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Abstract

Seismic absorption can compromise seismic data quality
by introducing phase distortion and loss of frequency
content, specially high frequencies. Post stack constant
Q estimation was caried out by using the frequency peak
shift method. Frequency domain Q estimation methods are
considered more reliable and robust. Stabilized inverse Q
filtering was applied to the data, recovering the attenuated
frequencies and minimizing phase distortion. The filtered
data displays increased resolution and a flatter amplitude
spectrum ,while maintaning the signal to noise ratio.

Introduction

The Seismic absorption subject is no novelty, nevertheless
it remains quite relevant up to this day given the constant
need to improve seismic imaging in increasingly complex
areas.

In the exploration seismology context, as the injected
energy travels through the earth, an ineslastic medium,
the wavefield is constantly deformed under the effects
of attenuation and dispersion (non stationary behaviour)
(Yilmaz, 2001). Different frequencies will travel with
different phase velocities indulcing a phase distortion
and the loss of frequency content, specially the
higher frequencies, cause a pulse-broadening effect
accompanied by an amplitude reduction.

Left untreated, seismic data quality may suffer from
mispositioning of events, defocusing, amplitude and
resolution loss (fig. 1), directly imparing seismic
interpretation and quantitative analysis (e.g. inversion,
AVO etc.).

Seismic Inverse Q Filtering (IQF) technique, also known
as deabsorption filtering, seeks to correct phase delays
and recover the attenuated bandwidth but low signal to
noise ratio (SRN) and reliable Quality Factor estimation are
examples of challanges faced by geoscientists.

In this work, the core of Q analysis and IQF are discussed;
a constant quality factor value is estimated from stacked
data using the Frequency Peak Shift (FPS) method and
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Figure 1: Synthetic seismic trace generated using a
simetrical 50 Hz ricker wavelet at every 200 ms. Absorption
effects can be seen separately for a Q value of 50.
Dispersion introduces phase distortion, mispositioning
events and defocusing the data. Attenuation is responsible
for a severe loss of amplitude and vertical resolution.

Stabilized Inverse Q Filtering (SIQF) (Wang, 2008) is
applied to the 3D Blake Ridge seismic dataset.

Materials and Methods

In this work an introduction of the basic theory of seismic
absorption and inverse Q fintering is done. Synthetic data
was modelled to better illustrate key concepts. Frequency
domain Q estimation will be performed in the 3D Blake
Ridge seismic data using the Frequency Peak Shift (FPS)
method. Stabilized Inverse Q Filtering (SIQF) is applied,
seeking to recover the attenuated bandwidth and correct
phase distortion.

Sesmic Absorption and the Quality Factor

The Quality Factor, central keypoint of seismic absorption,
can be defined as a measurement of energy loss ratio per
cicle in a anelastic system:

Q =

(
1

2π

∆W
W

)−1
, (1)

Note that Q is dimensionless and it is simply a way to
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express energy loss, not providing any information about
the physical mechanism responsible for the dissipation.

Born (1941) proposes two possible main attenuation
mechanisms: viscous attenuation and solid friction. In
losses by viscous attenuation, the amount of lost energy
per cicle is proportional to the ciclic stress frequency. In
solid friction alternatively, the loss depends only on the
nature of the material and the maximum amplitude strain,
regardless of the frequency.

Usual marine seismic data possesses an overall low
frequency content, therefore, the Quality Factor is assumed
to be constant over this frequency range, suggesting
energy loss by solid friction (Born, 1941; Liner, 2012).

Fluid saturation can also strongly influence absorptions
behaviour. Born (1941); Winkler and Nur (1982) indicate
that an initially constant Q can present frequency variability
due to saturation, therefore, viscous attenuation can play
an important role in shallow and unconsolidated sediments.

Even without knowledge of the working mechanisms
behind attenuation, its behaviour is well-known: Born
(1941) establishes that the amplitude decrement with the
travelled distance must be of an exponential form:

Ax = A0 exp−α(ω)x . (2)

The decrement is controled by the variable α, known as
attenuation coefficient, defined by the medium properties
and as a function of Q and frequency, it dictates attenuation
individually for each frequency:

α(ω) =
ω

2cQ
, (3)

where c is the group velocity.

Consider the following 1-D one-way wave equation
equation and its analytical solution (Wang, 2008):

∂U(x,ω)

∂x
=−ik(ω)U(x,ω), (4)

U(x+∆x,ω) =U(x,ω)exp[−ik(ω)∆x], (5)

where U(x,ω) is a plane wave with angular frequency ω

after travelling a distance ∆x, k(ω) is the wavenumber and
i, the imaginary unit. To introduce the effects of absorption,
the wavenumber k must assume a complex value that
includes both the attenuation coefficient and the dispersive
wavenumber (κ):

k(ω) = κ(ω)− iα(ω), (6)

eq. 5 then takes the form

U(x+∆x,ω) =U(x,ω)exp[−α(ω)∆x]exp[−iκ(ω)∆x]. (7)

Equation 7 express two clearly defined terms: the
amplitude and phase terms, responsible each for

attenuation and dispersion of the wave during propagation,
respectivelly.

Futterman (1962) suggests that the relationship between
the attenuation-dispersion pair must be of a Kramers-
Kronig (KK) type, where the real part of k can be
determined from the sum of the imaginary part over the
entire frequency bandwidth (Wang, 2008; Liner, 2012):

Re(k) =
ω

v(ω)
≡ κ ≈H {α(ω)}, (8)

where H {·} denotes the Hilbert transform. This implies
the causality of the signal. Amplitude attenuation must
be accompanied by phase delays as the energy travels
the earth in order to maintain the causality principle.
That is, broadly speaking, there is no attenuation without
dispersion.

Different mathematical Q models are characterised by their
own definition of the complex wavenumber. The Kolsky Q
model (Kolsky, 1963) is widely used for Inverse Q Filter
design due to its flexibility and simple parameterization
(Wang, 2008).

Introducing a variable change ∆τ = ∆x/v and using Kolsky’s
model, equation 7 can be written as:

U(τ +∆τ,ω) = U(τ,ω)exp
[
−π f ∆τ

Q

]
×exp

[
− iω∆τ

πQ
ln
(

ω

ωr

)]
,

(9)

where ∆τ is the time step and ωr the angular reference
frequency. Equation 9 represents the frequency domain
wave propagation through absorptive media (fig. 2) and is
the basis for designing the inverse Q filter employed in this
work.
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Figure 2: Synthetic data modelled with absorption for
different Q values.

This approach of computing the wavefield by sucessive
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time steps in frequency domain is described by Wang
(2008) and refered as the downward continuation
approach. The time-domain signal is given by applying the
imaging condition, as in seismic migration, that is, by the
sum of individual downward continued plane waves:

u(τ +∆τ) =
1
π

∫
∞

0
U(τ +∆τ,ω) dω, (10)

Inverse Q Filtering and Stability

Equation 9 describes the earth’s Q filter. Synthetic
data was modelled using consecutives ricker wavelets for
different Q values to simulate earth’s absorption (fig. 2).
Considering the amplitude and phase terms (eq. 9) as

Γ(τ +∆τ) = exp
[
−π f ∆τ

Q

]
, (11)

and

Φ(τ +∆τ) = exp
[
− iω∆τ

πQ
ln
(

ω

ωr

)]
, (12)

respectivelly, a simple inverse Q filter can be then written
by simply inverting the signal of the exponential functions
(Ribeiro et al., 2015)

U(τ +∆τ,ω) = U(τ,ω)
1

Γ(τ +∆τ)

1
Φ(τ +∆τ)

, (13)
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Figure 3: Synthetic data after basic inverse Q filtering (eq.
13), no stabilization strategy was applied.

Figure 3 shows the result of applying eq. 13 directly to
the modelled data using the correct Q values. For Q = 200
the amplitude is recovered and phase corrected, but for
the other values, strong artifacts can be seen, even if the
synthetics are noise free, specially on lower Q and higher
time values.

These artifacts are a natural consequence of the downward
continuation procedure, referred as the inverse Q filtering
numerical instability. The downward continuated plane
waves are constantly attenuated, at some point their
magnitude inexpressively small, lower or at the same level
as the ambient noise level. In this specific example (noise-
free), the amplified noise com from numerical machine
errors in the working precision.

Maximum gain limits and bandpass filtering are used
to overcome instability and suppress excessive noise
amplification, alternatively, the phase correction is
inherently stable.

This work adopts the stabilization strategy of Wang (2008),
that employs a modified version of Kolsky’s Q model to
respect the Kramers-Kronig relationship, ensures causality
(Futterman, 1962; Wang, 2008), and defines a stabilized
inverse Q filtering amplitude operator.

Considering the initial time step τ0 = 0, Wang (2008)
defines the Stabilized Inverse Q Filtering as

u(τ) =
1
π

∫
∞

0
U(0,ω)Λ(τ,ω)

×exp

[
i
∫

τ

0

(
ω

ωh

)−γ(τ ′)

ωdτ
′
]

dω,
(14)

where

γ(τ) =
1

πQ(τ)
, (15)

β (τ,ω) = exp

[
−
∫

τ

0

ω

2Q(τ ′)

(
ω

ωh

)−γ(τ ′)

dτ
′
]
, (16)

Λ(τ,ω) =
β (τ,ω)+σ2

β 2(τ,ω)+σ2 . (17)

β (τ,ω) is the Q filter amplitude operator; Λ(τ,ω) the
stabilized inverse Q filter amplitude operator and σ2 is the
stabilization factor.

The Stabilized Amplitude Operator (fig. 4) enables the
effective recovery of the signal bandwidth by the use of
a dynamic gain, function of Q, travel time and frequency,
leaving undesirable frequency components untouched.
The IQF is then stabilized (fig. 5) the SNR, preserved.

Frequency Domain Q Estimation: Frequency Peak Shift
Method

The Frequency Peak Shift (FPS) Method, first described
by Quan and Harris (1997), derives a Q value based on
the displacement of the measured frequency peak (FP)
between 2 time windows. The suffered attenuation is
directly proportional to the frequency peak shift towards the
lower frequencies (fig. 6).

Zhang and Ulrych (2002) adopted a Ricker Wavelet to
represent the data amplitude spectrum:

w( f ) =
2√
π

f 2

f 2
p0

exp

(
f 2

f 2
p0

)
, (18)
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Figure 4: Stabilized Amplitude Operator Λ(τ,ω) (eq. 17)
for Q = 100 at 1 and 2 seconds. Note that at 2 seconds,
the gain at frequencies higher than 100 Hz is almost
insignificant, this can be interpreted as, given the Q value
employed, the signal would lack these higher frequencies
at this time, beyond recovering, so the algorithm selects the
effective recovey range base on the travel time, frequency
and Q. The Gain limit stabilization approach is represented
by the dashed black line.
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Figure 5: Synthetic data after Stabilized Inverse Q Filtering.
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Figure 6: Attenuated Ricker Wavelet Spectra for Q = 50.
The displacement of the frequency peak torwards the low
frequencies is the basis of the FPS Q estimation method.

where fp0 is the ricker peak frequency. The wavelet
amplitude after propagation on a anelastic media will be
given by a combination of eq. 18 and the amplitude term
from eq. 9:

w( f , t) = w( f ,0)e−
π f t
Q . (19)

The frequency peak can be then derived at each point:

∂w( f , t)
∂ f

= 0. (20)

Ultimately, effective Q values can be calculated from the
picked FP and a referece frequency peak at a given
reference time:

Qe f f =
πt fp f 2

pre f

2( f 2
pre f − f 2

p )
, (21)

where t is the traveled time, fp is the measured attenuated
frequency peak and fpre f is the reference frequency peak.

Results

Q analysis was performed on the 3D Blake Ridge seismic
data (fig. 7), that exhibit expressive absortion due to a
complex methane hidrate and free gas system (Holbrook
et al., 2002; Hornbach et al., 2008).
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Figure 7: Inline 27 of the 3D Blake Ridge seismic data
(Hornbach et al., 2008). The shallow and deep windows
used to estimate the Q factor are represented by dashed
lines of the corresponding color.

Two windows, in the shallow and deep parts, were used for
Q estimation using the FPS method. Figure 8 displays the
normalized amplitude spectrum for these 2 windows. The
displacement of the FP from 56.88 Hz to 22.21 Hz in less
than 2 seconds suggest high absorption anomalies related
to gas saturation.

A Q value of 74.12 was derived by using equation 21. This
constant value represents the general absorption behavior
for this line and it is coherent to the expected given the
geological background of the region.

SIQF was applied utilizing the newfound Q and a
stabilization factor σ2 = 1%. The results can be compared
in the figures 9 and 10, where a deeper portion of the
section can be seen. At higher times the absortion effect
is more pronounced and the benefits of the SIQF can be
better appraised.
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Figure 8: Normalized Amplitude Spectrum of the shallow
and deep windows. Strong seismic absorption due to
free gas and hydrate areas caused the FP to substantially
decrease in a short time frame.
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Figure 9: Deep portion of inline 27 of the 3D Blake Ridge
seismic data - before SIQF.

Inline 27 - After SIQF
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Figure 10: Deep portion of inline 27 of the 3D Blake
Ridge seismic data - after SIQF. Structures can be
clearly observed as the data enjoys a higher temporal
resolution and focusing after phase distortion correction
and amplitude recovery.

The filtered data displays a higher level of detail as a
result of the phase distortion correction and the recovery
of frequency content. The amplitude spectrum of the
displayed deep portion of the data, before and after
application of the SIQF, is shown in figure 11. It can be
seen that the SIQF significantly recovered the attenuated
frequencies, extending the bandwidth and increasing
resolution while preserving the SNR.
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Figure 11: Amplitude Spectrum of the deeper segment
of inline 27 of the Blake Ridge 3D seismic data. The
SIQF recovered part of the attenuated high frequencies,
extending the bandwidth and enhancing resolution while
preserving the SNR. The filtered spectrum is overall flatter.

Discussion and Conclusion

Quality Factor estimation still poses a challenge for many
geoscientists even to this day. Several works enjoyed
relative success by the use of Vertical Seismic Profile
data. Unfortunately, such data is hardly available and the
information is localized at best.

Laboratory measurements granted important insights
about the anelastic behaviour, they have shown that
absorption is controlled by a plethora of parameters in a
very complex manner, such as material properties (matrix
and fluid); saturation; pressure; temperature; etc. (Born,
1941; Winkler and Nur, 1982; Dasgupta and Clark, 1998).

Though for seismic data processing purposes, Q laboratory
estimatives are not reliable due to the frequency gap
between the employed tools (capable of reaching 103 −
106Hz) and actual seismic data.

Data driven Q estimation methods became increasingly
popular, providing processors with suitable results and
enabling high spatial coverage, trend followed by the
industry over the recent past (e.g. Dasgupta and A. Clark,
1994; Dasgupta and Clark, 1998; Taner and Treitel, 2003;
Cavalca et al., 2011; Raji and Rietbrock, 2013; Liu and
Zhang, 2017).

Even so, reliable Q estimation proves to be challenging.
Decoupling intrinsic attenuation effects from wave
propagation one’s (apparent attenuation) and low signal
to noise ratio are examples. Frequency domain methods
for Q estimation became increasingly popular, as they
allow for more robustness and disconsiders frequency
independent phenomena.

The frequency peak shift method was applied to the 3D
Blake Ridger seismic data, the resulting Q is coherent with
the geological background of the area. Stabilized Inverse
Q Filtering was employed, the attenuated frequency
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range was substantially recovered and phase distortions
minimized. The data displays a flatter spectrum and the
signal to noise ratio was conserved.
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