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S U M M A R Y
Intrinsic attenuation has the potential to clarify the physical properties of earth materials,
whereas positive utilization of seismic scattering has been recognized as useful in investigat-
ing the heterogeneities thereof. However, it has not been easy to separate between intrinsic
attenuation and scattering effects. The zero-offset vertical seismic profiling (VSP) survey is
recognized to be ideal for attenuation estimation because the VSP survey observes direct
waveforms propagating through subsurface formations. The most popular method of separat-
ing intrinsic and scattering attenuation generates numerical zero-offset VSP data from known
velocity data, such as sonic velocity logs, and isolates the intrinsic attenuation by subtracting
the synthetic scattering attenuation from the total attenuation. Numerical experiments have
demonstrated the limitation of this conventional method due to its assumption that the intrin-
sic and scattering attenuation are independent each other. We should take into account the
mutual interactions between the intrinsic and scattering attenuation. In order to overcome this
limitation, we herein propose a novel method for separating intrinsic and scattering attenu-
ation for zero-offset VSP data by reforming the modified median frequency shift (MMFS)
method with seismic interferometry (SI) under the assumption that intrinsic and scattering
attenuation are frequency independent and frequency dependent, respectively. The proposed
method can simultaneously derive both intrinsic and scattering attenuation estimates from only
VSP data without sonic and density well-log data. The numerical experiments of the present
study also investigate the importance of parameter optimization in applying pre-processing
filters in order to balance the resolving power and noise reduction effect. Finally, we apply
the proposed method to zero-offset VSP data acquired in an onshore Abu Dhabi oil field in
order to demonstrate the applicability of the proposed method in investigating heterogeneities
of subsurface formations and discuss its limitations.
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1 I N T RO D U C T I O N

The seismic attenuation estimated from seismic data includes two
attenuation components: intrinsic attenuation and scattering atten-
uation. The total attenuation is widely assumed to be a linear sum-
mation of the intrinsic attenuation and the scattering attenuation
(e.g. Spencer et al. 1982). Note that this assumption holds for the
prerequisite of extraordinary scattering, in which the seismic wave
propagation should be described by the diffusion process (Warren
1972). Wegler (2004) discussed the applicability of the diffusion
equation for the strong scattering case. Intrinsic attenuation, which
transforms seismic energy into heat, has the potential to clarify the
physical properties of earth materials because composite materials,
such as pore spaces or fractures that are fully or partially satu-
rated with fluids, exhibit viscoelastic properties that depend on the

effective stress or fluid type (Winkler & Nur 1982). Although other
possible intrinsic attenuation mechanisms, such as the effects of
wetting on grain boundaries (Johnston et al. 1979) or viscous shear
relaxation (Walsh 1969), have been proposed, many researchers
believe that the fluid flow induced by the seismic wave propaga-
tion mechanism is the most influential mechanism that can account
for observed seismic attenuation over a broadband frequency range
(e.g. Barton 2006).

In contrast, scattering attenuation caused by acoustic impedance
heterogeneities is a function of the wavelength of the seismic wave
and the characteristic size of the heterogeneities (Wu & Aki 1988).
Scattered seismic events have the potential to provide information
about the orientation, spacing, and density of a fracture (Vlastos
et al. 2003; Wills et al. 2006; Vlastos et al. 2007). By conducting
numerical wave propagation in media with discrete distributions
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of fractures, Vlastos et al. (2003) pointed out the importance of
the spatial distribution of fractures and the fracture size relative
to the wavelength. Willis et al. (2006) proposed the scattering in-
dex method to investigate the characteristics of fracture systems in
subsurface formations using scattered coda waves. Through a com-
prehensive study of multiple scattering in a stochastic–deterministic
model of an evolving fractured network, Vlastos et al. (2007) con-
cluded that main factors affecting scattering attenuation are fracture
density, fracture scale, and fracture orientation. They further implied
that there is a potential to use scattering attenuation to character-
ize such fracture properties, and that scattering attenuation strongly
depends on frequency and its dependency has a complex variation
at different stages of fracture evolution. Fang et al. (2014) reported
that if the wavelength of the seismic wave is comparable to the scale
of the fractures, then scattered waves are significantly generated, al-
lowing us to characterize reservoir fracture systems. Fractures can
also cause significant scattering effects, which are most significant
for open fractures. Although fracture orientation varies with his-
torical stress regimes, open fractures are generated in the direction
parallel to the current maximum horizontal stress direction (Burns
et al. 2007). Scattering effects generated by fractures have strong
directional characteristics in accordance with fracture orientation.
Burns et al. (2007) indicated that the orientation and density of the
fracture systems can be evaluated using scattered waves. Vlastos
et al. (2006) numerically investigated the effect of pore pressure
changes on seismic wave propagation in a fracture network. They
found the systematic effects of pore pressure changes on seismic
waveforms and attenuation, and identified potential ways to es-
timate pore pressure changes from seismic data. Geological and
geophysical studies of fractures systems indicate the fracture size
on a scale ranging from microns (microcracks) to meters. Ali &
Worthington (2011) reported the existence of complicated pore net-
works ranging in scale from micropores to megakarst in carbon-
ate reservoirs through multi-stage diagenetic histories. However,
it is unusual to clearly observe scattered waves caused by frac-
tures because of the potentially weak signals of the scattered energy
(Willis et al. 2006). Until now, it has been widely believed that
complicated seismic waves caused by small-scale heterogeneities
degrade seismic reflection data, which has the potential to cause
difficulties when delineating subsurface structures or characteriz-
ing physical properties by seismic methods. This difficulty is due
to small-scale heterogeneities such as fractures. However, positive
utilization of seismic scattering may enable us to characterize such
heterogeneities.

Separating total attenuation into intrinsic attenuation and scat-
tering attenuation has not been easy. Lerche & Menke (1986) pro-
posed a separation method under the assumption that the shear
mode causes primarily intrinsic attenuation and the assumption
that a scaling law exists between the random fluctuations of the
bulk and shear modulus and density. A number of studies (e.g.
Schoenberger & Levin 1974, 1978; Ganley & Kanasewich 1980;
Maresh et al. 2006; Matsushima et al. 2006; Shaw et al. 2008;
Bouchaala et al. 2016a, 2016b) calculated the scattering attenuation
caused by multiples from sonic velocity and density well-log data
using 1-D synthetic seismic modelling and then subtracted the scat-
tering attenuation from the total attenuation to isolate intrinsic atten-
uation. O’Doherty & Anstey (1971) formulated the effects of short-
path multiple reflections on the normal-incidence plane-wave re-
flection and transmission responses in a finely and vertically layered
random medium. Shapiro et al. (1994) generalized the O’Doherty-
Anstey formula to analytically describe the transmission response of
the angle-dependent plane wave in a randomly multilayered media

using a correlation function of sonic velocity and density well-
log data. Although, in general, the scattering attenuation is es-
timated in a 1-D layered stratigraphy model and the effects of
3-D heterogeneities are underestimated (Gist 1994). Huang et al.
(2009) estimated the 3-D scattering effect by combining petro-
physical stochastic models and 3-D finite difference modelling.
Although we should estimate the 3-D scattering effects induced
by 3-D heterogeneities, Matsushima et al. (2011) pointed out
the difficulty of constructing a 3-D heterogeneity model. Nev-
ertheless, in the above studies, scattering attenuation estimation
is based on the assumption that the intrinsic and scattering at-
tenuation are independent each other, and furthermore atten-
tion has not been given to positive utilization of seismic scat-
tering in order to characterize the heterogeneities of subsurface
formations.

In this paper, we first demonstrate the limitation of the conven-
tional approach due to its assumption that the intrinsic and scat-
tering attenuation are independent each other. We should take into
account the mutual interactions between the intrinsic and scatter-
ing attenuation. In order to overcome this limitation, we propose
a novel method for separating intrinsic and scattering attenuation
for zero-offset vertical seismic profiling (VSP) data. We then in-
vestigate the effectiveness of the proposed method by applying the
proposed method to synthetic data. Finally, we adopt the proposed
novel method to real zero-offset VSP data acquired at an onshore
Abu Dhabi oil field in order to examine the applicability and lim-
itations of the proposed method in investigating heterogeneities of
subsurface formations.

2 M E T H O D O L O G Y

Matsushima et al. (2016) developed a stable method to estimate
seismic attenuation from zero-offset VSP data by combining the
modified median frequency shift (MMFS) method and seismic in-
terferometry (SI) (hereinafter referred to as the SI+MMFS method).
By modifying the SI+MMFS method, we can separate the intrinsic
and scattering attenuation for zero-offset VSP data. In the follow-
ing, the proposed method is described in part following Matsushima
et al. (2016).

In the SI+MMFS method, as a first step, the source position of
zero-offset VSP data is redatumed to the receiver position by adopt-
ing SI. Then, the MMFS method can be applied to the redatumed
VSP data. Fig. 1(a) shows a simplified zero-offset VSP measure-
ment with a source located at the surface and three receiver locations
R1, R2 and R3 at their depths of z1, z2 and z3, respectively. Based on
these three traces received at three different depths, we can create
new seismic traces TR1 and TR2 by the application of SI (Fig. 1b).
Here, we use deconvolution interferometry (DCI; Vasconcelos &
Snieder 2008) in the application of SI. The plane-wave solution
including the exponential attenuation law can be expressed in the
frequency domain as:

U (z, ω) = S(ω)e−αzeikz, (1)

where z is the receiver depth from the surface, ω is the angular
frequency, S(ω) is the source function at the surface in the angular
frequency domain, α(=π f /Qv) is the attenuation coefficient (f:
frequency, Q: quality factor, and v: velocity), k is the wavenumber,
and i is the imaginary unit. Thus, the data recorded at three different
receivers (R1, R2 and R3) can be expressed as U (z1, ω), U (z2, ω)
and U (z3, ω), respectively.
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Figure 1. (a) A simplified zero-offset VSP measurement with a source
located at the surface and three receiver locations R1, R2 and R3 in a
vertical borehole. In the figure, z1, z2 and z3 are the travel distances for
the three receiver locations. (b) Two seismic traces created by measurement
configuration using SI.

The application of DCI to U (z1, ω) and U (z2, ω) yields the first
source–receiver pair trace:

TR1 〈DCI〉 = U (z2, ω)

U (z1, ω)
= e−α(z2−z1)eik(z2−z1). (2)

Similarly, the application of DCI to U (z1, ω) and U (z3, ω) yields
the second source-receiver pair trace:

TR2 〈DCI〉 = U (z3, ω)

U (z1, ω)
= e−α(z3−z1)eik(z3−z1). (3)

In the present study, we do not apply a regularization in the calcu-
lation of deconvolution (Mehta et al. 2007) to stabilize attenuation
estimation on lower signal-to-noise ratio (SNR) data. This is be-
cause the quality of field zero-offset VSP data used in the present
study is sufficiently high.

Here, we assume the configuration of the multireceiver sonic
logging measurement tool. The amplitude of the wave from a source
at a receiver at separation distance d and angular frequency ω is
expressed as:

A (d, ω) = Be−πω�t/2Q (4)

where �t is the travel time for the separation distance d and B
is a parameter that is assumed to be frequency independent and
includes various factors, such as the geometric spreading effect, the
source and receiver function, and the coupling effect at the source
and receiver positions. Eq. (4) can be rewritten after taking the
logarithm and rearranging as:

2 ln A (d, ω)

ω
= −Q−1 (z) �t + 2 ln B

ω
. (5)

By taking the dependency on frequency or depth into account,
we can rewrite eq. (5) as follows:

�(z, ω) = − Q−1 (z) �t + L(ω) (6)

where �(z, ω) = 2 ln A(d,ω)
ω

, and L(ω) = 2 ln B
ω

.

We apply the concept of median frequency shift (Frazer et al.
1997) to �(z) as follows:

�̂(z) = median
ω

{
�(z, ω) − median

z
{
�(z, ω) − mean

ω {�(z, ω)}
}}

.

(7)

Eq. (7) indicates that �̂(z) is independent of frequency. Therefore,
the final absolute attenuation profile Q−1

average(z) calculated from �̂(z)
is independent of frequency. Here, we define the fluctuation portion
from the frequency-dependent component as follows:

�̂F (z, ω) =
{
�(z, ω) − median

z
{
�(z, ω) − mean

ω {�(z, ω)}
}}

− �̂(z).

(8)

Eq. (8) indicates that �̂F (z, ω) is dependent on frequency. Here,
by assuming that intrinsic and scattering attenuation are frequency-
independent and frequency-dependent, respectively, we can esti-
mate the frequency-independent intrinsic attenuation from �̂(z) and
the frequency-dependent scattering attenuation from �̂F (z, ω). The
appropriateness of this assumption will be investigated and dis-
cussed later herein.
The resulting �̂(z) and �̂F (z, ω) are estimates of − Q−1(z)�t(z)
plus constant term L̂ and −Q−1

F (z, ω)�t(z) plus frequency-
dependent term L̂(ω), respectively:

�̂(z) = − Q−1(z)�t(z) + L̂ (9)

�̂F (z, ω) = −Q−1
F (z, ω)�t(z) + L̂(ω). (10)

Assuming L̂ and L̂(ω) to be constant over the depth of interest,
we finally obtain Q−1(z) and Q−1

F (z, ω) from �̂(z) and �̂F (z, ω)
respectively, as follows:

Q−1(z) =
(
−�̂(z) + �̂(ζ ) + Q−1(ζ )�t(ζ )

)
�t(z)

(11)

Q−1
F (z, ω) =

(
−�̂F (z, ω) + �̂F (ζ, ω) + Q−1

F (ζ, ω)�t(ζ )
)

�t(z)
(12)

where Q−1(ζ ) and Q−1
F (ζ, ω) are arbitrarily values at an arbitrarily

depth of ζ . For the i-th source-receiver pair at a certain depth, �̂i (z)
and �̂F i (z, ω), respectively, can be expressed as follows:

�̂i (z) = − Q−1(z)�ti (z) + L̂ i (13)

�̂F i (z, ω) = −Q−1
F (z, ω)�ti (z) + L̂ i (ω). (14)

The amplitude spectra of TR1〈DCI〉 and TR2〈DCI〉 are substi-
tuted into A(d, ω) on the left-hand side in eq. (5), that is, �̂1(z)
and �̂2(z), and �̂F 1(z, ω) and �̂F 2(z, ω) are calculated from
TR1〈DCI〉 and TR2〈DCI〉 data, respectively. Furthermore, �t1(z)
and �t2(z) are obtained by the first-arrival times of VSP data.
The application of a linear fitting on eqs (13) and (14) enables us
to obtain the attenuation values of Q−1(z) and Q−1

F (z, ω), respec-
tively, over the depth of interest. The calculated attenuation values
of Q−1(z) and Q−1

F (z, ω) are regarded as reference values of Q−1(ζ )
and Q−1

F (ζ, ω), respectively. Then, we obtain absolute attenuation
values of Q−1(z) and Q−1

F (z, ω) using eqs (11) and (12), respec-
tively. In order to stabilize scattering attenuation estimation in eq.
(12), we use the reference value of Q−1(ζ ) instead of Q−1

F (ζ, ω).
In order to reduce the arbitrariness in the selection of Q−1(ζ ), an
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Figure 2. (a, d, g) Simple 1-D attenuation and velocity model with a constant density. The alternating velocity zone in (a, d) ranging from 1950 to 2150 m
consists of the alternation of base velocity (2000 m s−1) and anomalous velocity (2200 m s−1) layers with a thickness of 10 m. The Q values for three different
numerical models shown in (a), (d), and (g) are 200, 1010, and 200, respectively. (b, e, h) Synthetic zero-offset VSP waveforms produced from the viscoelastic
numerical models shown in panels (a), (d) and (g), respectively. (c, f, i) Application of first-arrival alignment to the waveforms shown in panels (b), (e), and
(h), respectively.

average attenuation value is calculated over reference depths of ζ

ranging from z1 to zN using the following equations:

Q−1
average(z) =

zN∑
ζ=z1

Q−1
absolute(z, ζ )

N
(15)

Q−1
F average(z, ω) =

zN∑
ζ=z1

Q−1
F absolute(z, ζ, ω)

N
(16)

where Q−1
absolute(z, ζ ) and Q−1

F absolute(z, ζ, ω) are absolute attenua-
tion estimates at an arbitrarily depth of ζ . The resulting values of
Q−1

average(z) and Q−1
F average(z, ω) are the final intrinsic and scattering

attenuation estimates, respectively.

3 N U M E R I C A L T E S T S

Numerical tests were conducted in order to evaluate the performance
of the proposed method on synthetic VSP data by comparing the
proposed method with the conventional approach based on the spec-
tral ration (SR) method proposed by McDonal et al. (1958). Three
different 1-D numerical velocity and attenuation models with a con-
stant density are shown in Figs 2(a), (d) and (g). In Figs 2(a) and
(d), the heterogeneous zone ranging from 1950 to 2150 m consists
of alternating base-velocity (2000 m s−1) and anomalous-velocity
(2200 m s−1) layers with a thickness of 10 m. The Q values of
three different numerical models shown in Figs 2(a), (d) and (g) are
200, 1010, and 200, respectively. Note that our intrinsic attenuation
is based on an exponential decay with a frequency-independent
Q model (Aki & Richards 1980). Therefore, the calculated
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Figure 3. (a, c, e) Fourier relative spectral amplitude for the waveforms shown in Figs 2(c), (f), and (i), respectively. (b, d, f) Fourier relative spectral amplitude
after the application of a seven-trace median filter and seven-trace mixing filter to the waveforms shown in Figs 2(c), (f), and (i), respectively.

attenuation values from three different models in Figs 2(a), (d) and
(g) are considered as the total, scattering, and intrinsic attenuation,
respectively.

Numerical zero-offset VSP data were produced in the frequency
domain using the 1-D viscoelastic waveform modelling method
(Yang et al. 2009). The Ricker wavelet with a dominant frequency
of 50 Hz was used as a source signal at a depth of 0 m and a total
of 101 positions were used as receiver stations with depths ranging
from 1500 to 2500 m at intervals of 10 m. Figs 2(b), (e) and (h)
show the synthetic shot gathers for three different numerical models
shown in Figs 2(a), (d) and (g), respectively. In each shot gather, first-
arrival waveforms were extracted with a Hanning window (length:
120 ms) centred at the first peak and were aligned at first arrivals
(Figs 2c, f and i). In the present study, we applied a median filter and a

trace mixing to reduce upgoing reflections. Here, we investigated the
effect of the application of these two filters on attenuation estimates.
Figs 3(a), (c) and (e) show the Fourier amplitude spectra for the
waveforms shown in Figs 2(c), (f) and (i), respectively. Similarly,
Figs 3(b), (d) and (f) show the Fourier amplitude spectra after the
application of a seven-trace median filter and a seven-trace mixing
filter to the waveforms shown in Figs 2(c), (f) and (i), respectively.

First, we applied the SR method to three different synthetic mod-
els with two different pre-processing conditions. The frequency
range for attenuation estimation was 10–100 Hz. Figs 4(a)–(c) show
the attenuation results for the amplitude spectra shown in Figs 3(a),
(c), and (e), respectively. Then, we obtained the isolated intrin-
sic attenuation (Fig. 4d) by subtracting the scattering attenuation
(Fig. 4b) from the total attenuation (Fig. 4a). The attenuation results
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Figure 4. (a, b, c) Attenuation results obtained using the SR method for the
amplitude spectra shown in panels (a), (c) and (e), respectively. (d) Isolated
intrinsic attenuation by subtracting the scattering attenuation (b) from the
total attenuation (a).

shown in Fig. 4(c), which were estimated from the data in Fig. 3(e),
correlate well with the given attenuation value. Comparison of the
attenuation results in Fig. 4(c) with the isolated intrinsic attenu-
ation results shown in Fig. 4(d) reveals the significant difference
between these results, meaning that the estimation of scattering at-
tenuation is not appropriate for separating intrinsic and scattering
attenuation. Similarly, Figs 5(a)–(c) show the attenuation results for
the amplitude spectra shown in Figs 2(c), (f) and (i), respectively.
Fig. 5(d) shows the isolated intrinsic attenuation obtained by sub-
tracting the scattering attenuation (Fig. 5b) from the total attenuation
(Fig. 5a). Comparison of the true intrinsic attenuation (Fig. 5c) and
the isolated intrinsic attenuation (Fig. 5d) reveals these results to be
significantly different. However, the degree of difference between
Figs 5(c) and (d) is smaller than that between Figs 4(c) and (d). This
is due to the smoothing effect of a trace mixing filter.

Second, we applied the proposed method to the numerical data
described above. Note that the proposed method can directly de-
rive both intrinsic and scattering attenuation estimates from only
the total attenuation model shown in Fig. 3(a) or (b). Figs 6(a)
and (c) show the intrinsic attenuation results for two different
numerical models in Figs 3(a) and (b), respectively. Similarly,
Figs 6(b) and (d) show the scattering attenuation results for these
two different models, respectively. Figs 7(a)–(e) show �(z, ω)

in eq. (6), {�(z, ω) − median
z {�(z, ω) − mean

ω {�(z, ω)}}} in eq. (7),

{�(z, ω) − median
z {�(z, ω) − mean

ω {�(z, ω)}}} sorted in increasing or-
der of amplitude in the ω direction at each z, �̂(z) in eq. (7), and

Figure 5. (a, b, c) Attenuation results obtained using the SR method for the
amplitude spectra after the application of a seven-trace median filter and a
seven-trace mixing filter, shown in Figs 3(b), (d) and (f), respectively. (d)
Isolated intrinsic attenuation by subtracting the scattering attenuation (b)
from the total attenuation (a).

�̂F (z, ω) in eq. (8), respectively. Fig. 6(a) shows the large intrinsic
attenuation values at the both the top and bottom of the alternation
zone, and, within the alternation zone, we can also see the slightly
fluctuating values and their averages correspond approximately to
the given attenuation value (i.e. 1/Q = 0.005). On the other hand,
in Fig. 6(b), the alternating zone around a frequency of 40 to 60 Hz
and its cyclic pattern correlate well with that of the given model, as
shown in Fig. 2(a). By comparing Figs 6(a) and (c), the application
of both a median filter and a trace mixing filter smoothed the in-
trinsic attenuation estimates, making these estimates approach the
given attenuation values. By comparing Figs 6(b) and (d), the appli-
cation of both a median filter and a trace mixing filter smoothed the
scattering attenuation estimates, diminishing the cyclic pattern of
the alternation zone. We discuss these results in detail later herein.

4 A P P L I C A B I L I T Y T O F I E L D DATA

We applied the proposed method to field zero-offset VSP data in
order to investigate the applicability of the proposed method. The
field zero-offset VSP data were acquired at an onshore Abu Dhabi
oil field. A vibroseis source was used to generate sweep signals in
the frequency range of 6–130 Hz with a time sampling rate of 2 ms.
A total of 461 levels were acquired by a clamped three-component
geophone over a depth range of from 121 to 3258 m with a re-
ceiver spacing of approximately 7.5 m. Here, we used the vertical
component of acquired VSP data in the depth range of from 1200
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Figure 6. (a, c) Intrinsic (frequency-independent component) attenuation
results obtained by the proposed method for two different pre-processing
conditions: no pre-processing filter and pre-processing using a median filter
and a trace mixing filter. (b, d) Scattering (frequency-dependent component)
attenuation results obtained using the proposed method for two different pre-
processing conditions: no pre-processing filter and pre-processing using a
median filter and a trace mixing filter.

to 3200 m (Fig. 8a). We applied a nine-trace median filter to isolate
downgoing waves, and first-arrival waveforms were then extracted
with a Hanning window (length: 100 ms) centred at the first peak
and were aligned at first arrivals (Fig. 8b). Trace mixing filters with
four different traces (one, three, five, and seven traces) were then
applied. Figs 9(a)–(c) show the relative Fourier amplitude spec-
tra, the centroid frequency (calculated from 20 to 130 Hz) for the
isolated first-arrival waveforms, and the interval velocity profile de-
rived from first-arrival time selection on VSP data, respectively. We
then adopted the proposed method at a receiver separation of 7.5 m.
Figs 10(a)–(d) show the intrinsic attenuation results calculated from
the frequency range of 20–130 Hz for four different trace mixing
filters with one, three, five, and seven traces, respectively. On the
other hand, Figs 11(a)–(d) show the scattering attenuation results
for four different trace mixing filters with one, three, five, and seven
traces, respectively. In the estimation of scattering attenuation, the
same frequency range as in the case of intrinsic attenuation was ap-
plied. However, the scattering attenuation results in the frequency
range of from 40 to 80 Hz are shown in Fig. 11. The selection
of the frequency range was based on the intensity of the signal in
the relative Fourier amplitude spectra in Fig. 9(a). Fig. 12(a) shows
a seismic time section across the VSP survey well with geological
formation and lithology information. In the seismic section, the tops
of several key formations are indicated by the red line with depth
information.

In Fig. 11, blue and red indicate positive and negative scatter-
ing attenuation, respectively. Negative scattering attenuation indi-
cates that seismic waves gain energy with increasing propagation

distance. Mateeva (2003) pointed out that the scattering effects
most significantly cause negative attenuation in the attenuation es-
timation for VSP data. Matsushima et al. (2011) mentioned that
negative attenuation is caused by destructive interference of high-
frequency components at a propagation distance and constructive
interference at a longer propagation distance. In the depth range
of from around 1900 to 2200 m, the negative scattering attenua-
tion zone is indicated by the double-headed arrow in Fig. 11. Fur-
thermore, this negative scattering attenuation zone correlates with
the zone denoted by ‘constant’ in the centroid frequency profile
in Fig. 9(b), where the centroid frequency is maintained approxi-
mately constant. On the other hand, in two depth ranges (around
1500–1800 m and around 2300–2800 m), positive scattering atten-
uation zones are indicated by the double-headed arrows in Fig. 11.
In positive scattering attenuation zones, seismic waves easily lose
high-frequency components with increasing propagation distance.
The positive scattering attenuation zone correlates with the zone
denoted by ‘slightly decreasing’ around 1500–1800 m and the zone
denoted by ‘decreasing’ around 2300 to 2800 m in the centroid fre-
quency profile in Fig. 9(b), where the centroid frequency slightly or
significantly decreases. Furthermore, the positive scattering attenu-
ation zone around 2300–2800 m also correlates with the low to mod-
erate intrinsic attenuation estimates indicated by ‘Small variation’
and ‘Medium variation’ in Fig. 10. Furthermore, the low-scattering
attenuation zone in the depth range around 2800–3000 m, as indi-
cated by the double-headed arrow in Fig. 11. This zone corresponds
to the transition zone from decreasing to increasing centroid fre-
quency, as indicated by the double-headed arrow in Fig. 9(b). In
addition, in Fig. 9(b), several local peaks in the centroid frequency
appear, as indicated by the arrow. These peaks correspond to large
velocity contrasts, as shown in Fig. 9(c). One possible reason for
generating such peaks might be the influence of residual reflection
events after wavefield extraction procedures. Finally, in Fig. 12(b),
we categorized the VSP survey into five sections based on three
characteristics: seismic facies inferred from the seismic section in
Fig. 12(a), intrinsic attenuation inferred from Fig. 10, and scattering
attenuation inferred from Fig. 11. A discussion of the interpretation
of these results is provided below.

5 D I S C U S S I O N

5.1 Limitation of the conventional approach and
applicability of the proposed method

Although most existing studies assume that the intrinsic and scat-
tering attenuation are independent each other, in the following, we
show the limitation of this assumption. As shown in Fig. 4, the
results of numerical experiments demonstrate that the shape of the
total attenuation profile in Fig. 4(a) is largely different from that of
the scattering attenuation in Fig. 4(b), that is, the number of peaks
and troughs are different. A possible reason for this is the difference
in the effect of multiple reflections, that is, the effect of multiple
reflections in the viscoelastic medium with higher attenuation (i.e.
Q = 200) is much smaller than that with extremely low attenuation
(i.e. Q = 1010). In other words, the mutual interactions between the
intrinsic and scattering attenuation are not taken into account in the
conventional approach.

On the other hand, the intrinsic attenuation values (Fig. 6a)
by the application of the proposed method, with the exception
of the alternating velocity zone, correspond approximately to
the given attenuation value (i.e. 1/Q = 0.005), whereas, in the
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Figure 7. Each step of the application of the proposed method to numerical data: (a) �(z, ω) in eq. (6), (b) {�(z, ω) − median
z {�(z, ω) − mean

ω {�(z, ω)}}} in eq.

(7), (c) {�(z, ω) − median
z {�(z, ω) − mean

ω {�(z, ω)}}} sorted in increasing order of amplitude in the direction of ω at each depth, (d) �̂(z) in eq. (7), (e) �̂F (z, ω)
in eq. (8).

Figure 8. (a) Vertical component of acquired zero-offset VSP data at depths of 1200–3200 m. (b) After the application of first-arrival waveform extraction
with a Hanning window (length: 100 ms), first-arrival alignment, a nine-trace median filter, and a seven-trace mixing filter to the waveforms in (a).

alternating velocity zone, the intrinsic attenuation estimates exhibit
a slight fluctuation but their average corresponds approximately to
the given attenuation value, except at the top and bottom of the
alternation zone. When a seismic wave is transmitted at a single re-
flector, transmission loss occurs but its frequency component does
not change before or after transmission loss. Matsushima et al.
(2016) reported that, in attenuation estimation, the conventional
SR method uses the frequency component change between two
receiver depths, whereas the MMFS method uses the amplitude
change, that is, the MMFS method can detect transmission loss

even in the case where there is no frequency component change.
Due to the decrease in interference of waves at the top and bottom
reflectors in the alternation zone, the degree of frequency com-
ponent variation at these two reflectors is smaller than for other
reflectors within the alternating velocity zone. Therefore, both the
top and bottom reflectors yield frequency-independent (or weakly
dependent) transmission responses, whereas the reflectors within
the alternating velocity zone yield frequency-dependent transmis-
sion responses, which depend on the thickness of each layer of the
alternation zone.
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Figure 9. (a) Relative spectral amplitude for the isolated first-arrival waveforms in Fig. 8(b). (b) Centroid frequency as a function of depth (calculated from
20 to 130 Hz) for the isolated first-arrival waveforms in Fig. 8(b). (c) Interval velocity derived from first-arrival time based on zero-offset VSP data.

In the alternating velocity zone of the numerical model shown in
Fig. 2, the same magnitude of reflection coefficients is alternately
changed to positive and negative states at a constant depth interval
of 10 m, leading to the constructive interference of sinusoidal waves
with the wavelength of 40 m (corresponding frequency of approx-
imately 50 Hz). The significant frequency response of scattering
attenuation in the frequency range of around 40–60 Hz, as shown in
Fig. 6(b), can be explained by this constructive interference. When
we change the thickness of each layer of alternating velocity zone
from 10 to 7 m, the significant frequency response of scattering
attenuation shifts to a higher frequency (approximately 65–85 Hz)
(figure not shown). Based on the above considerations, the alternat-
ing velocity zone exhibits the significant frequency dependency, as
shown in Fig. 6(b), leading to clear separation between the intrin-
sic and scattering attenuation, and the top and bottom reflectors in
the alternating velocity zone exhibit weak frequency dependency,
leading to unclear separation between the intrinsic and scattering
attenuation.

In Fig. 6, comparing the results obtained with and without a pre-
processing filter reveals that the application of a median filter and a
trace mixing filter smoothed both the intrinsic and scattering atten-
uation results. In particular, for the intrinsic attenuation estimates
(Fig. 6c), such smoothing effects can reduce the slight fluctuation of
intrinsic attenuation estimates observed at the alternating velocity
zone in Fig. 6(a), providing slightly fluctuating intrinsic attenuation
estimates of the given attenuation values. On the other hand, for the
scattering attenuation estimates (Fig. 6d), such smoothing effects
reduce the high resolution power of scattering attenuation estimates
in Fig. 6(b). Thus, when applying pre-processing filters and deter-
mine their parameters, we should consider the optimization of both
the resolution power and noise reduction effect.

5.2 Assumption of linear summation of the intrinsic and
scattering attenuation

As describe above, the total attenuation is widely assumed to be
a linear summation of the intrinsic attenuation and the scatter-
ing attenuation. However, this assumption does not hold in the

numerical experiments of the present study (e.g. Fig. 4), meaning
that our numerical models do not satisfy the condition of strong
scattering case assumed in Warren (1972). In the numerical exper-
iments, the alternating velocity zone consists of the alternation of
base-velocity (2000 m s−1) and anomalous-velocity (2200 m s−1)
layers. In order to test the condition in the weak-scattering case,
we change the anomalous velocity from 2200 to 2002 m s−1. As a
result, the shape of the total attenuation profile becomes much more
similar to that of the scattering attenuation (figures not shown)
compared with the strong-scattering case shown in Fig. 4. However,
the assumption of linear summation of the intrinsic and scattering
attenuation does not hold even in the weak scattering case.

Although the seismic scattering regime is based on the relation-
ship among the characteristic heterogeneity size, the propagation
distance, and the wavelength (Aki & Richards 1980), ‘strong scat-
tering’ has not been clearly defined. Wu & Aki (1988) categorized
the scattering attenuation into several domains. The product of the
wavenumber k (k = 2π /λ, where λ is the wavelength) and the
characteristic heterogeneity length a can represent the effects of
heterogeneity size on seismic wave propagation as follows:

(i) Quasi-homogeneous regime (ka < 0.01): the medium is as-
sumed to be effectively homogeneous.

(ii) Rayleigh scattering regime (0.01 < ka < 0.1): the medium is
assumed to exhibit single scattering (Born approximation).

(iii) Mie scattering regime (0.1 < ka < 10): scattering effects are
most significant.

(iv) Forward scattering regime (ka > 10): the medium can be
treated by ray theory.

In the numerical experiments of the present study, the character-
istic heterogeneity length a is 10 m (equivalent to the thickness of
each layer in the alternating base-velocity and anomalous-velocity
layer zone), the corresponding wavelength is 20–220 m, as calcu-
lated from both velocities (2000 and 2200 m s−1), and the frequency
range used for attenuation analysis was 10–100 kHz. Thus, the ka
values vary from 0.29 to 3.1. Following the criterion of Wu & Aki
(1988) described above, the numerical models used herein are clas-
sified as being valid in the ‘Mie scattering regime’, where significant
scattering may occur. In order to adequately estimate the scattering
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Figure 10. (a) Intrinsic attenuation results obtained from field zero-offset
VSP by the proposed method without the application of a trace mixing filter.
(b) Same as (a) except for the application of a trace mixing filter with three
traces. (c) Same as (a) except for the application of a trace mixing filter with
five traces. (d) Same as (a) except for the application of a trace mixing filter
with seven traces.

attenuation from velocity or acoustic impedance data, it is necessary
to validate the assumption of strong scattering assumed by Warren
(1972). To this end, in the future, we intend to investigate in detail
the condition under which the assumption holds.

5.3 Applicability to field data and interpretation

We applied the proposed method to real data. In order to investi-
gate the uncertainties of the attenuation results caused by different
parameters in pre-processing filters, we applied a trace mixing fil-
ter with four different traces, as shown in Figs 10 and 11. For the
application of a median filter, although in the present paper we
show the attenuation results for the case of using nine traces, we
also applied median filters with five and 13 traces and found that
the attenuation results from three median filter parameters (five,
nine, and 13 traces) exhibit a similar trend. The difference be-
tween these results is recognized as being due to the characteristics
of the median filter. Mars et al. (1999) reported that a median
filter tends to attenuate the desired signal at low frequencies. How-
ever, there is trade-off between low-frequency-component preserva-
tion and high-frequency-noise elimination, that is, we can preserve
the lower frequencies using a longer filter, whereas we cannot elim-
inate the noise at high frequencies. Mars et al. (1999) also pointed
out the importance of amplitude scaling in order to enhance the flat-
tened arrival. Although, in the present study, we did not optimize

the amplitude scaling, optimization of the application of a median
filter may improve the accuracy of the attenuation results.

Similarly, as for waveform extraction using a Hanning window,
although in the present paper, we show the attenuation results ob-
tained using a window length of 100 ms, we applied three different
window lengths (60, 80, and 100 ms) and found that there were
no significant differences between the obtained results. Attenuation
estimation methods require extraction of direct-arrival waveforms
to isolate these waveforms from unnecessary events such as resid-
ual reflection events after applying wavefield separation filters, but
such waveform extraction disturbs the attenuation estimation due
to spectral leakage, which is defined as the leaking of energy from
its true frequency component into other frequency components,
distorting the spectral distribution (Matsushima et al. 2014). There-
fore, the difference in attenuation results between different window
lengths can be attributed to the effects of spectral leakage or resid-
ual reflection events. Nevertheless, the selection of parameters for
pre-processing does not largely change the attenuation results, as
shown in Figs 10 and 11.

Based on the results for the both intrinsic and scattering atten-
uation shown in Figs 10 and 11, and by taking into account the
geological formation, lithology, and seismic facies, we categorized
the results into five groups, as shown in Fig. 12:

(i) Depth range from 1200 to 1431 m: Based on the observed
seismic facies (semi-parallel to parallel, continuous), we can as-
sume horizontal layering, causing scattering attenuation due to in-
trabed multiples. By carefully comparing Figs 10 and 11 in this
depth range, the variation pattern of the scattering attenuation cor-
relates well with that of the intrinsic attenuation. In general, the
depth intervals in horizontal layering are not constant, but rather are
random, leading to less frequency dependency of scattering atten-
uation. Consequently, such weakly frequency-dependent scattering
attenuation can be recognized as intrinsic attenuation. On the other
hand, the strong scattering attenuation observed in Fig. 11 may be
caused by the local frequency dependency associated with local
layering.

(ii) Depth range from 1431 to 1940 m: Although we can see
high values of both the intrinsic and scattering attenuation, un-
like the case of (i), their variation patterns do not correlate well
with each other. Furthermore, the scattering attenuation reveals the
dominance of the positive values. Seismic facies exhibit discontin-
uous and semi-chaotic reflection features, meaning that geological
heterogeneities make seismic propagation complicated and conse-
quently contaminate the seismic reflection section. Huang et al.
(2009) attributed the strong scattering attenuation to small-scale
geological heterogeneities in the horizontal direction (ka is nearly
equal to 10). They constructed heterogeneous petrophysical mod-
els to investigate the effects of horizontal discontinuities on the
scattering attenuation, and finally pointed out the importance of
horizontal heterogeneities. Through detailed analyses of core data
and FMI/FMS (Formation Micro Imager/Formation Micro Scan-
ner) logs, Ali & Worthington (2011) mentioned that the Simsima
reservoir (upper part of this depth range) is highly fractured. Fur-
thermore, by combining well data (cores, FMI and sonic logs) and
curvature analysis using 3-D seismic data from the top Simsima
reservoir, BEICIP-FRANLAB (2002) indicated that there are frac-
ture swarms or sub-seismic faults with very few fractures outside the
clusters, and the width of these fractured zones range from 50–100 m
and are spaced 100–400 m apart. Assuming that the dominant wave-
length of seismic data is around 50 m, such heterogeneities caused
by fracture swarms or sub-seismic faults are categorized as the

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/211/3/1655/4191275 by guest on 11 April 2024



Separating scattering attenuation 1665

Figure 11. (a) Scattering attenuation results obtained from field zero-offset VSP by the proposed method without the application of a trace mixing filter.
(b) Same as (a) except for the application of a trace mixing filter with three traces. (c) Same as (a) except for the application of a trace mixing filter with five
traces. (d) Same as (a) except for the application of a trace mixing filter with seven traces.

Mie scattering regime. Therefore, in this group, geological hetero-
geneities in the horizontal direction may be more dominant than in
other groups.

(iii) Depth range from 1940 to 2308 m: Similar to the case of (ii),
although we can see high values of both the intrinsic and scatter-
ing attenuation, their variation patterns do not correlate well with
each other. Thus, the intrinsic attenuation may be considered to be
associated with the physical properties of each layer. Furthermore,
the scattering attenuation is primarily negative. As mentioned above,
negative scattering attenuation indicates that seismic waves gain en-
ergy with increasing propagation distance. Although there are many
possible factors that cause negative attenuation, one possible fac-
tor is the superposition of the forward scattering of high-frequency
components on direct arrivals. According to the classification by
Wu & Aki (1988), the forward scattering regime is dominant when
ka > 10, that is, the heterogeneity size can be considered to be larger
than that in the case of (ii). If the heterogeneity size is larger than
that in the case of (ii), for which heterogeneities are significant and
cause large fluctuations in seismic reflected data, such larger hetero-
geneities in this group cause smaller fluctuations in seismic reflected
data and enhance the tendency of forward scattering, which may

result in negative attenuation. The combination of negative scatter-
ing attenuation and high (positive) intrinsic attenuation may cause
the constant trend in the centroid frequency profile in Fig. 9(b).

(iv) Depth range from 2308 to 2733 m: This group exhibits weak
reflection in the seismic section, low intrinsic attenuation with mod-
erate variation, and moderate positive scattering attenuation. As
shown in Fig. 9(b), the centroid frequency significantly decreases
within this group, implying that small-scale heterogeneities may
play an important role in causing scattering attenuation. Although
it is widely believed that seismic events caused by small-scale het-
erogeneities such as fractures cannot be detected in the seismic
frequency range, the proposed method may be able to indirectly
estimate small-scale heterogeneities (e.g. fractured zone).

(v) Depth range from 2733 to 3051 m: This group exhibits weak
reflection in the seismic section, low intrinsic attenuation with low
variation, and low scattering attenuation. Based on this observation,
this group may be interpreted as a homogeneous zone.

Lubis & Harith (2014) mentioned that the significant diagenesis
process and complex depositional environment makes pore systems
in carbonates far more complicated than in clastics, leading to the
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Figure 12. (a) Seismic time section across the VSP survey well with geological formation and lithology information. The tops of several key formations are
indicated by the red line with depth information. (b) Categorization based on three characteristics: seismic facies inferred from the seismic section in (a),
intrinsic attenuation inferred from Fig. 10, and scattering attenuation inferred from Fig. 11.

variations in acoustic impedance between layers. Ali & Worthington
(2011) mentioned that carbonate reservoirs contain open or partially
open fractures with a wide range of scales, varying spatial distri-
butions and hydraulic properties. When the wavelength is much
larger than the size of fractures, the medium is assumed to be effec-
tively homogeneous (quasi-homogeneous regime), and its acoustic
impedance becomes lower than without fractures. Decker et al.
(2015) pointed out that high acoustic impedance contrasts typically
exist between carbonate structures and surrounding rocks, leading
to a strong reflective interface that can generate multiple reflections.
In this case, the mechanism of scattering attenuation is due to such
intrabed multiples. Bouchaala et al. (2016a) mentioned that the scat-
tering attenuation estimated in carbonate reservoirs is much higher
than that in siliciclastic media. Furthermore, as described above,
fracture swarms cause various scales of heterogeneities relative to
the wavelength, leading to various scattering regimes.

On the other hand, it is widely believed that intrinsic attenua-
tion is caused by relative motion between viscous fluid and rock
framework. Johnston et al. (1979) illustrated several proposed in-
trinsic attenuation mechanisms such as crack lubrication facilitating
friction, Biot fluid flow, and squirting flow. Furthermore, Winkler &
Nur (1982) proposed an inter-crack flow model to explain the reason
why shear wave attenuation is larger than compressional wave atten-
uation. Bouchaala et al. (2016a) estimated both compressional and
shear attenuation by using sonic logging waveform data acquired in
a carbonate reservoir located in Abu Dhabi, United Arab Emirates.
They observed that shear wave attenuation is larger than compres-
sional wave attenuation, implying the intercrack flow model as a
possible attenuation mechanism. Further investigation of possible
attenuation mechanisms by using sonic logging waveform data and
laboratory measurements is needed.

5.4 Limitations of the proposed method and future
research

The proposed method does not require sonic and density well-log
data or the assumption of a 1-D layered medium and can simultane-
ously derive both intrinsic and scattering attenuation estimates from
only VSP data, whereas the conventional approach uses well-log
velocities and densities to calculate scattering attenuation caused
by multiples. As one potential limitation, the proposed method
is based on the assumption that intrinsic and scattering attenua-
tion are frequency independent and frequency dependent, respec-
tively. As for the assumption of frequency-independent attenuation,
Patton (1988) pointed out the validity of a frequency-independent Q
in a narrow frequency range. Note that the attenuation is implicitly
assumed to consist of only intrinsic attenuation. Nevertheless, if
the intrinsic attenuation is dependent on frequency in the frequency
range of interest, the proposed method will cause an error in atten-
uation estimates. On the other hand, the scattering effect including
multiple reflections in a layered medium is generally dependent on
frequency, as described by Wu & Aki (1988). O’Doherty & Anstey
(1971), reported that the transmission response is critically depen-
dent on the nature of the stratigraphy. However, as mentioned above,
transmission loss at a single reflector, which should be categorized
as scattering attenuation, is independent of frequency and thus is
categorized as intrinsic attenuation.

In the future, we intend to perform numerical modelling to quan-
titatively estimate the effects of heterogeneities on seismic reflection
sections, intrinsic attenuation, and scattering attenuation, allowing
us to conduct quantitative interpretation. Another possible area for
future research is to apply the proposed method to sonic logging
waveform data. Suzuki & Matsushima (2013) reported that the spa-
tial sampling of the velocity logging data at 0.15 m intervals is
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not sufficiently fine to characterize heterogeneities when adopting
the conventional approach using well-log velocities and densities
to calculate scattering attenuation caused by multiples. In this case,
the proposed method, which does not require well-log velocities
and densities, has the potential to provide high resolution power of
scattering attenuation for characterizing small-scale heterogeneities
such as fractures.

6 C O N C LU S I O N S

We proposed a novel method for separating intrinsic and scattering
attenuation for zero-offset VSP data by modifying the SI+MMFS
method based on the assumption that intrinsic attenuation is fre-
quency independent and scattering attenuation is frequency depen-
dent. The proposed method can simultaneously derive both intrinsic
and scattering attenuation estimates from only VSP data without
sonic and density well-log data. The numerical results obtained
herein demonstrate the limitation of the conventional approach,
which uses well-log velocities and densities to calculate scattering
attenuation based on the assumption that the intrinsic and scattering
attenuation are independent each other. The numerical results also
demonstrated the superiority of the proposed method as compared
to the conventional approach and the importance of optimizing pa-
rameters in the application of pre-processing filters to balance the
resolution power and noise reduction effect. Finally, we applied
the proposed method to real zero-offset VSP data acquired at an
onshore Abu Dhabi oil field to conduct an investigation of the ob-
tained attenuation results through correlation with seismic facies
and discussed the limitations of the proposed method.
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