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AtlSTRACT 

Mukioffser "SP and well-lag data were acquired in the 4-9-w 
I IW6M well bore in northwest Albena. The objective of the sw 
veys was to confirm an AVO anomaly observed on surface seismic 
data and estimate Poisson’s ratio and gas saturation from AVO anal- 
ysis in a dolomite reservoir. To this end, a D-component, me-ampli- 
tude processing flaw has been developed that includes: horizontal 
rotation. parametric wave-field separation, dereministic wweahap- 
ing deconvolution. me amplitude recovery. common-source swck- 
ing and NM0 correction. This flow is tested with synthetic data and 
designed to reduce processing uncenainlies common to AVO analy- 
sis and diminish many of the possible interpretation ambiguities 
caused by wave propagation effects (such a6 multiples. source- 
receiver coupling and source direcdvity). The VSP and well-log data 
are integrated in an AVO interpretation of the Devonian Slave Paint 
Formation. There is a strong seismic reflection from the top of the 
Slave Point. and both the top and base of the porosity are imaged by 
the P-P and P-S VSP data. Well-log interpretation suggests that the 
reservoir zone is a gas-hearing dolomite with porosities between 
I I% an* IS%. The VSP an* well-lag meaS"rementS all Sh"W a 
decrease in P-wave velocity and "#WY in the dolomite reservoir. 

We,, lag, "SP frweltime meaS"renle"~S B"d A"0 fcrwzd mod- 
elling indicate that the P-wave velocity in the dolomite reservoir is 
in the range of 4333 m/s to 5181 m/s, the S-wave velocity is in the 
range Of 2833 m/s to 2967 m/s, and thus a "Jy Yal"e of I.53 to 
1.75. All mex4urement~ are consistent with the reservoir being 
pixous gas-saturated dolomite. P-P and P-S synthetic seismograms 
correlate convincingly with the field data. It is observed that the P-S 
rekcdons provide higher resolution than the P-P reflections. 

INTRODUCTION 

AVO analysis has been shown to be a useful exploration 
procedure (Ostrander, 1984; Chacko, 1989; Rutherford and 
Williams, 1989; Burnett, 1990). The main goal of AVO anal- 
ysis is to estimate Poisson’s ratio (or VJVJ in a subsurface 
zone using conventional surface-seismic data. Poisson’s ratio 
is important to explorationists because it can be diagnostic of 
gas saturation and gross lithology (Tatham and Krug, 1985). 

Recently, several authors have integrated converted-wave 
reflections in AVO studies. Nazar and Lawton (1993) used P- 
P and P-S AVO modelling to explain a discrepancy in the P- 
P and P-S stacked seismic character of a reservoir zone. 
Frasier and Zaengle (1992) used P-P and P-S reflections, rock 
physics, and P-wave AVO to provide interval V,/Vs ratios 
that correlate with known lithologies in producing fields. 

Although AVO has been used successfully in many geo- 
logic settings, there is often some uncertainty in the results. 
Swan (1991) showed that significant errors can be caused by 
processing, acquisition and wave propagation on AVO mea- 
surements. Spherical-spreading losses, source directivity, 
velocity-estimation errors, thin-bed interference, anisotropy 
and wavelet stretch can all have significant effects on AVO 
measurements. In this paper, we describe a walkway VSP 
processing flow that results in P-P and P-S reflections that 
are largely free of many of the uncertainties caused by these 
wave propagation effects and show how these data can be 
integrated with well logs in an AVO interpretation. 

Vertical seismic profiling 

The VSP can be a useful measurement for making rock 
property measurements, imaging around the well bore and 
gaining insight into seismic wave propagation (Lee and 
galch, 1983; Gaiser et al., 1984; Dankbaar, 1987). With the 
VSP geometry, upgoing and downgoing seismic events can 
be identified at different points along their propagation path 
in both depth and time. Many wave propagation effects can 
also be observed: multiples can be identified and removed. 
seismic attenuation can be measured by comparing the 
amplitude spectra of the downgoing wave field at different 
depth levels, and with offset VSP data both reflected and 
transmitted mode-converted S waves can be observed. 

Although there are advantages in using VSP data. there 
are also limitations: a well bore must be available for VSP 
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acquisition, VSP data are limited in subsurface coverage and 
fold, and the VSP may have a substantial cost compared to 
other seismic methods. 

There are certain advantages in using VSP data for AVO 
analysis: (I) VSP data often have a broader bandwidth than 
comparable surface seismic data due to the shorter travel 
path from the source to the receiver and a one-way travel 
path through the near surface. (2) The signal-to-noise ratio is 
generally higher than that of surface seismic data because the 
borchole environment is quiet and strong borehole coupling 
can be achieved. (3) The downgoing wave field is recorded 
and can be used to design a deterministic waveshaping 
deconvolution operator that eliminates many of the wave- 
field propagation effects (such as multiples) between the 
source and receiver. (4) The upgoing wave field can be 
deterministically deconvolved using the downgoing wave 
field, resulting in the reflection-coefficient series convolved 
with the desired wavelet as shown by Gaiser et al. (1984). (5) 
The amplitudes of the seismic wave field are recorded and 
can be used to obtain a good estimate of the reflection coeff- 
cient of an interface by taking the ratio of the incident and 
reflected amplitudes (Jolly, 1953: Cheng et al., 1992). (6) 
The incident and reflected amplitudes can be measured 
immediately above the interface, eliminating many undesir- 
able wave-field propagation effects and resulting in the true- 
amplitude seismic response. (7) Three-component acquisi- 
tion and processing can be used to obtain mode-converted 
P-S reflections, so both P-P and P-S reflections can be used 
jointly in an AVO study to help understand the subsurface 
rock properties. These general VSP qualities combined with 
the additional P-S reflection information can enhance the 
interpretation and analysis of the seismic wave field. 

In this study, we show how a walkway VSP geometry 
can be used to record data specifically for AVO analysis of a 
reservoir zone. Source positions are located at increasing dis- 
tances (offsets) from the borehole to obtain seismic retlec- 
tions over a range of P-wave angles of incidence. The loca- 
tion of the receivers is critical in using the VSP for AVO 
analysis. It is important that the same reflection point is 
imaged by each source position and that the reflection travel 
path is short to minimire undesired wave-propagation 
effects. These two requirements are met by locating the 
receiver directly above the reflector. In relatively flat geolog- 
ical areas, the reflection travel path is small and the retlec- 
tion point is close to the borehole when the receiver is near 
the reflector. Thus, the AVO response of a reflector can be 
measured by locating the receiver directly above the reflector 
and moving the source away from the borehole. In addition 
to imaging the same reflection point, when the yeophone is 
near the interface, seismic reflection coefficients can be 
obtained by taking the ratio of the incident and reflected 
wave amplitudes. A P-wave direct-arrival raypath and a P- 
wave reflection raypath for an arbitrary interface are shown 
in Figure I. The amplitude of the recorded P-wave direct 
arrival and the amplitude of the P-wave incident on the inter- 
face are approximately equal as they have nearly identical 
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m Source Positions 

Flg. 1. Walkway VSP geometry designed for AVO analysis outlining 
the positions of sources and receivers. The source positions for the 
zero-offset and ottset VSPs are also displayed. Where Ai and A; are 
the downgoing wave amplitudes, A, is the reflected wave amplitude 
and Rpp is the P-wave reflection coefficient tar the intelface. 

travel paths. The ratio between recorded upgoing (reflected) 
and downgoing P-wave amplitudes is a good approximation 
to the band-limited P-P reflection coefficient of the interface. 
This ratio is independent of most wave-propagation effects 
(attenuation, transmission losses, multiples and spherical 
spreading) because the travel path of the reflected wave is 
small, and the travel paths of the two downgoing P-waves 
are nearly the same. This ratio process also removes source 
directivity and source or receiver coupling effects, as the 
reflection amplitude is normalised by the amplitude of the 
incident wave. 

Geology and study objectives 

The VSP survey was acquired to evaluate the seismic 
response of the gas-bearing Slave Point Formation encoun- 
tered by the 4-9-97-l IW6M well in northwest Alberta 
(Figure 2). The stratigraphy of the Slave Point Formation in 
this area is shown in Figure 3. The Slave Point in this area is 
predominantly limestone with localized porosity enhanced 
during the process of dolomitization. The Slave Point is 
overlain by the Beaverhill Lake Formation, a shaly lime- 
stone, and underlain by the Watt Mountain Formation, a 
shale unit. The reservoir is within the Slave Point Formation 
with production from a dolomitized zone. The reservoir zone 
is permeable with both vugular and intergranular porosity. In 
permeable zones, there are often uncertainties in well-log 
measurements caused by bad hole conditions and fluid inva- 
sion. In this case, uncertainties were caused by washouts in 
the reservoir zone. In the face of these uncertainties, the VSP 
survey was designed to confirm a surface-seismic AVO 
anomaly attributed to the reservoir. 
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Fig. 2. Map of Alberta showing the location of the VSP survey. 

The objectives of this study are to: I) design a 3.compo- 
nent AVO processing flow for walkway VSP data; 2) test 
the flow using synthetic data; 3) apply the flow to a field 
VSP survey to extract the true P-P and P-S seismic AVO 
response of the reservoir zone; and 4) integrate the VSP data 
with well logs in an interpretation. 

VSP ACOUISITI~N AN” PROCESS~C 

VSP acquisition 

The specifics of the walkaway VSP geometry will vary 
depending on the target depth and the overall survey objec- 
tive. The three VSP data sets acquired in this study are: a 
zero-offset VSP, an offset VSP and a walkaway VSP. The 
details of the receiver positions acquired for each source 
position are outlined in Table I. The target depth for the SW 
vey was approximately 2500 m.The receiver for all the SW 
veys was a single-level 3.component mechanically clamped 
geophone and the data were acquired in open-hole condi- 
tions. The source consisted of two Mertz-25 vibrators, using 
a 12-s linear sweep from IO to 90 Hz. Between I and 9 
sweeps were stacked at each receiver location. The survey 
was acquired in common-shot mode; all the receiver posi- 
tions were acquired consecutively for each source position. 

VSP processing 

Each VSP survey requires a separate processing flow 
because the unique geometries result in different portions of 
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Fig. 3. Stratigraphic column of the Devonian section in the study area 
(modified from Ferry, 1969). The reservoir zone is within the Slave 
Point Formation and has porosity enhanced by dolomitization. 

the seismic wave field being recorded. Each of the VSPs 
yield a true time-to-depth correlation which is an important 
aspect of VSP data. The P-wave direct-arrival times from 
the zero-offset VSP can be used in a traveltime inversion 
algorithm to obtain the P-wave interval velocities (Stewart, 
1984). Similarly, the arrival times of a source-generated or 
near-surface mode-converted S-wave can be used to obtain 
the S-wave interval velocities. Thus a good estimate of the 
P- and S-wave interval velocities can be obtained from the 
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Table 1. 4-9-97-l lW6M VSP geophone locations. 

VSP Type source Numberof Bonom TOP Level 
Gifset (m) 

zero onset 60 
Levels Level (m) Level(m) Spacing (ml 

75 2626 400 25 
Olfset 750 81 2525 905 20 
Walkaway 500 11 2626 2325 20 

1000 11 2525 2326 20 
1250 11 2525 2325 20 
1500 11 2525 2326 20 
,750 11 2525 2325 20 
2000 11 2626 2325 20 
2250 11 2525 2326 20 
2600 11 2525 2325 20 

zero-offset and offset VSP data. There is also considerable 
information in the reflected (upgoing) wave fields of the 
VSP data. The corridor stack from the zero-offset VSP can 
be used in a composite plot to help correlate seismic events 
with well logs (Stewart and DiSiena, 1989). The offset VSP 
can be used to correlate P-P and P-S reflections (Geis et al., 
1990). The walkway VSP contains the P-P and P-S reflec- 
tion amplitudes for a range of P-wave angles of incidence 
that can be used for AVO analysis. 

The zero-offset VSP was processed using a conventional 
processing flow including: upgoing-downgoing wave separa- 
tion using an I I-trace median filter; deterministic waveshap- 
ing deconvolution using the downgoing P-waves to design 
the deconvolution operator applied to the upgoing P-waves; 
spherical-divergence correction using an empirical I’.’ gain 
function (where t is time) discussed by Hardage (1983); 
shifting the upgoing waves to two-way time by doubling the 
first-break time of the P-wave direct arrival; and random 
noise attenuation using a 7.trace median filter. The zero-off- 
set processing results are the upgoing P wave field in two- 
way time and the corridor stack shown in Figure 4. 

The offset (750 m) VSP was processed using a three-com- 
ponent processing flow. The flow was designed to extract P- 
P and mode-converted P-S reflections. The extracted P-P 
and P-S reflectivities are used for P-P/P-S event correlations 
and further processed to create P-P and P-S offset images. 
The processing flow consisted of: horizontal-channel rota- 
tion using a method described by DiSiena et al. (1984); 
wave-field separation using the parametric-inversion tech- 
nique developed by Leaney and Esmersoy (I 989); wave- 
shaping deconvolution of both the upgoing P-P and P-S 
wave fields; spherical-divergence correction using a r’.’ gain 
function; NM0 correction using a ray tracing procedure 
described in detail by Geis et al. (1990); random noise atten- 
uation using a 7.trace median filter; and VSPCDP (VSP 
common-depth-point) and VSPCCP (VSP common-conver- 
sion-point) mapping of the P-P and P-S reflections into the 
correct offset positions (Figure 5). The gaps in the mapped 
data are due to missing geophone locations caused by poor 
borehole conditions. Further details of processing the zero- 
offset and offset VSP are discussed by Coulomhe (1992). 

The walkway VSP data were processed using the three- 
component processing flow that was developed for AVO 
analysis and is outlined in Figure 6. The appropriate depth 
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levels from the zero-offset VSP and the 750.m-offset VSP 
were also used in the walkaway VSP survey. The three-com- 
ponent processing flow for the walkaway VSP survey is 
unique in that each of the ten surveys making up the walka- 
way VSP survey are processed individually through the 
wave-field separation and deterministic waveshaping decon- 
volution steps, and then each VSP is stacked and gathered as 
a function of source offset. The final step in processing is 
NM0 correction of the P-P and P-S offset gathers. It is 
essential in this flow to treat the upgoing and downgoing 
wave-field amplitudes properly through each of the pro- 
cesses. The amplitude of the downgoing P wave field can 
vary with source and receiver location due to many factors 
including near-surface inhomogeneities, spherical diver- 
gence, source directivity and receiver coupling. These effects 
are all corrected for by normalizing the amplitudes of the 
downgoing P wave field in a trace by trace manner after 
wave-field separation. This normaliration process sets the 
amplitude of the downgoing P wave field to a constant 
across each offset of the walkway VSP survey, eliminating 
any possible amplitude variations. The normalization factor 
applied to the downgoing P wave field is also applied to the 
upgoing P and S wave fields to eliminate amplitude varia- 
tions as well. Obviously it is critical for AVO analysis to 
eliminate all offset amplitude variations that are not directly 
related to offset-dependent reflectivity. 

The walkaway VSP processing flow was tested with syn- 
thetic VSP data calculated from the simple geologic model 
shown in Figure la. The model is a sand embedded in shale, 
with relatively thick layers so that the untuned reflection 
amplitudes could be easily monitored through the processing 
flow. The synthetic VSP data were calculated by ray tracing 
through the model for four source positions and eleven 
receiver positions, calculation of reflection coefficients using 
the Zoeppritz equations and convolution with a 40.Hz Ricker 
wavelet. Figure 7(b) shows the final processed P-P and P-S 
gathers. The amplitudes from the top reflection have been 
extracted and are plotted along with the Zoeppritz equation 
(Aki and Richards, 1980) solution for the interface in Figure 
7(c). There is good agreement between the theoretical retlec- 
tivities and the amplitudes after processing for both the P-P 
and P-S reflections, confirming the fidelity of the processing 
flow in extracting seismic amplitudes. 

The results of processing the 2000-m offset of the walka- 
way VSP field data are presented here to illustrate the details 
of the processing flow. The first step in processing the data is 
to rotate the horizontal channels into the radial and trans- 
verse directions. The vertical, radial and transverse channels 
of the 2000-m offset are shown in Figure 8. The P-wave 
direct arrival is a strong event on both channels and there are 
relatively strong downgoing mode-converted P-S waves 
(between 1.20 and 1.30 s) on the radial channel. Following 
the horizontal rotations, the vertical and radial channels were 
separated into the four propagation modes (Figure 9) using 
the parametric-inversion technique used for the offset VSP. 
The downgoing P wave field and the upgoing P and S wave 
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Fig. 4. Results of processing zero-offset VW (a) The upgoing P-waves shifted to two-way time and (b) the 100 ms corridor stack repeated 8 times 
The upgoing reflections are generally consistent and coherent; the Slave Point reservoir is at approximately 1.5 s. 
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Fig. 5. The results of processing the 750-m offset VW (a) The VSPCDP. 
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Fig. 5. (b) VSPCCP maps of the upgoing P-P and P-S wave fields from the 750-m offset VSP. Also plotted are the 100.ms corridor stacks of the 
NMO-corrected upgoing P-Pand P-S waves. The gaps in the data are caused by missing geophone levels edited cut due lo poor quality. 
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Fig. 6. The walkaway VSP processing flow. Note that each offset is 
processed individually up to th8 median stack point and then CM- 
bined into offset-dependant gathers for the NM0 correction. 

fields are used in further processing. After wave-field separa- 
tion, the downgoing P wave field, upgoing P wave field and 
upgoing S wave field are normalized using a window along 
the downgoing P wave field to determine the normalization 
factor. This step corrects for propagation losses that occur 
along the downgoing portion of the raypaths. After ampli- 
tude normalization, the upgoing P and S wave fields are 
deterministically deconvolved using the operators designed 
from the downgoing P wave field. The downgoing P wave 
field cant&u reverberations that are reflected in the upgoing 
wave fields. The deterministic-deconvolution operators elim- 
inate these reverberations and shape the seismic waveform to 
a desired zero-phase wavelet using a Wiener filtering tech- 
nique. The downgoing P wave field and upgoing P and S 
wave fields after deconvolution of the 2000-m offset are 
shown in Figure IO. These data are now zero phase and 
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Fig. 7. (a) Velocity model used to generate synthetic test data: (b) 
final processing result of synthetic test data: and (c) comparison of 
final processed synthetic data amplitudes with theoretical amplitudes. 
The match between the theoretical and synthetic data amplitudes 
confirms the fidelity of the processing flow for amplitude extraction. 

largely multiple free. Note also that the upgoing reflections 
are both consistent and coherent. 

The next step in processing these data is to divide the 
upgoing P and S wave-field amplitudes by the peak ampli- 
tude of the downgoing P WBW field. This process results in 
an estimate of the actual earth reflectivity discussed previ- 
ously and illustrated in Figure I. Note in Figure 1Od that the 
P-S reflection event that intersects the P-wave first-break 
curve at the bottom geophone level takes approximately 
0.080 s to travel up to the top geophone level. If this event 
were corrected for spherical spreading and transmission 
losses using the t’.’ gain correction that was applied to the 
zero-offset and offset VSPs, the scaling difference between 
the top and bottom levels would be 1.4%. Furthermore, less 
correction is required for the P-P reflections as they take less 
time to travel up the borehole. This suggests that there is 
only a minor gain correction required over the small window 
of receivers used for the walkway VSP geometry, and there- 
fore a gain correction was not applied in this flow. Thus, the 
reflected P-P and P-S events are now representative of the 
band-limited reflection coefficients of the reservoir zone. 

The final steps in the processing flow are stacking the 
receiver traces for each source position, sorting the stacked 
traces into common-receiver P-P and P-S gathers and COT- 
recting the data for NMO. The data are stacked to improve 
the signal-to-noise ratio and to condense the data into a sin- 
gle trace for each source position, so the data are similar to a 
surface-seismic CMP gather. To stack the receiver traces 
together, the reflections were flattened using a picked event 
on both the P-P and P-S gathers (Figure I I). These data were 
then median stacked, resulting in one P-P reflectivity trace 
and one P-S reflectivity trace for each source position of the 
walkway VSP survey. These stacked traces are gathered 
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into offset-dependent P-P and P-S reflectivity gathers 
(Figure 12). The flattened P-P gather shows the dramatic 
change in tuning from the near to far offset. Note that the 
trough at 670 ms slopes down towards the trough at 700 ms. 
This is an important effect when considering AVO, as it 
shows how much the offset traces must be stretched to COT- 
rect the data for NMO. The change in tuning with offset is 
discussed in previous work by Ostrander (1984) and Swan 
(1991). and as shown here it is also an important propagation 
effect for VSP data. The net result is a loss of information 
from the near- to far-offset traces caused by the decrease in 
the time thickness between each bed. 

NM0 correction was the final step in the processing 
sequence. The gathered data are flattened on an arbitrary 
event and traveltime; prior to NM0 correction, the gathers 
are shifted to their original unflattened traveltimes as shown 
in Figure 13. Static corrections are also applied at this stage. 
These statics are largely a correction for near-surface het- 
erogeneities. The statics are determined by subtracting the 
observed direct-arrival traveltimes from the ray-traced 
(computed) direct-arrival times and shifting the traces by the 
differences. This method assumes horizontal homogeneous 
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Fig. 9. (a) Raw vertical, (b) radial and (c) transverse channels from 
the 2000-m offset of the walkaway VSP. 

layers with the exception of the near surface. These traces were 
NM0 corrected using the algorithm used for the offset VSP. 
The NMO-comcted traces (Figure 14) show the vue seismic 
AVO response of the reservoir zone (between I.50 and 1.55 s). 

1NTERPRETATv.m 

Integrated VSP interpretation 

Both the offset and walkway VSP surveys have been pro- 
cessed for P-P and P-S reflections. VSP data yield a time- 
depth correlation that can be used to correlate P-P and P-S 
reflections with well logs (Geis et al., 1990). This correlation 
can also be used to determine the polarity of the seismic data. 

A composite plot (Stewart and DiSiena. 1989) of the zero- 
offset VSP corridor stack and the sonic log is shown in Figure 
15. The lines on the composite plot indicate correlations 
between sonic-log character and seismic signatures. The 
Wabamun event is an increuse in velocity on the sonic log, 
resulting in a positive reflection coefficient. The corresponding 
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Fiti. 9. Output of wave-field swaration: la) downaoino P wave field: Cbl downgoing S wave field; (c) upgoing P wave field; and (d) upgoing S wave 
field from the 2000-m offset of ihe walk&& VSP: ” 

event on the zero-offset VSP is a peak; we call this normal 
polarity. The lreton event is a decrease in velocity on the sonic 
log corresponding to a trough on the zero-offset VSP. The 
mid-lreton event is also a decrease in velocity on the sonic log, 
corresponding to a trough on the zero-offset VSP. The 
Beaverhill Lake event has a velocity increase, corresponding 
to a peak on the zero-offset VSP. The Slave Point event is the 
top of a carbonate unit and an increase in velocity, correspond- 
ing to a peak on the zero-offset VSP. The VSP and sonic log 
correlation results in a confident interpretation of both the seis- 
mic events and polarity of the zero-offset VSP data. 

length of the S-waves, and that the S-waves have been 
squeezed to P-P time. In general. the P-S data correlate very 
well with the P-P data as there is a good match between 
peaks and troughs through the zone of interest. Due to the 
recording geometry and processing flaw, the P-P and P-S 
data have the same polarity. Note that the theoretical reflec- 
tion coefficients of P-P and P-S waves generally have oppo- 
site polarities (Aki and Richards, 1980). 

Well logs 

The correlation between the zero-offset VSP corridor Another aspect of the well log and VSP correlation is a more 

stack and the other VSP data is shown in Figure 16. The COT- detailed analysis of the well logs with respect to porosity, 

relation is generally good. The offset VSP P-S corridor stack lithology and pore fluids. The initial problem is to find a com- 

correlates better with the zero-offsrt VSP corridor stack than mon layering of the Earth that satisfies both the well logs and 

with the offset P-P VSP corridor stack. An explanation is the VSP data. A common method of addressing this problem is 
that the P-S corridor stack has an apparent higher resolution to average (block) the logs into larger depth intervals. The 
than the offset P-P corridor stack due to the shorter wave- result of log-blocking is a simplified Earth model that retains 
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Fig. IO. (a) The downgoing P wave field before waveshaping deconvolution; (b) the downgoing P wave lietd after waveshaping deconvolution: and 
(c) the upgoing Pand (d) S wave fields after waveshaping deconvolution. 

the coarse information in the well logs and dismisses the tine 
information that is unresolvable with seismic date. The simpli- 
fied Earth model is also desirable as a starting point for the 
generalised-linear-inversion algorithm developed by Coulombe 
(1992) to jointly invert the P-P/P-S walkaway VSP data.The 
main requirement of log-blocking is that the synthetic seismo- 
gram of the blocked logs should closely match the synthetic 
seismogram of the raw logs. This implies that the reflectivities 
of the logs within the bandwidth of the wavelet are unchanged. 

The raw logs used for the VSP interpretation are the full- 
waveform sonic and bulk-density logs. These logs are blocked 
using a compound median-filtering technique (Leaney and 
Uhych, 1992). Compound median filtering was chosen for the 
edge detection capabilities with minimum artifacts. The tech- 
nique uses a cascade of median filters starting with a filter 
width of three samples and ending with B filter width of the 
number of samples corresponding to l/2 the maximum bed 
thickness. A maximum bed thickness of 24 m was used to filter 

the data. The blocked-log measurements for the Slave Point 
Formation, including the reservoir, are listed in Table 2. 

The measurements shown in Table 2 are used to determine 
the porosity and lithology of these zones by crossplotting of 
the P-wave transit time against the bulk density using pub- 
lished log-interpretation charts (Schlumberger. 1988). The 
upper Slave Point zone crossplots as a limestone with 2.5% 
porosity, the reservoir zone crossplots as a dolomite with 
I I% porosity, and the lower Slave Point zone crossplots as a 
limestone with 2% porosity. 

A photoelectric cross-section log was also acquired in the 
well bore. The photoelectric cross-section log responds prim=- 
ily to lithology and secondarily to porosity and pore fluid 
(Schlumberger, 1987). Limestone has a photoelectric cross-sec- 
tion of about S barns/electron and dolomite generally has a pho- 
toelectric cross-section of about 7 barns/electron. The layers 
above and below the reservoir done have a photoelectric cross- 
section of 5 barns/electron, indicating limestone. The reservoir 
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Fig. 11. Upgoing (a) P and (b) S wave fields from the 2000-m offset 
of the walkway VSP flattened at a significant event so that each 
common-shot gather can be stacked. There is no significant NM0 
visible over this narmw window of receivers confirming the validity of 
stacking these data. 

zone has a photoelectric cross-section averaging 3 hams/&c- 

tron suggesting dolomite. The photoelectric cross-section log 
can also be crossplotted against bulk density to determine poros- 
ity. The upper zone crossplots as a limestone with 2% porosity, 
the reservoir zone crossplots as a dolomite with 17% porosity, 
and the lower zone crossplots as a limestone with I% porosity. 

The bulk-density log can be used alone to calculate the 
porosity. Assuming the bulk-density tool measures mainly the 
response of the invaded zone (the gas has been flushed from 
the zone by the drilling fluids), the porosity can be calculated 
using a porosity-weighted average equation (Ellis, 1987, 222): 

@- P,,-Pi> 
P”“, -Pi ( (1) 

CJECi 52 

(4 (4 

Fig. 12. Stacked and gathered (a) P-P and (b) P-S reflectivity traces 
from all the source positions 01 the walkaway VSP. Note the dramatic 
ditterence in resolution between the near to tar offsets. 

where pm0 is the matrix density, p, is the measured bulk den- 
sity and p, is fluid density. The fluid density (from the well- 
log header) is 1100 kg/&, the matrix density for dolomite is 
2870 kg/m?, and the matrix density is 2710 kg/m3 for lime- 
stone. Inputting the bulk densities in Table I into equation 
(I) results in porosities of 3% for the upper zone, 18% for 
the reservoir-zone and I % for the lower zone. If the bulk- 
density tool is measuring unaltered reservoir with 100% gas 
saturation, then the resultant porosity is I I % (using a gas 
density of 0.70 kg/m’). Thus, the porosity of the reservoir 
calculated from the bulk density log ranges between 11% 
and I R%, depending on the amount of residual gas not 
flushed from the reservoir by the drilling fluids. 

There are uncertainties in some of the log measurements 
due to the presence of gas in the reservoir. However, the 
photoelectric cross-section log discriminates very well 
between dolomite and limestone and the reservoir is 

,unc ,996 



.A\‘0 P,<o<‘,:SSIN<; AN,) ,N,‘,~Kl’,llilr\,‘,O~ 0,: VS,‘,~,,~,A 

Source Offset (m) 

(4 (W 

Fig. 13. Stacked and gathered (a) P-P and (b) P-S reflectivity traces 
from the walkway VSP shifted back to their original untlattened trav- 
eltimes. These data show the increased traveltimes associated with 
moving the source away from the borehole. 

clearly indicated t” he a dolomite encased in limestone. In 
summary. the limestone units have very low porosities, 
and the reservoir dolomite has a porosity in the range of 
11% to 18%. 

The VSP first-break traveltimes arc important in this anal- 
ysis as they are measurements of wave propagation at seis- 
mic frequencies. The VSP velocities are determined using a 
traveltime inversion algorithm similar to that of Stewart 
(1984). The first-break traveltimes from the zero-offset VSP 
were used to invert for the P-wave velocities, and the travel- 
times from a downgoing S-wave event on the offset VSP 

Source Offset (m) 

(4 
Fig. 14. NMO-corrected (a) P-Pad (b) P-S reflectivity traces from all 
the source positions of the walkaway VSP. These traces show the 
unwntaminated AVO response of the reservoir zone. 

were used to invert for the S-wave velocities. In both cases, 
the blocked sonic-log velocities were used as an initial 
guess for the inversion algorithm. The blocked-sonic and 
VSP velocities are shown in Figure 17. Only a P-wave log 
was acquired above the upper limestone layer, so the initial 
S-wave velocities above this layer were estimated using a 
constant VP,? ratio of 1.88. The V,, and V,Y values in the 
zone of interest are given in Table 3. The crossplot of the 
VSP velocity with bulk density for the reservoir results in a 
slightly higher porosity of 12% compared with the well-log 
results of I I%. 

The comparison of the sonic and VSP velocities shows 
that the VSP velocities are generally lower than the sonic 
velocities. This has been observed by others (Stewart, 1984), 
and can he due t” a number of factors including the fre- 
quency difference between sonic and seismic measurements. 
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Fig. 15. Composite plot 01 the sonic log. zero-offset VSP and the zero-offset VSP corridor stack showing the correlations of several events from the 
sonic log recorded in depth with the VSP recorded in time. 

AVO interpretation and modelling input parameters. These curves are plotted such that ampli- 

We first understand the AVO response of the reservoir 
zone by calculating the single-interface reflection-coeffi- 
cient response for some of the events near the reservoir 
zone. The next step is to calculate the multilayer forward 
model of the reservoir zone. For single-interface AVO 
analysis, the Zoeppritz equations are used to calculate the 
reflection-coefficient curves for the top and base of reservoir 
interfaces (Figure 18). The P- and S-wave velocities from the 
VSP traveltime inversion and hulk densities were used as the 

tudes with a phase term 180 degrees are multiplied by -I .O. 
Note that in each case the P-S retlection coefficient is zero at 
normal incidence, increases to a peak at an intermediate angle 
of incidence, and then drops in amplitude at larger angles of 
incidence. The P-P reflection coefficient for the top of the 
reservoir increases in magnitude with incident angle due to 
the decrease in V,,Wy ratio and a negative nomx+incidence 
reflection coefficient. The P-P reflection coefficient for the 
base of the reservoir increases in amplitude with incident angle 
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Fig. 16. Correlation of several event* acre** the VSP corridor stack, the P-wave gather. the offset VW P-wave corridor stack. the Swave gather 
and the offset VSP S-wave corridor stack. There are generally good cwrelations between the P-P and P-Wdata. 

due to the increase in V/VT ratio and a positive normal-inci- 
dence reflection coefficient. This analysis shows that there is a 
very small increase in P-P amplitude versus incident angle for 
the top of the reservoir reflection and that there is a strong 
increase in P-P amplitude versus incident angle for the base of 
the reservoir retlection for angles greater than Xl degrees. 

AVO analysis can be complicated by the band-limited 
nature of seismic data. Generally, there is wavelet interfer- 

Table 2. Average log values in the zone of interest 

ence when reflections are within II2 of the seismic wave- 
length of each other. Therefore, it is necessary in this case to 
model the seismic AVO response from all the layers near the 
reservoir zone because the reservoir thickness is less than l/2 
of the seismic wavelength. The forward-model data were 
generated by: I) ray tracing through the VSP velocity model 
for the event traveltimes and angles of incidence; 2) solving 
the Zoeppritz equations for the reflection coefficients; 3) 
convolving with a 40.Hz zero-phase Ricker wavelet: and 4) 
NM0 correction. For tuned events it is important to include 
NM0 in the modelling to account for the wavelet stretch that 
is in the real data. The effects of wavelet stretch have heen 
quantified in other work (Ostrander, 1984; Swan, 199 I) and 
this study reinforces the importance of this effect for AVO 
analysis. The correlation of the P-P and P-S forward models 
with the field P-P and P-S reflectivity gathers are shown in 
Figure 19. All the P-P and P-S data are plotted with the same 
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Flg. 17. Blocked-sonic and VSP velocities, V/Vs, and bulk lithology from the 4-9-97-I 1 W6M well bore. The zone of interest is at approximately 2630 
m where there is a substantial decrease in Vps 

amplitude scaling. The two-way P-wave traveltimes of the 
top of the Slave Point, top of the porosity and base of the 
porosity events are also drawn (dashed lines) on this plot. 
Generally, the event correlation between the field and the 
model data is good, although there are some differences in 
seismic character. The P-S correlation is perhaps slightly bet- 

Table 3. VSP and perturbed velocities. 

1 Lithology P-wave 

ter than the P-P correlation. The modelled P-P data have a 
strong peak at 1.56 s that has a strong AVO effect. The size 
of this peak is much larger than the corresponding peak on 
the real data. This is a critical-angle effect that is not mod- 
elled correctly with the method that was used. 

The event correlations (dashed lines) also show how 
extreme the wavelet interference (tuning) effects are in these 
data. The events correlate well with seismic reflections at the 
near offsets but these correlations deteriorate with increasing 
offset for the P-P data. The P-S data correlate better across 
the range of offsets than the P-P events. As mentioned 
before, the P-S waves have a shorter wavelength than the P- 
P waves, so the tuning effects are perhaps smaller for the P-S 
reflections than for the P-P reflections. 

Wavelet-interference significantly affects the AVO 
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Fig. 18. Solution of the single-interface Zoepprifz equations for P-P 
and P-S reflection coefficients. The solid lines are the reflection coeffi- 
cient cuwe* of the top of porosity inteflace and the dashed lines are 
the reflection cwfficient curves 01 the base of pwxity interlace. The 
P-S reflection coefficient curves are zero at normal incidence. 

response of the real and modelled P-P and P-S data. One 

method of studying this effect is to model the interfaces 

independently and add the response of the interfaces 

together. Figure 20 is a summary of this analysis for the P-P 

reflections. In Figure 20a only the top of the limestone 

interface is modelled using the full AVO response. This 

event is highlighted in the schematic impedance profile 

2500 80 

Source Offset (m) 

plotted above the seismic response for reference. The reser- 
voir zone is identified by the arrow. In Figure 20a-c are the 
AVO-modelled responses of the top of Slave Point, top of 
porosity and base of porosity interfaces. respectively. 
Figure 20d is the composite AVO response from the top 
and base of porosity and Figure 20e is the composite AVO 
response from all three interfaces. The combined AVO 
response of the top and base of porosity is close to a 90. 
degree wavelet that is consistent with Widess (1973) for 
two tuned reflections of approximately equal strength and 
opposite polarity. The AVO response of these two intrr- 
faces is tuned, but there is still an AVO response similar to 
that of the individual interfaces (Figure 20b and Figure 20~). 
Interestingly, the AVO response from the top of porosity 
changes completely when the top of the limestone event is 
included in the modelling (Figure 201~). The top of the paws- 
ity AVO response changes from an increase in amplitude 
with offset to a decrease in amplitude with offset. Figure 20f 
is the AVO model of the same three interfaces plus the inter- 
face above the Slave Point. In this model response, the top of 
the porosity event appears to have returned at the far offsets. 
However, this is likely side-lobe interference from the addi- 
tional event. The AVO response from the base of the poros- 
ity is relatively unchanged from the single interface response 
in this case. 

The remaining AVO model responses (Figure 20g-k) each 
include an additional lower event in the modelling. The 
AVO response from the base of porosity changes consider- 
ably in Figure 20i and Figure ZOj, suggesting that the AVO 
response from the base of porosity is also tuned and does not 
show the true AVO response of the individual event. In sum- 
mary, this detailed AVO analysis shows that the AVO 
response of the reservoir zone is complicated by wavelet- 

2500 80 2.500 80 

Fig. 19. Correlation of multilayer forward-modelled (a) P-P and (c) P-S” gathers with the field (b) P-P and (d) P-W gathers. Three events (dashed 
lines) are correlated: the top event is the top of the limestone interface; the middle event is the top of the porosity interface; and the bottom event is 
the base of porosity interface. 
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interference (tuning) effects that make it difficult to extract 
the exact AVO contribution of each layer independently. 

The analysis for the P-S reflections is shown in Figure 21. 
In this case. as discussed previously, these date have higher 
resolution than the P-P reflection data due to the shorter 
wavelength of the P-S waves. Therefore, there is less tuning 
in these data than in the P-P reflection data. There are differ- 
ences other than the amount of tuning. Figure 2le shows that 
the P-S reflection from the base of the porosity contributes 
less to the P-S AVO response than the P-P reflection in 
Figure 2le. It is also apparent that the P-S renection from the 
top of the limestone is more dominant than the P-P reflec- 

tion. This detailed analysis of the P-S AVO model response 
shows that there is less tuning overall. Furthermore, the 
degree of tuning ilt each interface is not consistent between 
the P-P and P-S deta as shown by the difference in relative 
strengths of the P-P and P-S reflections from the top of lime- 
stone and base of porosity. 

The next step in the AVO analysis is to estimate the elastic 
values (V,,, vv and p) using the multioffset VSP data. A quali- 
tative approach is used here to visually compare the model and 
seismic responses and update the model until there is a better 
visual match. Figures 22 and 21 show the results of this analy- 
sis for the P-P and P-S data, respectively. The P-S data have a 
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Fig. 20. P-P forward models generated using a K-Hz Ricker wavelel. Each model contains reflections from the bold reflectors of the schematic 
impedance profile plotted above. The reserwir zone is indicated by the arrow. (a) AVO model Of the fop of the limestone: (b) AVO model of the top of 
the porosity; (c) AVO model of the base of the porosity; (d) AVO model of the top and base of the porosity: (e) AVO model of the top of the limestone. 
Up 01 the porosity and base 01 the porosity: (f)-(k) AVO models of the bold interfaces. 
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lower signal-to-noise ratio then the P-P date, but the compari- 
son of the field and model data (Figure 19) is better for the P-S 
data than the P-P data. We did not find S-wave velocities that 
improved the P-S data match, so the P-P data will be empha- 
sired in this analysis. This supports the argument that the P- 
wave velocity in the reservoir is suspect due to fluid invasion 
and the S-wave velocity in the reservoir is more robust 
because it is largely independent of the pore fluids. 

Figure 22a is the AVO forward model using a 100.Hz 
wavelet. This plot shows AVO response for the reservoir that 
is largely untuned, and is used here for event correlation. The 
top of the porosity event in this plot is the trough at I .S I7 s. 
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Figure 22b is the initial AVO forward model using a 40.Hz 
Ricker wavelet (a close approximation to the wavelet to 
which the VSP data were deconvolved). Figure 22~ is the 
final AVO forward model where the P-wave velocity was 
lowered incrementally in the reservoir zone until a better 
match with the field data was obtained for the far-offset 
traces. The velocity was lowered further until the modelled 
AVO response began to deviate from the VSP field data. 
Figure 22d is the field P-P gather. The reservoir xme veloci- 
ties used in this modelling are listed in Table 3. A better 
model/field-data match was obtained by perturbing the P- 
wave velocity in the reservoir zone. In this case, the reservoir 

i.... s..., 

1.6 

(a) W Cc) Cd) (e) 

Base 41 
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Fig. 21. P-W lorward models generated using a 40.Hz Ricker wavelet. Each model contains reflections from the bold reflectors of the schematic 
impedance profile plotted above. The reservoir mne is indicated by the arrow. (a) AVO model of the top of the limestone; (b) AVO model of the top of 
the porosity; (c) AVO model of the base of the porosity: (d) AVO model of the top and base of the porosity: (e) AVO model of the top of the limestone. 
top of the porosity and base of the porosity: (f)-(k) AVO models of the bold interlaces. 
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P-wave velocity (4333 m/s) estimated from the P-P field 
data is lower than the VSP traveltime inversion velocity 
(4817 m/s). This velocity implies a porosity of 14% using the 
bulk density/transit time crossplot method used previously. 
The amount of tuning in these data makes this process quite 
nonunique. We limited the model perturbation to only the P- 
wave velocity of the reservoir zone, as this is the parameter 
most likely to be in error from the log measurements due to 
the poor hole conditions or fluid invasion. Figure 23-d are 
the P-S multilayer forward models compared with the field 
data. The P-S date did not change in the forward modelling, 
as only the P-wave velocity was changed in the reservoir 
zone. This is an interpretive procedure that illustrates the dif- 
ficulties associated with forward modelling to obtain a solu- 
tion that is nonunique. 

The VSP interval velocities are determined from the travel- 
times of the downgoing P and S wvrs of the zerwoffset and 
750-m offset VSPs, respectively. These traveltimes were mea- 
sured in the borehole at depth intervals of 20 m. The least- 
squares traveltime inversion process has the effect of uverag- 
ing (smoothing) the velocities over several depth levels. The 
resolution of the reflection data is down to l/X of the seismic 
wavelength (Widess, 1973). The wavelet here has a dominant 
frequency of about 40 Hz and using the reservoir velocity of 
4X17 m/s the reflection resolution could be about IS m. 
Therefore, the resolution of the two methods is different, and 
the reflection data may be more sensitive to velocity changes 
in beds that are thinner than the VSP geophone spacing. 

In this paper, we have shown how walkaway VSP data can 
be processed in a true amplitude manner to obtain P-P and 
P-S gathers for AVO analysis. An important aspect of this 
method is the location of the source and receiver positions. 
The receiver positions are located directly above the zone of 
interest so the rt!flection phenomenon can be measured 
where it occurs in situ. Additionally, the reflections are mea- 
sured independently of wave-field propagation effects that 
occur over longer wave-propagation paths. The source posi- 
tions are located at increasing distances from the borehole so 
that the retlectivity’s offset dependence can be measured. 
Synthetic data tests indicate that the processing flow does 
result in a good estimate of the actual retlectivity. The pro- 
cessed field data have coherent and consistent retlections that 
are suitable for AVO analysis. 

We have shown how VSP data can be integrated with well 
logs in an AVO study. The correlation between the data 
types is consistent. All measurements show a low-velocity 
zone within the Slave Point Formation. We have also found 
that in this case, the P-S reflection data are higher resolution 
than the P-P reflection data, which is probably due to the P-S 
data having a shorter wavelength and similar bandwidth as 
the P-P data. 

The P-P and P-S AVO response of the reservoir is tuned 
and, therefore, extracting the elastic properties is a 
nonunique process. In this study, we suggest that the rock 
properties surrounding the reservoir are reasonably well 

1.6 

Source Offset (m) 
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Fig. 22. P-P multilayer forward models and field-data comparison: (a) initial forward model with 100.Hz wavelet; (b) initial forward model with 40.Hz 
wavelet: (c) final perturbed model with 40.Hz wavelet: and (d) field P-P wave gather. The pellurbed forward model agrees better with the field data 
than the initial forward model. 
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Fig. 23. P-SV multilayer forward models with field-data comparison: (a) initial forward model with 100.Hz wavelet: (b) forward model with 40.Hz 
wavelet: (c) final pellurbed model with N-Hz wavelet; and (d) field P-SV wave gather. The initial forward model and the perturbed forward model are 
nearly identical as the model perturbation involved on the P-wave velocities. 

constrained by the well logs and the VSP treveltimes, but a 
better seismic match can be obtained by perturbing the reser- 
voir P-wave velocity. The S-wave log velocity in the reser- 
voir might be more accurate than the P-wave velocity 
because S-waves are largely independent of the pore tluid 
and thus invasion of the drilling fluids. The forward model 
P-S data also match the field P-S data reasonably well, sup- 
porting the accuracy of the S-wave velocities. The results of 
the different methods used in this study suggest that the P- 
wave velocity in the reservoir is in the range of 4333 mls to 
5181 m/s, the S-wave velocity is in the range of 2833 m/s to 
2967 m/s, resulting in a V/VT value in the range of I.53 to 
1.75. All results indicate a lower reservoir P-wave velocity, 
with the reflection measurements being the lowest. 
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