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E. Bataillon, 34095 Montpellier, France, and 4School of Earth Science and Engineering, Hohai University, Nanjing 211100, China

Received July 2017, revision accepted January 2018

ABSTRACT
In many cases, the seismic response of bottom-simulating reflectors is characterised by
low frequencies called “low-frequency shadow”. Generally, this phenomenon is inter-
preted as attenuation due to partial saturation with free gas. Actually, this frequency
loss may have multiple causes, with a normal moveout stretch as a possible candi-
date. To analyse this phenomenon, we compute synthetic seismograms by assuming
a lossy bottom-simulating layer, with varying quality factor and thickness, bounded
by the upper hydrate-brine/gas-brine and lower gas-brine/brine interfaces. First, we
estimate the shift of the centroid frequency of the power spectrum as a function of the
travelled distance of the seismic pulse. Then, we perform one-dimensional numerical
experiments to quantify the loss of frequency of the seismic event below the bottom-
simulating reflector as a function of the quality factor of the bottom-simulating layer
and its thickness (due to wave interference). Then, we compute shot gathers to obtain
the stacked section, with and without the normal moveout stretch correction and with
and without the presence of wave attenuation in the bottom-simulating layer. The
results indicate that the low-frequency shadow due to the normal moveout stretch
is stronger than that due to attenuation and may constitute a false indicator of the
presence of gas. In fact, often, the low-frequency shadow overlies events with higher
frequencies, in contradiction with the physics of wave propagation. This is particu-
larly evident when the low-frequency shadow is so extensive that the presence of high
frequencies below cannot be justified by the acquisition geometry.
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1 INTRODUCTI ON

Bottom-simulating reflectors (BSRs) on seismic profiles are
interpreted to represent the seismic signature of the base of
gas-hydrate formations overlying a layer partially saturated
with free gas. (Gas hydrates are clathrate compounds filling
the sediment pores in which the host molecule is water and
the guest molecule is typically methane.) Recently, Dewangan

∗E-mail: jba@hhu.edu.cn

et al. (2014) analysed the effect of gas hydrate and free gas
on seismic attenuation. The zones of gas hydrate, identified
by the increase in seismic velocity, show high-quality factors
(Q), a result that agrees with the rock physics models proposed
by Carcione and Tinivella (2000), Gei and Carcione (2003),
Carcione and Gei (2004) and Carcione et al. (2005a), and
with the experimental results in Rossi et al. (2007). Similarly,
Sain et al. (2009) found that the Q (256) estimated over the
region with a strong BSR is found to be more than double the
Q (100) derived for the region without any BSR or a weak
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BSR. These works indicate that the presence of free gas within
the gas-hydrate stability zone increases seismic attenuation.

It is observed that the seismic response of the BSR is
characterised by low frequencies, called the “low-frequency
shadow” (LFS) by Taylor, Dillon and Pecher (2000). They
state: “Low frequency shadows indicate high absorption in
the overlying layers. Gas-charged layers cause high absorption
in addition to a sharp drop in P-wave velocity.... We suggest
that the shift to lower frequencies beneath the BSR is associ-
ated with free gas”. In particular, in Geletti and Busetti (2011)
(see Fig. 8), the seismic events below the BSR show remark-
able low frequencies. Generally, the shift to low frequencies is
interpreted as attenuation due to partial saturation with free
gas (e.g., Vanneste et al. 2001).

These phenomena also appears in seismic exploration
of hydrocarbons related to bright spots (Castagna, Sun and
Siegfried 2003; Ebrom 2004; Wang et al. 2014). Del Ben
et al. (2011) identified bright spots on the basis of low-
frequency zones in the south Apulian foreland. However,
some caution is required since the presence of low frequen-
cies may be due to other causes, such as normal move-
out (NMO) stretch, which is important at far offset traces
(Dunkin and Levin 1973; Perroud and Tygel 2004). In fact,
Castagna et al. (2003) state, “For every example shown, the
shadow was stronger than the reservoir reflection at lower
frequencies, suggesting that shadows are not necessarily a
simple attenuation phenomenon because low-frequency en-
ergy must have been added or amplified by some physical or
numerical process. Attenuation alone should simply attenu-
ate higher frequencies, not boost lower frequencies”. Actu-
ally, the LFS may have multiple causes, which are not mu-
tually exclusive. Ebrom (2004) lists six stack-related causes,
namely, NMO stretch, two due to attenuation, one due to
wave interference, and another due to improper seismic de-
convolution. Moreover, there is some controversy on this
subject. According to Barnes (2013), only few examples of
low-frequency shadows are convincing to reveal the presence
of gas.

In this work, we focus our research on the effects caused
by attenuation and NMO stretch, since the first is related to
the so-called “direct hydrocarbon indicators”, and the second
seems to be the most important artefact introducing low fre-
quencies (Ebrom 2004). The attenuation of the upper layers
induces a shift of the spectrum centroid to low frequencies
as the offset increases. In addition, attenuation in the BSR
layer is very high due to mesoscopic-loss effects because of
the presence of gas (e.g., Carcione and Picotti 2006), and this
affects the reflection and transmission coefficients as a func-

tion of the incidence angle and offset. Moreover, the small
thickness of the BSR layer implies interference effects, which
affect the reflection coefficient and waveform. Finally, NMO
stretch can cause a shift of the spectrum of the stacked re-
flection event to lower frequencies (Dunkin and Levin 1973),
and therefore, stretch corrections are required to distinguish
between physical attenuation and this artefact. The method
used here to avoid the low frequencies due to NMO stretch
is the algorithm proposed by Perroud and Tygel (2004).
Canning and Malkin (2008) developed an un-stretch algo-
rithm, which operates in the angle domain.

In order to study this phenomena, we compute 1D and
2D synthetic seismograms by assuming a high-loss BSR layer
and varying the quality factor and thickness of the layer. First,
we estimate the shift of the centroid frequency of the power
spectrum as a function of the travelled distance. Then, we
perform simple 1D experiments to quantify the frequency loss
in seismic events below the BSR as function of the Q factor of
the BSR layer and layer thickness (wave interference). Then,
we compute shot gathers and perform the standard processing
sequence to obtain the stacked section, with and without the
NMO-stretch correction and with and without the presence
of attenuation in the BSR layer. In all these cases, we evaluate
the intensity of the LFS.

The media are described by a poroelastic model based
on a generalisation of Gassmann equation. In particular, the
upper medium containing gas hydrates and brine is a sediment
whose skeleton has three phases, namely, quartz, clay, and gas
hydrate, forming three frames. The model also describes the
BSR layer partially saturated with gas as a particular case.
The modelling algorithm is based on a spectrum of relaxation
mechanisms, and the differential equations are solved in the
space-time domain by using a direct method based on the
Fourier pseudospectral method (e.g., Carcione 2014).

2 PETRO-ELASTICAL MODEL

Figure 1(a) shows the media (denoted by j = 1,2,3) and in-
terfaces composing the system, where the bottom-simulating
reflector (BSR) event is due to a composite reflection related
to layer 2. The sediments above the BSR (medium 1) are
saturated with brine containing clay and gas hydrate. This
rock can be considered as a composite material with n =
3 frames, i.e., the rock frame (quartz), the clay frame, and
that of the hydrate network. In the following, i = 1, 2, and
3 indicate the properties of quartz, clay, and gas hydrates,
respectively. Carcione et al. (2005b) obtained the wet-rock
(Gassmann) bulk modulus of a medium with n frames and
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(a)
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 1:   quartz + clay + gas hydrate + brine

     2:   quartz + clay + brine + gas

 3:   quartz + clay + brine

(BSR) h

Figure 1 Geological model. Composition of the BSR system (a) and general model (b). The velocities and quality factors are indicated, the latter
between parentheses.

one fluid. If φi is the fraction of the i-th solid and φ is the
porosity, such that

∑n
φi + φ =1, the Gassmann modulus is as

follows:

KG =
n∑

i=1

Kmi +
(

n∑
i=1

αi

)2

M, (1)

where

M =
(

n∑
i=1

φ′
i

Ki
+ φ

K f

)−1

, (2)

φ′
i = αi − βiφ, αi = βi − Kmi

Ki
, βi = φi

1 − φ
. (3)

βi is the fraction of solid i per unit volume of total solid.
Here, Ki , i = 1, . . . n, and K f are the solid and fluid bulk mod-
uli, respectively, and Kmi, i = 1, . . . n are the frame moduli.

A generalisation of Krief’s model for a multi-mineral
porous medium is used to obtain the frame moduli, as
follows:

Kmi = (KHS/V)βi Ki (1 − φ)A/(1−φ), i = 1, . . . , n, (4)

(Carcione et al. 2005b), where A is a dimensionless parameter,
V = ∑n

i=1 βi Ki is the Voigt average, and KHS = (K+ + K−)/2,

where K+ and K− are the Hashin–Shtrikman (HS) upper and
lower bounds (Mavko, Mukerji and Dvorkin 1998). The ex-
pression (4) is such that the composite modulus Km = ∑n Kmi

is consistent with the HS bounds when φ = 0.
On the other hand, the dry-rock (and wet-rock) shear

modulus of the composite is as follows:

μm =
n∑

i=1

μi

Ki
Kmi, (5)

where μi is the rigidity modulus of the ith solid.
Finally, the P-wave modulus is as follows:

E = KG + 4
3

μm. (6)

The model is used to characterise all the media in Fig. 1
to obtain the elastic (lossless velocity) as follows:

c =
√

E
ρ

, (7)

where ρ is the composite density, given the following:

ρ = (1 − φ)
n∑

i=1

βiρi + φρ f , (8)

C© 2018 European Association of Geoscientists & Engineers, Geophysical Prospecting, 66, 857–871
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where ρi and ρ f are the densities of the i-th solid phase and
fluid, respectively.

Medium 2 has brine and gas in the pores. When the fluids
are not mixed in the pore volume, but distributed in patches,
the effective bulk modulus of the fluid at high frequencies is
higher than that predicted by Wood’s model (White 1975;
Mavko et al. 1998; Carcione and Picotti 2006). To obtain the
bulk modulus of the gas–liquid mixture, we use an empiri-
cal law introduced by Brie et al. (1995). The effective bulk
modulus is given as follows:

K f = (Kb − Kg)Se + Kg, (9)

where Kb and Kg are the brine and gas bulk moduli, S is the
brine saturation, and e is an empirical parameter. Equation (9)
gives Voigt’s mixing law for e = 1 and an approximation to
Wood’s model for e = 40. The fluid density in this medium
is simply given by ρ f = Sρb + (1 − S)ρg, where ρb and ρg are
the brine and gas densities, respectively.

2.1 Anelastic characterisation of the layer

In this case, c becomes complex and frequency dependent
in equation (7). In that equation, c corresponds to the high-
frequency limit velocity and, E, to the unrelaxed modulus
EU . The phase velocity, attenuation factor, and quality fac-
tor of a viscoelastic medium are (e.g., Carcione 2014) as
follows:

cp =
[
Re
(

1
c

)]−1

, α = −ωIm
(

1
c

)
and Q = Re(c2)

Im(c2)
,

(10)

respectively, where, here, c denotes the complex velocity of
the P-wave, ω is the angular frequency, ω = 2π f , and “Re”
and “Im” take real and imaginary parts.

We consider a constant quality factor, Q̄, obtained with
a spectrum of L Zener relaxation mechanisms, whose peak
locations are equispaced in log ω scale (see Section 2.4.6 by
Carcione (2014)). We then have to find the relaxation times
τεl and τσ l that give an almost constant Q in a given frequency
band centred at ω0m ≡ 1/τ0m. This is the location of the mech-
anism situated at the middle of the band, which, for odd L,
has the index m = L/2 + 1. The minimum quality factor of
the L peaks is the same and is given as follows:

Q0 = Q̄
L

L∑
l=1

2ω0mτ0l

1 + ω2
0mτ 2

0l

, (11)

Table 1 Medium properties

Medium φ1 φ2 φ3 φ c [m/s] ρ [Kg/m3] Q̄

1 0.34 0.22 0.04 0.4 2130 1937 60
2 0.34 0.22 0 0.44 1360 1906 5
3 0.6 0.05 0 0.35 2700 2086 100

where ω0m is defined below and ω0l ≡ 1/τ0l are the peak loca-
tions. Then, the relaxation times are as follows:

τεl = τ0l

Q0

(√
Q2

0 + 1 + 1
)

and τσ l = τ0l

Q0

(√
Q2

0 + 1 − 1
)

.

(12)

If f0 is the central frequency of the source wavelet, we
assume that the centre peak is located at ω0m = 2π f0.

Finally, the complex P-wave modulus is given as follows
(Carcione 2014; equation (2.196)):

E(ω) = EU

(
L∑

l=1

τεl

τσ l

)−1 L∑
l=1

1 + iωτεl

1 + iωτσ l
, (13)

where EU is the unrelaxed, high-frequency limit modulus,
obtained from the model introduced in the previous section
(equation (7)). If ω → ∞, E → EU . Taking into account that
E = ρc2, the quality factor is given by equation (10).

The cause of the high attenuation in the layer can be
due to mesoscopic loss by wave-induced fluid flow (Müller,
Gurevich and Lebedev 2010; Carcione 2014). It is assumed
that the medium has patches of gas in a brine-saturated
background. White’s model (White 1975; Carcione and
Picotti 2006) describes wave velocity and attenuation as
a function of frequency, patch size, permeability, and vis-
cosity. Attenuation and velocity dispersion are caused by
fluid flow between patches of different pore pressures. The
critical fluid diffusion relaxation scale is proportional to
the square root of the ratio permeability to frequency. At
seismic frequencies, the length scale is very large, and the
pressure is nearly uniform throughout the medium, but as
frequency increases, pore pressure differences can cause an
important increase in P-wave velocity (Carcione and Picotti
2006).

3 M ODELLING M ETHOD

The synthetic seismograms are computed with a modelling
code based on the viscoacoustic stress–strain relation cor-
responding to the spectrum of relaxation mechanism intro-
duced in the previous section. The equations are given in

C© 2018 European Association of Geoscientists & Engineers, Geophysical Prospecting, 66, 857–871
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Figure 2 Real part of the reflection coefficient as a function of the
incidence angle for different layer thicknesses and Q = 5 (a), Q = 20
(b), and Q = 80 (c). The source dominant frequency is fp = 25 Hz.
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Figure 3 Comparisons between the normal-incidence seismic re-
sponses for different thicknesses of the BSR layer, where Q = 5 (a),
Q = 20 (b), and Q = 80 (c). The source dominant frequency is fp =
25 Hz.
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h = 10 m; Q = 5 h = 10 m; Q = 80

h = 60 m; Q = 5 h = 60 m; Q = 80

. . . . . . . . . .

. . . . . . . . . .

Figure 4 Spectrograms computed with the wavelet transform, where h denotes the thickness of the BSR layer and, Q, its quality factor.

Section 2.10.4 of Carcione (2014). The 2D particle velocity–
stress formulation is as follows:

v̇x = 1
ρ

∂xσ,

v̇z = 1
ρ

∂zσ,

σ̇ = EU

(
ϑ +

L∑
l=1

el

)
+ s, (14)

ėl = ϕlϑ − el

τσ l
, l = 1, . . . , L,

ϑ = ∂xvx + ∂zvz

where v is particle velocity, σ is stress, s is the source (explo-
sion), el are memory variables,

ϕl = 1
τσ l

(
L∑

l=1

τεl

τσ l

)−1 (
1 − τεl

τσ l

)
, (15)

and a dot above a variable denotes time differentiation. The
numerical algorithm is based on the Fourier pseudospectral
method for computing the spatial derivatives and a 4th-order
Runge–Kutta technique for calculating the wavefield recur-
sively in time (e.g., Carcione 2014).

C© 2018 European Association of Geoscientists & Engineers, Geophysical Prospecting, 66, 857–871
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Attenuation, NMO, and low-frequency shadows 863

4 EXAMPLES

The medium properties are shown in Table 1, where the
subindices along the first horizontal row denote quartz (1),
clay (2) and gas hydrate (3), while the first column indicates
the medium as given in Fig. 1(a). Values of the quality fac-
tor as low as 5 can be found in high-porosity unconsolidated
sediments saturated with gas and can be explained with the
mesoscopic attenuation theory (for more details about this loss
model, see Carcione et al. 2012). Rossi et al. (2007, Fig. 10)
report Q profiles with values of nearly 60 and 10 in the hy-
drate and bottom-simulating reflector (BSR) layers, respec-
tively. The other properties are as follows: K1 = 35 GPa, K2 =
20 GPa, K3 = 8 GPa, Kb = 2.4 GPa, Kg = 0.007 GPa, μ1 =
35 GPa, μ2 = 10 GPa, μ3 = 3.3 GPa, ρ1 = ρ2 = 2.65 g/cm3,
ρ3 = 0.92 g/cm3, ρb = 1.04 g/cm3, ρg = 0.07 g/cm3, S =
91.6% (the gas saturation is 8.4%), A = 3 and e = 20.5,
where A is a typical value for the Krief equation (Carcione
et al. 2005b) and the value of e is an average between the
Voigt and Wood limits. The unrelaxed P-wave velocities are
shown in Table 1, which agree with those of Fig. 9(c) in Geletti
and Busetti (2011). The simulations consider the model shown
in Fig. 1. We consider L = 3 relaxation mechanisms, with the
centre peak located at the source dominant frequency fp (see
below), where the first peak is located at fp − 10 Hz. (Three
Zener kernels are enough to give a nearly-constant Q around
the source central frequency.)

The 1D simulations have 495 grid points with a grid
spacing of 5 m, whereas the 2D simulations have 693 × 561
grid points with 10 m spacing in the horizontal and vertical
directions, respectively. The source s = δ(x)h(t) has the time
history as follows:

h(t) =
(

u − 1
2

)
exp(−u), u =

[
π (t − ts)

T

]2

, (16)

where T is the period of the wave and we take a de-
lay ts = 1.4T to make the signal causal. The peak fre-
quency is fp = 1/T. The Runge–Kutta algorithm uses a time
stepping of 0.5 ms and 1 ms in the 1D and 2D cases,
respectively.

4.1 Reflection coefficients

Here, we compute the plane-wave reflection coefficients as a
function of the Q factor and thickness of the BSR layer (e.g.,
Carcione 2014). Figure 2 shows the real part of the reflec-
tion coefficient of the BSR layer as a function of the incidence
angle, for three layer thicknesses and three Q factors. First,

.

.

.

.

.

.

Figure 5 Spectra of the signal as a function of traveled distance for
the reflection event corresponding to the BSR layer. Changes are due
to the attenuation of the upper layers. The curves are normalised. The
real maximum amplitudes with respect to the zero-offset case are 1
(0 km), 0.2 (2.6 km), and 0.07 (3.97 km).

the sign is always positive. Then, we observe significant dif-
ferences as thickness change, although the trend is that the
amplitude increases with angle. Note that at near offsets, the
curves for h = 20 m and h = 60 m are hardly distinguish-
able for Q = 20. Hence, interference and Q may have similar
effects. The results show that many of the effects can be coun-
terintuitive, indicating that proper rock physics modelling is
essential.

4.2 One-dimensional transient response: effects of Q

Next, we analyse the low-frequency shadow (LFS) below the
BSR with a simple 1D model, i.e., the waveform and spec-
trum of the BSR event and those of the lower interface (see
Fig. 1). Figure 3 shows 1D simulations for different Q values
and thicknesses of the BSR layer, corresponding to the same
values of Fig. 2. The source dominant frequency is 25 Hz.
The BSR and lower-interface events can be observed at onset
times of approximately 0.34 s and 0.65 s, respectively. The
amplitude of the BSR event is maximum at h = 10 m, in
agreement with Fig. 2. For h = 10 m, the BSR is one single
event, whereas it is composed of two events for h = 60 m,
because the events corresponding to the two interfaces com-
posing the BSR system do not interfere. Attenuation affects
the lower interface with minimum amplitudes for Q= 5. The
importance of considering attenuation is evident, where the
response of the lower interface of the BSR layer is highly at-
tenuated (compare the dotted curves of Figs. 3(a) and (c). A

C© 2018 European Association of Geoscientists & Engineers, Geophysical Prospecting, 66, 857–871
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(a)
(b)

(c)
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Figure 6 CMP gather for Q = 5 in the BSR layer (a), exact traveltimes (b), and difference between the seismograms computed with Q = 5 and
Q = 100 in the BSR layer (c). The red curves correspond to the bottom and top of the layer, which has a thickness of 30 m.

spectrogram for the seismic trace can be computed by using
the wavelet transform (Torrence and Compo 1998). Figure 4
shows spectrograms computed with the wavelet transform,
where h denotes the thickness of the BSR layer and Q its
quality factor. (The advantage of the wavelet transform over
the Fourier transform is that the former is localised in both
time and frequency, whereas the Fourier transform is only lo-
calised in frequency.) The vertical line indicates the location

of the event reflected from the interface below the BSR layer,
whereas the wider event, between 0.3s and 0.6 s, is the BSR
response. The maximum frequency loss can be quantified as
the shift of the centroid spectrum, approximately from 23 to
17 Hz, which occurs for the thicker layer, i.e., h = 60 m, due
to the strong attenuation of the signal when traveling through
the layer twice (downwards and upwards). The effect is not
observable for a thickness of 10 m.

C© 2018 European Association of Geoscientists & Engineers, Geophysical Prospecting, 66, 857–871
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Figure 7 Synthetic CMP gather after conventional (left) and non-stretch (right) NMO corrections. The semblance map (middle) shows the
time-velocity functions corresponding to the conventional (green curve) and non-stretch (red curve) cases.

4.3 Two-dimensional transient response: effects of Q and
normal moveout stretch

Next, we analyse the effects due to the attenuation of the
overburden. The average Q factor of a sequence of N layers
of thickness hi and quality factor Qi is given in Appendix A,
equation (A6). At normal incidence and down to the BSR
layer, the average quality factor is Q = 117, with an av-
erage velocity v = 1596 m/s and a two-way propagation
distance of 2.6 km at normal incidence. The values for the
largest offset (3 km) are nearly similar but with an approxi-
mate travel distance of 3.97 km. The attenuation values (A4),
quantifying the exponential decay, are 0.33 and 0.18, respec-
tively at normal incidence at largest offset. In Appendix B, we
show how the centroid fc of the spectrum of a signal moves
as a function of the traveled distance due to attenuation.
Figure 5 shows the spectra of the signal as a function of trav-
eled distance. The centroids are 26.4, 20.9, and 18.6 Hz at
the source location, normal incidence, and largest offset, re-
spectively. Hence, there is a frequency shift of approximately
8 Hz at the receiver located at 3 km from the source, due
to the loss of high frequency by the attenuation of the upper
layers.

A 2D common-midpoint (CMP) gather for a source-
dominant frequency fp = 25 Hz is displayed in Fig. 6(a), where
the thickness of the BSR layer is 30 m. The events at 1.2 s and
2 s correspond to the reflection events of the ocean bottom
and lower interface, respectively, whereas the red curves in
Fig. 6(b) represent the exact traveltimes of the events reflected
at the top and bottom of the BSR layer (Qadrouh et al. 2014)

(arrival times correspond to the onset of the signals, not to
the peak values). Fig. 6(c) shows the difference seismograms
between that of Fig. 6(a) and one computed by considering
Q = 100 in the BSR layer. The differences are substantial at
normal incidence and largest offsets.

At large offsets, conventional normal moveout (NMO)
yields significantly stretched events, affecting the frequency
content of the data. To avoid this non-physical artifact, the
non-stretch NMO method (NSNMO) proposed by Perroud
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Figure 8 Stack traces in the BSR time range after conventional (left)
and non-stretch (right) NMO corrections. The stack traces are re-
peated 10 times for a better visualisation.
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Figure 9 Spectrogram of the event below the
BSR layer, corresponding to Q= 100 (a) and
Q = 5 (b) in that layer. The thickness of the
BSR layer is h = 60 m (1D case).

and Tygel (2004) is applied. The effects of the NMO stretch on
the seismic signal versus offset are illustrated in Appendix C,
where it is also shown how to correct the stretch and re-
cover the high frequencies. Figure 7 (left) shows the NMO-
corrected CMP gather with the conventional method, using
a stretch limit large enough to avoid muting (samples with
NMO stretch exceeding that limit are zeroed). The quality
factor of the BSR layer is 100 in this example. The artifi-
cial low frequencies generated by the stretching can clearly
be seen at large offsets, inducing to the false conclusion that

the stacked event can be a physical LFS related to attenua-
tion and the presence of gas. A semblance map is obtained
for every sample, in a velocity range between 1 km/s and
3 km/s. A stretch limit of 30% has been applied, so the veloc-
ity analysis is conducted with limited aperture, in the validity
range of the reflection-time hyperbolic approximation. Ac-
cording to the NSNMO method, the time-velocity function
is adjusted to closely follow the shape of semblance peaks,
with decreasing NMO velocity along the signal pulse for each
event. The conventional (green curve) and non-stretch NMO

C© 2018 European Association of Geoscientists & Engineers, Geophysical Prospecting, 66, 857–871
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Figure 10 Stack with (c) and without NMO stretching (a and b). The quality factor of the BSR is reported. The box indicates the lower event,
where the LFS should be present.

(red curve) time-velocity functions are shown in the middle
panel of Fig. 7, overlying the semblance map. They closely
match the semblance peaks corresponding to the primary P
reflection events. The NSNMO correction is applied by us-
ing the adjusted time-velocity function (right panel in Fig. 7).
The primary P events appear free of stretch and correctly
flattened, so a stacked trace can be correctly obtained, with-
out loss of frequencies. Residual NSNMO artefacts, although
limited, can be seen at large offsets (right panel). They appear
when events start to interfere with each other, as shown in
Fig. 6(b) for the BSR layer reflections.

Figure 8 shows a stacked trace corresponding to the con-
ventional and NSNMO corrections, using all offsets from 0 to

3 km (no stretch mute). Conventional NMO stretch muting
was avoided in Fig. 7, so we could evaluate the effect of stretch
on the stacked signal and its frequency spectrum. Such an ef-
fect would not appear if a severe stretch mute is applied in the
course of processing, but then other undesirable effects would
be produced with the loss of valuable information at large off-
sets (decrease of signal-to-noise ratio, loss of amplitude versus
offset (AVO) analysis, etc.). With conventional NMO, the
stretch effects are severe, so that close events largely interfere,
as it is the case in the BSR time-range between 1.5 s and 2
s. On the other hand, with NSNMO, the events shape is pre-
served, and each interface can easily be identified. Moreover,
the frequency content is preserved.

Frequency (H
z)

 Q = 5 (no stretching) Q = 100 (no stretching) Q = 100 (with stretching)(a) (b) (c)

Figure 11 Frequency spectrum of the lower event indicated in Fig. 10, with (c) and without NMO stretching (a and b). The quality factor of
the BSR is reported (2D case). Black and white correspond to low and high amplitudes.

C© 2018 European Association of Geoscientists & Engineers, Geophysical Prospecting, 66, 857–871
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Figure 12 Frequency spectra of the lower event indicated in Fig. 10,
without NMO stretching for Q = 5 and 100 in the BSR layer.

Next, we compute the spectrogram as a function of off-
set, in order to see the effect of attenuation on the reflection
event corresponding to the interface below the BSR layer (at
1700 m). Figure 9 compares the results for Q = 100 (a) and
Q= 5 (b) in the BSR layer. As expected, high-frequency com-
ponents have been attenuated in the last case, with dominant
frequencies around 15 Hz (a similar effect has been observed
in the 1D case, see Fig. 4).

Finally, we obtain the stack and the frequency content of
the lower event in the 2D case, for Q = 5 and Q =100, with
and without NMO stretching in the latter case. The results
are shown in Figs. 10 and 11. A strong LFS can be observed
in Fig. 10(c) between 2 s and 2.2 s due to the NMO stretching
(event below the BSR). The stretching has also affected the up-
per event between 1.6 s and 1.8 s, where a strong smoothing
and loss of frequency can be appreciated (see also Figs. 7(a)
and 8 (left panel)). The loss of frequency can also be seen in
Fig. 11(c). The effect of attenuation also removes high fre-
quencies, but the effect is not so strong (see Figs. 10(a) and
11(a)). The centroid frequencies in Fig. 11 are 23 (a), 25 (b),
and 20 Hz (c), respectively, indicating that stretching is a
stronger high-cut filter than attenuation. Figure 12 compares
the spectra without NMO stretching for low and high Q in the
BSR layer, where we can observe the loss of frequencies in the
first case.

5 C ONCLUSIONS

We have analysed the seismic response of a bottom-
simulating reflector (BSR) to identify the cause of the “low-
frequency shadow” (LFS). The two most important causes are

attenuation in the BSR layer (due to partial gas saturation) and
NMO stretch. The main concern is the following: if frequency
is lost due to attenuation, all the events below the BSR should
have decreasing dominant frequencies as a function of depth,
otherwise a single low-frequency event has to be due to NMO
stretch or a similar artefact. First, a detailed analysis of the
physics has been performed. The reflection coefficient of the
BSR layer is always positive, and amplitude increases with an-
gle in general. Moreover, wave interference and Q may have
similar effects. Many of these can be counterintuitive, indicat-
ing that proper rock physics modelling is essential.

One-dimensional numerical seismograms and spectro-
grams show that attenuation affects the lower interface with
minimum amplitudes for lower Q values, as expected. The
maximum frequency loss can be quantified as the shift of the
centroid spectrum. The gas-saturated layer has to be thick
(compared with the wavelength) to observe a significant fre-
quency and amplitude loss. The overburden may also have
an effect, due to the loss of high frequencies by the attenu-
ation of the upper layers. In the specific example, the cen-
troid of the far-offset traces decreases by 8 Hz compared with
the near-offset traces. The non-stretch NMO correction re-
cover the resolution to identify the top and bottom of the
BSR layer, and a stack section can be obtained without loss of
frequencies.

A stack section obtained with significant NMO stretch
can exhibit false LFS, which might be erroneously attributed
to wave attenuation. The analysis shows that a physically
consistent LFS for a BSR layer of 60 m and a quality fac-
tor of 5 (a lower limit) is not so strong as could be a the
false LFS.
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APPENDIX A: TIME-AVERAGE EQUATION
FOR THE QUALITY FACTOR

Wyllie, Gregory and Gardner (1956) obtained the so-called
time average equation, which they applied to porous media.
A similar version can be used to compute the average velocity
of a stack of N layers (e.g., Carcione 2014) as follows:

v =
(

1
h

N∑
i=1

hi

vi

)−1

, h =
N∑

i=1

hi , (A1)

where hi is the thickness of the ith layer and vi is its phase
velocity.

Here, we obtain a similar equation to obtain an average
quality factor of the stack of layers. We consider that the N

layers have quality factors Qi , i = 1, . . . , N. A plane wave in
a lossy medium attenuates as follows:

N∏
i=1

exp(−αi hi ) ≈
N∏

i=1

exp
(

− ω

2vi Qi
hi

)
, (A2)

(e.g., Carcione 2014), where αi is the attenuation factor. We
may re-write equation (A2) as follows:

exp

(
−ω

2

N∑
i=1

hi

vi Qi

)
, (A3)
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or

exp
(

− ωh
2vQ

)
, (A4)

where

Q =
(

v

h

N∑
i=1

hi

vi Qi
,

)−1

(A5)

is the average quality factor. Note that if we define the trav-
eltime of each layer as ti = hi/vi , the average or equivalent
quality factor is as follows:

Q =
N∑

i=1

ti

/
N∑

i=1

ti
Qi

, (A6)

i.e., the weighted average of the single Q factors where the
weights are the transit times.

APPENDIX B: CENTROID OF THE S IGNAL
S P E C T R U M

The 1D wavefield displacement in a viscoelastic medium is
given, for instance, by Carcione, Gei and Treitel (2010) as
follows:

U(ω, x) = F (ω) exp(−ikx), (B1)

where k is the complex wavenumber. The power spectrum is
as follows:

P(ω) = |U(ω)|2 = |H| exp(−2αx), (B2)

where H is the source spectrum

H(ω) =
(

tp√
π

)
oexp(−o − iωts), o =

(
ω

ωp

)2

,

ωp = 2π fp, (B3)

obtained as the Fourier transform of equation (16), and α is
given by equation (10).

The centroid frequency of the power spectrum when the
signal has traveled the distance x is as follows:

fc(x) =
∫∞

0 ωP(ω, x)dω

2π
∫∞

0 P(ω, x)dω
=

∫∞
0 ω|H|2 exp(−2αx)dω

2π
∫∞

0 |H|2 exp(−2αx)dω
.

(B4)

APPENDIX C: CORRECTION OF THE
NORMAL MOVE OUT S T R ET C H

Dunkin and Levin (1973) have explained the stretch effect
after the NMO correction. Let us assume that, at a given off-
set, the signal before the NMO correction is f (t). After the

correction, the new (stretched) signal becomes g(t) = f (t/a),
where a is the stretch ratio, given below. The frequency do-
main version of this equation is G(ω) = aF (aω), where G and
F are the Fourier transforms of f and g, respectively. The
stretch ratio depends on the two-way traveltime, offset, and
stacking velocity. The correction can be performed in the fre-
quency domain by restoring each frequency component ω to
the right value aω and dividing the result by a, i.e., if G is the
uncorrected spectrum, we have F (ω) = (1/a)G(ω/a).

Here, we use the method of Perroud and Tygel (2004).
Non-stretch NMO (NSNMO) is an implementation of the
normal moveout (NMO) correction that is routinely applied
to common-midpoint (CMP) reflections prior to stacking.
The procedure avoids the undesirable stretch effects that are
present in conventional NMO. Under NSNMO, a significant
range of large offsets that normally would be muted in the
case of conventional NMO can be used, thereby leading to
better stack and velocity determinations, while preserving the
frequency content. The basic processes, i.e., velocity analysis,
NMO, and stack, are unchanged. An extra step is required
to avoid the stretch effect, the adjustment of the time-velocity
function obtained from the velocity analysis.

The theoretical basis is the following: when NMO is
applied with a constant NMO velocity vNMO, all the NMO
hyperbolas converge to the same asymptote at large offsets,
whose slope is 1/vNMO. As they are not parallel, the amount
of NMO time shift will vary along the pulse, generating the
stretch. To avoid this, one has to keep the NMO hyperbolas
parallel to each other. This cannot be strictly achieved within
the whole offset range, but for a chosen offset, the distance be-
tween hyperbolas can be kept unchanged by adjusting the only
free parameter, that is, vNMO. In other words, for each sample
that constitute the seismic pulse, a different vNMO should be
used to maintain the NMO hyperbolas separation.

If τ represents a time-shift since the onset of the seismic
pulse, the following formula gives the adjusted NSNMO ve-
locity v(τ ) for an event at time t(x) for offset x and NMO
velocity vNMO (obtained from the velocity analysis) at zero-
offset time t0 as follows:

v(τ ) = vNMO

(
1 + 2

1 +
√

1 + γ 2

τ

t0

)−1/2

, γ = x
t0vNMO

.

(C1)

One can observe that v(τ ) decreases when τ increases, so the
NSNMO-adjusted velocity always decreases along the seis-
mic pulse. For relatively small τ , the decrease is quasi-linear
and can therefore be described by a velocity at the beginning
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Attenuation, NMO, and low-frequency shadows 871

of the pulse and a velocity at the end of the pulse for the
maximum τ whose value should correspond to the pulse
length.

Strictly speaking, the adjusted velocity should be com-
puted for each offset, so it should be different for every
trace in the CMP gather. However, in practice, a significant
stretch reduction can be obtained by using a single, aver-
aged, adjusted time-velocity function in the full offset range.

Furthermore, to simplify the process, this averaged time-
velocity function can be obtained from the semblance map,
by picking for each event both the top and the bottom of the
corresponding semblance peak, whose shape normally dis-
plays the decreasing trend of velocity with time along the
pulse length, if the semblance map has been computed with
enough details. If available, an automatic semblance maxima
picker should also follow this trend.

C© 2018 European Association of Geoscientists & Engineers, Geophysical Prospecting, 66, 857–871
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