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ABSTRACT

The vertical component of the Blackfooigh-resolution of 3C-2Ddatafrom two
different source patternsas processednd twodifferent stacks wer@roduced. One
source pattern consisted of 4 kg of explosives in a single 18 m hole. The patten
consisted of 2 kg of explosives gach oftwo 9 m holes. Adramatic difference
between the migrated stacks of the two datasets was observed. An f-x analysis was run
to display the amplitude and phase spectrth@funmigratediatasetsSimilar analysis
was run on representative shot gathers ftioatwo datasetsThe analysisshows that
the 9 m data has a higher signal band than the 18 nhastaAspectral notch due to a
surface source ghost reflection is suggestati@snain cause of tHewer signal band
in the 18 mdataset. A frequency of 5% for the spectral notciwas interpreted from
various spectra. Further processing and analysis were rgonfom the estimated
frequency. Due to the spectral notch in the 18 m data, better resolatsonbserved in
the 9 mstacks than ithe 18 m sicks. Atheoreticalghostoperator which installs a
notch at the mentioned frequenaas convolved with a 9 m mgrated trace and
compared to correspondimgigrated tracefrom the 18 mdata. Amatch between the
resulting traces was observed.

INTRODUCTION

The CREWES project at theniversity of Calgary conducted a high-resolution
3C-2D seismicsurvey atBlackfoot field in November 1997. TheBlackfoot field is
located southeast of the town of Strathmore, Alberta.

The 3 km 3C-2D lineconsisted of a combination of normal and high resolution
receiver intervals. The source interval for the entire line was 20 m. There totaie Gt
151 shot points of 4 kg charge size loaded in a single hole at 18 m depth and positioned
on the half station. The receiver interval for ftet and 3rd km ofhe recordingspread
was 20 m. Thigave a total of 5B-C geophones foeachkm. In the centralhigh-
resolution km, theeceiver intervaivas 2 mmaking a total o601 3-C geophones for
the center km of thepread.This would give a total of601 3-C geophoneglanted
along the 3 knline. All the geophones were buried at a depth of about 50 cm to
eliminate wind noise.See Stewart eal. (1997) for furtherdescription andinitial
results.

To test the effect of theource depth othe resolution ofthe data, amadditional 15
shot points were added at the center of the line which consisted of 2 holes at 9 m depth
loaded with a 2 kg charge in each hole. These extra 2-hole patterns were drilled close to
corresponding single hokhots suchthat both an 18m-hole and a 9m-hole have the
same shotpoint number. This allowed the creation of an 18 m data ( a sulhsetotd!
line) which has only 15 shotthat compared directly to the 9 dataset. Figure (1)
shows asketch of the field layoutor the Blackfootsurvey forthe centralhigh-
resolution kilometer.

In both unmigrated andhigrateddata, adifference between the 9 m and 18 m
datasets was noticed. An f-x analysis ( Margrave, 1995 and 1999) afirbutgrated
datasets was run to compare them in terms of their signal bandwidth aradrtplginde
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as a function ofrequency. Further analyses of both raw andrated datasets were
also run to confirm the observed differences.

In this paperthe processing stepsyhich wereapplied to bothdatasetswill be
discussed andinmigrated and migrateskctions will beshown. Displays of the f-x
analysis along withhe average amplitudgpectra of the unmigrated datasets will also
be presented arghow adifference in both frequency content and sigoaiver. The
amplitude spectra of some selecteiddows fromthe raw of 18 m and 9 ndata were
computed andshow a difference between thehot gathers withrespect to their
maximumamplitudes.The difference between the datasetsuggested as due to a
spectral notch in the 18 m data caused by a surface sghwse reflectionThe theory
of the ghost and the notch are also discussed.

DATA PROCESSING

Using ProMAX software, both 18 m and 9 m raw datasets were processed and two
different sections were produced. Figure (2) shows a flowchdheqgfrocessing steps
which were followed to process both dataséte static corrections including residual
statics were computed separatély eachdataset. PrestackVSW (Time Variant
Spectral Whitening) (Yilmaz1987) of 5 to 90Hz wasone of thetools applied in the
processingscheme and spectra analygias done orthe resultantstack. The same
analysis was ruafter apoststackTVSW of 5 to 90Hz. To minimize the influence of
the ground role, care was taken to chose a decon operator gatgganchthat it omits
the middle part of the shot gather where the ground ralgasg, especially in the 9 m
data. The f-x deconwas applied to thepoststackTVSW sectionbefore phase shift
migration.

The unmigrated stacked secti@are shown in figures &and 4. The 9 m dataset is
referred as 2 x 9 m iall the displays whilethe 18 m dataeferred as 1 x 18 m to
indicate the number of holes at each shotpoint. Figugleo8vsthe unmigrated stack of
both 18 m data (top) and 9 m data (bottom) with a seleatiodow which was chosen
for anenlargeddisplay. The selectiorwindow covers fromCDP 1592 to CDP 1800
and from 500 ms to 1200 ms. Figurskowsthe enlargementir both unmigrated
datasets in the selection windows.

The migrated sections of both 18 m and @ata areshown infigure 5. Awindow
having the same dimensions as the one in the unmigrated data was $etestéarged
display. A better assessmenttbé difference between th@o sectionscould bemade
after migration. The difference is clear in the zoomed windows in figure 6 which shows
each selectionvindow from each section divided vertically into ledind rightparts.
Each part from one dataset was plotted next to the same part from thdab¢hdn this
figure, the difference between the two datasetteisrly observed. For example, in the
section betwee®00 ms and 1200 mthere is better temporal resolution and more
events appear in the 9 m data than were in the #i&tem Inthe shallower part of both
windows there are more coherent signalthen9 m data than are in therresponding
section of 18 m data.

ANALYSES AND OBSERVATIONS

The unmigrated datsets were transferred toatlabfor f-x analysis ancamplitude
spectra computations. The entire sections for both 18 m and 9 m data,leagtdof
2 seconds, were used in the analysis. The f-x amplitude spsmtiplexphase spectra
and the average amplitude spectra were computed for each dataset. The PwStsck
stack was first analyzed and some observations are discussed below.
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Figure 7 shows the f-x amplitude spectra of prestack TVSW stack for both 18 m and
9 m data.The maximumpower of the signals, which isfull black, indicates the
frequency band over whichthe stacked sectionhas good spectral power
(Margrave,1995) . Inhe 18 mspectrumthere isgood spectralpower in afrequency
band from 10 to 50 HZ, while the 9 m stacked section has spectral power up to 60 HZ.
Signal canalso be identified bylateral frequency coherence which is probably
controlled by the near surface geology. It is suggested thhtited spectralpower in
the 18 m spectrum is due to a spectral notch at a frequency of 55 HZ resulting from a
source ghost reflection off of the recording surface .

Figure 8 shows the complex phase spectra of prestack TVSW stack for the 18 m and
9 m data. In this figure there is also evidence of a spectral notch in theda&which
is represented by incoherent phase aboveH®50The 9 mphase spectrum shows
coherence almost up to 62 and in some locations there is signal nea#Z.0

The average amplitude spectoa the mentioned datasetgere computed and are
shown in figure 9. The average amplitude speord8 m and 9 ndata areshown in
figures 9a and 9b respectively. For a better comparison, figure 9 (c) superimposes both
amplitudespectra. lican beseenthat both amplitude spectra are nearly identical up to
50 HZ. Since thiglatahad TVSW applied immediatelpeforestack, the spectrum of
the unstacked data was white out to 90 HZ. The extent to which ‘iulvakitened” in
stacking isshown inthese average amplitudgectra.Since both datasetse noise
dominated at 90 HZ, the average amplitude spésted at 90 HZ can be taken as an
indicator of purenoise.Comparing the 9 m and 18 data in the 50 to 60 HZ region
shows that the 18 m data has stacked like noise while the 9 m has stacked like signal

As thenon-sourceelated acquisition parameteasd theprocessing werédentical
for both datasets, it is suggestédt thelower resolution inthe 18 m dataset and the
higher resolution ithe 9 m dataset igoverned bythe frequency of a spectral notch
which is a function of the source depth. Different processing tools and further analyses
were run on both datasets to investigate this in more detail.

TVSW was applied to the stacked datasets to enhance the amplitudi the
frequenciesThe purpose of thigest is to demonstrate that spectrally whitening the
18 m dataset will not ake it equivalent to the 9 miata. Figure 1&Ghows the f-x
amplitude spectra of poststack TVSW for 18 m and Sataahd the elevation changes
along theline. Although the amplitude of the spectrumhbseosted,coherence is still
limited to 50Hz in the 18 m spectrum and to && in the 9 mspectrum. Sgctral
whitening hassnhanceall the frequencies includingoise,but the coherency kept its
characteristics at the mentioned frequencies in both datasets.

The phase spectra of the postst@atiSW ( figure 11)showedsimilar results to the
prestackTVSW phase spectra (figur@). This indicatesthat some ofthe whitened
frequencies were noise. Although the noise was whitened alongheisignal, itstill
lacks phase coherence. Figure 12 shows the effelseoihitening in moreletail. The
average amplitude spectrum of 18 m détgure 12a)showsthat all thefrequencies in
the spectrum were whitened to almost the same level. The same dhse%an data is
illustrated in figure1l2b. Both figures were superimposed sbow the correlation
between thawo spectra (figurel2c). As it was shown ifigure 9c, the difference
between the two spectra was within the frequencies 50#a.6Ehe same difference is
preserved irthe poststack TVSW spectré&imilarly the amplitude spectréor both
datasets are nearlgentical up to 50Hz. This remarkable result indicatdisat the
difference between the 18 m and 9 m data abow& € not due to artifacts caused by
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the processingparameters or any effeqtsuch as geologyyther than to a frequency
notch in the 18 m data as a result of a source ghost reflection.

GHOST THEORY

When a buried source is detonated the waves will travel in all directions and some of
the waves will reflect at the surface and travel back into the eauntfing what i€alled
a source ghost. The energy traveling downward fiteersource is superimposed upon
the ghost energy (Sheriff ande@lart 1995). Bythe time the reflected ave (ghost)

returns to the source point it hizaveled aime tg:%/A—Z where Az is thesource depth
W

and vy, is the weatheringrelocity. This ghostwill cause a spectral notch in the
recorded data at a frequen@yzti, then from the definition ofy, the notch frequency
g

fg :\Z/A_WZ (Hatton et al. 1986).

Both the weathering velocity and tlemurce depth have affect in defining the
notchfrequency. For very shallow sourcte weathering velocitysually hadlittle
change with depth so the main factor in defining the notch frequency will loke .

It can be concluded that the deeper sbercethe lower the notchfrequency. If the
notchoccurs, it is rore likely thatits frequency will be within the sign&and of the
data. Asthe source isplaced deeper in thgroundthe notch frequencynoves to the
lower part ofthe spectrum and mosggnals will be hurt and lower resolution will be
the result. Toavoid the notch in the signdland, a shallower source should be
considered. Given a higher notch frequency, it @enlikely that it will fall out of the
signal band of the data and better resolution will be obtained.

From Figure 13 itan be seetthat the notch will degradsignals in a significant
bandwidth aroundhe centrafrequency.Although the centrafrequency of the notch
was suggested as 5 in the 18 mdata, some ore signal with higher and lower
frequencies than 58z were also degraded. Some signal aboveib$s evident in the
18 m data (figures 7 and 8 top) where rmaximum coherenfrequency near 8@iz
could beobserved.The 9 m spectranalysis showedoherence frequency from 10 to
65 Hz. This suggestthat there may be a spectral notchhigther frequency causing
signal disappearance above 85. As thesource deptldecreasesthe frequency at
which the spectral notch occur will be higher (Hatton at al. 1986).

The possibility of a source ghost ithe Blackfoot datahas beenmentioned
previously by Mirgrave(1995). Figure 14 idaken fromthe BlackfootBroadband
survey, shot in 1995xhich also used a singlele at 18 m source configuration. A
spectral notch is evident on both the amplitude and phase spectra as zones of low power
and lowcoherence near 5%z. The notch correlates spatialyith topography of the
line.

FURTHER ANALYSES

As mentioned previouslyor figures 9c andl2c, the amplitude spectréor both
datasets are neargentical up to 5Hz. Anotherway to confirm thisidentity was to
apply a bandpass filter of O to B@ to both migrated stacks of 18 m and 9 m data. The
resultant stackare shown infigure 15 and arerery similar in terms oftoherency,
number of events and time matching.
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Two raw shot gathers from 18 m and 9datawere exported to ktlabfor average
amplitude spectraomputationsThree differentwindows wereselected in eackhot
gather (Figure 16). The first window was selected such that part mffthetedsignals
from eachshotgatherwould be analyzedl'he second window covers large part of
the groundroll in each gatheand the third selectiowindow was designed such that
the reflected signal in the far offset would be analyzed.

Figure 17a shows the superimposed average amplitude spectra of each shot gather in
window #1. The 18 m refracted signals have more power than the 9 m signal. This may
be because the distance from the source to a refractor and therstofdéice is shorter
for the 18 msignals tharfor 9 m signals. Figure 17éhowsthe same spectraith a
decibel scale with respect to the maximum amplitude of the 18 m data.

The average amplitude spectravahdow #2 fromeachshotgather were computed
and superimposed arateshown in Figure 18a. As expectdde groundroll for the
9 m shotgatherhas nore power than the 18 mThis is a disadvantage ofsing a
shallow source ptarnwhich can be treated in thgrocessing ifthe recordingsystem
has sufficient dynamic range. Figure 18iowsboth averagamplitude spectravith a
decibel scale with respect to the maximum amplitude of the 9 m data.

Window #3 fromeachshotgatherwas analyzed and the average amplitude spectra
were computed. Figure 1%hows both spectra superimposed asdggestssimilar
power ofthe reflected signdior both shots. Figure 19b is alecibeldisplay of the
average amplitude specti@ the samewindow and shows adifference between the
9 m and 18 ndatafrom 55 to 70 HZ. This probablselated to the same difference in
the processeddata when the amplitude spectra ifigures 9¢c and 12c wergearly
identical up to 55 HZ.

It has been suggested that a spectral notch due to a surface sourceflgiotieh is
the main cause of the lower signal band in the 18 m dataset. The frequéheynofch
was interpreted as a result of the spectnahlysis of both 18 m and 9 m datasets and
was estimated as 58iz. A theoreticalghost operator which installs a notch at the
mentioned frequencwasthen convolved with a 9m-migratéthce and compared to
correspondingnigrated tracefrom the 18 m datdfigure 20). A matchbetween the
resulting tracesvas observed at tame window from 700 to 1200 ms. Figure 21 is a
similar display to figure 2@xcept that normal a 9m migrated trace is compared to
corresponding migrated traces from 1&lataand shows amismatch between the two
different traces in terms of time, frequency and amplitude.

CONCLUSIONS

Combining the information from the f-x analysis of the 18 m and @ata, itcan be
stated that in the Blackfoot high-resolution 3C-2D survey reflection signal band starts at
5Hz and extend up to 8@z. Lower resolution orthe 18 m datavas encountered as a
result of a spectral notch at 3& caused by a source ghasflection and a similar
spectral notch is postulatddr the 9 m data at drequency above 7Mz. Both
weathering velocity and source depth determine the ricggaency.Thesetwo factors
should be considered in designitige source pattern in thefield. It can also be
concluded that théx analysis is a goodstimator of the recorded sigriand of raw
data as well as unmigrated sections. As a result of these analyses a source depth of 9 m
or less is suggested for any future Blackfoot survey.
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FIGURE 1. A sketch of the field layout for the high resolution part.
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FIGURE 2. The flowchart of the processing steps applied.
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FIGURE 3. Unmigrated prestack TVSW stacks of 18 m and 9 m data sets with selection
windows shown in Figure 4.
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windows shown in Figure 6.
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FIGURE 7. The f-x amplitude spectra of the unmigrated prestack TVSW of 18 m and 9 m data
and the elevation changes along the processed line.
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FIGURE 8. The f-x phase spectra of the unmigrated prestack TVSW of the 18 m and 9 m data
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FIGURE 9. Amplitude spectra of the unmigrated prestack TVSW for : (a) 18 m data (b) 9 m data

and (c) both spectra were superimposed.
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FIGURE 10. The f-x amplitude spectra of the unmigrated poststack TVSW of 18 mand 9 m
data and the elevation changes along the processed line.
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FIGURE 11. The f-x phase spectra of the unmigrated poststack TVSW of the 18 mand 9 m
data sets
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FIGURE 13. A sketch shows a surface ghost from a buried source causes a spectral notch.
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FIGURE 14. The final stack for the Blackfoot 10 HZ array data (a) and its f-x spectral analysis.
The amplitude spectrum (b) and the complex phase spectrum (c) were computed over the
time zone 0.2 to 1.6 seconds and the elevation along the line. Note the spatial correlation of

the spectral notch near 55 HZ. ( after Margrave 1995 ).
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FIGURE 15. Two parts of theselectionwindows fromthe migrated and filtered to
50 HZ. of the 18 m and 9 m data in Figure 5. On top are the left halves of the windows
while on bottom are the right halves.
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Hamarbatan and Margrave
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FIGURE 16. Same shot gather for 18 m (top) and 9m (bottom) with selected windows for
spectra analysis.
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Spectral analysis of a ghost
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FIGURE 17. Superimposed of (a) the average amplitude spectra of each shot gather and (b)
the computed average amplitude spectra with decibel scale with respect to the maximum

amplitude of 18 m shot gather.
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FIGURE 18. Superimposed of (a) the average amplitude spectra of each shot gather and (b)
the computed average amplitude spectra with decibel scale with respect to the maximum

amplitude of 9 m shot gather.
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Spectral analysis of a ghost
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FIGURE 19. Superimposed of (a) the average amplitude spectra of each shot gather and (b)
the computed average amplitude spectra with decibel scale with respect to the maximum
amplitude of 18 m shot gather.
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FIGURE 20. A 9m-migrated trace was convolved with a ghost operator (12-14) and some
traces from the 18 m migrated stack (1-10,16-25).
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FIGURE 21. A 9m-migrated trace (12-14) and some traces from the 18 m migrated stack
(1-10,16-25).
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