eismic data acquired with an airgun source and recorded on pressure sensors
has been the standard for offshore oil and gas exploration for many years. One
problem with this type of data is that, for various reasons, its useable bandwidth
PZSPTP[LK[VHWWYV_PTH[LS`/aIHUK^PK[OPZKLÄULKHZ[OLKPMMLYLUJLIL[^LLU
the upper and lower frequencies in a continuous set of frequencies). There are many
reasons why it is desirable to utilise data with an increased bandwidth (e.g. upward of
150 Hz) for E&P purposes. Such ‘broadband’ seismic data has many advantages over
conventional marine streamer data. However, numerous obstacles must be overcome
before broadband data can be utilised for E&P objectives. In this article, the principal
mechanisms for the limitation of bandwidth in marine seismic data are reviewed, before
moving on to look at the ways in which the industry has responded to the challenge
of providing broadband data. Finally, the article will focus on a process that delivers
broadband data from conventional streamer seismic.

S

The convolutional model of the Earth
Seismic acquisition and processing are often described by means of the convolutional
model: g(t) = w(t) * r(t).
Here, the recorded data, g(t), is thought of as the result of the convolution of a source
^H]LSL[^[^P[O[OL,HY[O»ZYLÅLJ[P]P[`ZLYPLZY[;OLNVHSVMZLPZTPJKH[HWYVJLZZPUN
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PZ[VYLJV]LY[OLYLÅLJ[P]P[`ZLYPLZMYVT[OLYLJVYKLKKH[H
;OLPKLHSZV\YJL^H]LSL[OHZ[OLTH_PT\THTV\U[VMLULYN`
JVUJLU[YH[LKPU[V[OLZOVY[LZ[WVZZPISL[PTL;OPZRPUKVMW\SZL
^PSSILIYVHKIHUK¶YPJOPUIV[OSV^HUKOPNOMYLX\LUJPLZ;OL
SV^MYLX\LUJPLZOLSW[VYLK\JL[OLºZPKLSVILZ»VM[OL^H]LSL[
^OPSL[OLOPNOHUKSV^MYLX\LUJPLZ[VNL[OLYJYLH[LH^H]LSL[
[OH[PZZOVY[PUK\YH[PVU:\JOHZV\YJL^H]LSL[^PSSHSSV^[OL
[VWHUKIHZLVMYLÅLJ[PUNWHJRHNLZ[VILPKLU[PÄLK^P[O[OL
OPNOLZ[YLZVS\[PVU<UMVY[\UH[LS`HU\TILYVMWYVJLZZLZVWLYH[L

[VYLK\JL[OLIHUK^PK[OVM[OLZV\YJL^H]LSL[;OLZLPUJS\KL
ULHYZ\YMHJLLMMLJ[ZZ\JOHZZLHZ[H[LHUKHJX\PZP[PVUHY[PMHJ[Z
Z\JOHZ[OLZV\YJLºI\IISL»LMMLJ[;OLYLHYLHSZVWYVJLZZLZ
Z\JOHZZWOLYPJHSZWYLHKPUN[OH[VWLYH[LVU[OLZV\YJLW\SZL
HZP[[YH]LSZ[OYV\NO[OL,HY[O/V^L]LY[^VMHJ[VYZZLY]L[V
ZPNUPÄJHU[S`YLK\JL[OLIHUK^PK[OVM[OLZV\YJL^H]LSL[;OL
ÄYZ[PZ[OLPU[LYMLYLUJLIL[^LLU[OLZV\YJLW\SZLHUKYLÅLJ[PVUZ
MYVT[OL^H[LYZ\YMHJLºNOVZ[Z»HUK[OLZLJVUKPZ[OLMHJ[[OH[
[OLLHY[OHJ[ZHZHÄS[LY^OPJOH[[LU\H[LZOPNOMYLX\LUJPLZPU[OL
ZV\YJL^H]LÄLSKHZP[[YH]LSZ[OYV\NO[OL,HY[O

The ghost effect

Figure 1. A) diagram illustrating the angle dependency of source and
receiver ghosts. The solid white lines illustrate travel paths without
receiver ghosts; the dotted yellow line indicates the travel path of the
source ghost and the dashed yellow lines the receiver ghost. B) & C)
Time and frequency domain of source and receiver ghosts. Solid line,
no ghosts; dotted line, source ghost, dashed line source and receiver
ghosts.

Figure 2. Kirchhoff pre-stack time migration of data before Clari-Fi.

Figure 3. Kirchhoff pre-stack time migration of data after Clari-Fi.
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;OLHPY^H[LYPU[LYMHJLHJ[ZSPRLHUHJV\Z[PJTPYYVY^P[OH
YLÅLJ[PVUJVLMÄJPLU[VM>OLU[OLTHYPULZV\YJLÄYLZZVTL
LULYN`[YH]LSZ\W^HYKZ[V^HYK[OLZ\YMHJL;OPZLULYN`^PSSIL
HSTVZ[WLYMLJ[S`YLÅLJ[LKH[[OLZLHZ\YMHJL^OLYLP[^PSS\UKLYNV
HWVSHYP[`YL]LYZHS;OLYLZ\S[PZ[OH[^OLU[OLZV\YJLW\SZLPZ
LTP[[LKHºNOVZ[»^H]LÄLSK[PTLKLSH`LKHUKWVSHYP[`YL]LYZLK
PZJYLH[LKHSVUNZPKLP[0U[OLJHZLVM]LY[PJHS+[YH]LSWH[OZ
[OLLULYN`MYVT[OLZL[^V^H]LÄLSKZ^PSSZ\TKLZ[Y\J[P]LS`Z\T
[VaLYVH[OHYTVUPJZVM[OLMYLX\LUJ`M$=^/2z^OLYL=^ is the
^H[LY]LSVJP[`HUKaPZ[OLZV\YJLKLW[O-\Y[OLYTVYL[OLYL
^PSSILTH_PT\TJVUZ[Y\J[P]LZ\TTH[PVUH[OHYTVUPJZVM[OL
MYLX\LUJ`M$=^a;OPZWYVJLZZVMJVUZ[Y\J[P]LHUKKLZ[Y\J[P]L
Z\TTH[PVUJYLH[LZUV[JOLZHUKWLHRZPU[OLHTWSP[\KLZWLJ[YH
VM[OLZLPZTPJKH[H-VYUVU]LY[PJHS[YH]LSWH[OZ[OLKLSH`
IL[^LLU[OLVYPNPUHSHUKNOVZ[^H]LÄLSKZPZHUNSLKLWLUKLU[
JH\ZPUN[OLMYLX\LUJPLZH[^OPJOKLZ[Y\J[P]LVYJVUZ[Y\J[P]L
Z\TTH[PVUVJJ\YZ[VJOHUNL^P[O[OL[HRLVMMHUNSLVMLULYN`
MYVT[OLZV\YJL
(NOVZ[LMMLJ[HSZVVJJ\YZVU[OLYLJLP]LYZPKL>OLU[OL
\WNVPUN^H]LÄLSKJVU[HPUPUN[OLVYPNPUHSZV\YJL^H]LÄLSKHUK
P[ZNOVZ[HYYP]LZH[[OLYLJLP]LYZP[JVU[PU\LZ[V[YH]LS\W^HYK
ILMVYLILPUNYLÅLJ[LKH[[OLZLHZ\YMHJL^OLYLP[\UKLYNVLZH
WVSHYP[`YL]LYZHS;OLYLÅLJ[LKKV^UNVPUN^H]LÄLSKKLSH`LK
I`P[ZHKKP[PVUHSQV\YUL`[V[OLZLHZ\YMHJLPZZPT\S[HULV\ZS`
YLJVYKLKI`[OLYLJLP]LYZ^P[O[OL\WNVPUN^H]LÄLSK;OL
Z\TTH[PVUVM[OLZL[^V^H]LÄLSKZ[OL\WNVPUNHUK[OL
KV^UNVPUNJYLH[LZHZLJVUKZL[VMUV[JOLZPU[OLHTWSP[\KL
ZWLJ[Y\TVM[OLKH[HIVVZ[PUNZVTLMYLX\LUJPLZHUKYLK\JPUN
V[OLYZ3PRL[OLZV\YJLNOVZ[[OLYLJLP]LYNOVZ[PZ
HUNSLKLWLUKLU[0U[OPZJHZL[OLKLSH`IL[^LLU\WNVPUNHUK
KV^UNVPUN^H]LÄLSKZPZHM\UJ[PVUVM[OLLTLYNLUJLHUNSL
VM[OL\WNVPUN^H]LÄLSK;OLNOVZ[LMMLJ[MVYZV\YJLZHUK
YLJLP]LYZPZPSS\Z[YH[LKPU-PN\YL
;OLYLZ\S[VMHSS[OLZLPU[LYHJ[PVUZPZ[VSLUN[OLU[OLZV\YJL
W\SZLJH\ZPUNHSVZZVMYLZVS\[PVUH[YLÅLJ[PUNPU[LYMHJLZ0U
HKKP[PVU[OLSVZZVMSV^MYLX\LUJPLZK\L[V[OLJVTIPULK
LMMLJ[ZVM[OLZV\YJLHUKYLJLP]LYNOVZ[ZJYLH[LZHWYVISLTMVY
[OLPTHNPUNVMKLLWYLÅLJ[VYZZ\JOHZZ\IZHS[HUKZ\IIHZHS[
Z[Y\J[\YLZHZ^LSSHZILPUNWYVISLTH[PJMVYWYVJLZZLZZ\JO
HZWYLZ[HJRPU]LYZPVU^OLYLSV^MYLX\LUJPLZHYLJYP[PJHS[V
HJOPL]PUNHZ[HISLPU]LYZPVUYLZ\S[
(U\TILYVMZVS\[PVUZ[V[OLWYVISLTVM[OLNOVZ[LMMLJ[OH]L
ILLUWYVWVZLK^OPJOJHUILJVU]LUPLU[S`[OV\NOUV[WYLJPZLS`
KP]PKLKPU[VHJX\PZP[PVUZVS\[PVUZHUKWYVJLZZPUNZVS\[PVUZ
(JX\PZP[PVUZVS\[PVUZ[`WPJHSS`L_WSVP[VULVYTVYLMLH[\YLZVM
[OLHJX\PZP[PVUWYVJLZZ-VYL_HTWSLI`YLJVYKPUNIV[O[OL
WYLZZ\YLHUK]LSVJP[`JVTWVULU[ZVM[OL^H]LÄLSKP[PZWVZZPISL
[VJVTIPUL[OLTPUZ\JOH^H`HZ[VLSPTPUH[L[OLYLJLP]LY
NOVZ[)`YLJVYKPUN^P[OYLJLP]LYZWSHJLKH[KPMMLYLU[KLW[OZP[PZ

again possible to combine the separate recordings
so as to suppress the receiver ghost. The same
technique may be applied to sources located at
different depths allowing the source ghost to be
removed. By combining processes it is possible to
suppress both the source and receiver ghost.
Processing solutions usually treat the ghost
effect as an inverse problem that can be solved
by computing an inverse operator to remove
(deconvolve) the ghosts from the data. If the
deconvolution is performed pre-migration, then
it is necessary to take into account the 3D nature
VM[OLNOVZ[^H]LÄLSKZ0MH+VWLYH[VYPZ\ZLK
then the process should be applied to zero-offset
migrated sections or stacks.

Attenuation

Figure 4. Results of applying Clari-Fi to a 2D line from West Africa. A) Amplitude spectra

shown before Clari-Fi (green) and after (brown). B) Zoom of the PSTM data shown in
Figure 2 (before Clari-Fi). C) Zoom of the PSTM data shown in Figure 3 (after Clari-Fi) the
increase in resolution can be clearly seen.

As energy travels through the Earth, it is
diminished through a set of processes that may be collected
together under the heading of attenuation. Attenuation is
measured by the geophysical parameter Q, also known as the
quality factor. For processing purposes, Q is normally given as
an effective parameter that incorporates two different attenuation
effects: intrinsic attenuation and extrinsic attenuation.
Qeff = Qint + Qext.
In intrinsic attenuation, also referred to as absorption, the
ZLPZTPJ^H]LÄLSKSVZLZLULYN`PU[OLMVYTVMOLH[HZP[[YH]LSZ
through the Earth. The degree of absorption is a property of
the material through which the energy is travelling. Absorption
is frequency dependent, with higher frequencies being more
attenuated than low frequencies. For deeper targets, this will
lengthen the wavelet still further, causing loss of resolution
as well as amplitude. The frequency-dependent nature of
the energy loss also causes a distortion in phase. Extrinsic
attenuation includes a number of factors such as mode
conversion and scattering, which also contribute to energy loss.
Since far offsets travel longer in the Earth than near offsets,
attenuation is offset dependent; because it is determined largely
by lithology it will vary spatially.
As the degree of attenuation depends on the travel path
the optimum place for the Q correction to be applied is during
pre-stack time or pre-stack depth migration. In these cases it
is necessary to derive a spatially varying Q model as well as a
velocity model. An alternative approach is to apply
pre-stack correction using a single effective Q value to correct
for phase and amplitude and then apply a post-migration
residual correction.

A new process
The Clari-Fi process developed by TGS is a broadband solution
that corrects for both the ghost effect and attenuation. It
JVUZPZ[ZVM[^VTHPUZ[LWZ0U[OLÄYZ[[OLLMMLJ[ZVM[OLZV\YJL
and receiver ghosts are suppressed, while in the second,
effective attenuation is compensated for by means of a phase
and amplitude Q correction. In the example shown here, a
deterministic deconvolution is used to address the ghost effect
(Figures 2 - 4). As has been shown, the ghost effect is not a 1D
problem. To address this, a multi-dimensional deconvolution
is applied in the tau-p domain. In this domain each p-trace
represents a common emergence angle, making it the preferred
domain for de-ghosting. Once the ghost effect has been solved

and in order to achieve broadband data in the shallow and
deep parts of the section, compensation for attenuation must
be applied. A single-value Q correction, applied either before
or after migration represents a reasonable balance between the
recovery of high frequencies and the minimisation of noise. An
important aspect of the process is careful denoising of the data.
Any process that seeks to broaden the spectrum must take care
to broaden the signal spectrum and not the noise. In order to
maximise the whitening of the signal spectrum, a
multi-dimensional noise attenuation approach is used.
Throughout the processing, noise is removed by means of
targeted noise attenuation in the domain most appropriate for
that step; typically the shot, receiver, CMP and offset domains
are used.
)`TLHUZVMHZ`Z[LTH[PJHWWYVHJO[OH[KLHSZÄYZ[^P[O[OL
ghost effect and then with attenuation, this system represents
a robust methodology for achieving broadband data that is
applicable to any conventional horizontal streamer data set.
Furthermore, since it is a prestack process, CMP gathers are
automatically created as part of the process.
Figures 2 and 3 show the results of performing the new
WYVJLZZVU+KH[HMYVTVMMZOVYL>LZ[(MYPJH(2PYJOOVMM
pre-stack time migration (PSTM) stack after preliminary
denoise is shown in Figure 2. The PSTM after Clari-Fi is shown
in Figure 3. The increased resolution can be clearly seen in
several places (highlighted by white arrows). In addition, the
increase in low frequency has helped to reduce the ‘sidelobes’
of events so that top and base of geological packages can be
TVYLJSLHYS`PKLU[PÄLK"[OLZLHYLPKLU[PÄLK^P[O^OP[LJPYJSLZ
Figure 4A shows amplitude spectra before and after the new
process was used, where the removal of the source and
receiver notches at low and high frequencies is clearly evident.
Figure 4C shows a zoom of Figure 3 showing the resulting
increased bandwidth.

Summary
Broadband data represent a step-change in marine seismic data
acquisition and processing. Structures that were hitherto too
ZTHSS[VILYLZVS]LKI`JVU]LU[PVUHSKH[HJHUUV^ILPKLU[PÄLK
and mapped in detail. By dealing with the ghost effect and the
results of effective Q, the Clari-Fi technique provides a way
to recover a broadband signal in both the shallow and deep
sections. O T
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