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ABSTRACT

New developments in 3C-3D survdgsign for converted wavese shownusing
the Blackfoot 3C-3Dsurvey design as an example. Thitial Blackfoot design
showedhigh frequencyP-S fold variations when a bin-centrédP reflection point
acquisition geometry design was used. Asymp#iefold is smoother when a bin
fractionation design is followed. In this caffee Flexi-bin® approach was used to
assist in thelesign ofthe final survey. The survey consists of 1395 sourcepoints and
903 receivers, recorded inf@ed patches with up to 700 receivers per patch. The
survey hence can be considered as two, overlapping subsurveys with a number of shots
common to both patches. Depth-varigotd mapping capabilities have been
developedwhich show that the actudbld distribution attargethorizons will vary
significantly with the choice ofp/Vs

INTRODUCTION

In this paper, we show new developments in tesign of3C-3D surveys for
converted wavesP(§ and illustrate these ideas usitige design planfor the
Blackfoot 3C-3D survey. Previouslgiesign of3C-3D surveys for convertaglaves
(Lawton, 1994) used the asymptotic location of the conversion point with respect to
the source-receiver offset; i.e. that the conversion point is @&pt)-invariant and
located at a position corresponding to a large depth-to-offset r&tie work has
now been extended to show hbwm fractionation using, foexample the Flexi-bin®
approach, results in a smooth asymptBtS fold distribution. Also, code has been
developed to enable depth-variant fold to be evaluated, based on a user\geffsed
Planning ofthe Blackfootsurvey was basgatimarily onthe asymptoti¢old mapping,
and a comparison is made willll depth-variantanalysis whichhas recently been
completed.

P-Sasymptotic fold distribution

In previous studies (Lawton, 1993, 1994) it was shownehmgity binsoccur for
asymptoticP-S mapping wherivp/Vs= 2 and if the shot-linepacing is an even
integer spacing ofhe groupnterval. In this case, emphins occur inevery fourth
row in the crossline direction; i.parallel tothe shotines. Wedeveloped the concept
of the optimum bin sizebased on the natural separation of conversion points at the
reflector. This bin dimensionAr, is given byAr = Ag/(1.0 +Vs/Vp, whereAg is the
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groupinterval. As an exampldor Vp/Vs= 2 andAg = 60m, the normal CMP bin
dimensionfor P-P data would be 30m, whereas thgtimum bin dimensiorfor P-S
data would be 40m.While this provides smootR-S fold with no empty bins, it is
undesirable to have different numberdrates in the?-P and P-S datavolumes for
interpretation, particularly when trace-by-trace correlatames undertaken. It was
foundthat it wasalso possible to avoid emptyns bysetting the shot lineterval to
an oddinteger multiple of the groumterval. This was show(Lawton, 1994) to
produce ahigh frequency variation ithe fold and thatthe fold in adjacentbins
oscillated about the me&aP fold for equivalent bins.

All of the designs used previously and discussed above used bin-cénRed
reflection points, in which the reflection points all cluster at the centre of thg\im.
the geometries used-S conversion points are distributedthin the bins, but at
separationswhich are not a simpl&action of the regulabin size (for P-P bin
dimensions).

An alternative design strategy usitite Flexi-bin® concept hagecently been
proposed byGeophysical Exploration and Developmé&rporation (GEDCO), in
which the conversion points are distributed at el@m intervals irboth thein-line
and cross-line directions. Thapproach results in a more even fold distributiorPfor
S datawith asymptotic conversion points. However, it does also result in distributed
midpoints forP-P data. Anexample of this desigapproach is shown later in the
discussion of the Blackfoot survey.

Depth-variant P-Sfold distribution.

The asymptotic approximation for mappidgs conversion points is adequatben
the source-receiver offset is less than alb@litthe target depth.. However, as the
offset-to-depth ratio increases, the conversion point moves ¢ttogard thereceiver
location. Fop/Vs= 2, the displacement of the conversion point from the asymptotic
location is about 3.5%henthe source-receiver offset is equal to the reflector depth.
Hence for a depth of 1500m, the conversion point willisplacedabout52m from
the asymptotic location point. Althougdhis value innot large, it will result in the
tracebeing moved 1 or 2 binsHowever, thisdisplacementvill increase agreater
source-receiver offsets and will also be affected byrthe P-wave andSwave
velocities above the reflector.

The 3C-3Ddesign software developetithin CREWES nowincludes asimple
raytracing routinewhich computes depth-variant conversion points fospacified
acquisition geometry and a simple velocity model. These conversion point coordinates
are then used tdisplayfold, offset and azimuth information within eagim in the
data volume.
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Offset distribution quality factor

Work has also continued on a colour-codaksplay showingthe quality of the
offset distribution within each bin. Airesent thadeal model isone inwhich the
source-receiver offsetsithin a binare equallydistributed between thainimum and
maximumspecified offsets.The offset distributiouality factor developed is defined
as thelinear regression correlation coefficient betwgsmmodel and actual offsets,
weighted by the slope of the cross-plot betweemtbdel and actualata. Hence, a
perfect offset distribution with a cross-plot slope of 45 degrees would hauvaity
factor of unity. Colourdisplays ofthe quality factor provide asemi-quantitative
evaluation of the offset distribution over the ensiveveyarea. Thedisplaycan also
be limited to show only bins which have a fold which exceed a user-defined threshold.

BLACKFOOT 3C-3D SEISMIC SURVEY

Introduction

In the spring of 1995, Boyd Exploration Consultantsdrid the CREWES Project
proposed a 3C-3Beismic survey tevaluate thesffectiveness ointegratedP-P and
P-Ssurveys for improved hydrocarbon exploration. The objectives are to demonstrate
that 3C-3Dseismicdata can build on and improve conventional 3Bwave data,
provide additional stratigraphic and structurahges ofthe subsurfacealiscriminate
lithology, andtest for anisotropywhich may becaused by fracturing and regional
stress directions. A number of proposals for the location @lutivey were submitted
from industry, and the site chosen was over the BlacKielot near Strathmore
Alberta (Townshi®3, Range 23 W4M). A stratigrapheolumn ofCretaceous rocks
in this area is shown in Figure 1. Tpmarytargethorizon of the 3C-3urvey is
the Glauconitic Member othe Mannville Group. Glauconitic sandstones astales
fill valleys whichwere incisedinto the regionaLower Manreville stratigraphy. In
particular, the Ostracod and Bantry Shale Members of the LMammville Formation
were truncated by the valleys. Older valley-fills also occur in the Sunburst and Detrital
Members (Figure 1). The Glauconitic reservoir sands occur at a depth of 1550 m.

In the Blackfoot area, &lauconiticvalley-fill was interpreted fromells and a
previous 3DP-wave seismic surveyonducted byPanCanadian Petroleulntdd. The
interpreted trend of thealley, based on thevell information, isshown in Figure 2.
Goodchannel sandaere encountered inells inthe southern part of the arglaown
(e.g. 08-08well), but thechannel-fill faciesappears to be shale plug tahe north at
the 12-16 well. Prime objectivestble 3C-3Dsurveyare todiscriminate channel and
regional seismicsignatures, and to distinguish betwesamd-fill and shale-fill within
the channel. A secondary objective thie 3C-3Dsurvey is to characteridbe P-S
response of deeper Paleozoic carbonates
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(BeaverhillLake Fm)around the location of a deeyell slightly to the east of the
channel trend shown in Figure 2.
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Fig 1. Stratigraphic column of Cretaceous rocks in the Blackfoot area.

Broad-band 3C-2D survey

The CREWES Project recorded a line 4 km long agoassof the Blackfoofield
during thesummer 0f1995. The purpose was to compare characteristics of various
types of multicomponent geophonesvad| as toobtain a template multicomponent
seismic line whiclkcould be used foplanningthe 3C-3D survey. Results frahis
survey are contained in other papersthis ResearctReport, with a preliminary
interpretation of some of tHe-P andP-Sdata presented by Miller et al. (this volume).

Common offset stacks ahe P-P and P-S data from the broad-barglirvey are
shown in Figures 3 and 4 respectively. The outside mateern usedduring
processing is shown on these plots and showetfestive offset rangehat will
contribute to thefinal stacks. Shallow (Glauconitic) and deefBeaverhill Lake)
targets are indicated on these sections. Effective offset ranges are shown in Table 1.
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Tablle 1. Effective offset ranges for Blackfoot 3C-3D survey

Glauconitic P-P) 0-1500 m
Glauconitic P-§ 300-1700 m
BeaverhillLake P-P) 0-2700 m
Beaverhill Lake P-S 400 - 2900 m

The near offselimit for P-Sdata is due to the fact that there isaomversion at
zero offsetand hat the converted-wawmplitude builds with increasing oft.
Evaluation of the 2@lata also showetthat subsurface coverage in excesabbut 35
fold is required to properly image the target horizons for BandP-Sdata
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Fig 2. Base map of Blackfoot area. The 3C-3D survey area is shown by the dashed line.

Design 1: Bin-centred geometry

Table 2 showghe acquisition parameters for desigption 1. Theacquisition
geometry was established in order to obtain about 40 fold over the Glaucioane|
using the effective offsets shown in Table 1. It was also recommetitizd the
maximum bin dimensioshould be 30 m iorder to have an adequatember ofbins
locatedwithin the Glauconitic channel. The receiver effort wasluced over the
deeper target area in order to cut down on the tataiber of receiverthat were
required for the program.
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This geometry would require 2907 liadannels andhe layout of source and
receiverlines isshown in Figure 5.P-P fold for offsetslimited from 0 to 1500 m is
shown in Figure 6. It is smooth over therget areas, with 40 fold over the
Glauconitic channel armbout 22 around the deep target (14edl). AsymptoticP-S
fold is shown in Figure 7 for offsets betwe8®0 m and 17 00 m. It shows the
expectedhigh frequency fold variationsetween adjacent bins, ranging between 40
and 80 foldover the area of th&lauconitic channel, and betweahout 20 and 40
around the 14-3 well. Increasing the bin dimension to the optimum size (40 m x 40 m)
results in smoothd?-Sfold of up to 80 over the channel and 40 fold at the 14-3 well.

Table 2. Acquisition parameters for design option 1.

Source parameters:

Line orientation: North-south
Source interval: 60 m
Source line interval: 180 m
Number of source lines: 26

Total number of sourcepoints: 1504

Receiver parameters:

Line orientation: East-west
Receiver interval: 60 m
Receiver line interval: 240 m (Glauconitic); 480 m (Beaverhill
Lake)
Number of receiver lines: 19
Total number of receivers: 969
Patch:

All receivers live for all shots

However, the total cost fothis poposed program was iexcess of the budget
available so itvas necessary to redute totalnumber of sourcepoints and required
channel capacity. Alsdhere wereonly slightly over 700 3-component geophones
available, so itwas also required to reduce tinember of live geophoneseing
recorded for eackhot. Reduction in patchze to700 live receivers (2100 recording
channels) wouldnot compromise patchguality significantly sincesource-receiver
offsets in excess of 2900 m woultbt contribute significantly to the final data
volumes.
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P-P common-offset stacks
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Fig 3. P-P common offset stack from Blackfoot 3C-2D line. Target levels are indicated
(GLCC = Glauconitic; BHL = Beaverhill Lake). Outside mute pattern is shown by line.
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Fig 4. P-S common offset stack from Blackfoot 3C-2D line. Target levels are indicated
(GLCC = Glauconitic; BHL = Beaverhill Lake). Outside mute pattern is shown by line.
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Design 2: Distributed reflection/conversion points (Flex-bin®

Table 3 showghe acquisition parameters for desigption 2. Theacquisition
geometry was establishedarder to reduce theumber of sourcepoints to less than
1400, and record aactive patch of up to 700 geophones (21B@nnels). An
additional benefit of this geometry wiist it provides smootasymptotic fold folP-S
datausingthe standard 30 m x 30 bin dimensionwith an average fold of 36 at the
Glauconitic level. The receiver effort wastill reduced over the deeper target area in
order thatimaging ofthe Glauconitictarget wasot compromised with thavailable
budget.

Table 3. Acquisition parameters for design option 2.

Source parameters:

Line orientation: North-south
Source interval: 60 m
Source line interval: 210 m
Number of source lines: 24

Total number of sourcepoints: 1395

Receiver parameters:

Line orientation: East-west

Receiver interval: 60 m

Receiver line interval: 255 m (Glauconitic); 495 m (Beaverhill
Lake)

Number of receiver lines: 18

Total number of receivers: 903

Patch:
Number of patches: 2
Live geophones/ patch: up to 700.

The survey layout for this design is shown in Figure 9. Becaude adxtra care
required tolay out 3-component geophones, it has been decidedtdave aolling
patch, but to shoot thsurvey intotwo patches, one over th@&lauconitic target
(“Glauconitic patch”) andhe other over the deeper carbonate taf@#L patch”).

P-P fold for offsets limited from 0 to 1500 m is shown in Figure 10. It is quite smooth
over the target areasyith 36 foldover theGlauconitic patch andbout 15within the

BHL patch. Asymptotid®-Sfold is shown in Figure 11 for source-receiver offsets of
between 300 m and 1700 m Fold averadesut 40within the Glauconitic patch and
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about 22 over the BHL patch. The distribution of near offse8-f8data is shown in
Figure 11 and is seen to be close to the desake 0f300 m over thé&lauconitic
patch. East-west stripasith larger near offset¢about 550 m) occur between
receiverlines over the BHL patch, due to the increased recdimerspacing in this
area. Distribution of far offsets for tiReS data isdisplayed in Figure 13 and is seen
to be close to the desirgdlue of 1700 nover most of thesurveyarea. Total offset
range idisplayed in Figurd4. Stripes occur in the BHL patch due to the langar
offsets along these bins.

It is useful to evaluate which offset®ntribute most tobin fold, since P-S
amplitudesare not constant across the entinege of offsets captured. Figures 15
through 17 showr-Sfold for near(300-700 m)middle (700-1200 m) and far offset
(1200 - 1700 m) rangergspectively.For theGlauconitic patchthe near offset range
contributegmostly to bi ns betweeihe receivetines,whereas theniddle offsetrange
contributesmostly to binsclustered near the receiMares. The far offsets contribute
quite smoothly toall binsacross theGlauconitic patch, with alight increase in
contribution along the receivdines. The offset distributiomuality factor for all
offsets in the 300-1700 m offset range, and for bins with fold greater tharsi&wis
in Figure 18. Consistent factors of between &rftl 0.9 are obtained over the
Glauconitic patchindicatingthat the offsedistribution in thispart of thesurvey is
good. The quality factor is lower over the BHL patch, as expectdcethe survey
design for this patch was optimised for the deeper target.

Azimuthal distribution for asymptotie-Sdata is best evaluated by examing fold for
the full offset rangewithin limited source-receiver azimuth apertures. Figures 19
through 22 show asymptotie-S fold for azimuthsdivided into 4 quadrantseach
spanning 99 Thesedisplaysshow similar fold distributions forthe 4azimuths over
the Glauconitic patch. Notthat the area ahaximumcoveragewithin eachdisplay is
displaced irthe direction of the averageimuth because tiie asymmetry irthe P-S
raypath.

Depth-variant analysis

The Blackfoot survey was also modelled using a depth-variant convpsitn A
Vp/Vsratio of 1.9 was used as this is an average value for the Upper Mannville interval
determined from dipole sonic logs and interpretatiothef3C-2D datéMiller et al.,
this volume). Figure 23 displaya-S fold for offsets from300 m to 1700 m, and
shows that thdold distribution isnot quite as even at that determined using the
asymptotic approach (Figufel) . Fold varies fromabout 35 to 50 over theentral
part of theGlauconitic patch, andenerally is highedtetween receivdmes. Figures
24 through 26 shoviold for the same limited offsetanges as shown for asymptotic
modelling in Figures 1%rough 18 Examination of Figures 2through 26 show that
for the near and far offset ranges, the highadtbins cluster between theeceiver
lines, whereas in the mid-offset ranges, the highes fold clusters along the tewssyver
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Severaltests showed that the actdald patternwhich develops igjuite sensitive to
Vp/Vs so that comprehensive knowledge of this ratio is important for optimum design.
The offset distributiorquality for conversion pointnodelling isshown in Figure 27

and is similar to that determined using the asymptotic assumption (Figure 18).

Fold and offset distribution for the deeper Paleoraiget werealso determined.
Figures 28 and 29 shoR+P andP-Sfold respectively, for source-receiver offsets of
0-2700 m for theP-P data,and 400-2900 m for the-Sdata. TheP-P fold around
the 14-3well in the BHL patch is about 6@hcreasing toover 100 within the
Glauconitic patch. ThB-Sasymptotic fold (Figur@9) oscillates between 30 and 50
within the BHL patch, with stripeggarallel tothe receivelines. Figure 3@hows that
the P-S offset range is excellewver theGlauconitic patch, and acceptaloieer the
BHL patch. Offset distributiomuality (Figure31) shows somsignificant stripes
within the BHL patch, although it is good at the 14-3 well.

Depth-variantP-Sfold distribution was also undertaken the deeper target, at a
depth of 2370 m and sismingVp/Vs= 2. Figure 32 showthat theP-Sfold over the
BHL patch is lesuuniform thanthat obtainedusing asymptotic mapping, with the
highest fold beingienerated along the receiVigies. It is cleathat the widereceiver
line spacing in this part of the surveyhs optimum. Total offset range (Figudg) is
excellentover theGlauconitic patchput still shows a striped pattern over the BHL
patch, with rathepoorvalues athe 14-3well location. Offset distributioquality is
generally not as good as that determined with asymptotic mapping.

CONCLUSIONS

This paper illustrates the approach usedi¢sign a3C-3D survey for converted
waves usinghe Blackfootsurvey as an example. Asymptotic fold mapping shows
high frequencyP-Sfold variations when a bin-centr&dP reflection point acquisition
geometry design is used. Asymptd®Sfold is smoother when kin fractionation
design is followed. In this casthe Flexi-bin® approach was used to assist in the
design of the final survey. Depth-variant fold mappuag also developed and shows
that actual fold distribution at the target horizons will vary significantly Vptv's
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Fig. 7. Asymptotic P-S fold, Glauconitic target for design option 1. Offsets are limited from
300 -1700 m. Bin size is 30 m x 30 m.
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Fig. 8. Asymptotic P-S fold, Glauconitic target for design option 1. Offsets are limited from

300 - 1700 m, bin size of 40 m x 40 m.
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Fig. 9. Source and receiver line geometry for design option 2. P-P midpoints are distributed
within each bin according to Flexi-bin design. Wells are shown by position only. Source line

210 m; receiver line interval = 255 m over Glauconitic patch and 495 m over the

interval

BHL patch.
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Fig. 10. P-P fold using Flexi-bin geometry, Glauconitic target for design option 2. Offsets
limited from O - 1500 m. Bin size is 30 m x 30 m.
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Fig. 11. Asymptotic P-S fold, Glauconitic target for design option 2. Offsets are limited from
300 -1700 m. Bin size is 30 m x 30 m.
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Fig. 12. Near offset distribution for asymptotic P-S fold, Glauconitic target for design option
2. Offsets are limited from 300 -1700 m. Bin size is 30 m x 30 m.
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Fig. 13. Far offset distribution for asymptotic P-S fold, Glauconitic target for design option 2.
Offsets are limited from 300 -1700 m. Bin size is 30 m x 30 m.

43-20 CREWES Research Report — Volume 7 (1995)



Advances in 3C-3D design for converted waves

4950 m
1333

9-17

£

2

7
8-8

=5

£ 0

i OFFSET

| RANGE

il

Fig. 14. Offset range for asymptotic P-S fold, Glauconitic target for design option 2. Offsets
are limited from 300 -1700 m. Bin size is 30 m x 30 m.
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Fig. 15. Near offset fold for asymptotic P-S fold, Glauconitic target for design option 2.
Offsets are limited from 300 - 700 m. Bin size is 30 m x 30 m.
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Fig. 16. Middle offset fold for asymptotic P-S fold, Glauconitic target for design option 2.
Offsets are limited from 700 - 1200 m. Bin size is 30 m x 30 m.

CREWES Research Report — Volume 7 (1995) 43-23



Lawton, Stewart, Cordsen, and Hrycak

49%0m

917

5070 m

-:'i%i‘ﬁlsl im]
B pl-m-nl L

Mg i

—=r2) = M 0d

FOLD

——== Morth

Fig. 17. Far offset fold for asymptotic P-S fold, Glauconitic target for design option 2.
Offsets are limited from 1200 - 1700 m. Bin size is 30 m x 30 m.
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Fig. 18. Offset distribution quality factor for asymptotic P-S fold, Glauconitic target for
design option 2. Offsets are limited from 300 - 1700 m. Bin size is 30 m x 30 m.
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Fig. 19. Azimuthal fold distribution for asymptotic P-S fold, Glauconitic target for design
option 2. Source-receiver azimuths are limited from 0 - 90 degrees. Bin size is 30 m x 30
m.
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Fig. 20. Azimuthal fold distribution for asymptotic P-S fold, Glauconitic target for design
option 2. Source-receiver azimuths are limited from 90 - 180 degrees. Bin size is 30 m x 30
m.
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Fig. 21. Azimuthal fold distribution for asymptotic P-S fold, Glauconitic target for design
option 2. Source-receiver azimuths are limited from 180 - 270 degrees. Bin size is 30 m x
30 m.
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Fig. 22. Azimuthal fold distribution for asymptotic P-S fold, Glauconitic target for design
option 2. Source-receiver azimuths are limited from 270 - 360 degrees. Bin size is 30 m x

30 m.
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Fig. 23. Depth-variant P-S fold, Glauconitic target for design option 2. Offsets are limited
from 300 -1700 m. Bin size is 30 m x 30 m.
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Fig 24. Depth-variant near offset P-S fold, Glauconitic target for design option 2. Offsets
are limited from 300 -700 m. Bin size is 30 m x 30 m.
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Fig 25. Depth-variant middle offset P-S fold, Glauconitic target for design option 2. Offsets
are limited from 700 -1200 m. Bin size is 30 m x 30 m.
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Fig 26. Depth-variant far offset P-S fold, Glauconitic target for design option 2. Offsets are

limited from 1200 -1700 m. Bin size is 30 m x 30 m.
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Fig. 27. Offset distribution quality factor for depth-variant P-S fold, Glauconitic target for
design option 2. Offsets are limited from 300 - 1700 m. Bin size is 30 m x 30 m.
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Fig 28. P-P fold, Beaverhill Lake target, design option 2. Offsets 0 - 2700 m.
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Fig. 29. Asymptotic P-S fold, Beaverhill Lake target, design optiion 2. Offsets 400 - 2900 m.
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Fig. 30. Asymptotic P-S offset range, Beaverhill Lake target. Offsets 400 - 2900 m.
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Fig. 31. Asymptotic P-S offset quality factor, Beaverhill Lake target, design option 2.
Offsets 400-2900 m.
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Fig. 32. Depth-variant P-S fold, Beaverhill Lake target, design option 2. Offsets 400 - 2900
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Fig. 33. Depth-variant P-S offset range, Beaverhill Lake target, design option 2. Offsets
400-2900m.
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Fig. 34. Depth-variant P-S offset distribution quality, design option 2. Offsets 400-2900 m.
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