chapman et al.,
(2006), the S-wave velocity dispersion is significantly smaller than the P-wave
velocity dispersion (Fig. 1b). For the FDAI inversion calculation, we can
simplify the inversion equation by neglecting the S-wave velocity dispersion
effect with frequency and stabilizing the inversion processing. Therefore, we
can simplify eq. (2) by neglecting the shear-wave velocity first order derivative
as follows:

R@.,5) = ARy + (f — f)A@G)D, + BORs(,) - ®)

Further, the FDAI inversion matrix can be written as:

i S(t,1 7f1) - Al(t)RP(fO’t) - Bx(t)Rs(fo’t) [ (fl - fO)Al(t) (fl - fo)Bl(t) ]

S 11w = A1 ORp (0, ) =B, ORs(fot) | | (=) AI®) (B fo)B, (1)

: : ; D . (9)
S(t,n, 1) — A (DRp(fy,t) — B, (ORs(fy,1) (£, — T A1) (f,—1p)B,(®)

B S(t5n’fm) - An(t)RP(fmt) - Bn(t)RS(fO’t) | L (fm - fO)An(t) (fm - fO)Bn(t) i

Eq. (9) is more suitable and stable for inverting the prestack seismic data than
eq. (4).

APPLICATION TO A HYDROCARBON RESERVOIR

The reservoir in the study area is sandstone and the hydrocarbon is oil.
For hydrocarbon detection, in application to real field seismic data, our case
study involves a well drilled into an amplitude anomaly (see Fig. 4) which
encountered a 27 % porosity sandstone reservoir encased in shale (see Fig. 2),
with 4.0 m thickness of oil layer. Fig. 2 shows the composite well-logs through
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Fig. 2. Composite well log curves through the top of the sandstone reservoir.

the sandstone reservoir, including GR, resistivity, sonic and density curves. The
second column shows the lithology, including claystone (blue) and sandstone
(yellow). The shading in the figure indicates the sandstone reservoir with lower
GR value (in the first column). The hydrocarbon layer is at the top of the
reservoir. The deep resistivity curve in the third column shows high resistivity
values, and the density curve (the grey line in the fourth column) shows a
change to lower values, corresponding to the oil-filled zone.
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The seismic reflection response from the hydrocarbon-bearing zone will
be clear, due to the distinct change in parameters (shown in figure 2) in the oil
sandstone reservoir corresponding to the enclosing claystone. Fig. 3 shows the
prestack time-migrated CDP gathers across the drilled well, where the black line
in the figure indicates the well location. Although the hydrocarbon-bearing zone
is relatively thin, the gathers do indicate a noticeable increase in amplitude with
offset (about time 1.67 s). The blue rectangle indicates the reflection response
with a Class III AVO characteristic. The strong amplitude is evident at the far
offsets (Fig. 4). In Fig. 4, the line is the drilled well location and the circle
shows the seismic anomaly of the hydrocarbon reservoir.
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Fig. 3. Prestack time migrated CDP gathers across the well location at times from 1.5 to 1.82 s. The
sandstone reservoir response locates at about 1.67 s (rectangle); the CDP numbers are 3591, 3593,
3595, 3597, 3599, 3601 and 3603, respectively, and the drilled well is at CDP 3597 (black line).

Here, we compare the near offset stack section to the far offset stack section.
The former has a comparable amplitude response around the drilled well

location to the other sandstone. However, the notable "bright point" amplitude
shows clearly for the latter.

For the application of the FDAI method to the real field dataset, starting
from conventional AVO analysis and modeling, we achieved the frequency-
dependent AVO inversion result using our proposed method. The gradient and
intercept cross-plot and AVO parameter sections are the most popular means of
reservoir characterization. In this study, we also calculated AVO attributes
which can be used to validate the FDAI inversion result.
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1.80-

Fig. 5 is a cross-plot of the gradient and intercepts which shows a
somewhat complex AVO response. There is, however, a discrete Class III type
AVO anomaly (red ellipse, hydrocarbon response) that coincides with the thin
hydrocarbon zone. In the figure, the bar on the right gives the time of seismic
response, and the points in the ellipse are from the hydrocarbon zone. After
AVO analysis, the AVO attribute section can be calculated from the prestack
gathers. Here, we calculated two AVO attributes (scaled Poisson’s ratio and
polarization magnitude), which are shown in Fig. 6, overlaid by a P-wave
impedance well-log (red line). The scaled Poisson’s ratio is defined as aA +bB,
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where A is the AVO intercept, B is the AVO gradient, a and b are scale
parameters, here a = b = 0.5. This is a traditional AVO parameter for
identifying an anomaly due to hydrocarbon from the shale background trend.
Fig. 6a shows the clear AVO response around the oil-bearing zone. An
alternative approach to identifying AVO anomalies is to consider AVO
polarization in the intercept-gradient plane. The benefit of the polarization
attribute method is that the wavelet is taken into consideration as it is convolved
with the reflection coefficients (Keho et al., 2001). Fig. 6b shows the
polarization magnitude, defined as the length of the polarization vector, which
also reveals the AVO anomalies of the oil-bearing zone. Considering the wavelet
in polarization parameters, the AVO anomalies have lower resolution for
identifying hydrocarbon than the scaled Poisson’s ratio attribute.

Based on the composite well-logs, the AVO characteristic and
frequency-dependent behavior of the reservoir can be modeled using a sandwich
model of shale and sandstone. The P-wave velocity (¢), S-wave velocity (8) and
density (o) parameters are extracted from the composite well-log curves (Fig.2).
In the model, these parameters are 2344.6 m/s, 849 m/s and 2.16 g/cc
respectively in the cap rock, and 2822.2 m/s, 1260 m/s and 2.15 g/cc in the
sand reservoir. Using the model parameters, we computed the AVO response
curves as shown in Fig. 7a. In the figure, the grey line is the simplified Aki
equation (Aki and Richards, 1980) for total reflectivity with incident angle,
which reveals the same class III AVO response to the prestack seismic gathers
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Fig. 5. AVO cross plot for well. The circle indicates the hydrocarbon response (HC). The points
correspond to the times indicated by the bar.
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Fig. 6. AVO attributes of (a) Scaled Poisson’s ratio change (aA + bB), where a and b are scale
parameters, A is the AVO intercept, B is the AVO gradient. (b) Polarization magnitude. The red

well-log traces are P-wave impedance. The red circle indicates the AVO anomaly induced by
hydrocarbon.

(see Fig. 3), and the black dot, solid and dashed lines are the density (o),
P-wave velocity () and S-wave velocity (B) contributions to the total
reflectivity, respectively [eq. (A-7)]. The shear-velocity is the main contribution
to the AVO characteristic. Using the cap rock and reservoir sandstone
parameters, we established a two-layer Class III AVO model, where the upper
layer is elastic and the lower layer is a dispersive medium. Modeling results for
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the elastic model and frequency-dependent model of the reservoir are shown in
Figs. 7b and 7c, respectively. For the dispersive modeling case, we modeled
fluid substitution for water and oil saturation by changing the fluid bulk
modulus. For the elastic modeling, the P- and S-wave velocities of the reservoir
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Fig. 7. Comparison of AVO modeling curves. (a) AVO curve indicates class III response; (b) AVO

modeling using elastic method; (c) AVO modeling using frequency-dependent method (Chapman et
al., 2006).
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layer were calculated using the low frequency limit. The whole offset length of
modeling is 1000 m, with eleven traces at 100 m intervals. The synthetic
seismic wavelet source is a 40 Hz Ricker wavelet. The synthetic gathers are
corrected using the exact velocity in NMO processing, and in both cases the
amplitudes increase gradually with offset revealing the class III AVO response.
Compared to the real field gathers in Fig. 3, the characteristic of the dispersive
model is much more consistent than the elastic model to the reflection event at
0.82 s and 0.83 s in Figs. 7b and 7c. Therefore, based on the modeling results,
the dispersive characteristic of the real field seismic gathers exists in the
hydrocarbon bearing zone, which can be inverted using the proposed FDAI
method.

Through the AVO attributes analysis and the dispersive AVO modeling,
the AVO anomalies and the frequency-dependent characteristic have been
verified in the seismic dataset, corresponding to the hydrocarbon-bearing zone.
So, we can use this seismic dataset to invert the frequency-dependent anomalies
resulting from the reservoir to verify the proposed FDAI method. As the input
of FDAI is the different prestack frequency gathers, the first procedure is to
decompose the gathers in the time-frequency domain to obtain the frequency
component, using a time-frequency decomposition method. Fig. 8 shows the
time-frequency decomposed CDP gathers at the different iso-frequencies,
covering the same ranges as in Fig. 3. In Fig. 8, we show two CDP ranges for
comparison of the frequency-dependent characteristic. Fig. 8a corresponds to the
hydrocarbon-bearing range, in which the CDPs are from 3591 to 3603 crossing
the drilled well location (CDP 3597). Fig. 8b is outside the oil zone in which
the CDPs are from 3529 to 3541 (see the stacked section in Fig. 4b and AVO
attribute sections in Fig. 6). The former reveals frequency variations in the high
frequency range which relate to the dispersive hydrocarbon zone. The latter has
a greater high frequency component which reveals the less dispersive response.
For the FDAI, we choose four frequency components to invert - 10 Hz, 20 Hz,
40 Hz and 60 Hz, which cover the seismic data frequency band range. Finally,
using the prestack frequency gathers shown in Fig. 8 as the input to the FDAI
method, we invert the P-wave velocity dispersion. Fig. 9 shows the results of
FDALI applied to the data in Fig. 8, and the distribution of the hydrocarbons is
clearly represented by the high dispersion anomaly within the hydrocarbon zone,
denoted by the solid white circle and a well-log curve. The P-wave velocity
dispersion was inverted using the FDAI method, which indicates that the
frequency-dependent wave dispersion results from fluid flow in porous media
(the oil-bearing zone in the reservoir). The dashed white circle indicates a
separated high dispersion anomaly which may be a hydrocarbon zone. These
anomalies can be verified by the AVO attribute sections in Fig. 6. Moreover,
the FDAI inverted results show significant dispersive anomalies that degrade the
elastic characteristic which can be found in the traditional AVO attribute
sections. It means that the FDAI method has a much better capability for
hydrocarbon detection, using the frequency-dependent response in the reservoir.
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35 3593 3595 3597 3599 3601 3603

Fig. 8. (a) Spectral amplitudes of the decomposed prestack CDP gathers, in the hydrocarbon zone
using the time-frequency analysis method at four different iso-frequencies 10 Hz, 20 Hz, 40 Hz and
60 Hz (top to bottom panels).
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Fig. 8. (b) Spectral amplitudes of the decomposed prestack CDP gathers, out of the hydrocarbon
zone using the time-frequency analysis method at four different iso-frequencies 10 Hz, 20 Hz, 40
Hz and 60 Hz (top to bottom panels).
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reservoirs resulting in a frequency-dependent characteristic. The limited
squirt-flow mechanism of this study does not allow us to make the same
statement for the other frequency-dependent responses.

For the scale-dependent interface, there are the frequency-dependent
characteristics of the reflection and transmission coefficients (Wapenaar, 1998;
Wapenaar et al., 1999, 2004). Herrmann (1997) investigated the character of the
outliers in well-logs by using a multiscale singularity detection approach as
proposed by Mallat and Hwang (1992). This frequency-dependent characteristic
has a different mechanism to the velocity dispersion resulting from
wave-induced fluid flow in reservoir. Scale-dependent velocity induced
reflection coefficient variations do not have a clear relation with the
hydrocarbons in a reservoir, though they are frequency-dependent. The
squirt-flow mechanism of wave-induced fluid flow has been verified by the test
of cores in a laboratory (Baztle et al., 2006) and numerical modeling (Chapman
et al., 2006), which is the main theory behind the use of the
frequency-dependent characteristic for hydrocarbon detection.

NMO stretch occurs when the normal moveout correction widens a
wavelet’s period, which amplifies the low frequencies and reduces the high
frequencies (Xu and Chopra, 2007) and affects the frequency-dependent
characteristic. It will increase the tuning bed thicknesses and reduce the
resolution, and must be corrected before making tuning bed corrections. Though
it has a similar effect on the frequency spectra, it is different from
frequency-dependent AVO, in which wave-induced fluid flow occurs in rock.
And it also increases with offset, since the signal has more rock to pass through.
Unlike NMO stretch, the frequency-dependent AVO depends not only on offset
but also on the petrophysical characteristics of the rocks the seismic wave passes
through.

In conclusion, wave-induced fluid flow in hydrocarbon reservoirs results
in frequency-dependent reflection coefficients for the prestack seismic gathers,
resulting in a frequency-dependent AVO response, which can help to further
invert for the velocity dispersion characteristic and be used to detect
hydrocarbons. The proposed inversion method (FDAI) has been tested using
field seismic data. The method has been verified through application to a known
hydrocarbon bearing reservoir zone, and we find that the inversion method is
stable and suitable for prestack seismic inversion. The field seismic example
indicates the potential of the FDAI method for the detection of seismic wave
velocity dispersion. In the application to field seismic data, we observed
significant changes of seismic wave dispersion. The inversion results indicate
that seismic wave attenuation and dispersion can be detected quantitatively using
the frequency dependent inversion method, and in particular, attenuation and
dispersion characteristics resulting from wave-induced fluid flow in porous
media can be quantified.
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APPENDIX
FREQUENCY-DEPENDENT AVO REFLECTION EQUATIONS

Liu et al. (2011) derived the frequency-dependent reflectivity Zoeppritz
equations based on a plane P-wave incident on an interface between

homogeneous, isotropic and attenuation media in the x-z plane. It is expressed
as
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where c is a frequency-dependent velocity, subscripts P and S represent the P-
and S-wave, respectively, subscripts 1 and 2 are the upper and lower media, and

l/cp = [1/Vp(w)] — [iap(w)/w] , l/cg = [1/Vg(w)] — [iag(w)/w] , (A-2)

where w is the angular frequency, V and « are phase velocity and attenuation
coefficient (Carcione, 2001),

a = [V(Q*+1) — Qlw/V) . (A-3)

0p, is the P-wave incident angle which is equal to the P-wave reflective angle;
05, is the converted S-wave reflected angle; 6,, and 05, are the angles of the
transmitted P-wave and S-wave, respectively.

If the velocity does not suffer dispersion, the conventional simplified
reflection coefficient from the Zoeppritz equation is (Aki and Richards, 1980)

Rpp(6) = (1 — 4k2sin?0)(Aplp) + Vasec20(AVy/Vy)
— 4K2%in20(AVg/Vy) |, (A-4)

where, Vp and Vg are P- and S-wave velocities, respectively. According to the
real part of velocities in eq. (A-2), the analogy expression with the
frequency-dependent velocities can be written as

Rpp(0,0) = (1 — 4K2sin20)(Ap/p) + Yasec?0(AV,/V,)(w)
— 4k%in0(AV/ V) (w) : (A-5)

where the angular frequency variable w = 2«f. Here, we consider the velocities
are frequency-dependent, rather than considering the complex-valued velocities.
Solving the exact complex-valued equations is complicated, and beyond the
scope of this paper.

Further, taking the density and P-wave velocity to be related by the
Gardner function p = mc!* (Gardner et al.,, 1974), where m is a scale constant,

we can get a simplified equation containing two parameters without the density
term:

Rpp(0,0) = AO)do/p)(w) + BOYAVH/Vp(®) (A-6)

where

A() = (5/8) — '5k?sin20 + Y4tan26
and

B(0) = —4k3sin20 .





