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Windowless Q-factor tomography by the instantaneous frequency
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ABSTRACT
The estimation of the Q factor of rocks by seismic surveys is a powerful tool for
reservoir characterization, as it helps detecting possible fractures and saturating flu-
ids. Seismic tomography allows building 3D macro-models for the Q factor, using
methods as the spectral ratio and the frequency shift. Both these algorithms require
windowing the seismic signal accurately in the time domain; however, this process
can hardly follow the continuous variations of the wavelet length as a function of
offset and propagation effects, and it is biased by the interpreter choice. In this paper,
we highlight some drawback of signal windowing in the frequency-shift method, and
introduce a tomographic approach to estimate the Q factor using the complex at-
tributes of the seismic trace.We show that such approach is particularly needed when
the dispersion is broadening the waveforms of signals with a long wave-path. Our
method still requires an interpretative event picking, but no other parameters as the
time window length and its possible smoothing options. We validate the new method
with synthetic and real data examples, involving the joint tomographic inversion of
direct and reflected signals. We show that a calibration of the frequency-shift method
is needed to improve the estimation of the absolute Q factor, otherwise only relative
contrasts are obtained.

Key words: Anelastic absorption,Complex attributes, Signal processing,Attenuation,
Tomography.

INTRODUCTION

Anelastic absorption of seismic waves provides key informa-
tion about the Earth, together with P- and S-wave velocity and
density contrasts. It is measured by the Q factor, which is ‘the
ratio of 2 π times the power stored to the power dissipated’ in
a seismic signal, during its propagation (Sheriff 1973). The Q
factor is an independent rock property,whose sharp variations
produce reflected arrivals even when the other properties men-
tioned above are constant in space (Zavalishin 1982; Lines
et al., 2008, 2011). It is also a good indicator for hydrocar-
bon or water reservoirs, as fractured or fluid-saturated rocks
dissipate more seismic energy than solid, tight formations (see
e.g. Raikes andWhite 1984; Nur 1989; Best et al., 1994; Helle
et al. 2003; Prasad et al. 2005; Carcione and Picotti 2006; Car-

∗E-mail: avesnaver@inogs.it.

cione 2014; Morozov and Baharvand Ahmadi 2015, among
many others). A possible cause for energy loss is the boundary
friction of the grains composing the rocks: thus, a lowQ factor
may suggest a poorly consolidated formation. Another cause
is the dissipation due to viscous flow of the saturating flu-
ids within the rock matrix, which is related to other rock pa-
rameters as porosity and pore pressure. Unfortunately, other
propagation effects, as the scattering from sparse anomalies
or tuning effects by fine layers, produce signal distortions that
are very difficult to be singled out from the so-called intrinsic
absorption,which is mainly a conversion of elastic energy into
heat or electricity, by a piezo-electric effect. Several attempts
to distinguish these factors can be found in the existing litera-
ture, but this problem is still an open research frontier (White
1966; Kjartansson 1979; Wu 1985; Matheney and Nowack
1995; Hackert and Parra 2003, among many others). An
additional problem was addressed more recently by Mulder
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and Hack (2009a,b), highlighting a cross-talk between P ve-
locity and Q factor when they are estimated jointly. This
relevant point is a motivation for our paper, which aims at
estimating the anelastic absorption coefficient independently
from the velocity by propagating waves.

The dissipation is frequency dependent, reducing the am-
plitude of higher frequencies more than the lower ones. Ward
and Toksöz (1971) showed that the attenuation effect of an
anelastic medium on seismic waves can be approximated by a
filter A(f) as

A
(
f
)

= exp

⎛

⎝ − f
∫

ray

α0 dr

⎞

⎠ , (1)

where f is the frequency and α0 is a kind of average anelas-
tic absorption coefficient for a given frequency band. The
usual bandwidth available for seismic surveys ranges from
5 to 100 Hz. Should we include much higher frequencies
in our analysis, as core lab measurements, we should al-
low for the frequency dependence of the Q factor Q(x),
that is,

Q (x) = π f/ [v (x) a (x)] , (2)

where v(x) and α(x) are the local velocity and absorption coef-
ficient at the point x (Sheriff 1973, p. 174; Carcione 2014, eq.
(3.129)). Quan and Harris (1997) suggested approximating
this frequency dependence by introducing the modified atten-
uation coefficient α0 ≈ α/f, so simplifying (2) a:

Q (x) = π/ [v (x)α0 (x)] . (3)

This approximation is acceptable within a limited fre-
quency band and is a basic assumption, together with equation
(1), for the frequency-shift method (Quan and Harris 1997),
which we will use later in this paper. In other words, α0 is a
kind of average absorption coefficient within the frequency
band of the available signals.

The frequency-shift method is one of the most popular
algorithms for estimating the anelastic absorption, together
with the spectral ratio (Båth 1974; Jannsen et al., 1985), al-
though others were proposed over the last decades, as summa-
rized by Tonn (1991). They compare the signal injected by the
source with that one reaching the receiver. Both algorithms
do not require a very accurate compensation for the ampli-
tude decay of seismic signals due to the geometrical spread-
ing, source and receiver directivity and coupling, as the rise
time method (Gladwin and Stacey 1974). Picotti and Carcione
(2006) showed that the frequency-shift method is more robust
than spectral ratio when the signal is contaminated by random

noise. However, both suffer from another drawback, that is,
they require extracting the entire waveform of the signal by
windowing the seismic trace in time. In this paper, we high-
light a few drawbacks of signal windowing in the framework
of Q-factor tomography and prove that complex attributes
provide a simple and satisfying solution. We show that the
waveform broadening due to the dispersion, accumulated by
a long propagation path, distorts the Q-factor estimations by
windowed signals more than when using complex attributes.
We also discuss other limitations and implicit assumptions of
the frequency-shift method, which, in our opinion, is a solid
tool for building macro-models of anelastic absorption for the
Earth. We show that a calibration by well data or geological
information is needed to approximate absolute Q-factor val-
ues; otherwise mainly relative differences among adjacent for-
mations are estimated.

THE FREQUENCY-SHIFT METHOD

The frequency-shift method of Quan and Harris (1997) calcu-
lates the anelastic absorption factor α0 in the model and, from
this value, the Q factor. Their equation links the cumulative
absorption to the difference between the spectral centroid of
the signal emitted by the source,CS, and that one measured at
the receiver, CR. The centroid C of a general function g(x) is
defined as follows:

C =
∫
x g (x) dx∫
g (x) dx

. (4)

In the special case when g(x) is an amplitude spectrum,
we adopt the term spectral centroid.

For a source signal with a Gaussian spectrum S(f) ex-
pressed by

S
(
f
)

= exp

[

−
(
f − Cs

)2

2σS2

]

, (5)

we get the following expression for computing α0, where the
integral is calculated along the ray path joining source and
receiver, for a picked seismic signal:
∫

ray

α0dr = G
(
f
)
(CS −CR)/σS2, (6)

where CS and CR are the spectral centroids of the seismic sig-
nal at the source and at the receiver, respectively.

The ray path used for the integration is the same one ob-
tained by the traveltime inversion used to estimate the P veloc-
ity. Errors in the velocity field can affect so the α0 estimation
but not vice versa. However, in our approach a minimum-time
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ray-tracing method is embedded (Vesnaver 1996a,b), which
is not very sensitive to minor velocity variations (unlike the
shooting method, for example), and so no major instabilities
may be expected from this algorithm step. Instead, errors in
the local velocity affect the Q factor directly, with a higher
sensitivity, as it is inversely proportional to the velocity itself
(see equation (2) or (3)).

In equation (6), σ S
2 is the variance of the source signal,

obtained by using its frequency spectrum S(f):

σS
2 =

∫ ∞
0

(
f −CS

)2 S( f )d f
∫ ∞
0 S( f )d f

. (7)

The filter G(f) in equation (6) accounts for several prop-
agation phenomena, so it is expected to be frequency depen-
dent. In their theory, however,Quan andHarris (1997) assume
that G(f) may be approximated by a constant: G(f) = G or,
perhaps oversimplifying, just set to 1. Another factor depends
on the source wavelet type: it is 1/σ S

2 for a Gaussian spec-
trum, but approximately 12/B2 and 18/B2 for a boxcar and
a triangular spectrum, respectively, where B is the frequency
bandwidth.We can lumpG and the shape factor into one con-
stant only, that is, K = G/σ S

2, getting the practical formula:
∫

ray

α0dr = K(CS −CR), (8)

whereK is a real value to be calibrated independently, depend-
ing on the seismic data acquisition and propagation effects.
Getting K experimentally is a tremendous challenge. Fortu-
nately, errors in its estimation will affect only the absolute
value of the calculated absorption, and not the relative val-
ues of local anomalies; thus, equation (8) remains a good tool
to detect lithology changes within a geological formation.

TUNING THE ANELASTIC ABSORPTION
ESTIMATION

A contribution to reduce the uncertainties in estimating K
is suggested by Quan and Harris (1997) themselves. As real
spectra do not resemble normally Gaussian, rectangular or
triangular shapes, they suggested to fit the actual spectrum
with that one of a Gaussian, without providing further details.
This approximation is acceptable for narrow-band signals,
as Ricker wavelets, but is weak when it comes to broad-band
ones, or when source and receiver ghosting and array fil-
tering are not compensated for, or for complex shapes from
airgun arrays. Mazzotti (1991) showed these effects in the
framework of amplitude versus offset studies. None among
Gaussian, rectangular or triangular shapes are optimal to fit

the variety of amplitude spectra of real seismic data; however,
when adopting a Gaussian our estimate comes from an ana-
lytical formula, avoiding further numerical approximations if
using the others.

A Gaussian-like function y(f) may be defined by three pa-
rameters:

y
(
f
)

= A exp

[

−
(
f − fd

)2

2σ 2

]

, (9)

where A is a scale factor, fd is the dominant frequency of the
curve and σ 2 is its variance. The centroid f0 can be obtained
from the amplitude spectrum S(f) by computing

f0 =
∫ ∞
0 f S( f )d f
∫ ∞
0 S( f )d f

, (10)

while the factor A can be calculated by imposing that the total
energy of the wavelet spectrum is equal to that one of the ap-
proximating Gaussian function. In the very particular case of
a Gaussian spectrum, the centroid is the same as the dominant
frequency, that is, fd = f0, but in general this is not granted. The
remaining parameter σ , which defines the Gaussian width, is
obtained by minimizing the misfit between S(f) and the Gaus-
sian function.

Figure 1 shows the Gaussian approximations (orange
lines) for the amplitude spectra of two minimum-phase But-
terworth wavelets, with a narrow-band (10–20 Hz) and a
broader band (10–80 Hz). When the band is narrow, a Gaus-
sian is a good approximation of the original spectrum: the σ

value computed using the Gaussian is 4.47 Hz, which is very
close to the dispersion of the wavelet spectrum (σ = 3.98).
In this case, then, we can use the latter simplified calculation.
Instead, when it comes to the broader band, the difference be-
tween the Gaussian way (σ = 28.56) and the plain dispersion
of the wavelet samples (σ = 6.99) is too large. In this case, the
Gaussian approximation is definitely needed, because the de-
viation from the approximated formulae by Quan and Harris
(1997) becomes too large.

The dependence of the factor K in equation (8) from
the source wavelet is important when it changes significantly
along a profile: for example, in surveys over a transition zone,
switching from air guns to dynamite and/or Vibroseis sources,
possibly with different bandwidths.

THE WINDOWING PROBLEM

To extract the signal waveform, interpreters pick first its maxi-
mum or minimum, or even the first break, for minimum-phase
signals. If the wavelet is zero-phase, as for Vibroseis data, the
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Figure 1 Amplitude spectra (blue lines) and approximating Gaussian functions (orange lines) for a narrow-band Butterworth wavelet, with a
frequency range 10–20 Hz (a) and a broader wavelet with a range 10–80 Hz (b).

Figure 2 A 30-Hz zero-phase wavelet (left) and 20 traces with two interfering similar wavelets, whose centre distance increases from 5 to 100
ms, in steps of 5 ms per trace (right).

picked traveltime is set as the centre of the time window. The
window size is chosen to include most signal energy, prefer-
ably at the zero-crossing points of its sidelobes. Let us con-
sider the zero-phase wavelet in Figure 2 (left), whose features
are detailed in Appendix A. A possible choice for including
the main positive lobe and the first two sidelobes would be a
time window from 175 to 225 ms, so with a size of 50 ms. If
the second sidelobes are also being included, a size of almost
83 ms is needed.

If the chosen window cuts the waveform away from the
zero-crossing points, spurious frequencies are generated by
the well-known Gibbs phenomenon. Figure 3a shows a win-
dowed 30-Hz wavelet with a time span that cuts part of its
main side lobes, and Figure 3b its amplitude spectrum. The
latter one shows many ripples at high frequencies, which let
the centroid (red vertical line) to be located far from 30 Hz
(Fig. 3b). However, if a 70-Hz rectangular low-pass filter is
applied to the windowed waveform before computing the
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Figure 3 A windowed 30-Hz zero-phase wavelet (a,d) and its spectrum with a time cut without (b) and with a low-pass 70-Hz filtering (c).
The vertical red lines show the different estimated centroids. The window is cutting part of its side lobes. When the window length exceeds the
wavelet duration, the centroid estimation is good wherever the filtering is used (f) or not (e).

centroid, spurious frequencies are filtered out and a fair cen-
troid frequency is estimated (Fig. 3c). If the time window ex-
ceeds the wavelet duration (Fig. 3d), we get an acceptable
value even when no filtering is applied (Fig. 3e,f).

Figure 4 shows the dependence of the estimated spectrum
centroid on the size of a time window centred to the maxi-
mum of the 30-Hz wavelet, when using a sharp 70-Hz low-
pass filter (red line) or not (blue line), or a smooth, tapered
filter (green line). The latter ones are very unstable and wrong
up to 50 ms of the window size, when it flattens to a value
close to 30.9 Hz. The filtered version, instead, is almost al-
ways flat and quite correct, stabilized at a value of 30 Hz.
The discrepancy between these two asymptotic values is due
to the non-perfect symmetry of the wavelet spectrum with re-
spect to its dominant frequency: 30.9Hz is a more appropriate
estimate. Thus, low-pass filtering stabilizes the algorithm, but
distorts its result significantly when the time window is short.
Moreover, when it comes to real data with a complex Earth
reflectivity, too a long window may include multiple adjacent
events, so getting still a wrong estimation.

The Gibbs effect can be mitigated by smoothing the time
cut usingHamming, Bartlett and cosine-tapered windows, and
many others (see e.g. Båth 1974). However, whatever size and
smoothing we choose for the source signal, we cannot expect
at all that such a window will be appropriate for any recorded
signal after its propagation through the Earth: indeed, anelas-
tic absorption and dispersion may severely modify the original
wave shape that we used for our design. Ideally, each wavelet
should be cut by its own personal window, but this is very
impractical and hard to control.

A further difficulty is added when it comes to minimum-
phase signals, as those ones from air guns or dynamite. In that
case, we cannot simply set the picked traveltime as the win-
dow centre: we must measure the time delay between the time
break of the signal and its maximum, subtracting this delay to
fix the time window start. And again, we must expect that this
delay will be modified too by the propagation effects, getting
new spurious frequencies in the resulting spectra.

For these reasons, estimating the Q factor using a sig-
nal windowing is a weakness for these methods. However, the
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Figure 4 Estimated spectrum centroids for a 30-Hz zero-phase
wavelet as a function of an increasing window length, without (blue
line) and with (red line) a sharp frequency cut at 70 Hz, and with a
smoother low-pass filter, with a taper starting at 50 Hz (green line).
The sampling rate is 1 ms.

frequency-shift method does not require computing actually
a spectrum, but its centroid. This makes a difference with re-
spect to the spectral ratio, as we can exploit some properties
of analytic signals (Gabor 1946; Ville 1948) to compute the
waveform centroid without any windowing.

WAVELET SPECTRUM CENTROID FROM
COMPLEX ATTRIBUTES

The analytic signal theory was introduced in seismic data pro-
cessing by Taner et al. (1979), together with the related termi-
nology. Indicating by x(t) a real function in the time domain,
the associated complex trace c(t) is defined as

c (t ) = x (t ) + iy (t ) = x (t ) + iH {x (t )} , (11)

where i is the imaginary unit, y(t) is the imaginary part and
H{.} indicates a Hilbert transform. The complex trace c(t) can
also be expressed in polar coordinates:

c (t ) = e (t ) exp [iφ (t )] , (12)

where

e (t ) = |c (t )| =
[(
x(t )2 + y(t )2

)]1/2
and

φ (t ) = arg[2x] {c (t )} + 2k π , (13)

where Arg{.} indicates the argument operator.
The complex attributes e(t) and φ(t) are called envelope

and instantaneous phase of the complex trace c(t), respectively.
This definition remarks that the instantaneous phase is not
uniquely defined, because of the arbitrary integer multiple k
of 2π involved. In most cases, this is not a problem: we can
set: k = 0 and simplify this definition. Doing so, we get the
principal value of the phase, or the wrapped phase in jargon,
characterized by sharp discontinuities any time its value ap-
proximates ± π . Those discontinuities create heavy instabil-
ities when we take its time derivative φ’(t), called instanta-
neous frequency in the geophysical jargon. (Mathematically
speaking, a correct term to be used would be instead instan-
taneous angular frequency.) Removing these discontinuities is
called phase unwrapping, and there are many methods to deal
with that problem (Tribolet 1977; Poggiagliolmi et al., 1982;
Shatilo 1992; Kaplan and Ulrich 2007; Herrera and van der
Ban 2011). Most of these methods require setting thresholds
for the maximum difference among adjacent samples, or the
smoothness of the first derivative.However, these user-defined
parameters or constraints introduce an interpreter’s bias in the
unwrapping procedure, which is not ideal, as different users
may get different, incompatible results.

Barnes (2007a) and Poggiagliolmi and Vesnaver (2014)
introduced an algorithm to compute the instantaneous phase
and frequency without user-defined parameters. They can be
calculated by defining a normalized complex trace n(t):

n (t ) = c (t ) /e (t ) = exp [iφ (t )] . (14)

The instantaneous frequency φ′(t) then is

φ′ (t ) = −in∗ (t )n′ (t ) , (15)

where n*(t) and n′(t) are the complex conjugate and time
derivative of the normalized complex trace, respectively. Ves-
naver (2017) showed that this formulation is quite robust
with respect to noise contaminations, and its implementation
is easy and efficient.

Instantaneous frequency has been used for decades as an
interpretation aid to define a seismic stratigraphy and, more
recently, as an indicator to be fed into neural networks to de-
tect subtle features in the data volume, which the human eye
could fail to recognize. Besides these applications, there is a
further use not less relevant. According to Ackroyd (1970),
instantaneous frequency is the centroid of the instantaneous
spectrum of the analytic signal. This is a useful clue for esti-
mating the Q factor.
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FROM INSTANTANEOUS FREQUENCY TO Q
FACTOR

Adapting the derivations of Saha (1987) and Barnes (1991),
we can express the complex trace c(t) as

c (t ) = e (t ) exp [iφ (t )] =
∞∫

−∞

C
(
f
)
exp

(
2π ift

)
d f , (16)

where C(f) is the Fourier transform of c(t) and f is the fre-
quency. Taking the time derivative of (16), we get

e′ (t ) exp [iφ (t )] + ie (t ) exp [iφ (t )]φ′ (t )

=
∞∫

−∞

2π i f C
(
f
)
exp

(
2π ift

)
d f . (17)

Substituting (16) in the second term of the left member in
(17), we get

e′ (t ) exp [iφ (t )] + iφ′ (t )

∞∫

−∞

C
(
f
)
exp

(
2π i f t

)
d f

= 2π i

∞∫

−∞

f C
(
f
)
exp

(
2π i f t

)
d f . (18)

At the envelope maxima (or minima), e′(tm) = 0, and in
that case (only) we may simplify (17) as follows:

φ′ (tm)

∞∫

−∞

C
(
f
)
exp

(
2π i f tm

)
d f

= 2π

∞∫

−∞

f C
(
f
)
exp

(
2π i f tm

)
d f . (19)

Saha (1987) introduced a time translation that moves the
extremum location tm to the origin t0, so zeroing the exponen-
tial terms in (19) and getting the final relationship:

φ′ (tm) =
2π

∫ ∞
−∞ f C( f )d f

∫ ∞
−∞C( f )d f

. (20)

This equation means that the instantaneous frequency
φ′(tm) at the envelope extrema (only) is equal to the spec-
trum centroid of the related signal. However, we look mainly
at maxima, because they are related to the most visible and
reliable signals we can interpret.

At this point, we can link equations (15) and (20) to the
key relationship (8) for the frequency-shift method of Quan
and Harris (1997) and calculate the anelastic absorption fac-
tor α0 and, from this value, the Q factor.

VALIDATION BY SYNTHETIC EXAMPLES

Figure 2 (right) shows 20 traces obtained by convolving the
30-Hz wavelet at left with a set of spikes coupled with an in-
creasing separation in time, starting with 5 ms and increasing
by 5ms per trace as wemove from left to right, getting a wedge
convolutional model. For small distances between the spikes,
the wavelets overlap heavily, whilst at the wedge end they are
totally separated. Figure 5 allows comparing the centroids es-
timated by the spectral barycentre (as in equation (10)) with
those obtained by the instantaneous frequency at the envelope
maximum (as in equation (15)). Using four different window
lengths, with the same zero-padding for the spectral barycen-
tres, we see that both methods get significant errors when
the overlap is large, reaching both a perfect estimation when
there is not overlap at all. However, the envelope method (blue
line) converges mostly to the true solution (yellow line) earlier
than the centroid method (orange line), so displaying a bet-
ter robustness with respect to wavelet interferences. Note that
the window length has two different meanings for the two
methods: for the centroid, it is the length of the waveform
cut, whilst for the envelope method it is only the window to
search for its maximum.We notice indeed, that, except for the
shortest window,where some sidelobe in the wavelet envelope
might have been chosen wrongly by our picking algorithm, for
larger windows the estimation is almost identical, so proving
a better consistency and stability of this approach.

The previous example included zero-phase wavelets with
the same duration, although partially overlapping: thus, as-
suming a constant window length was a reasonable choice. In
a more realistic (but still simple) case, we modelled direct ar-
rivals in a homogeneous, visco-acoustic medium, with a P ve-
locity of 2000m/s and aQ factor of 50, using a pseudospectral
2D code described by Carcione (1993, 2014). The grid spacing
is 5 m in both the x and z directions, the time sampling rate is
1 ms, and the boundary condition is a perfectly matched layer
all around. The anelasticity is described by the standard lin-
ear solid, also known as the Zener model (Zener 1948). The
source is located at 100 m from the left side of the model, and
receivers are located horizontally at all grid points with the
same depth as the source. The wavelet used as a source is a
minimum-phase Butterworth signal, with a bandwidth from
10 to 80 Hz.

Figure 6 shows the linear pattern of direct arrivals along
seismic traces, as a function of the offset from the source.
We notice the dispersion effect that extends the waveforms’
duration as the offset increases. Thus, to capture the wave-
form precisely, an ideal window should have an offset- and

© 2020 European Association of Geoscientists & Engineers, Geophysical Prospecting, 1–26
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Figure 5 Estimated spectrum centroids for the wavelets in Figure 2 (right), using envelope and instantaneous frequency (blue lines) or windowed
signals (orange line), for different window lengths. For the envelope case, the window is used only to limit its maximum search.

time-dependent duration. Furthermore, while picking the sig-
nal maximum at small offsets is immediate, it becomes quite
questionable at large offsets for both direct arrivals and shal-
low reflections, because the phase rotations may be large. This
is not a drawback for the frequency-shift method, as it exploits
the centroids of the amplitude spectra, which are not changed
by the phase rotations. The windowless approach we propose
removes the possible signal chopping in the time domain, and
the consequent spurious spectral components.

For this geometry, equation (8) simplifies as

∫

ray

α0dr = α0x = K (CS −CR) , (21)

where x is the offset between the source and the receiver. Thus,
if K may be approximated by 1/σ 2, as assumed by Quan and
Harris (1997) for a Gaussian, the α0 parameter is just the
slope of the frequency shift (CS – CR) versus the offset x. How-
ever, if the wavelet spectrum is not a Gaussian, we saw above
that K is dependent on the specific wavelet shape. Figure 7
shows the cumulative frequency shift (i.e. the value of the in-
tegral in equation (8)) plotted as a function of the offset x,
estimated using the spectrum centroid and the envelope, both
using a Gaussian approximation and just a simple variance
of the source amplitude spectrum. The two ways for approxi-
mating the variance induce small differences, while the differ-
ence between the centroid and the envelope is more relevant.
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Figure 6 Normalized traces of a common-shot gather with direct arrivals in a visco-acoustic homogeneous medium, with a P velocity of 2000
m/s and a Q factor equal to 50. We notice the dispersion effect that is broadening significantly the wavelet duration, as the offset increases.

Figure 7 Cumulative frequency shift versus offset for the direct ar-
rivals in Figure 6, using factors K computed in different ways: cen-
troid with a simple variance (blue) or a Gaussian approximation (red),
and with the envelope with a simple variance (yellow) or a Gaussian
approximation (violet). The theoretical linear function is the black
dashed line.

All of those, however, are different from the theoretical lin-
ear trend (dashed line), and so are wrong, strictly speaking;
what is correct for all of them, instead, is the linearity, except
at a small distance from the source. Figure 8 shows that the

Figure 8 Cumulative frequency shift versus offset for the direct ar-
rivals in Figure 6, using factors K computed with a simple variance:
centroid (blue) and envelope (red), almost totally overlapped, and a
calibrated envelope (yellow). The theoretical linear function is the
black dashed line.

fit becomes definitely good by calibrating the envelope curve
with the theoretical curve, by imposing that their slope is the
same. For example, we could use direct arrivals to calibrate
reflected and refracted arrivals from the underlying layers. In
this way, we get a data-driven calibration of the K factor. The

© 2020 European Association of Geoscientists & Engineers, Geophysical Prospecting, 1–26
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Figure 9 Visco-acoustic 2D model with a reflecting/refracting inter-
face. Models A and B are identical, except for the value of the Q fac-
tor in the material (3). The stars show the source locations, while the
receivers are located along the dotted line, regularly spaced 5 m apart.

Table 1 Material properties of the model in Figure 9. Models A and
B are identical for all parameters, except for the Q value in material
3, which is 20 for model A and 200 for model B

Material P velocity (m/s) Q factor Density (kg/m3)

1 2000 200 1800
2 3000 100 2500
3 2000 20 (A) – 200 (B) 1800

estimates for the Q factor become so closer to their absolute
values, instead of detecting mainly their relative variations.

In both Figures 7 and 8, we notice a deviation from the
linear trend for very short offsets. This may be due to some
limit in themodelling for the near field, very close to the source
point.

To go further, we use now two synthetic models described
in Figure 9. The general framework for both models is a hor-
izontally layered model with only two layers stacked one on
top of the other, and with a homogeneous material in each
layer (described in Table 1). In addition, at the bottom of the
upper layer we add a small localized (azimuth-wise) anoma-
lous area, which differs from the material of the top layer only
with respect to the Q factor: Q = 20 for model A and Q =
200 for model B (no anomalous area).We set up then three dif-
ferent experiments using each a different source position (the
asterisks in Fig. 9), all at the same shallow depth but crossing
the anomaly in different ways (from the left, from atop and
from the right). The receivers are set at each grid point of the
model (so every 5 m) at the same depth as the sources, along
the dotted line in the figure. The two-layered framework al-
lows a major reflector at 1285 m vertically under the source
level. The synthetic data were computed using the same mod-

elling code and the same time and spatial sampling as for the
shot gather in Figure 6.

Figures 10 and 11 show the common-shot gathers ac-
quired in the two models, using the same grid as for the di-
rect wave experiment in Figure 6. We subtracted the direct
waves for the plots as they are very strong, to highlight bet-
ter the tiny differences in the other arrivals.We can appreciate
visually that the reflections’ amplitude in model A (Fig. 10)
are different from that in model B (Fig. 11). We also notice
shallow reflections and diffractions in Figure 10, due to top
and the edges of the Q-factor anomaly, which are missing in
Figure 11 instead. Figure 12 highlights these differences even
better, obtained by subtracting the first gathers from the sec-
ond ones. The shallow arrivals are pointed out by blue arrows.
In the central part, where the lateral variation of the Q factor
for the material 3 anomaly becomes effective, the amplitude of
the reflections changes as well (yellow arrows): the Q factor is
contributing to the reflectivity, as the two other related param-
eters, P velocity and density, are not changing at all between
the two models. In the lower part, green arrows point to sig-
nals scattered by the anomaly bottom. This result is consistent
with those ones carried out by Lines et al. (2008, 2011).

Figure 13 shows the tomographic inversion of the Q fac-
tor in the upper layer using the shot gathers acquired inmodels
A and B, and the algorithm based on complex attributes. The
source locations are indicated by crosses. For the inversion,
we assumed the interface depth as known, and used a homo-
geneous medium as an initial model with P velocity of 2000
m/s and a Q factor equal to 100. We adopted the staggered
grid approach (Vesnaver and Böhm 2000), dividing both the
upper and lower layers into 30 cells with a lateral size of 100
m, and shifting them 3 times, so getting a final resolution of 90
cells, corresponding to a lateral interval of 33.3 m. In model
A (Fig. 13a), the left side, which is actually homogeneous with
a Q value of 200, is nicely recovered, while the anomaly is
detected on the right side, although it is spread vertically be-
cause of the model discretization. In model B (Fig. 13b), the es-
timatedQ oscillates around the correct value of 200, except at
the left and right borders, where the ray coverage is minimum.
If we use the known, correct model boundaries (Fig. 14a), the
result is almost perfect. Of course, we are never in this situ-
ation really, as the anomaly shape is unknown. To delineate
its boundaries, we can adopt a finer discretization (Fig. 14b),
allowing both lateral and vertical variations.We also assumed
that the Q estimates are limited by minimum and maximum
values of 20 and 200, respectively. Doing so we get a better
result, taking into account the limited number of available
sources.
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Figure 10 Shot gathers acquired with model A, including the local Q-factor anomaly.

Figure 11 Shot gathers acquired with model B, without the local Q-factor anomaly. The colour scale is the same as in Figure 10.

To validate and compare further the two algorithms for
the Q-factor inversion, we model 29 shot gathers spaced 100
m apart, with the same grid and receivers as for the previous
test. In addition to reflected arrivals, we picked and inverted
the direct arrivals too. As the smearing effect in Fig. 14(a) is
due also to the discretization, which seems too fine, we split
the upper layer into 8 sub-layers only. In this way, we expect
a reduction of the inversion instabilities, and so we widened
the constraints for the acceptable Q values in a range from
20 to 300. The anomaly image is improved both using the
spectral barycentre (Fig. 15a) and the envelope (Fig. 15b),
although both show a degraded background elsewhere. The
contribution of direct arrivals is visible in the uppermost sub-
layer, which is improved in the case of spectral barycentre,
while it is not so in the other case. However, if we split the
upper layer into two parts only (Fig. 16), we notice that the

envelope is delineating the anomaly in a sharper way, while
the spectral barycentre estimated Q-factor values that are
closer to the known absolute ones. In Figures 15 and 16 we
preferred individual colour scales to highlight the Q factor
contrasts, which is the more reliable information we can get.
From this point of view, the envelope achieves sharper images,
while the spectral barycentre seems more robust with respect
to imaging artefacts.

APPLICATION TO REAL DATA

Various application examples of the frequency-shift method
to real data have been presented quite recently (Böhm et al.,
2006; Rossi et al., 2007, 2011, among others), using windows
to extract and invert the waveforms to estimate the Q factor.
To get a clue about the new proposed method, we inverted a
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Figure 12 Difference of the shot gathers from models A and B. Yellow arrows point to reflection differences, blue arrows to reflections and
diffractions from the upper part of the anomaly, due to the Q-factor variation only, and green arrows from its lower part. The traces have been
normalized by the absolute average value of the three gathers, to improve the difference visibility.

marine profile acquired in the Gulf of Trieste (Italy) by OGS,
the Italian National Institute of Oceanography and Applied
Geophysics.

The geological setting of the eastern gulf (northeastern
Adriatic Sea, Fig. 17, inset) results from a multi-phase tectonic
activity (Busetti et al., 2010a,b). In the Mesozoic, an exten-
sional regime generated NE–SW normal and transtensional
faults, allowing the aggradation of the Mesozoic–Paleogene
Friuli-Dinaric Carbonate Platform. In the Paleogene, the Di-
naric orogeny gradually developed SW, originating the NW–
SE-trending Karst Thrust along the eastern rocky coast and
deflecting the carbonate platform E-ward, where it reaches
a depth of about 1.5 km (Busetti et al., 2010a,b; Dal Cin
2018; Picotti et al., 2018). During this phase, the foredeep
was filled by the Eocene turbiditic flysch, which thins W-
ward and pinches out on the carbonate margin. The for-
mation top is depicted by a Pliocene unconformity covered
by Quaternary marine and continental sediments. Fluids are
present in the sedimentary sequence and leak in the seawa-
ter, as proven by direct investigations at seabed (e.g. Gordini
et al., 2012) and as shown by high-resolution seismic im-
ages (Busetti et al., 2019), by acoustic disturbance and ve-
locity anomaly trends in the shallowest reflective packages
(Busetti et al., 2013; Dal Cin et al., 2018). The carbonate
platform is the reservoir of low-enthalpy Miocene salty wa-
ter exploited by two wells drilled at the Grado Island (Della
Vedova et al., 2015). Migration of deep fluids occurs along
fault systems reactivated in transpressional kinematics dur-
ing the Neogene N–S Alpine compression (Busetti et al.,
2013).

The GT09-11 profile is part of the 281-km seismic survey
acquired in 2009 by OGS, onboard the R/V OGS Explora, in
the Gulf of Trieste (Zgur et al., 2010). The marine operations
applied a roll-along method, with a medium–high seismic en-
ergy source consisting of an array of 8 × Sleeve GI-Gun with a
total volume of 19.34 litre, deployed at a depth of 5 m ± 0.5 m
below the sea surface. A 1200-m-long digital Sercel Seal type
streamer, with 96 receiver groups, was towed at a depth of 3
m ± 0.5 m below sea surface. Considering a standard acous-
tic velocity in water of 1500 m/s, the theoretical first notch of
the frequency/amplitude spectrum of the recorded signal re-
sults to be 250 Hz. The source signal gives at the first notch
of the spectrum a maximum frequency of 150 Hz, which re-
sults to be the frequency limit of the overall spectra of both
the generated and recorded seismic signals.

The OGS GT09-11 profile has a total length of 48,217 m.
It is NE–SW oriented, almost perpendicular to the Karst coast-
line and crosses the Gulf of Trieste entirely in Italian waters.
The sector chosen for the analysis is located in the northeast-
ern most part of the gulf (Fig. 17). It is 10,737.5 m long, ranges
from shot point 100 to 960 and covers the Dinaric foredeep,
where the depth of top the carbonate platform deflects east-
wards, the thickness of the flysch reaches its maximum values,
and the Quaternary sediments thin.

The first arrivals are composed of a mixture of reflec-
tions and refractions from the seabed. The reflections from
the top flysch were picked along each common-shot gather of
the selected sector of GT09-11 profile. Figure 18 shows raw
seismic traces recorded for gathers 200, 450, 707 and 910 al-
most equally distanced from northeast to southwest along the
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Windowless Q-factor tomography 13

Figure 13 Tomographic images for the Q factor in the upper layer of model A (a) and model B (b), using staggered grids and vertical voxels.
The crosses indicate the source locations.
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Figure 14 Tomographic images for the Q factor in model A, assuming known interfaces (a) and gridded inversion of the upper layer (b). The
crosses indicate the source locations. The model parts not covered by rays are left blank.
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Windowless Q-factor tomography 15

Figure 15 Tomographic images for the Q factor using 29 shot gathers in model A, when splitting the top layer into 8 pseudo-layers: spectral
barycentre (a) versus envelope (b).
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Figure 16 Tomographic images for the Q factor using 29 shot gathers in model A, when splitting the top layer into two pseudo-layers only:
spectral barycentre (a) versus envelope (b).
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Figure 17 Location map of eastern Gulf of Trieste (Italy) with location of the eastern part of the OGS GT09-11 profile (green line) and the
sector chosen for the analysis (bold green line), with superimposed shot point (SP) positions every 100. Stars show position of Grado geothermal
wells. Onshore geology represented for Istria Friulian Plain and Italian Karst Plateau (GEO-CGT 2013), Slovenian Karst Plateau. Inset: chains
and foreland domains of the region surrounding the Gulf of Trieste.

profile, and Figure 19 shows the corresponding spectra as a
function of the offset. In gather 200, the arrival time at first
trace is 40 ms and 171 ms for seabed and top flysch reflected
event, respectively. The first refracted event related to the top
flysch is identified at trace number 35, where the arrival time
is 294 ms. In gather 910, the arrival time is 44 ms (trace 1) and
240 ms (trace 20) for seabed and top flysch reflected event, re-
spectively. The first refracted event related to the top flysch is
identified at trace number 49,where the arrival time is 407ms.
The refracted events are detected up to the 96th trace in all the
shot point gathers, but arrival times increase westwards (e.g.
490 and 570 ms in gathers 200 and 910, respectively). Unfor-
tunately, the direct arrivals are very weak and could not be
used to calibrate the K factor in equation (8). As we had not
available well logs either,we adopted the standard assumption
for the frequency-shift method, that is, setting K as equal to 1.

As the wavelet spectrum variations are the core of the
Q-factor estimation, the pre-processing of seismic data must

preserve this information. Thus, we avoided procedures as
spiking, predictive or even surface-consistent deconvolution,
heavy band-pass filtering or a short-window automatic gain
control (AGC), applying just a smooth gain curve based on P
velocities. We did not compensate for either the source and
receiver radiation pattern, because the recording geometry
makes it extremely challenging: with a water depth of 20 m
and a source and receiver depth of 5 m, we are in a region
where the far-field condition is not reached. The average fre-
quency of about 50 Hz in the source signal corresponds to
a wavelength of 30 m, which is about twice the distance be-
tween the source and the sea floor. However, we expect that
array effects may be not negligible, so that quantifying (and
removing) their effect is an open challenge to improve our es-
timation accuracy.

The most significant frequencies of the seismic spectrum
range from 10 to 75 Hz, with a tail up to 130 Hz (Fig. 19).
If we round up the highest frequency to 100 Hz, assuming an
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Figure 18 Reflected and refracted arrivals picked in the shot gathers 200, 450, 707 and 910 of the profile in Figure 17. The seabed, top flysch
reflected arrivals, together with top flysch refracted events are identified by the arrows. Raw data are affected by reverberations, due to the
shallow seabed (25 m). Deconvolution was not applied prior to the analysis for Q-factor estimation to avoid changing the signal frequency
content.

average P velocity of 2000 m/s for shallower layers, the theo-
retical resolving vertical power is about 5 m, when adopting
the Rayleigh criterion that set this limit at λ/4, where λ is the
dominant wavelength of the signal. Both the receiver group
and the shot-point interval were kept at 12.5 m, allowing a
maximum fold coverage of 48 traces per CMP to enhance the
signal-to-noise ratio. At the same time, the choice of the chan-
nel spacing guaranteed a good horizontal sampling and a final
resolution comparable to the theoretical vertical one. The dis-
tance between source and first receiver group (near offset) was
kept at 25 m: it is in the same order of the water depth range,
but large enough to prevent saturation of shallower arrivals.
Detailed acquisition parameters are listed in Table 2.

The time-migrated section of the profile is shown in
Figure 20. The pre-stack data processing in the time domain
encompassed geometrization, quality control and trace edit-
ing, band-pass filtering for low- and high-frequency noise,

spherical divergence amplitude correction, predictive decon-
volution for dereverberation and coherent noise removal. Sub-
sequently, after the sorting from shot to common-midpoint
gathers, the processing involved velocity analysis, normal-
moveout correction and stretch mute, stack, post stack decon-
volution for multiple removal, AGC and time migration (Zgur
et al., 2010).

The pre-stack depth migration section of the profile is
shown in Figure 21. The superimposed P-wave velocity field
is estimated by travel time tomography inversion, using the
CAT3D software, based on the simultaneous iterative recon-
struction technique method and the principle of minimum
dispersion of reflection points (Böhm et al., 1999, 2000;
Vesnaver and Böhm 2000). The velocity model was then
further refined, by applying an iterative imaging tech-
nique involving pre-stack depth migration, residual move-
out analysis and grid tomography, by using the Geodepth
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Figure 19 Amplitude spectra as a function of offset for the shot gathers 200, 450, 707 and 910 in the same order as in Figure 18.

commercial software from Paradigm. The result shows thin
package of reflections from the Quaternary sediments at 180–
250 ms (i.e. about 170–210 m below sea level), whose acous-
tic response indicates the presence of fluid and leakages at
the seabed. The strong reflector of the Pliocene unconformity
depicts the top of the Eocene flysch turbidites. These reach

the maximum thickness of 550–650 ms, 1200 m eastwards,
above the inclined high-amplitude reflector related to the up-
per surface of theMesozoic–Paleogene Friuli-Dinaric Carbon-
ate Platform.

Figure 22 allows comparing the Q factor estimated by
the two methods discussed in this paper, that is, that one

© 2020 European Association of Geoscientists & Engineers, Geophysical Prospecting, 1–26



20 A. Vesnaver et al.

Table 2 Acquisition parameters of the profile GT09-11, acquired in
2009 in the Gulf of Trieste, by the R/V OGS Explora (see also Zgur
et al., 2010)

Acquisition parameters of GT09-11 profile

Vessel R/V OGS EXPLORA
Recording date October 2009

Source

Type Sleeve guns
Volume 19.34 liter
Depth 5 m ± 0.5 m
Shot-point interval 12.5 m
Maximum frequency 150 Hz

Streamer and recording system

Type Sercel Seal
Length 1200 m
Channel number 96
Group interval 12.5 m
Depth 3 m ± 0.5 m
Near offset 25 m
Maximum fold 48
Sampling rate 1 ms
Filters 3 Hz (low cut) – anti-alias
Record length 4 s

using complex attributes (top) and the centroid of a windowed
waveform (bottom). The second one is a kind of smoother
version of the upper one, and the general trend of both is the
same. We notice a visual difference in the average value in
the shallower layer, close to 175 for the envelope and to 140
for the centroid. This fact is similar to what we noticed in Fig-
ure 7, when analysing simple direct arrivals in a homogeneous
medium: we obtained a linear trend for all cases, but with dif-
ferent dips. The related conclusion was that an independent
calibration is needed by a scale factor, and this is the case too.
However, relative differences can be still interpreted, keeping
in mind that the absolute values may be only approximated.

Quaternary sediments are almost homogeneous,while we
see a clear anomaly in the very shallow sediments, obtained by
inverting the arrivals backscattered from the seafloor, which
is plotted in the sea water to get a practical visibility. As the P
velocity is very smooth instead (Fig. 21), the contribution to
the change in the Q factor is mainly due to the anelastic ab-
sorption parameter α(x) (see equation (3)). The aspect ratio of
most related ray paths is extremely high, as the maximum off-
set is 1212.5 m, the water depth is about 20 m and the depth
of sources and receivers is 4 m, ending up to a ratio exceed-
ing 75. This implies that the recorded waves are a mixture of
direct waves (in the very short offsets) and reflected or head
waves (in most other offsets). Thus, they are mostly travelling
along the shallow unconsolidated sediments. This interpreta-
tion is supported by the observed average velocity in the very
shallow sediments, which is about 1580 m/s, that is, higher

Figure 20 Time migrated section of the eastern OGS GT09-11 profile. The section shows the shallow Quaternary layers with fluid leaks at the
seabed, the top flysch unconformity and the deeper top of the Mesozoic–Paleogene Friuli-Dinaric Carbonate Platform.
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Figure 21 Pre-stack depth migrated section, with superimposed P-wave velocity estimated by the tomographic inversion and residual move-out
analysis.

than usual values around 1500 m/s for the sea water. From a
geological point of view, the location of the main anomaly in
the Q factor, at about km 4.5 along the profile, is correlated
to one of the known areas of fluid leak, indicated by arrows
in Figure 20. A further reason supporting this interpretation
is the faint reflectivity of the sea floor in most of these areas,
which suggests a smooth transition from unconsolidated to
consolidated sediments when the depth increases. Such a con-
dition is normally producing diving waves as scattered signals,
which can sample at some depth the formation just below the
sea floor. In that case, we can expect low values for the Q fac-
tor as those ones observed at the main anomaly.

DISCUSS ION

In their valuable paper, Quan and Harris (1997) represent the
amplitude spectrum of the signal R(f) at the receiver as the
product of three terms, that is,

R
(
f
)

= G
(
f
)
H

(
f
)
S

(
f
)
, (22)

where S(f) is the source spectrum and H(f) is the attenuation
effect being analysed. They say that the term “G(f) includes
geometrical spreading, instrument response, source/receiver
coupling, radiation patterns, and reflection/transmission co-
efficients, and the phase accumulation caused by propaga-

tion”. This term is present in our equation (6), and we men-
tioned that approximating it by a constant can simplify a lot
of our calculations. However, how much appropriate is this
assumption?

The geometrical spreading is affecting mainly the signal
amplitude, and not so much its frequency content: so, this
part is not a problem. For the reflection/transmission coef-
ficients, this assumption is a bit weaker, because we know
that series of thin layers may induce an apparent absorp-
tion effect, which can be hardly distinguished from the actual
anelastic energy loss. Our estimates lump together these ef-
fects, and distinguishing the composing items requires addi-
tional analysis. Also, a frequency independence from reflec-
tivity means assuming that its amplitude spectrum is con-
stant, that is, white: this is nothing else than the basic as-
sumption of the predictive deconvolution (see e.g. Robinson
and Treitel 2008). Although it is a relatively strong assump-
tion, it has been working nicely for decades in seismic data
processing.

Radiation pattern and frequency response are normally
known and compensated for in the early processing stages,
and so they should not concern us too much either. For ma-
rine data, the ghost effect of source and receiver is definitely
affecting the signal spectra. Signals’ distortions depending on
spread length, array size and receiver interval are well known
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Figure 22 Depth-migrated section, superimposed to the Q factor estimated by the tomographic inversion using the envelope (a) and the spectral
barycentre or centroid (b).

to occur (see e.g. Cordsen et al., 2000; Kerekes 2001; Vermeer
2002) and should be compensated too. Tomography estimates
the Q factor for an equivalent anelastic medium that fits op-
timally the signals from available sources and receivers, so we
expect that offset-dependent spectral notches may be partly
averaged out by the inversion process itself. These spectral
notches affect mainly the spatial frequencies and are critical
for the inversion of amplitude and phase versus offset. Their
effect on time frequencies is theoretically null, but signals that
are too weak may just disappear or be overwhelmed by the
noise. Except for these cases, spectral centroids do not depend
on signal amplitude, and so we expect that notches due to
source and array geometry may not be so relevant. Quanti-
fying these effects, however, requires further studies that are
beyond the scope of this paper. It is feasible quantifying, in-
stead, the error in the estimated instantaneous frequency due

to the time sampling interval. For details, we refer the reader
to Appendix B.

What remains not so well controlled is the source/receiver
coupling, especially for land data. In principle, this may be
compensated by a surface-consistent deconvolution and am-
plitude correction (Taner and Koehler 1981), but the spectral
whitening that it introduces may severely distort the absorp-
tion effect that we are analysing. Thus, we prefer adjusting
the parameter H (or K) from case to case, using independent
calibrations, to allow empirically for items that are not fully
controlled.

The calibration of the K parameter in (8) is an open chal-
lenge. If well logs are not available or located nearby, direct
arrivals may be a practical fix. This happens in the ideal case
of our simulations, with point sources and receivers without
array patterns and a simple flat interface. In this simple case,
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the independent Q-factor estimation of direct and reflected ar-
rivals is well consistent. These conditions are not perfectly met
in real experiments, so at least the radiation patterns should
be compensated for, to combine them together consistently.
Another drawback of this fix is the reflection process itself,
which affects phase and amplitude of the reflected signals as a
function of the incidence angle, surface rugosity and litholog-
ical contrast sharpness. Taking into account these and other
related items requires further studies.

The method presented in this paper is similar to that one
presented by Yang and Gao (2009) and Gao et al. (2011), as
it exploits the same link between the wavelet spectrum cen-
troid and the instantaneous frequency at the envelope peak.
However, they do not allow for other relevant factors as the
wavelet bandwidth and the contribution of other propagation
effects. By reviewing the basic assumptions of the frequency-
shift method (Quan and Harris 1997), we showed that a cal-
ibration by independent data is needed, as well data, to pass
from relative Q-factor variations tomore reliable absolute val-
ues. The use of the standard linear solid mechanism to model
the attenuation in the visco-acoustic simulation code and the
frequency-shift method of Quan and Harris (1997), based on
a constant-Q concept, may account for part of the imperfec-
tions observed within the presented results.

Our synthetic data were simulated by a visco-acoustic
pseudospectral algorithm, which does not allow for elas-
tic phenomena. Mazzotti (1991) considered this aspect too,
analysing both synthetic and real seismic data, and showed
that the amplitude spectrum centroid of reflected arrivals is
almost insensitive to variations of the ratio between P and S
velocities in the overburden. After the normal move-out cor-
rection, the spectrum centroid approximates a constant, if the
overburden is a homogeneous medium, unlike the peak ampli-
tude and phase of the reflected waveforms. The latter ones are
very sensitive to the impedance contrast between the materials
at the interface, whilst the Q factor, depending on P velocity
and anelastic absorption coefficient α0 of the upper material
only, is a rock property. The stability and accuracy of its es-
timation, carried out trace by trace independently and in the
presence of noise, are encouraging for further applications to
real cases.

The macro-model for the Q factor provided by tomogra-
phy is a good starting point for a visco-acoustic full-waveform
inversion. This contribution is relevant because elastic and
anelastic properties are not always tightly correlated in the
geological formations: thus, they span different dimensions in
the space of possible inversion solutions. Further studies are
needed and ongoing in this direction.

CONCLUSIONS

The estimation of the anelastic absorption byQ tomography is
a valuable tool for characterizing geological formations, both
for reservoirs and for fresh water production (see e.g. Bruno
and Vesnaver 2019). The method of Quan and Harris (1997)
is one of the most robust approaches for its estimation, al-
though it relies on quite restrictive hypotheses for its practical
application. We showed that some of those require an inde-
pendent calibration to convert the obtainedQ-factor contrasts
into absolute values. Nevertheless, even the simple Q-factor
anomalies otherwise obtained provide important clues about
lateral lithology changes that may not be detected by P-wave
velocity changes alone.

A practical limit of some implementations of this method
is the use of time windows to estimate the spectrum centroids
of seismic waveforms. This requires an accurate choice of pa-
rameters as the window length, its centre location and the pos-
sible smoothing at its edges. These parameters change from
place to place and introduce a significant personal bias in the
results. Furthermore, within the same survey and along the
same interface, changes in the overburden and depth may de-
teriorate the parameter fit and so degrade the results. To avoid
these drawbacks, we introduced a new method to estimate the
centroid based on the envelope and instantaneous frequency
of the related complex trace.We showed that there is not a sig-
nificant difference between the standard method and the new
one when isolated wavelets with optimal windows are anal-
ysed; instead, when the window choice is not optimal or there
are interfering wavelets, the new method performs definitely
better. The main advantage of the proposed method is its sim-
plicity and the removal of the user bias in the window length
choice.

The method was validated by tests with synthetic and real
seismic data. We showed that we can estimate lateral vari-
ations of the Q factor by reflected waves also when both P
velocity and density do not change. The envelope-based ap-
proach provides sharper images, while the standard spectral
barycentre seems more robust when it comes to imaging arte-
facts. The application to real data produced a characteriza-
tion of the sub-seafloor sediments that is geologically reason-
able, and in general agreement with other existing indepen-
dent data.
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APPENDIX A

The analytical expression of the waveform w(t) used in
Figure 2 is

w (t ) = exp

[

−a(t )2

2π2

]

cos (a (t )) ,

where

a (t ) = 2π fP (t − t0) (A.1)

fP is the peak frequency and t0 is a time delay (José Car-
cione, personal communication). An appealing property of
this wavelet is its Gaussian-like amplitude spectrum, that is,
it is symmetrical with respect to the peak frequency fp, which
is so also its centroid.

APPENDIX B

When discretizing a continuous function describing a physical
phenomenon, as the instantaneous frequency (Fig. B1), with a
sampling interval &t, we may have a mismatch between the
sampled time Ts, which is a maximum among the sampled
values, and the actual time Ta where the function has a peak.

Figure B1 Error of the instantaneous frequency computation due to
the sampling interval. The actual envelope maximum (black dot) of a
continuous function may not coincide with any sampled point (white
dots).

The absolute difference &sa between Ts and Ta is smaller than
the sampling interval:

&sa =
∣∣Ts− Ta

∣∣ < &t. (B.1)

We can approximate the instantaneous frequency F(t) by
a first-order Taylor series expansion:

F (Ta) = F(Ts+ &sa) ≈ F (Ts) + F ′ (Ts)&sa, (B.2)

where the F’(t) indicates the time derivative of F(t). Rearrang-
ing (B.2), we get

F (Ta) − F (Ts) = & f ≈ F ′ (Ts)&sa, &sa ≈ & f/F ′ (Ts) (B.3)

and using (B.1) and rearranging, we get finally, within a first-
order approximation,

& f ≈ &t F ′ (Ts) . (B.4)

Equation (B.4) tells us two things. The first one is quite
obvious, that is, the smaller the sampling interval, the smaller
is the error in the instantaneous frequency. The second one
is more interesting, that is, the error depends on the spe-
cific function (or waveform) we are dealing with, and it may
change even from point to point. We can compute it easily
and without user-defined parameters, by just multiplying the
time derivative of the instantaneous frequency by the sampling
interval.
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