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A new approach to enhancement of frequency
bandwidth of surface seismic data

Satinder Chopra*t and Vladimir Alexeev*

Introduction

It is a common observation that seismic waves propagating
through the earth are attenuated. As these elastic waves trav-
el deeper they lose energy, in contrast to spherical spreading,
where energy is spread over a wider area, and reflection and
transmission of energy at interfaces, where its redistribution
occurs in the upward or downward directions. This loss is
frequency dependent: higher frequencies are absorbed more
rapidly than lower frequencies, such that the highest frequen-
cy usually recovered on most seismic data is about 80 Hz.
Moreover, absorption appears to vary with the lithology of
the medium. The unconsolidated near-surface absorbs more
energy than the underlying compact rocks. In the extreme
case most of the energy may be absorbed in the first few hun-
dred metres of the subsurface. It is therefore important to
study absorption and to determine ways in which it can be
detected in seismic data.

Attenuation of seismic waves
Understanding of the attenuation properties of the earth is
important for two reasons. Firstly, because as seismic waves
propagate through the subsurface, their amplitudes are
reduced. Secondly, because attenuation characteristics, when
determined, reveal useful information such as the lithology
and the degree of saturation of rocks. However, it should be
pointed out that the phenomenon of attenuation is more
complex than the elastic aspects of seismic-wave propaga-
tion. It is not easy to make measurements in the laboratory
or in the field. There are numerous mechanisms contributing
to attenuation, and changes in some of the conditions can
affect attenuation significantly (Toksoz and Johnston 1981).
One commonly used measure of attenuation is the atten-
uation coefficient a, which is the exponential decay constant
of the amplitude of a plane wave propagating in a homoge-
neous medium. The amplitude of a plane wave propagating
in a homogeneous medium may be given as

A = A, exp(-ar), (1)

where A, is the amplitude at any distance r from the source,
Ay is the initial or reference amplitude and a is the attenua-
tion coefficient, is given by
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where Q is the seismic quality factor and is the other com-

a (2)

monly used measure of attenuation, V is the velocity and f is

the frequency. The seismic quality factor Q is defined as
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where 9 is the logarithmic decrement and is defined as the
natural logarithm of the ratio of the amplitudes of two con-
secutive cycles, i.e.
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which leads to equation (2).

Laboratory and i situ measurements show that Q corre-
lates with rock type, fluid type and degree of fluid saturation
and thus the estimation of Q is a potential diagnostic for
reservoir characterization. Most sedimentary rocks have a
value of Q ranging from 20 to 200 (Sheriff and Geldart
1995), the lower values of Q indicating higher attenuation
and vice versa. Reliable estimates of Q could assist greatly in
understanding the lithology of subsurface rocks. Several
investigators have demonstrated the computation of O from
seismic and VSP data. Q estimates could be used to deter-
mine the levels of fluid/gas saturation (Winkler and Nur
1979; Wyllie et al. 1962; Gardner et al. 1974), because Q
could be an order of magnitude more sensitive to changes in
saturation or pore pressure than velocity. Geophysicists have
attempted to determine attenuation from subsurface data
and then apply corrections for it.

Compensating for attenuation

Deconvolution
Different conventional procedures are adopted to compen-
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sate for frequency attenuation. A common practice has been
to use a two- or three-window statistical deconvolution to
correct for the dynamic loss of high frequencies. This
involves choosing two or three time-windows for the decon-
volution, each with its own parameters, keeping the time-
variant nature of the embedded source wavelet in mind.
These windows are usually made to overlap to avoid arte-
facts. However, there are problems with this approach: the
filters must be derived from smaller windows, which are less
likely to meet the statistical assumptions, and these win-
dowed zones often exhibit phase distortions at the point of
overlap.

Time-variant spectral whitening

The other method is to use time-variant spectral whitening
(TVSW). The method involves passing the input data
through a number of narrow band-pass filters and determin-
ing the decay rates for each frequency band. The inverse of
these decay functions for each frequency band is applied and
the results are summed. In this way, the amplitude spectrum
for the output data is whitened in a time-variant way. The
number of filter bands, the width of each band and the over-
all bandwidth of application are the different parameters
that are used and adjusted for an optimized result (Yilmaz
2001). In this method, the high-frequency noise is usually
amplified and so a band-pass filter must be applied to the
resulting data. Since it is a trace-by-trace process, TVSW is
not appropriate for AVO applications.

Inverse Q-filtering

If we had an analytic form for an attenuation function, it
would then be easy to compensate for its effects. Thus, in prac-
tice, attempts are first made to estimate a Q-model for the sub-
surface. Inverse Q-filtering is then carried out, removing the
time-variant wavelet effects by absorption and broadening the
effective seismic bandwidth by correcting the loss of high-fre-
quency signal. These attempts have met with a varying degree
of success, depending on the assumptions used in the particu-
lar approach and how well they are met in practice.

Determination of Q

Seismic data

A large body of work exists for the determination of Q from
seismic data (Raikes and White 1984; White 1993; Dasgupta
and Clark 1998) and VSP data (Hauge 1981; Pujol and
Smithson 1991). It is not the purpose of this paper to discuss
the different techniques that can be used for the determina-
tion of Q; however, the methods that have been studied
include spectral ratios, matching filters, centroid frequency
shift and instantaneous frequency (Tonn 1991; Raikes and
White 1984). Another class of algorithms exists, where
inverse Q-filtering is viewed as a migration like procedure,
i.e. backward propagation of the recorded wavelet. The O-
filter can then be removed from the surface-recorded data by
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a downward-stepping through each step (Hale1982;
Hargreaves et al. 1987)

The spectral-ratio method is commonly used for O com-
putation. Different frequency components are attenuated at
different rates, and attenuation is indicated by changes in the
amplitude of various frequency components or spectral
ratios with time.

The amplitude spectrum A(z,f) of the trace from a level z is
assumed to decay exponentially from a reference amplitude
Alzq,f) at level 2, i.e.

A(z,f)zAo(zo,f)exp[—a(z—zo)]. (4)
This gives
lnM:—a(z—zo)

4y(z,, f)
A

Ao(zoaf) :_”(T_Zz))

f o
or
A
Q:_iﬁ(SZI‘_TO) where SlopeziAoi(ZO’f) , (5)
ope

T and T, being the first-arrival times at levels z and z,
respectively.

Thus the slope of the variation of the natural logarithm
of the spectral ratio versus frequency (which is expected to be
linear) is computed. As this estimation of slope has a direct
bearing on the computed Q-values, its accurate determina-
tion is important. In practice, however, a bias is usually intro-
duced in the least-squares fitting techniques by the spectral
nodes (the individual points on the graph of natural loga-
rithm of spectral ratio versus frequency) and so departures
from linearity are usually observed on spectral-ratio plots
(Oliver 1992). In addition, data that is free from interference
(contamination with extra arrivals) is never obtained, and so
wave spectra that contain effects of interference, e.g. a ring-
ing effect or the effect of wave modes leading to inaccurate
O-values, are used. Spectral-ratio-based QO-estimates are also
sensitive to the taper type used to window the data (Pujol
and Smithson 1991).

VSP data

It is well known that VSP data records higher frequency data
than surface seismic data. This is because the energy record-
ed by the VSP traverses the unconsolidated weathering zone
just once. Spencer ef al. (1983) computed spectral ratios in
VSPs between each direct arrival waveform and the direct
arrival at some reference depth. They estimated interval Qs
by measuring the slope of linear segments on the resulting
cumulative attenuation versus depth plots. Apart from the
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bias introduced during least-squares fitting on spectral
nodes, this method has another interesting shortcoming. The
full range of VSP depth levels is often found not to be useful
for computation of Q by the spectral-ratio method (Xu et al.
2001). Negative O-values are frequently obtained in some
usually shallow intervals which do not have a physical expla-
nation. One of the reasons cited in the literature for obtain-
ing negative Q-values using the spectral-ratio method is due
to the choice of short depth intervals, as estimates tend to
become stable at larger depth intervals (Spencer et al. 1982;
Raikes and White 1984). This leads to an unavoidable trade-
off between resolution and accuracy (Harris et al. 1997).

New method for attenuation correction

A new method called High-Frequency Restoration (HFR)
has been developed by Paradigm Geophysical for the deter-
mination of attenuation from VSP data and its application to
surface seismic data. It utilizes the frequency decay experi-
enced at different VSP depth levels in a well.

For the VSP downgoing signals, the ratio of the change in
trace frequency at successive depths describes the decay of
frequency components between those observation points.
The change in the trace amplitudes and the length of the
first-arrival wavelets at successive depth levels is used to esti-
mate the change in the frequency components. An inverse
operator (in the time domain) is then designed to compensate
this change. For successive depth levels, a suite of such oper-
ators is generated. As the computed operators determine the
change in frequency of the first arrivals between successive
depth levels, the inverse operators compensate for both the
attenuation and the dispersion that may cause a lowering of
the frequency of the VSP first-arrival wavelets. For applica-
tion to surface seismic data, the time-window of application
is first determined by correlating the available log data, the
aligned upgoing VSP data and the seismic data. The theory
behind this computation and the application details can be
found in Chopra et al. 2003.

The HFR procedure, when run on the seismic data, has
an effect similar to a time-varying attenuation correction. As
operators are applied continuously to the stacked data, win-
dowing is avoided. Since no computation similar to the spec-
tral-ratio method is employed, a negative-Q type situation
does not arise, nor are there any sensitive issues pertaining to
taper types. Application of these inverse operators on surface
seismic data enhances the frequency bandwidth by restoring
the attenuated frequency components.

As the operators are derived from the downgoing wave-
field, their performance is dependent on the quality of the
VSP data. For instance, poor VSP source repeatability and
variations in geophone coupling with depth could prove
detrimental to the performance of the HFR application.
However, with the present available VSP acquisition technol-
ogy and with caution exercised during acquisition of data,
good data quality can be ensured and subsequently satisfac-
tory application of HFR.

© 2004 EAGE

Applications

Application of the HFR procedure described above has been

evaluated for various subsurface configurations in the con-

text of hydrocarbon exploration. Some examples are given
below, which illustrate the advantages of adopting the HFR
procedure.

Figure 1(a) shows an in-line section extracted from a 3D
migrated seismic data volume from central Alberta. The zone
of interest is the Lower Mannville sandstone interval at a
depth of 1300 to 1350 m. Surface seismic data is expected to
assist in defining sand presence and porosity development in
this interval (940-1000 ms). A close look at the interval of
interest indicates that there is no reflection detail to interpret.
The bandwidth of the seismic data is 8-50 Hz.

Spectral whitening was applied to the migrated surface
seismic volume to enhance the frequency bandwidth. Next,
the spectral-ratio method was used to determine Q-values
from VSP data and inverse Q-filtering was carried out on
prestack data, which were then migrated.

Finally, the HFR procedure was applied to the original
migrated seismic data volume. The objective was to obtain a
comparative evaluation of the performance of the three dif-
ferent processes. In Figure 1, the input seismic line is com-
pared with each of the above outputs. Focusing on the broad
zone of interest, an improvement can be seen in the reflection
detail after each of these processes; however, while spectral
whitening tends to increase the noise as well as improve the
signal (more-or-less continuous reflection detail as indicat-
ed), the O-compensated section appears to have less effect.
The HFR section appears to have a controlled action in the
sense that the amplitudes appear to vary along the indicated
reflectors.

In further investigation, the four volumes were inverted
for acoustic impedance. Figures 2 and 3 show the time and
the horizon slices at the sandstone level from each of these
volumes. The following observations can be made:

(i) Figures 2(a) and 3(a): There is not much variation in the
high impedance patterns, possibly due to poor band-
width (resolution) of the input seismic data.

(ii) Figures 2(b) and 3(b): The high impedance patterns do
not quite follow the patterns seen in Figs 2(a) and 3(a).

(iii) Figures 2(c) and 3(c): The spectrally whitened impedance
slices have no variation within the high impedance pat-
terns, as mentioned above, as both the signal and noise
are enhanced to high levels.

(iv) Figures 2(d) and 3(d): The HFR impedance slices show a
variation within the high impedance patterns and follow
the overall high impedance pattern in Figs 2(a) and 3(a).

Usefulness of the method

The high-frequency restoration of surface seismic data has
also been evaluated by running the Coherence Cube (Core
Laboratories) analyses on the seismic volumes before and
after HFR. Figure 4 shows the seismic representation of a
reef, before and after filtering. The boundary of the reef can-
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Figure 1 Sections of an in-line survey from a 3D seismic data volume which have been processed for enhanced frequency
bandwidth. (a) Input seismic line; (b) after inverse Q-filtering; (c) after spectral whitening; (d) after HER.

not be seen clearly on the horizon slice from the Coherence
Cube before HFR application, but appears quite clearly on
the Coherence Cube horizon slice after HFR.

Acoustic impedance inversions were performed on the seis-
mic volumes before and after HFR processing. Inversion
algorithms generally assume a stationary wavelet in the con-
volutional model of the seismogram. This is often satisfac-
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tory if the time-window of the inversion is not too long. It
might be expected that any processing that can remove the
predictable time-varying wavelet decay due to earth trans-
mission processes would contribute to the ‘stationarity’ of
the wavelet, though it is not always the case. Wavelets
extracted from different time-windows of a seismic line after
HFR processing are found to be stable (Chopra 2003).
Obvious differences in inversion that stem from the greater
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(a) Before HFR

Low

stability of the seismic wavelet can be observed on HFR
impedance sections after HFR processing.

Impedance inversion performed on data with a larger
bandwidth also yields more information than with a poor
bandwidth. For example, features that cannot be detected on
seismic inversion results before Q deconvolution are clearly
visible afterwards and so enable a detailed interpretation of
important stratigraphic features (Hirsche et al. 1984). Figure
5(a) shows segments of an impedance section. A gas-produc-
ing well W is seen intersecting the highlighted portion corre-
sponding to a gas sand. However, the green streak continues
across the segment and does not identify the gas sand. The
HFR procedure was run on the seismic section and imped-
ance inversion was carried out (Fig. 5b). Note the dark green
streak (low impedance, within the highlighted portion) seen

© 2004 EAGE

(d) After HFR

Figure 2 Time slices from dif-
ferent volumes. Application of
the conventional procedures
for frequency enbancement
does not preserve amplitudes.
Note the preservation of
amplitudes on HFR imped-
ance inversion

clearly representing the gas sand. This example thus amply
corroborates the findings similar to those of Hirsche ef al.
(1984), using HFR.

Robustness of the method

An important element that lends strong support to the use-
fulness of any procedure is its robustness. A valid concern
when adopting such a procedure would be to examine the
effect of HFR filters away from the borehole where they are
determined. Tests carried out on the determination of filters
in different wells in an area (assuming the data quality is
good and is acquired using similar equipment) have yielded
almost identical filter sets (Chopra et al. 2003). However, a
visual correlation of well data with surface seismic data
before and after HFR would be more convincing.
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(c) After spectral whitening
Example 1
A zero-offset VSP was recorded in well C, which is situated
within a 3D seismic survey area covering a producing field in
southern Alberta. The objective at the time of the VSP data
acquisition was to obtain accurate velocity information in
the area, which would enable good well ties and help in the
stratigraphic interpretation of the surface seismic data. Well
log data was available for two other wells, A and B, in the
survey area. Well A is close to well C (<100 m), but well B is
about 600 m away from both A and C.

The VSP data was processed to derive the HFR filters
from the downgoing VSP wavefield as explained above, and
the separated upgoing VSP wavefield was used to process a
corridor stack. Figure 6 shows an in-line section and a cross-
line section from the 3D surface seismic volume (passing
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(d) After HFR

Figure 3 Horizon slices from dif-
ferent volumes. Application of
any of the conventional proce-
dures for frequency enhancement
does not preserve amplitudes.
Note the preservation of ampli-
tudes on HFR impedance inver-
sion.

through well C) with the corridor stack, synthetic seismo-
gram and sonic log curve overlaid on them.

HFR was run on the 3D seismic volume and the same
synthetic seismogram and sonic log curve were overlaid on
the in-line and cross-line sections shown in Fig. 6(a). Note
the distinct improvement in resolution and the continuity of
the reflection events. Due to poor resolution before HFR,
some of the reflection events were not sufficiently visible to
match them with their corresponding events on the well data.
After HFR there is a much better correlation between these
reflection events.

Since the HFR procedure was run over the whole 3D vol-
ume and since there are no significant dips in the area, it was
expected that the seismic data after HFR would correlate
well with the log data in the other two wells. Figures 7 and

© 2004 EAGE
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more accurate interpretations can be carried out on data
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carried out on different wells in different areas, lead us to the
conclusion that the HFR method is robust. For areas where
the geology changes fast laterally, it may be necessary to fol-
low a space adaptive filter application approach.



first break volume 22, August 2004

technical article m

MM w }‘[‘inéﬁunmm f‘ *“‘('1{ 4 “““""”"4 'J'Jm

W, S
Rl

T

e a:x::a:a:aga:uamanr«mmm:zuum:ma fmui

i J%Nj«%j}ll}]l%égj«l“! et S
- "““;‘Eiiauu} i bty

uuuuu ﬁm ) «z»ﬂ!ﬁ o sﬁ(' m
‘u%‘%%ﬂjﬁ]]],{]J’.]\;’(}!i}&j]:‘:ﬁ(@ oo ,,,,g!g&i;&gg1lgggliylﬁ]]ﬂl]]ﬁj{
Jf‘""‘%i% iR ’::;ffiés‘iiﬁ%{?«’ﬁiﬁ‘ﬁ%
Ji) 3* ‘“‘.‘-“ hﬂﬂﬂ 1}(:;J|::]:Hlll'ﬂ+jmm !‘f«({rff( %ﬂl JJ?

_.-—-.._,,.._.—
-—u-.---—-.—-"
e i

BEFORE HFR Synthetic filtered (8-12-45-50)

Figure 9 Corridor stack and sonic curve

Conclusions

HFR methodology consists of determining the decay in fre-
quency using the downgoing VSP first arrivals from succes
sive depth levels and then applying the inverse decay function
to subsurface seismic data. This allows us to take advantage
of the higher resolution and signal-to-noise ratio of VSP data
and enhance the bandwidth of seismic data. This procedure
is robust and helps to define trends better, leading to more
confident interpretations. Our applications illustrate the use
fulness of the procedure, and could redefine prospects, which
in some cases have been declared unsuccessful when based
on interpretation o
application of the new method to post-stack data is illustrat-
ed here. Application to prestack data is also very effective
and its effectiveness in AVO analysis will be discusse
rately elsewhere.
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