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Overview

The objective of the project was to use crosswell seismic to provide high-resolution
reservoir images to assist in diagnosing unexpected CO, performance in the Weyburn
field. In the area of interest horizontal injection logging and 4-D surface seismic indicate
good areal extent to the CO,, but no response has been seen in nearby production wells.
Severa possible explanations include lower permeability in the area, slowing the
movement of CO,, upward flow of CO, into zones above the reservoir or behind casing
leaks that provide an upward migration path for CO,. The 4-D seismic vertical resolution
does not delineate in-reservoir and outof -reservoir flow of CQp.

Crosswell seismic conducted between available vertical wellbores offered a means to
image along 2-D lines with high vertical resolution to better delineate the path of the
CO,. The expected vertical resolution was a few meters. The survey planning considered
operating inside of production tubing. The final profiles were selected to not depend on
though-tubing operations. In preparation of the wellbores, a number of problems were
encountered that limited the deepest depths that could be logged. The result was reduced,
not well-to-well coverage, which made interpretation more difficult. Reflection
tomography was used to estimate velocities below the maximum depths logged. Unlike
typical crosswell reflection tomography which gives well constrained velocity values
down to the depth logged, the depth restrictions required a tomography approach more
like surface seismic that did not constrain the velocities accurately enough for optimum
high-resolution reflection imaging.

This project was acquired and processed by TomoSeis, a division of Core Laboratories.
Since the time of the project, Z-Seis Corporation has been formed to continue the
crosswell seismic business of TomoSeis. Z-Seis has prepared this report in support of
EnCana s ongoing use of crosswell seismic technology. Please address any technical
questions regarding the project to Z-Seis.
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Survey Planning

The objective of the survey planning was first to provide a preliminary analysis of the
feasibility of crosswell operations to assist in diagnosing unexpected CO, performance in
the Weyburn field. Crosswell seismic conducted between available vertical wellbores
offers ameans to image along 2-D lines with high vertical resolution to better delineate
the path of the CO,. The expected vertical resolution should be a few meters. The well
separation for the selected wells from 400 to 580 meters is within the window of typical
operation for TomoSeis crosswell equipment in carbonate reservoirs. The initia
feasibility assessment was performed under the assumption that the operation would be
through production tubing in the receiver wells. TomoSeis has unique hydrophone
receiver technology configured to operate inside of production tubing. The hydrophone
receiver tool is 1-11/16" O.D. and can be operated inside of any tubing from 23/8” O.D.
and larger. Two versions of the TomoSeis tool are available: a 10-level tool with levels
spaced 3 meters apart and a 20-level tool with levels spaced 1.5 meters apart. Both tools
are wireline conveyed on multiconductor line and are about 35 meters in length. The
TomoSeis source is 4-1/8” O.D. and requires that tubing be pulled for operation. The
downside to receiver operation inside of production tubing is signal attenuation due to
propagation through another layer of steel. Both the annular region between tubing and
casing and the region inside of tubing must be liquid-filled to propagate the seismic
energy to the receiver tool.

TomoSels has operated through production tubing in 3 operational cases:

Case 1. 537 meters between wells. Clastic formation. 2-7/8"tubing. 12-18 dB signa
attenuation.

Case 2: 100 meter well spacing. Shallow clastic formation. 2-3/8” tubing. 15-20 dB
signal attenuation.

Case 3: 300 meter well spacing. Clastic formation. 23/8” tubing 12-15 dB signd
attenuation.

In each case, data was recorded at a similar level in the receiver well inside of production
tubing and with the tubing removed from the well to make the comparison.

An extensive analysis of attenuation in production tubing has been made at the BEG
Devine Borehole Geophysics test site. All smaller tubing diameters (23/8", 2-7/8" and
3-1/2" diameter) showed approximately an attenuation of 16 dB. Source generated tube
wave arrivals propagating in the source well were attenuated by approximately the same
amount as the direct arrival. Source generated tube waves propagating in the receiver
well have increased in number and, in some cases, amplitude. The array response of the
receiver tools was evaluated and no systematic difference was noted. An example of
baseline data in this test at a well spacing of 100 meters is shown in Figure 1. An
example of data recorded through 23/8” production tubing is shown in Figure 2.
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Figure 2. Same gather asin Figure 1, recorded through 2-3/8” production tubing.

With production tubing in the receiver well, 16 dB of SNR must be recovered. One
improvement, relative to normal TomoSeis operation, is to deploy a dua X-Series source
that can provide a 6 dB signa improvement. The source is specially configured by
combining two standard X- Series sources. The remaining 10 to 12 dB of SNR must be
recovered by additional signal stacking. Increasing the stack from the stack of 8 in the
plan shown above to a stack of 64 to 128 should provide about 9 to 12 dB of SNR
enhancement. The shooting time of 9 hours in the baseline plan is increased to an
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operating time d between 5 and 6 days to acquire two profiles (using 2 receiver tools
simultaneously). Operating through tubing also will likely require special pressure
control equipment including grease injection and possibly |ubricators long enough to
house the receiver tools above the wellhead. The difference in operating time and the risk
to signal quality eliminated through-tubing operation from the survey plan.

Preliminary Operational Plan

Site Specifications

The operational plan was based on information provided by EnCanafor a crosswell
seismic project to better delineate the path of the CO: in the Weyburn field. The planned
crosswell profiles were (1) between wells 111/12-13and 101/6-13 and (2) between wells
101/6-13 and 101/4-13 as shown in Figure 3.

111/12-13/6-14

101/6-13/6-14

101/4-13/6-14

Figure 3. Map view of planned crosswell profiles.

The wells shown were to be used to operate the crosswell source and receiver systems
and have TDs in the range of about 1400 meters. No corrosives or pressure control issues
were present. The wells were cased with 77 and 5%2” O.D. casing and were either
producers with rod pumps that were removed prior to crosswell acquisition or water
injection wells with the tubing pulled.
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Well Preparation

Tubing was pulled on all wells. The two receiver wells (111/12 13 and 101/4-13) were
plugged back to 1320 m and 1410 m (top of perforations), respectively. Note the loss of
coverage seen in the survey plans below for the target interval from 1400 to 1430 meters.
All wells were filled with fluid to 200 meters from the surface. The source well (101/6-
13) was killed and plugged back to 1353 m. Flanges were installed on all wellheads with
7" 8-round box looking up to accommodate TomoSeis pack-offs. Gyros were recorded
on all wells.

Operations Sequence

The three wells were prepared for operations as above. The recommended sequence was
for the second receiver well (101/4-13) to be pulled and prepared, followed by the source
well (101/6-13). The first receiver (111/12-13 ) well was then pulledand plugged back.
The pulling unit was left over the last well and the wireline sheave hung from it for the
first profile acquisition. Acquisition of the first profile was anticipated to take
approximately 1.5 days. Following this the first receiver well was put back online while
the second profile was acquired. Initial planning indicated the second profile would take
approximately three days. Following this the two injector wells were put back in service.

Key Assumptions
From the information provided, the following assumptions were made.

No surface pressure control will be required beyond wireline pack-offs.

Operationally, the receiver well will hold liquid and the source well will hold fluid
with infrequent addition of fluid and will be filled to approximately 200 meters of
surface.

No hostile conditions exist, including excessive downhole temperature and pressure
and corrosive elements (H» S or CO,).

For access, the wellheads will be prepared such that the minimum restriction will
allow passage of the TomoSeis source and noise attenuation system (4.5”)

Source and receiver wells are plugged above the productive interval.
Noise levelsin the well will be important due to the well separation and unknown

attenuation characteristics. Therefore, TomoSeis will run its 4.5" O.D. gas can noise
attenuation system above and below the receiver system.

Safety

Full safety standards of EnCana and TomoSeis were adhered to. The TomoSeis HSE
policy is given below in Figure 4.
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HEALTH, SAFETY, AND ENVIRONMENT POLICY

TomoSeis is committed to maintain and enforce an effective
Health, Safety, and Environmental Affairs (Operational) program that
applies to all employees. This commitment centers on the belief that all
accidents are preventable.

The safety and health of TomoSeis employees and the protection
of the environment are management responsibilities requiring primary
consideration in the planning and implementation of all Company
activities. The success of any Operational program requires a
continuous effort of all TomoSeis employees. Consequently, TomoSeis
employees must follow documented work procedures and must act
responsibly in the performance of their work activities. Acting
responsibly includes taking every precaution to protect individuals and
the environment as well as reporting any unsafe act, condition, or
equipment to management. All employees are responsible for the
implementation of Operational policies and are encouraged to
participate in the continuous improvement of the Operational
program. TomoSeis will review Operational policies as necessary to
ensure that adequate policies are in place.

TomoSeis and TomoSeis employees will at all times adopt and
adhere to our clients Safety Policies and Procedures when working at a
client location.

Pl — L&
Bruce P. Marion, P resident. TomoSels

January 1998

Figure 4. TomoSeis HSE Palicy.

TomoSeis conducted a wellsite safety meeting prior to commencing operations on
location. No lost time or safety incidents occurred.

Critical issues

The survey plans and contingency plans were based on the following critical issues:

Active CO;, injection could be a source of wellbore noise. Plugs have been set in
potential receiver wells to reduce the possibility of noise generated by fluid
movement across perforations. Injections in wells adjacent to the survey area have
been suspended. The noise attenuation system will be deployed to further reduce the
possibility of unacceptably high levels of borehole noise.

Acquisition time in well 111/12-13 must be minimized so the well can be put back
into production.
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Given these operational constraints the following deployment and parameter setting
sequence was followed.

Planned receiver well (111/12-13), planned source well (101/6-13). Final preparations
for well 111/12-13 to be completed by mid-day Nov 13"

Characterize noise levels in well 101/6-13 on morning of Nov 13" before well
111/12-13 isready for logging. Measure and characterize background noise level (N).
No noise attenuation equipment on this test.
N < -35 dB relative to 1 Pa (TomoSeis calibrated noise scale) then rig noise
attenuation system and prepare to acquire survey with receiversin well 101/6-
13. Rig source in well 111/12-13
N > -35 dB relative to 1 Pathen prepare to rig up receivers with noise
attenuation system on well 111/12-13. Rig source in well 101/6-13.
N < -50 dB then deploy w/o noise attenuation system.
If receivers are deployed in well 111/12 13, characterize noise levels before
proceedl ng to parameter setting procedure (below).
N > -20dB then well 111/12-13 is markedly noisier than 101/6-13. Inform
EnCana of time impact (12-14 hours) and suggest swapping source and
receiver wells back to 111/12-13 and 101/6- 13 respectively. Swap wellswith
EnCana’ s agreement.

VSP acquisition outline

A VSP was also recorded with the hydrophone receivers and the initial plan called for 12-
15 hours logging with a 10 level/3 meter spaced logging tool. Survey design was made to
meet the following criteria as close as possible.

Receiversin well 101/6-13
One Zero offset VSP

Five offset VSP

2 offsets along profile # 1 line
3 offsets along profile #2 line.

400 meter logged interval (900-1300 meters)

14 second records (12 sec sweep + 2 sec listen) @ 2 ms sample period** (High
frequency of acquisition system at 150 hertz)
8 sweeps per level per component (3 camponent vibrator)

** Recorder supports record lengths up to 12,000 samples. To record data to 300 hertz
recommend 12 second records (10 sec sweep + 2 sec listen) @ 1 ms sample period.

Survey Plans [X-Plan™]

Survey plans describe in concise form different parameters of a crosswell profile. Outputs
such as the estimated seismic coverage and time frame of each profile are used to plan the
survey more effectively. Note that survey plans are often updated in the field, as new
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acquisition information becomes available. All coverage charts are computed assuming
straight ray paths.

In this section, a preliminary survey plan for each possible profile has been run. To

familiarize the reader with the form and content of the survey plan, below is a description
of some of the pertinent plots.

Acquisition parameters/statistics

The planned acquisition parameters are noted in the upper left of the chart. Details such

asinterval of interest, source shooting parameters, well spacing and other parameters that
affect the speed of acquisition are listed.

Shooting Chart

The shooting chart is a graphical representation of the source/receiver positions that are
to be occupied during the survey. The horizontal axis is receiver depth and vertical axisis
source depth. A tabular form is also created with depth intervals for source and receiver
clearly detailed.

Direct Fold

This shows the number of rays crossing each bin (see Fold Cell size) assuming straight

raypaths. This shows the approximate coverage that will be possible for this profile using
the direct ray incidence angles noted. The horizontal axis extends from receiver well to

source well. The vertical axis is depth relative to datum elevation. Sparse apparent
coverage near the wells (“scalloping”) is an anomaly of subsampling in the coverage
calculation and not a true measure of coverage.

Upgoing Reflection Fold

This shows the number of rays incident in each bin for the range of incidence angles
noted. Sparse apparent coverage near the wells (“scalloping”) is an anomaly of
subsampling in the coverage calculation and not a true measure of coverage.
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Wevbom Vertical Steam Wlonitor Profile #1

-1-

Mo L1 2002 14:45:17

Shooting Chart

Receiver Well - 111/12-13
Source Well - 101/6-13
Receiver Level: 3 Rate(meters/m): 54 -~
Source Level: 3 Turnsihrs): 22 E 800
Well Spacing: 400 SBhootingfhrs): 125 @
Survey Type: 1 Survey(days): 13 T
Minimum Angle: 45 Traces: 11868 5
Maximum Angle: 80 Hcwr Depth re KB g
Dip: 0 Rcwr Ret Elew 0 a
Top Zonefre PD): 1300 Src Depth reKE E
End Zone(re PD): 1440 Src Ref Elev g 2 120
Mu mber Recaivers: 10 Datum Elev|PD) g W
Nu mber Sweeps: 8
Sweep Lengthis): 24
Listen Time(s): a4
Trace Delay[ms): a
gwmp II:'uwar El-'tg 1%3 800 1200
weep Upper - Racei Depth KB
Dead Time/s): 1.3 celver Dapth [re KH)
G!'Eh T|ITH[E:IZ 4] Direct Fold 45 to 80
Turns Fixed{min.): 5 R20
Turns Varimin/z): Q015
Smear: 29 58
Sample Periodjusec): 250 108
Telem Rate{kbps): analog
wi : 800 434
nch Factor(%): 14 =
Working Hours/Day: 21 [ a78
Setup Timefh rs): 12 o — A=
Depth un its: meters = — — aa
Fold Cell Size{x=z): 10:10 ® T i n4g
Survey Type: 1 A Jeetie
1-angle wlirfl 1200 9 = 188
2-angle rfl 124
3-rect =1 -
- B2
a
Upgoing ReflectionFold 50to 75 Upgoing Reflection Minimum Angle
1000
240 a0
218 &1
182 T2
168 B3
&
& 1200 144 54
£ 120 45
F =
B a6 36
3 T2 27
1400 48 18
24 a
4] 4]
a 100 200 300 a 100 200 300
1111213 Offset 101613 1111213 Offset 101/6-13
TM A
X-PLAN Tomosels
Figure 5. Logging plan #1, profile #1
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Weybnm Verttical St=am Mlaonitor Prafils #1

Receiver Well - 101/6-13
Source Well - 111/12-13

Receiver Level:
Source Level:
Well Spacing:
Survey Type:
Minimum Angle:
Maximum Angle:
Dip:

Top Zonejre PD):
End Zone(re PD):

Mu mber Recaivers:
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Sweep Lengthis):
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a
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a
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a
200
1200
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a

5
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29
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=)
o
£
=
B’
8

Upgoing ReflectionFold 5010 75

Winch Factor(%:): aa
Working Hours/Day: 21
Setup Time(h rs): 12
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2-angle rfl
3-rect
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)
& 1200
2
F =
B
a8

1400
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Off set
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X-Pran™

Figure 6. Logging plan #1, profile #1 source and receiver well switched.
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Weybnm Verttical St=am Mlaonitor Prafile #1 - plin-A Tdeey L1 2002 14:56:15

Shooting Chart
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Nu mber Sweeps: 16
Sweep Lengthis): 24
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Trace Delay(ms): a
gwuep II:'uwer [|-[I-I|:§ 1%3 800 1200
weap Hpper [He) Receiver Depth [re KB
Dead Time(s): 1.3 celver Dapth [re KB)
Cycle Time(s): a Direct Fold B0 to 80
Turns Fixed[min.): 5 200
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o 1200 72
] |
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e | 1z
i
a 100 200 300 a 100 200 300
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=\
=]

FE TR T

X-Pran™

Figure 7. Logging plan #1A, profile #1
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Weybum Vertical Crosswell Project Preliminaryl - Jul 24 2002 11:39:56
Shooting Chart

Receiver Well — Receiver Well 0

Source Well -- Source Well
Recelver Level: 3 Rate(fpm): 54 500
Source Level: 3 Turns{hrs): 47 O
Well Spacing: 580 Shooting(hrs): 350 o
Survey Type: 1 Survey(days): 25 =
Minimum Angle: 45 Traces: 35408 = 4000
Maximum Angle: 80 Rcvr Depth re KB g
Dip: 0 Rcvr Ref Elev 0 o
TopZone(re PD): 1300 Src Depth reKB E
End Zone(re PD): 1440 Src Ref Elev o 2
Number Recelvers: 10 Datum Elev(PD) 4] & 1500
Number Sweeps: 8
Sweep Lengthys): 24
Listen Time(s): 0.4
Trace Delay{ms): 0 2000
Sweep Lower (Hz): 200 0 500 1000 1500 2000
ﬁglfg?l_l';'“ilzg)’_‘“a' i Recelver Depth (re KB)
cycle Tlmets): 0 Direct Fold 45 to 80
Tums Fixed{min.): 5
Tums Varimin'z): 0.015
Smear: 29

Sample Perlod{usec): 250
Telem Rate(kbps): anﬂlog

Winch Factor(%): a5
Working Hours/Day: 21 o
Setup Time(hrs): 12 @
Depth unkts: meters =
Fold Cell Size{x:z): 25:25 B
Survey Type: 1 a
1-angle viirfl
2-angle rl
2-rect
Upgoing Reflection Fold 30 to 60 Upgoing Reflection Minimum Angle
a0
2142 81
500 1904 T2
- 1666 63
o
; 1428 54
= 1000 1190 45
E ah. H5 =+ B |
fy 952 36
B 714 27
1500 76 18
238 9
0 0
2000
0 100 200 300 400 500 0 100 200 3200 400 500
Recelver Well Source WellRecelver Well Source Well
Ofiset Ofiset
TH d
X o PL _-\ N TomoSels

FT R,

Figure 8. Logging plan, Profile #2.
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Well Information

Well 111/12-13/6-14 101/6-13/6-14 101/4-13/6-14
(receiver) (source) (receiver)
Coordinates X
Y:
Z: Z:
Distance 400 0 580
(surface)
Depth (m) 1320 (plug) 1353 (plug) 1400 (plug)
G.L.
K.B.
Deviated Horizontal Vertical Vertical
Casing 7 inch O.D. 5-1/2 inch OD 5-1/2 inch O.D
Logs
Reservoir top (m)
Top of Marley 1413 1412
Top of Vuggy 1420 1419
Base of Reservoir 1437 1437
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Acquisition Summary

Operations Summary —Profile 101/6-13—111/12-13

Before going to the location, a safety meeting was held at the Encana Field Office in

Weyburn. The objectives for the crosswell project were outlined and at the close of the
meeting, al requirements regarding safety and operational communication were met.

We deployed the receiver tool in the well 101/6-13 to measure and characterize
background noise levels. We found noise levels to be less than —40 dB at al intervals
tested with the exception of relatively strong tube wave energy in the range 500 to 700
Hz (see Data Quality section for details). We found the tube wave energy to increase with
depth, yet within limits capable of being attenuated by our noise attenuation system. The
noise level of less than —35 dB met the criteria established in the operational plan for
making 101/6-13 our receiver well.

Data Quality

In order to characterize noise levels our 30 meter, ten level receiver string was run to TD
in well 101/6-13. Noise test results showed relatively strong tube wave energy in the
frequency range from 500 to 700 Hz as shown in the frequency spectrum of Figure 9.
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Figure 9. Frequency spectrum from TD

The receiver tool was brought up the hole 100 meters from TD and another test was run.
A similar frequency spectrum was generated showing a decrease in spectral magnitude
for frequencies between 500 and 700 Hz while the remainder of the spectral display is
largely unchanged as shown in Figure 10.
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Figure 10. Freguency Spectrum 100m above TD

For the final test, the receiver tool was brought up to 800 meters. The resulting frequency
spectrum shown in Figure 11 was again similar to the two previous tests, showing noise
in the same frequency range, yet much lower amplitude than before.

These spectral displays show a decrease in the energy between 500 and 700 Hz with
proximity to the bottom of the well. This strongly suggests the energy is emanating below
the plug in the reservoir interval. Evidence of this fact can be seen in the common shot
gather shown in Figure 12. Figure 12 shows the dominance of relatively high frequency
upcoming tube waves. The low frequency energy is less frequent and more random in
direction whereas the high frequency energy is consistent throughout every record and is
coming from below. This suggested that the noise was being generated always from
below the receiver tool and likely from within the reservoir interval.
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Figure 11. Frequency Spectrum at 800m
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Figure 12. Seismic section of uncorrelated data acquired at 100 m above TD showing
high frequency upcoming tube waves (red). The downgoing tube wave
(blue) istypical of more random background noises.

The decision was made to deploy the receiver tool along with the noise attenuation
system in well 101/6-13 to attenuate some of the observed noise. The tube wave
attenuation system reduced the amplitude of the noise spectra by over 10 dB, with the
frequencies between 500 and 700 hertz being attenuated by and additional 10 dB (20 dB
in total).
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The noise attenuation system was found to be very effective in attenuating the energy of
the noise, particularly within the frequency range of 500-700 Hz. Amplitude spectra show
attenuation of between 10 and 20 dB across the entire frequency band, with the greatest
attenuation in the frequency band with the strongest noise.

Figures 13-15 are from depths of 1271, 1196 and 1181 meters. Direct arrival, reflected
and tube wave arrivals are visible in these gathers. The signal-to-noise ratio of the data
varies from moderate (1271 meters) to good (1196 meters).
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Figure 13. A common receiver gather from a depth of 1271 shows direct arrival energy
at the right edge of the gather. Tube wave energy and possible P-wave
reflection energy are also visible.
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Figure 14. Common receiver gather taken at 1196 meters showing improved direct
arrival signal and the presence of upcoming and downgoing tube waves.
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Figure 15. Common receiver gather taken at a depth of 1181 showing some low and

high frequency upcoming tube waves as well as a strong direct arrival with
clear reflection events. Notice the decreasein direct arrival energy to the
right hand side of this gather, along with an increase in wavefield
complexity. This change corresponds to a change in formation properties.
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Figure 16 (a-d) shows the common receiver gather at 1181 meters band- passed into four
different frequency bands. Direct arrival signal can be identified in al four bands with the
frequency band of 500-800 Hz being the worst. Thisis the band that is contaminated by

the previously mentioned noise source. With further processing the signa in this band
may be improved.

Parameter Testing
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Figure 16. (a) A common receiver gather taken at a depth of 1181 with a band pass
filter 100-300 Hz
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16 (b) A common receiver gather taken at a depth of 1181 with a band pass
filter 300-500 Hz
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16 (c) A common receiver gather taken at a depth of 1181 with a band pass
filter 500-800 Hz
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Parameter Testing

20401 pre-processing
SRCA42. 5 1132.5 1222.5
0.a¢n 0.ov¢n

0.080
0.030
0.100 0.100
0.110 23 0.110
0.120 0.120
0.130 0.130
0. 14035 ; 0.140
0.150—& 0.150
0.180 0.180
0.170 0.170
0.180 0.180
0.130 0.130
0.200 0.200
0.210 0.210
0.220 0.220
0.230 0.230

0.240 0.240

0.250
SRC42. 5 1132.5 1222.5

0.250

Figure 16 (d) A common receiver gather taken at a depth of 1181 with a band pass
filter 800-1200 Hz

The first 5 fans of Profile #1 were partialy repeated to improve signal to noise ratio of
those levels. Noise levelsin the receiver well had decreased since the start of the survey.

Figure 17 shows one of the repeated common receiver gathers from 1319 meters. Figure
18 shows a spectrum from the initial recording of this level and Figure 19 shows the

spectrum from the second recording.
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Figure 17. Common receiver gather from 1131 m during the second recording pass.
Thered arrow indicates the source level used in the following spectral
analysis. These data are stacked and cross-correlated with the pilot signal;
no additional processing has been performed.
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Figure 18. Spectrum computed for a trace recorded earlier in the profile at the location
indicated in Figure 17. Note the relatively large spectral amplitude between
500 and 700 Hz
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Figure 19. Spectrum for the trace indicated in Figure 17, recorded during the second
pass. Note the lower amplitudesin the 500 to 700 Hz range indicating a
reduction in noise levels.

Operations Summary Profile 101/6-13—101/4-13

Data quality on the second profile was similar to the first profile. The ability to position
the source tool to a greater depth provides acquisition through intervals not possible in
the first profile. Figure 20 indicates the increased depth aperture relative to the first
profile. Figure 21 shows the noise spectrum for the first fan of Profile #2. Figure 22
shows a common receiver gather from a depth of 1166 meters.
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Figure 20. Data from the first fan of Profile #2. The red arrow in the above display
indicates the additional depth interval achieved in the 101/4-13 (current
source well) over the 111/12-13 (previous source well).
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Figure 21. Noise spectrum from first fan of Profile #2 with noise attenuation system
deployed.
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Figure 22. Common receiver gather from 1166 meters. The frequency content present
in this gather is mostly below 600 hertz.

Figures 23-25 are examples of gathers from Profile #2. These gathers represent stacked
and correlated data with a mild spectral whitening and band pass filter from 100 to 500
Hz. The frequencies above 500 Hz that were present in a number of gathers on Profile #1
are largely absent on Profile #2. Thisis probably aresult of the increased noise and larger
interwel| distance of Profile #2.
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Figure 23. Common receiver gather for Profile #2 from a depth of 989 m.
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Figure 25. Common receiver gather for Profile #2 from a depth of 1253 m.
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VSP Acquisition

Acquisition of a zero of fset and 3 offset V SPs were recorded into well 101/6-13 in the
Weyburn field following the conclusion of the crosswell seismic operations. The
borehole tool was the TARS (TomoSeis Analog Receiver System) hydrophone system
and the source was an 1/0 vibrator. TomoSeis' responsibility in this acquisition was to
assist with equipment interface, recording and on-site data QC. The exact surface
locations were specified by Dale Cox and were not known exactly by the TomoSeis staff.
Approximate locations of the vibe points are given for completeness.

Acquisition

Acquisition operations began at around noon November 18, 2002, and continued
uninterrupted through approximately 3:00 am. November 19, 2002. The receiver tool
was deployed in the 101/6-13 for each profile with receivers spanning from 1337 to 380
meters at a 3-meter level spacing. Depth measured relative to GL elevation

Vibrator points were selected by Dale Cox. Approximate locations of vibe points are
given below when known.

Receiver tool description

The receiver tool consists of ten 16 element by 3 meter hydrophone arrays. The array
centers are separated by 3 meters for an effective level spacing of 3 meters.

Vibrator description

The vibrator was an 1/0 device capable of generating both P- and S- wave energy. The
majority of acquisition was performed using P-wave source, however some levels were
recorded using S-wave source. Swave source shots on offset #1 were recorded with the
axis of excitation off axis from the direction of the profile. This was corrected and
repeated on offset #2.

The table below describes the approximate locations of the vibrator for the 4 offsets
acquired.

Offset Description Approximate distance (m)
1 Along 111/12-13 to 101/6-13 line. 800

2 Along 101/4-13 to 101/6-13 line. 1200

3 Zero offset On 101/6-13 pad

4 Along 101/4-13 to 101/6-13 line. 580
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A similarity test was conducted prior to the start of acquisition to ensure the vibrator
encoder signal and the encoder in the recording unit were producing the same sweep.
These test are recorded on shot numbers 31-35. The recorder unit encoder sweep is
recorded on channel #1 while the vibrator encoder sweep is recorded on channel 4.
Following the similarity test the sweeps from the encoder in the receiver unit were the
only ones recorded.

Channel configuration

The V SP recording was performed on an EGG Strataview recorder. This system wrote
the SEGY datato disk and tape during acquisition. The disk files were QC'd in the field
and the tape files (two copies) were archived for delivery.

The channel configuration used during acquisition is described in the table below.

Channel # Description Channdl # Description
1 Sweep 8 Depth=2+9

2 Aux 9 Depth=Z+12
3 Aux 10 Depth=2Z+15
4 Aux 11 Depth=2+18
5 Top receiver (Depth=2) | 12 Depth=Z+21
6 Depth=2+3 13 Depth=2+24
7 Depth=2+6 14 Depth=2+27

Recorder Timing

The vibrator encoder box was unable to trigger the Strataview recorder as planned so an
aternative triggering scheme was used. The time break signal for the vibrator was used

astherecorder start trigger for al VSP data.

Data Tapes

Field data tapes (4 mm) were delivered to the TomoSei's Houston processing center at the
end of the survey. The 4-mm tapes were transcribed to 8-mm tapes for delivery to LBL.
The field tapes are SEG'Y format with trace data as 4 byte fixed-point data (format code
2). The data are as recorded in the field and have not been correlated with the pilot
sweep. Important trace header locations are listed below, of which the most useful are
high lighted in red. The Reel Identification Header is standard SEG-Y format.
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Description Bytes Description Bytes
Trace sequence number 001-004 Number of samples 115116
Field recorder channel number 005-008 Sample period ( us) 117-118
Field file ID 009-012 Gaintype 119-120
Sequential channel number 013-016 Instrument gain 121-122
Sequential shot number infile 017-020 Initial gain 123-124
Trace ID code 029-030 Low cut filter corner frequency 149-150
Receiver measured depth. 041-044 Anti-aliasfilter corner frequency 151-152
Source measured depth. 045-048 Hour of day 161-162
Source depth from encoder 049-052 Minute of hour 163-164
Acquisition delay (milliseconds) 109110 Second of minute 165-166

Data Quality

Figures 26-29 show one receiver position for each of the offsets. The results are scaled by
the RMS level of all traces in the display (panel or section normalization) and processing
is a simple mean stack followed by correlation with the recorded pilot. No trace editing
prior to stack or subsequent filtering has been performed.
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Figure 26. Offset 1 of VSP.
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Figure 29. Offset 4 of VSP.
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Data Processing

Processing Plan

Objectives

The objective of the data processing is to assist in diagnosing unexpected CO,
performance in the Weyburn field, Saskatchewan, Canada (figure 30). In the area of
interest horizontal injection logging and 4 D surface seismic indicate good areal extent to
the CO, but no response has been seen in nearby production wells, specificaly 121/08-
14. Several possible explanations include lower permeability in the area slowing the
movement of CO,, upward flow of CO, into zones above the reservoir or below in the
Frobisher Marley, or behind casing leaks that provide an upward migration path for CO,.
The 4 D seismic vertical resolution is not adequate to delineate in-reservoir and out- of -
reservoir flow of CO,.

Legend
@ 101/06-13
O 1111213
(producer)
@ 1010413
@ 121/08-14
(producer)
Extent of 4D
CO, respone

Figure 30. Weyburn field map showing survey area and area of 4-D CO, response
Issues

The crosswell acquisition occurs entirely above the intervals of interest so the reservoir
interval will be interrogated using reflected P-wave energy only. Proper positioning of
this energy depends on relatively accurate velocity information. Direct arrival traveltime
tomography will be used for intervals covered with direct arrival energy (see Figure 31).
Intervals below direct arrival coverage will be imaged using velocities derived from
nearby sonic logs. These sonic logs will represent velocities bef ore CO, injection began,
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or baseline velocities for purposes of our interpretation here. Reflection images produced
using these velocities will correctly position reflection horizons when the velocities are
unchanged since injection began. Based on this assumption any mispositioned reflection
events should be the result of velocity changes along individual ray paths. It is through
this mispositioning of reflected energy that we hope to infer the presence of CO..

111/12-13t0 101/6-13 101/6-13 1o 101/4-13
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Figure 31. Direct arrival coverage entirely above the interval of interest. Sonic logs will
be used to create velocity models for imaging below direct arrival coverage.

Structural features above first detected CO, can be interpreted as imaged while features
below CO, will be mispositioned in depth. Image refinement may be required to improve
the stack quality below CO.. Interpretation of structure below CO, will require an
analysis of the relative positions of reflection horizons as compared to the formation
picks provided by EnCana.

Data Overview

Two profiles were acquired in the Weyburn field beginning November 12 and concluding
November 18, 2002. Tests conducted in the field indicated that well 101/6-13 would be
suitable as a receiver well and so the receivers were deployed in that well accordingto
contingencies outlined in the Operational Plan for this project.

Noise levels in the receiver well were low with the exception of fairly strong noise
energy between 500 and 700 Hz. These particular noises were identified as emanating
from the reservoir interval due to their moveout across the receiver array. The noise
attenuation device reduced the magnitude of all recorded noises by approximately 10 dB,
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with the noise between 500 and 750 Hz being attenuated by about 20 dB. The presence of
this noise energy may be an impediment to using signal above 500 Hz.

Signal quality on Profile #1 (101/6-13 to 111/12-13) was good with signal quality
generaly increasing with decreasing depth. Severa of the deepest fans were repeated to
provide additional stacking gain. The noise level was observed to have decreased during
the repeat acquisition of the deeper fans. Signal was observed over the entire range of
sweep frequencies (100 to 1200 Hz).

Signal quality on Profile #2 (101/6-13 to 101/4-13) was good for frequerties below 500
Hz. The lower frequencies observed on the second profile are probably a result of the
increased well spacing (580 meters versus 400 meters on Profile #1).

Processing Outline

Reflection imaging was used to detect changes in the interval of interest. Traveltime
tomography was used to obtain imaging velocities above the reservoir interval. The wells
were plugged above the perforations. Since no crosswell data was recorded in the
reservoir interval there were no direct arrival traveltimes from which to compute
velocities (see Figure 31). Imaging velocities in the reservoir interval were therefore
derived from sonic logs interpolated from wells 121/8-14, 101/02-13 and 111/07-13.

A diagram of reflection coverage for the acquisition geometry is shown (see Figure 32)
with the approximate locations of the intervals of interest. The reflection coverage on the
interval of interest is below the logging interval for both profiles. Imaging below the
logging interval was performed using interpolated sonic logs from adjacent wells while
imaging within the logging interval was performed using velocities produced from direct
arrival traveltime tomography. Subsequent image refinement was performed through
semblance analysis of the unstacked reflection data. The stacking vel ocities were refined
to improve reflection semblance.
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Figure 32 Reflection coverage for crosswell data. Only the reflected arrivals sample
the interval of interest.

Processing Flow
A summary of the processing overview is provided below in bullet form.

Pick direct arrivals and run direct arrival traveltime inversion.

Wireline correlation logs were not available in field for depth control. Depth
system for processing will be as recorded relative to ground level in well
101/6-13.

Band limit data 100 to 500 hertz to eliminate high amplitude noises.
Prepare velocity models from tomogram results as described above.
Time/Depth conversion using VSP-CDP transform

Images to cover from 1200 to 1500 meters.
Evaluate wavefield separation steps using best modd.

Review best reflection stack at this time. Interpret locations of CO,
Refine image quality below tomographic coverage as required.

Data Checklist

Following isalist of information provided by EnCanato TomoSeis for processing of this
crosswell project.
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DepPTH
WELL ID Locs RANGE
101/06-13-006-14W2 GR 1397-1442 | Receiver well, Profiles #1 and #2
NEUT 1397-1442
101/04-13-006-14W2 GR 13961439 | Source well, Profile #2
NEUT 1396-1442
111/12-13-006-14W2 NONE Source well Profile #1
101/02-13-006-14W2 GR 750-1442
DT1 10201132,
1138-1403,
1407-1417,
14231434
DT4P 1020-1070 | Sonic velocity to use for imaging
1102-1111
11181172
11781201
1204-1227
12291417
DT4S 12991306
1327-1415
NEUT 14091434
111/07-13-006-14W2 DT 11381438 | Sonic velocity to use for imaging
GR 11381432
RHOB 11451438
121/08-14-006-14W2 DT 11361428 | Sonic velocity to use for imaging
RHOB 11391431
GR 1400-1424
121/12-13-006-14W2 GR 1383 1414
NEUT 13831414
121/14-13-006-14W2 GR 1383 1414
NEUT 13831416
141/08-13-006-14W2 DT 11401438 | Sonic velocity to use for imaging
RHOB 13951434
GR 13951434
121/02-13-006-14W2 GR 14001430
RHOB 12231437
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Velocity Model Building

One of the initial processing steps was to produce the best model of velocity below the
zone logged based on available well log information. This section describes the model
building procedure.

Processing Datum

All information used in processing was referenced to a processing datum, which for this
project was selected to be ground level elevation of well 101/6-13. Final deliverables can
be referenced to any arbitrary elevation.

Baseline model building

The baseline velocity model used to process the crosswell images was constructed from a
combination of crosswell velocity observations and sonic velocitiesin nearby wells. The
crosswell survey was conducted entirely above the interval of interest and so a velocity
model derived from nearby well control was used to image reflections below direct
arrival tomographic coverage.

The following table shows the inf ormation input to the model building process. Figure 33
shows the relative well locations at surface. Note: Depth information in the table below is
not datum corrected but represents depths as acquired/delivered.

WELL ID CROSSWELL SoNIC NEUTRON FORPN:@EON
111/12-13 to 1290.5 m no
101/6-13 to 1335 m 1397-1442 m yes
101/4-13 to 1380.5m 1396-1442 m yes
121/14-13 1383-1416 m yes
121/12-13 1383-1414 m yes
121/8-14 1136-1428 m yes
101/2-13 yes
111/7-13 1138-1438 m yes
121/2-13 1409-1434 m no
141/8-13 1140-1438 m no
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Figure 33. Relative well locations at surface showing locations of crosswell profiles

The procedure used to obtain velocity curves for the wells used in the crosswell survey is
described below.

1. A structural model was created using the formation picks provided by EnCana. Mode
layers were selected to intersect formation picks at the wells with formation picks
listed above. See figure 34.

2. A velocity model was constructed based on the structural model created above. Sonic
velocities were loaded into the model at the three wells indicated above (121/8-14,
111/7-13 and 141/8-13) and extrapolated along models layers to populate the entire
model.

3. Veocity curves were then extracted from the globa velocity model at the wells used
in the crosswell survey (111/12-13, 101/6-13, 101/4-13).

4. A revised structural model was constructed using formation picks from wells 121/12-
13, 101/6-13 and 101/4-13. Picks from 121/12-13 were used, as picks for well
111/12-13 were unavailable. The structural model was updated from step 1 to provide
more planar surfaces in the structural model. Variations in depth and thickness of
picked intervals resulted in curved surfaces in step 1. This is acceptable for
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extrapolating the velocity logs to adjacent well but was not thought to represent the
structure in the region. See figure 35.

5. Vdacities extracted from the model of step 2 were then used to populate the new
structural model of step 4

Figure 36 shows the resulting velocity mode for each of the crosswell profiles.

El i i [l
1 ] ]

§
I 1 1 T Ll

]

Figure 34. Structural model of all formation picks available from wells of Figure 33.
Note curvature of surfaces required to fit all formation picks. These
surfaces will be refit using only the wells circled in Figure 33 for the
baseline velocity model.
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Figure 35. Structural model revised to include only picks from the crosswell

observation wells and one other nearby well. This was done to remove
unwanted curvature from the surfacesin the structural model
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Figure 36. Basdline structural model derived from nearby sonic logs. This figure shows
a velocity profile for each crosswell profile aswell as velocities for the
profile 111/12-13 to 101/4-13 which was not recorded.

Depth corrections

The crosswell data were recorded on a depth systemrelative to ground level at each
wellhead. Our standard operating procedure is to adjust al wireline depths to match client
provided logs before correcting to a common datum. In this case there were no GR/CCL
logs available over the intervals where crosswell data were acquired. The depth
correlation process was done by comparing the TomoSeis GR/CCL to the pseudo

velocity logs created for the baseline model (Figure 36). Since the pseudo velocity logs of
Figure 36 are already corrected to the processing datum the TomoSeis GR/CCL curves
only need to be shifted to tie the pseudo velocity curves. This same shift applied to the
crosswell data will depth correct the seismic traces to measured depths relative to
processing datum.

Figure 37 shows the pseudo velocity curves along with un-corrected TomoSeis GR
curves. The GR curves tie the pseudo velocity curves very well for both the 101/6-13 (-2
m shift) and 101/4-13 ( 0 m shift). The depth correlation on the 111/12-13 well is much
worse. (-10 m shift).
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Figure 37. TomoSeis GR logs plotted with pseudo velocity curves of baseline velocity

model. All data except the GR curves of this display are corrected to

processing datum. Correcting the GR curves to match this data will yield
the depth shifts required to put the crosswell data on the same depth system.

Figure 38 shows the same data with the above-mentioned depth shifts applied to GR
curves. The depth correlation is now good at each well.
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Figure 38. GR curves have been corrected for depth shifts between pseudo velocity
curves of baseline model. Crosswell data will be similarly shifted in depth
before processing.

Direct Arrival Tomography

The initial velocity model for reflection imaging was a hybrid of the model described in
the velocity model building section above and the results of a direct arrival tomographic
inversion.

Step 1: 3D Anisotropic Traveltime Inversion

This section describes the traveltime inversion process for the project. See Appendix A
for further details on the 3D anisotropic method.

First arrival identification
Data was prepared for P-wave first break identification by:
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Noise editing in the field (during acquisition

Cross-correlation with the recorded source sweep (200-1200 Hz).
Stacked to 3 meters source spacing.

Datum to project datum .

Stacked to 3 meters source and receiver spacing.

a b wbdpE

P-wave first arrivals were identified and picked in four domains:
Common receiver.

Common source.
Common offset (receiver depth — source depth).
Common mid-depth (receiver depth + source depth)/2.

Summary description

Accurate spatial positioning isimportant for processing of the high frequency crosswell
data. The 3-D anisotropic travel-time tomography algorithm operates in a rectangular
coordinate system with the vertical axis being TVD (true vertical depth). Velocity image
values are positioned in the rectangular depth coordinate system. The velocity image is
derived using the following input information:

1. P-wave direct arrival traveltimes as picked from the data.

2. Receiver and source locations. Without precise well positioning information the
resulting velocity model can be used in the V SP-CDP mapping procedure, but the
velocities values are not calibrated (distance is not accurately known) and therefore
not reliable as absolute values.

3. Structural moded. The same structural model described in the model building section
above was used.

The starting modéel is then ray traced and traveltimes are calculated (see example in
Figure 39). The calculated traveltimes are compared with the measured travel-times and
the starting model is updated through non-linear continuation steps to minimize the
travel-time residuals (difference between the P-wave first arrival picks and calculated

travel-times).
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Figure 39. A general example of a velocity model showing multiple raypaths over
which the traveltimes are calculated. This example shows multiple source
and receiver well pairs.

The final direct arrival only inversion results (velocity models) are shown in the next
section in the overlay plots with the initial imaging results.

Reflection Imaging Procedure

For a detailed description of reflection imaging processes please see Appendix B. Figure
40 is aflowchart of the stepsinvolved in crosswell seismic data processing for reflection

imaging.
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Figure 40. Reflection imaging flow chart.

In crosswell data there are many arrivals present in the wavefield. Direct arrival, Pand S
reflections from below (upgoing) and above (downgoing) the receiver, as well as various
converted modes and tube waves. For reflection imaging of the reservoir interval the
objective was to use the upgoing P-wave reflections. All arrivals in the wavefield that
contribute coherent noise to the final stacked image are removed through spatial filtering.

Wavefield Separation

Prior to transforming the time domain data into a data volume in depth, the time domain
data are filtered to remove coherent modes (which do not stack out of the final image)
other than upgoing reflection energy. The unwanted modes are attenuated using spatial
filters, usualy f-k fan filters or variations on median filters, applied in common-receiver
(CRG), source (CSG), and offset (COG) gathers.

The general approach is to filter the largest noise mode from the data first. This result is
evaluated by mapping and stacking and the next largest noise mode is then removed. This
procedure is repeated until all separable noise modes have been attenuated. The final step
is to remove the unwanted reflection energy. In the case of upgoing reflection imaging
those are the downgoing reflections. Thisis typically done as the last time domain filter
before mapping. The filter used to remove downgoing reflections was a half-spacef-k fan
filter applied in CRG followed by CSG. These filtered data are then amplitude corrected
and mapped to depth using a VSP-CDP transform.
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VSP-CDP Mapping/Time-Depth conversion

The wavefield-separated data were V SP-CDP depth mapped, as in offset VSP data
processing. The velocity model from the traveltime inversion and model building is used
in tracing reflection raypaths.

The VSP-CDP mapped data set is a 3D data cube as shown in Figure 41 with mid-depth
and offset (distance between the two wells) as the two domains. Individua depth mapped
mid-depth gathers were reviewed and compared to the time domain data to ensure that
the stacked image contained only events with reflection moveouts.

Angle incidence
Transform angle

—>

mid depth

offset
(interwell distance to well

offset
(interwell distance to Weﬁ

depth depth

v v

Figure 41. Schematic of the angle transform.

Angle Selection and Stacking

Since there are a wide range of incidence angles present on a crosswell data set and the
wavelet and reflection character change with incidence angle, another natural domain for
data analysis is the angle-transformed AV A data cube shown in Figure 41

Migration

Post CDP-mapping prestack migration was applied to the resulting gathers from V SP-
CDP mapping of time-domain mid-depth gathers. For a full description of the crosswell
migration applied see Appendix B.

Reflection Imaging with the Initial Model

Processing Datum

All information used in processing are referenced to a processing datum, which for this
project has been selected to be ground level elevation of well 101/6-13. Final deliverables
can be referenced to any arbitrary elevation.
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e ]

Preliminary Reflection Image — Profile #1

The reflection image shown in Figure 42 is the result of reflection imaging with the initial
mode. The image was produced with the following approach
1. Velocity model used is avelocity tomogram supplemented with baseline model
below tomographic coverage. Color background of Figure 42 is the velocity
modd.
2. Depth system is as described above. Depth correlation as describe in previous
email (TomoSeis GR correlated to Encana DT curves).
3. Minima wavefield separation consisting of tube wave removal, downgoing
wavefield removal and band-pass filter.
4. Stack over straight ray incidence angles 55 to 65 degrees.
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Figure 42. Preliminary reflection image with mapping model overlaid in color. Note
the pull up of the strong reflection events positioned at about 1248 meters.
Thisis most likely due to velocity errors present in the mapping model.

The two most noticeable features of thisimage are the “pull-up” of the reflection event at
about 1248 meters, and the apparent mispositioning in depth of this same event where it
intersects the wells. Possible causes for these features and recommended solutions are
discussed below.
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Velocity Errors

The “pull-up” of the shallowest reflection horizon is most likely caused by error in the
velocity model used for time/depth conversion. Figure 43 shows the coverage of the
direct arrival tomography overlaid on the reflection stack of Figure 42. There is good

correlation between the reflector “pull-up” and the decreased direct arrival coveragein
the center of the image.
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Figure 43. Preliminary reflection image with direct arrival tomogram coverage
overlaid in color. Note the correlati on between the low coverage interval in
the center of the image and the reflector “ pull-up” . Reflection tomography

may be required to improve the velocity model used for time/depth
conversion in the imaging process.

Apparent Depth Errors

The synthetic seismograms plotted between the log tracks and the reflection section

appear be off depth with the reflection section. Given we suspect errors in the velocity
model this can be expected.

In crosswell data the depth of a reflector can be determined from the field records by
noting the depth at which the direct and reflected arrivals intersect. When imaging the
reflection energy from crosswell data the imaged reflector depth becomes a function of
the velocity model. The reflector depth is determined by the intersection of the reflected
energy in the wavefield and the direct arrival time predicted by the velocity model.
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Figure 44 shows a cartoon of a common mid-depth gather. The black curve shows the
actua direct/reflected arrival times. The red curves represent time predicted by a velocity
model that is too fast producing times that are too early. The blue curve shows predicted
times through a velocity model that is too slow producing times that are too late. When
imaging the actual data the blue model would position the actual reflector too shallow
while the red model would position the reflector too deep. Note also that with the red
model the reflection horizon would not actually extend to the well due to the absence of
reflection energy beyond the true direct arrival time.

Velocities too fast— Reflector images too

shallow
Velocity correct —Reflector correctly
positioned
Velocitiestoo slow —Reflector images too Imaged depth too shallow
deep
Imaged correct
Imaged depth too deep

Direct arrival time

/\
ey
/

Reflected arrival time

<

»
< »

Increasing source depth Increasing receiver depth

Figure 44. Cartoon showing depth errors at the wells for a common mid-depth gather
(average of source and receiver depths are constant.) The actual reflector
time/depth is determined from the black curve. The blue (too slow velocity
model) and red (too fast velocity model) will misposition the reflector in
depth at the wells.

Reflection Tomography

Reflection tomography uses the travel times of reflected energy to augment tomographic
coverage below the logging interval. In intervals where the direct and reflected travel
times overlap the vertical and lateral resolution of the velocity function can be improved.
This improvement should alow improved estimates of velocity above about 1300 meters.

In intervals where only reflected traveltime information are available the vertical
resolution will be a function of the number of reflecting horizons for which travel time
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data can be picked. Several events occur deeper in the section (between 1350 and 1400
meters in Figure 1) that should allow reflected events to be picked for reflection

tomography below direct arrival coverage.

The reflected energy below direct arrival coverage will be assumed to conform to the
structural model and occur at a known depth. The reflection tomography process will
endeavor to solve for the velocity function that positions the reflecting horizon at the
specified depth. Thisis a fundamental departure from the methodology discussed in the
original processing plan. Travel paths affected by the presence of CO, will now be
detected by velocity anomalies produced in the reflection tomogram. Reflector geometry
will be largely determined by the assumed baseline structural model.

Since reflection tomography was a new tool at TomoSeis we proposed a two-part
approach to its application at Weyburn. Part | involved applying the technique to a
synthetic data set developed for this purpose. During this process learned how to
parameterize the inversion to optimize the resulting imaging velocity model. Following
the completion of the synthetic work we began using velocities derived through
application of reflection tomography on Profile #1. Finally, Profile #2 was processed
employing the lessons learned from the modeling and Profile #1.

Synthetic Analysis

Reflection tomography has the potential to improve the quality of velocity information in
low direct arrival coverage regions by augmenting coverage with observations of
reflection times. In addition, reflected energy is the only information available in cross
well data that can interrogate intervals that are below the interval logged in the
observation wells.

The reflection tomography algorithm used by TomoSeis was run on a synthetic data set to
characterize its performance prior to its application to the Weyburn Vertical well cross
well data.

Synthetic Data

A velocity model was created with several velocity contrasts with varying lateral extent.
The velocity function was forward modeled for direct and reflected arrival times using
the same ray tracer employed in the inversion routines. Velocity contrasts were
approximately 25 percent

Tomography

A direct arrival tomogram was produced using the direct arrival (DA) times produced by
forward modeling. Figure 45 shows the actua velocity model (a), the DA tomogram (c)
and the difference between the two (b). The red line across the sections shows the
maximum depth for which DA observations were computed, or 300 meters. This would
be analogous to a cross well project where the interval of interest occurred at or near well
TD. Note the large negative velocity difference in the center of the difference image. This
occurs in a zone of low coverage.
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Velocity Difference—Model vs. Direct Arrival Tomogram

(a) Model (b) Velocity (c) Direct
Difference Arrival
Tomogram

Depis e profect dlation (o
F
i

% 2]

: i

¥

WITTITITIIT
b

)
"
E]

Voo B it {sh oo B it {h Vebe sl clytarce sk

Figure 45. Direct arrival tomography results from synthetic.

The reflection tomography was conducted using the same direct arrival observations
employed in the DA only inversion with the addition of reflection times from a horizon at
300 meters. Figure 46 shows the actual velocity model (a), the DA/Reflection tomogram
(c) and the difference between the two (b). Again the red line shows the maximum depth
for which DA observations were included. The reflection times used in the tomography
were for a reflector at 300 meters. Note the greatly reduced difference in the center of the
difference image.
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Velocity Difference — Moddl vs. Reflection Tomogram

(a) Model (b) Velocity (c) Direct and
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Figure 46. Reflection tomography results using synthetic data.

Another measure of inversion performance is a comparison of actual reflection times to
reflection times predicted by ray tracing the tomogram. Figure 47 shows this comparison
for (a) the DA tomogram and (b) the DA/Reflection tomogram. The squares in Figure 47
show travel time differences for each source/receiver pair that has an upcoming reflection
on areflecting horizon at 300 meters. The source/receiver positions between the black
diagonal lines are those reflection observations that were used in the reflection
tomogram. An obvious reduction in the time differences has occurred between the two
results indicating an improvement in the velocity model. For the observations with the
diagonal lines the time difference was reduced from 2.49 to 0.46 milliseconds RMS.
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Modd vs. Actua reflection arrival times

(a) Direct arrival only (b) Direct and one reflected
arrivals
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Figure 47. Traveltime residual comparison for direct arrival tomography and
direct/reflection tomography.

Reflection Tomography Iteration

A variety of reflection tomography strategies were used to attempt to image 150 meters
below the deepest depth logged. A number of issues made the task difficult including:

Lack of coverage. Below the deepest depth logged, coverage in the crosswell
geometry is no longer well-to-well, making tying a seismic event to alog event an
interpretive call.

Lack of sonic and density logs. The lack of sonic and density logs in the wellsin
which crosswell was conducted made it difficult to determine the expected character
of the crosswell at the wells, further enhancing the difficulty of tying the seismic
events at the well.

Low SNR especialy on Profile #2 made reflection picking in unstacked data
sometimes difficult

Lack of experience in applying reflection tomography in cases where the reservoir
was well below the deepest depth logged.

The final imaging results for the 2 profiles together with well log control are shown in
Figures 48 and 49.
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Figure 48. Final reflection image for profile 101/6-13—111/12-13.
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Figure 49. Final reflection image for Profile 101/6-13—101/4-13.
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The nature of the reflection tomography iterations is illustrated in Figures 50-52. When a
given model was imaged, the resulting event placements were associated to a well depth,

the reflection traveltimes of these horizons were picked and a new model was produced
using reflection tomography. The difficulties in tying to the well described above are

easily seen in these figures.
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Figure 50. The image from an interim model showing the hypothesized event tie. Note
that synthetics are produced from the regional velocity model and not from
well logs from these 2 wells.
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Figure 51. The velocity model after picking the events and tie as shown in Figure 50.
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Figure 52. Event character changesin an additional iteration from Figure 51, making
a different event tie seem possible.
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Results and Conclusions

The final images were inconclusive in their ability to deliver the high-resolution answer
needed. The decision to not open the 101/6-13 well deeper limited the crosswell coverage
and, therefore, the overall utility of the survey. In addition to the limited coverage, which
likely meant any flow barrier to the CO, might have existed outside of the image zone
covered, a number of issues also made the imaging task difficult. A variety of reflection
tomography strategies were used to attempt to image 150 meters below the deepest depth
logged. The issues that added to the complexity of the imaging test included:

Lack of coverage. Below the deepest depth logged, coverage in the crosswell
geometry is no longer well-to-well, making tying a seismic event to alog event an
interpretive call.

Lack of sonic and density logs. The lack of sonic and density logs in the wellsin
which crosswell was conducted made it difficult to determine the expected character
of the crosswell at the wells, further enhancing the difficulty of tying the seismic
events at the well.

Low SNR especialy on Profile #2 made reflection picking in unstacked data
sometimes difficult

Lack of experience in applying reflection tomography in cases where the reservoir
was well below the deepest depth logged.

Reflection tomography is relatively new in crosswell data processing. Much has been
learned in the year since the processing reported here was concluded. Crosswell
processing of data from Christina Lake has made excellent use of reflection tomography
in eliminating the need to log below the base of the target McMurray reservoir formation.
Reflection and direct arrival hybrid tomography provides a high coverage velocity model
to the depth logged and has enhanced image quality and confidence in time-lapse,
velocity—-based images of steam. Each new project where reflection tomography is
applied adds to our base of knowledge.
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Appendix A — Tomographic Inversion
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Appendix B — Reflection Imaging
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Appendix C — Anisotropic Processing
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Crosswell Methods and Glossary
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