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Abstract Thin and relatively thin anelastic layers (com-
pared to the signal wavelength) generally represent hydro-
carbon reservoirs, where the rock is a sandstone or a source
rock saturated with brine, oil and gas. The study of the
seismic response of these layers is important to detect the
hydrocarbons on the basis of the reflection and transmission
coefficients and the wave velocity and attenuation prop-
erties. Different seismic experiments (source-receiver con-
figurations) can provide useful information to characterise
its properties. In this work, we consider varying thick-
nesses and Q values of the layer and analyse the reflection
and transmission coefficients. Moreover, we obtain spectro-
grams of surface seismic profiles and vertical and horizontal
well profiles (VSP and HSP, respectively) to analyse their
frequency content with offset due to variations of the atten-
uation properties of the layer. In addition, we compare the
effects due to NMO stretching and intrinsic attenuation
related to the low-frequency shadows (LFS) observed in
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real data after stacking, since LFS can have several causes.
Ambiguity is present in this case, indicating that non-stretch
NMO is required, otherwise an offset mute of the data may
remove useful information regarding the intrinsic (physical)
loss.

Keywords Layer - Attenuation - Spectrogram - Scattering
coefficients - NMO stretch

Introduction

Seismic attenuation can be used to obtain useful information
about the presence of liquids and gas in the underground.
In particular, hydrocarbon reservoirs in the form of thin
layers have a low seismic quality factor due to wave-
loss mechanisms. The main one in porous rocks is mesos-
copic loss by wave-induced fluid flow (Miiller et al. 2010;
Carcione and Picotti 2006; Carcione 2015) related to par-
tial saturation of gas, affecting as well the reflection and
transmission coefficients of the layer as a function of offset.
Seismic loss means loss of high frequencies and basi-
cally the computation of spectrograms clearly reveals this
phenomenon (e.g. Castagna et al. 2003). In the literature,
bright spots related to the presence of gas are identified
in spectrograms with this procedure (Del Ben et al. 2011).
However, according to Barnes (2013), only few cases of
LES are convincing to reveal the presence of gas. Caution
is required since the presence of low frequencies may be
due to other causes, such as NMO stretch, which is impor-
tant at far-offset traces (Dunkin and Levin 1973; Perroud
and Tygel 2004). 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
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low-frequency energy must have been added or amplified
by some physical or numerical process. Attenuation alone
should simply attenuate higher frequencies, not boost lower
frequencies”.

The case of a single interface and the influence of atten-
uation has been considered in Carcione et al. (1998). In
this work, we compute the reflection and transmission—
scattering— coefficients that characterise a layer for varying
thicknesses and @ values and obtain spectrograms for dif-
ferent source-receivers configurations, namely surface seis-
mic profiles, and VSP and HSP profiles (see Fig. 1). In
addition, we compare the effects due to NMO stretching
and intrinsic attenuation related to the LFS observed in real
data after stacking. The method used here to restore the
low frequencies due to NMO stretch is the algorithm pro-
posed by Perroud and Tygel (2004). In order to study this
phenomenon, we compute 2D synthetic seismograms by
assuming a viscoelastic layer and varying the quality factor
and thickness of the layer. The modelling algorithm is based
on a spectrum of relaxation mechanisms to give a nearly
constant Q factor, 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 2015).

Methods and results

Let us consider a lossy layer with a P-wave velocity vy
= 1300 m/s and density p» = 1900 kg/m*® embedded in
a background medium with v; = 2200 m/s, density p; =
2300 kg/m* and Q = 1000. The velocities correspond to
the unrelaxed (high-frequency) limit. The high Q factor of
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VSP (vertical seismic profile)

the latter medium warranties that the attenuation effects are
due to the layer. The viscoelastic properties are computed as
indicated in Appendix A.

Figure 2 shows the representation of a plane wave
through a layer, where the incidence and refraction angles
are indicated, and Appendix B provides the equations
to compute the P-wave scattering coefficients, which are
shown in Figs. 3 and 4. Figure 3 displays the reflection (a)
and transmission (b) coefficients as a function of the inci-
dence angle for i = 30 m and three values of the quality
factor, and Fig. 4 shows the coefficients for 0 = 5 and three
values of the layer thickness. As can be seen, low Q values
(high attenuation) and varying thickness affect the scatter-
ing properties of the layer significantly. Either the reflection
and transmission coefficients change by a factor of two at
normal incidence for Q varying from 5 to 100 (see Fig. 3).

6,

6,

Fig. 2 Representation of a plane wave through a layer
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Fig. 3 Real part of the reflection (a) and transmission (b} coefficients
of the layer for three Q factors, where 2 =30 m

These calculations are essential for the interpretation of real
data.

Figure 5 shows the seismograms corresponding to (a) a
surface profile, (b) a VSP and (c) a HSP. The thickness of
the layer is h = 10 m and Q = 5. The spectrograms are dis-
played in Fig. 6, where the amplitude decreases with offset
mainly due to the geometrical spreading of the wavefield.
The decrease in the surface profile is less pronounced than
in the HSP because in the first case, the absolute value of
the reflection coefficient increases with offset (see Fig. 4).
The frequency bands above 500 m in the VSP correspond to
the combined spectra of the direct wave and reflected event
from the layer (see Marfurt and Kirlin 2001).

Figure 7 represents the spectrograms for 2 = 10 m (a),
40 m (b) and 100 m (c) corresponding to the HSP experi-
ments with Q =35 in the layer. The spectrum of each single
trace is normalised to one, since in this case, we analyse
the loss of high-frequency components of the signal by
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Fig.4 Real part of the reflection (a) and transmission (b) coefficients
of the layer for three thicknesses, where Q =5

observing the shift to low frequencies of the centroid of
the spectrum. We observe that the centroid has been shifted
towards the low frequencies. This shift can be used to quan-
tify the Q factor and the presence of fluid on the basis of a
rock-physics model such as wave-induced fluid flow caus-
ing attenuation (Carcione and Picotti 2006). Spectrograms
for @ = 100 (a) and Q = 5 (b) corresponding to the VSP
experiments are displayed in Fig. 8, where the layer thick-
ness is h = 10 m. We have represented the response below
the layer, since above is the same in both cases. It is clear
that the loss of amplitude in the second case is due to wave
loss, even if the thickness is much smaller than the signal
wavelength, which is of the order of 90 m.

The NMO correction affects the seismic event at medium
and far offsets by stretching the pulse and removing high
frequencies. This effect can be confused with physical atten-
uation. Let us consider the case # = 10 m and Q = 100 in
the layer, so that the main effect is due to NMO stretch.
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Fig. 5 Seismograms: (a) Surface profile, (b) VSP and (¢) HSP. The
thickness is i=10mand Q=5

Figure 9 shows the NMO-corrected event (a) and its fre-
quency spectrum as a function of offset (b). The loss of
frequencies with offset can be observed. NMO stretch can
cause a shift of the stacked event to lower frequencies
(Dunkin and Levin 1973) and therefore, stretch corrections
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Fig. 6 Spectrogram of the reflection response (betore NMO), where
(a) Surface profile, (b) VSP and (¢) HSP. The thickness is A = 10 m
and @ =5

are required to distinguish between physical attenuation
and this artefact. The method used here, illustrated in
Appendix C, to avoid the low frequencies due to NMO
stretch, is the algorithm proposed by Perroud and Tygel
(2004). We assume v = 56 ms and apply Eq. 12 with
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Fig. 7 Normalised spectrograms for i = 10 m (a), 40 m (b) and 100 m
(¢) corresponding to the HSP experiments with Q =5 in the layer

vnmo = vrms+30 m/s. Figure 10 shows the RMS veloci-
ties (dashed line) and v(z) (solid line) used to perform the
non-stretch NMO correction. The corrected gather is rep-
resented in Fig. 11. The effectiveness of the non-stretch
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Fig. 8 Spectrograms for Q = 100 (a) and Q =5 (b) corresponding to
the VSP experiments with i = 10 m

NMO correction can be seen in Fig. 12, where we rep-
resent the normalised amplitude spectrum of the stacked
far-offset traces (2 to 3 km) corresponding to the stretch
(dashed line) and non-stretch (solid line) NMO corrections.
The high frequencies have been recovered. However, the
loss of frequencies due to NMO can be confused with intrin-
sic attenuation effects as shown by comparison of Figs. 9b
and 13, which corresponds to an upper half-space with Q =
40. It is believed that most low-frequency shadows observed
in real data, related to the presence of gas (Taylor et al.
2000), are due to artificial NMO effects (Ebrom 2004).

A possible flowchart to attack the problem represented
by the interpretation of a thin layer can:

I. Compute the reflection and transmission coefficients
to analyse the AVO (amplitude variations with offset)
characteristics of the thin layer.

2. Acquire data with source-receivers configurations other
than the surface profile, which provide more informa-
tion (VSP and HSP).
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Fig. 9 NMO corrected event (a) and normalised spectrogram (b) Fig. 11 Non-stretch NMO corrected event (a) and normalised spec-

(surface profile) trogram (b) (see Fig. 9)
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Fig. 10 RMS velocity (dashed line) and velocity profile used to traces (2 to 3 km) corresponding to the stretch NMO correction
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Fig. 13 Normalised spectrogram of the reflection response (before
NMO), with Q = 40 at the upper half-space

3. Analyse the spectrograms corresponding to the differ-
ent configurations to estimate the @ factor and the
thickness of the thin layer, computing synthetic seismo-
grams (and their respective spectrograms) to help the
interpretation.

4. Regarding the surface profile, estimate the NMO stretch
and proceed to recover the lost frequencies in order
to obtain a better imaging of the thin-layer response
after stacking (possible define the top and bottom of the
layer). This is performed by applying the non-stretch
NMO correction.

5. Use modelling experiments (synthetic seismograms) to
differentiate the frequency loss due to intrinsic attenua-
tion and NMO stretch for each specific case.

Conclusions

‘We have analysed the seismic attenuation effects of a rela-
tively thin layer on different source-receiver configurations
by computing the spectrograms as a function of offset. The
results indicate that either the reflection or transmission
coefficients change by a factor of two at normal incidence
for Q varying from 5 to 100. The decrease of amplitude as
a function of offset at the surface profile is less pronounced
than in the horizontal profile below the layer (e.g. horizon-
tal well) because in the first case, the absolute value of the
reflection coelTicient increases with offset.

The frequency bands above the layer in the VSP cor-
respond to the combined spectra of the direct wave and
reflected event from the layer. This is a phenomenon that
allows one to obtain the thickness of the layer and perhaps
information about the attenuation features of the medium.
We will study these bands for varying Q factor in a future
work. Below the layer, we observe that the centroid has been

shifted towards the low frequencies. This shift can be used to
quantify the Q factor and the presence of fluid on the basis
of a rock-physics model of attenuation. Spectrograms for
high and low @ in a 10-m layer, corresponding to the VSP
experiments, indicate that the loss of amplitude in the sec-
ond case is significant, even if the thickness is much smaller
than the signal wavelength.

Moreover, we show that stretch NMO effects can be
confused with seismic attenuation. A proper non-stretch
correction is required in this case; otherwise, false conclu-
sions can be inferred about the presence or absence of fluids,
which cause high attenuation.

Appendix A: Anelasticity

The phase velocity, attenuation factor and quality factor of
a viscoelastic medium are

! 1 Re(c?)
(p—[Rﬁ‘, (;)] 7 ot-—(ulm (E) ﬂnd Q— I]‘n(—cz)‘
(N

respectively, where here ¢ is the complex velocity of the P-
wave, w is the angular frequency @ = 2xf and “Re” and
“Im” take real and imaginary parts (e.g. Carcione 2015).

We consider a constant quality factor, O, obtained with
a spectrum of L Zener relaxation mechanisms, whose peak
locations are equispaced in log w scale (see Section 2.4.6 in
Carcione (2015)). We then have to find the relaxation times
7.1 and 7, that gives an almost constant Q in a given fre-
quency band centred at wq,, = 1/7gy. This is the location of
the mechanism 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 by

2 T
Q Z WOm TO! (2)
L+ @ T

Carcione (2015), where ay,, is defined below and wy =
1 /7o are the peak locations. Then, the relaxation times are

To! 2 Ty
rf;:a (,/Q0+1+1) and rg;—a(wQ%—H—l).
3)

If fy is the central frequency of the source wavelet, we
assume that the centre peak is located at ax),, = 27 fj.
Finally, the complex P-wave modulus is given by

L ¢ / L 1 + iwty
E()=pl=E § = E — 4
(@)= pe Y ( ) 1+ iwty Wty @)

=
=1 ot =1
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(Carcione 2015; Eq. (2.196)), where Ey = pv? is the unre-
laxed, high-frequency limit modulus and v 1s the real-valued
elastic velocity. If w — oo, E — Ey. Taking into account
that £ = pc?, the quality factor is given by Eqg. 1.

Appendix B: Reflection and transmission
coefTicients

Let us denote with 1 and 2 the background medium and
layer, respectively (see Fig. 2) and consider only the P-
waves. The reflection and transmission coefficients of a
single layer of thickness 4 embedded in a homogeneous
medium, corresponding to an incidence wave with angle 0y,
are
PO ) R
I —r=exp(—=p8)

I = 47127 cos0 cos exp(—p/2) 5

T (Zycosb) + Zycos62) 1 — r2exp(—p) %)
Brekhovskikh (1960), Carcione et al. (2014), respectively,
where

®
B = 2ih (—) costy, Zj=pjci, j=12, (6)
U2
1 = +/—1, w is the angular frequency, ¢ is the complex P-
wave velocity, 5 is the refraction angle
Zocost — Zjcosth
= )
Zycost) + Zjcos by

(7N

and Snell’s law is sin#; /c; = sinf;/c>. Here, we use the
convention exp(iwt) for the Fourier transform. The incident
wave is homogeneous, i.e. the propagation and attenuation
directions coincide (e.g. Carcione 2015).

Appendix C: Correction of the NMO stretch

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(¢). After the
correction, the new (stretched) signal becomes

g(t) = f(t/a), (8)

where a is the stretch ratio, given below. The frequency
domain version of Eq. 8 is

G(w) =aF(aw), (9)

where G and F are the Fourier transforms of f and g,
respectively. The stretch ratio is

=
t x2 du, _
a1 22 |, (10)
fo tovy diy |y,
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where ¢ is the uncorrected traveltime, fy is the corrected
traveltime, x is the offset and vy is the stacking velocity.

The correction can be performed in the frequency
domain, based on Eq. 9 by restoring each frequency compo-
nent w to the right value aw and dividing the result by a, i.e.
if G is the uncorrected spectrum, we have

1 @
F(@)= -G (_) an
a a

Here, we use the method of Perroud and Tygel (2004).
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.

If T represents a time-shift since the onset of the seis-
mic pulse, the following formula gives the adjusted NMO
velocity v(r) for an event at time r(x) for offset x and
NMO velocity vymo (obtained from the velocity analysis)
at zero-offset time #;:

2 r)_”z X
= = s o =
14++vV1+at0 I0UNMO

(12)

v(T) = UNMO (l th

One can observe that v(r) decreases when 7 increases, so
the NMO adjusted velocity always decreases along the seis-
mic pulse. For relatively small , the decrease is quasi-linear
and can therefore be described by a velocity at the begin-
ning of the pulse, and a velocity at the end of the pulse, for
the maximum t whose value should correspond to the pulse
length. We can approximate the NMO velocity by the RMS
velocity, vrms. For n layers, the traveltime is

X2
T=[t2+ . (13)
URMS
where
] n
2
VRMS = — ) Uk, (14)
fo \ =
v is the seismic velocity of the k layer, 7; is the vertical
two-way traveltime within layer k and 19 = Y | 7;.
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