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INTRODUCTION

The Waskada Lower Amaranth "A" pool is located in
southwestern Manitoba. Enron Oil Canada Ltd. presently operates the
Waskada Unit No. 16 pressure maintenance project shown in Figure 1.
Water injection was started in June 1987. Additional wells have been
drilled to the north and east of this waterflood project leading to the
potential for expansion of the existing waterflood project or creation of
a new adjacent waterflood project. This study was undertaken to
evaluate the performance of the existing waterflood as well as evaluate
the potential of waterflooding offset primary oil producing lands
operated by Enron. The Waskada Lower Amaranth study area is

illustrated in Figure 2.

The Lower Amaranth oil is undersaturated with a bubble point
pressure of 4 220 kPa at the reservoir temperature of 43°C. The initial
formation pressure is estimated to be 8 670 kPa. No gas/oil or
water/oil contacts are evident within the study area. Primary depletion

is by solution gas drive.



CONCLUSIONS

1. The oil-in-place in the Waskada Lower Amaranth zone within the
study area is estimated to be 3 165 103m® (19.92 MMBbIs). Of this
total, 1 328 10°m?® (8.36 MMBbls) is contained within the

boundaries of Waskada Unit Neo. 16.

2. The pressure history match indicates pressure maintenance around
' well 13-4 caused by communication between the Lower Amaranth
and Mississippian formations. In the computer simulation model,
Mississippian water was injected into the Lower Amaranth zone
around well 13-4 to match recorded formation pressures.
Additional communication with the Mississippian formation is evident
around wells 4-9, 5-9, 14-10 and 5-15.

3. Solution gas drive depletion combined with the minor Mississippian
communication (Case 1) would result in a primary recovery of only
7.3 percent of the original oil-in-place after ten years (9.3 percent
recovery after twenty years). This amounts to an average
production of 6 570 m?* (41,330 Bbls) per well after ten years or
8 420 m? (52,970 Bbls) per well after twenty years.

4. If waterflood operations continue in Waskada Unit No. 16 (VRR =
1.0) and the non-Unit area continues under a primary depletion
mechanism (Case 2), a recovery factor of approximately 8.9
percent would be possible after an additional ten years of
production (12.3 percent recovery after twenty years). Non-Unit
wells will marginally benefit from Unit waterflood operations.

5. If a seven-spot waterflood operation is instituted in the study area
as shown in Figure 9 (Case 3), a total recovery of 12.4 percent of
the orignal oil-in-place would be possible after ten years of
continued production (19.8 percent recovery after twenty years
and 29.1 percent recovery after 40 years). This seven-spot
pattern would require the conversion of wells 1-9, 6-9, 10-9, 16-9,

5-10 and 4-15 from oil production to water injection.



If the seven-spot pattern is modified by converting wells 15-9 and
14-10 instead of 16-9 and 4-15 (Case 5), no significant changes in
total recovery are evident. This allows some flexibility in the
choice of water injectors in the north end of the project area
where the potential for continued development exists. Well 4-9
would probably not be converted to pattern water injection due to
its highly damaged condition and associated Mississippian
communication problem. This is not considered detrimental due to
the Lower Amaranth pressure being recharged by Mississippian

communication around wells 13-4 and 5-9.

A five-spot waterflood pattern could be implemented in the
non-Unit study area by converting wells 5-9, 7-9, 15-9, 5-10 and
13-10 from oil production to water injection (Case 4). This would
result in a total recovery of 11.8 percent of the original
oil-in-place after ten years (19.5 percent recovery after twenty

years).

The seven-spot pattern decreases the producer to injector ratio
which should result in increased sweep efficiency. The seven-spot
pattern in this specific study area also reduces the number of
good oil producers which would have to be taken out of service for
conversion to water injectors. Injection into the less productive
wells should result in a better distribution of water injection
between layers and reduce the potential of water channelling
between wells through layer two. The seven-spot pattern also
appears to conform with the way the reservoir was geologically

laid down in the subject area (confirmed by well productivity).



RECOMMENDATIONS

1. The existing Waskada Unit No. 16 waterflood should be expanded
to create a seven-spot waterflood pattern as shown in Figure 9.
Wells 1-9, 6-9, 10-9 and 5-10 should be converted to water
injectors. Dependent on the additional drilling this summer
(ie. wells 11-10 and 3-15) and any offset pattern compromise, one
or two additional wells in the northern area will be required for
water injection (welis 15-9, 16-9, 14-10 or 4-15).

2.  Unitization procedures should be initiated immediately.



DISCUSSION

Input Data

1.

Grid System:

A 24 x 30 x 3 Cartesian coordinate grid system was
chosen to model the production performance of the Waskada Lower
Amaranth formation (Figure 3). This allows the wells to be placed
in the middle of each 1.8 hectare areal grid block with a minimum
of two grid blocks between wells. Only three layers could be used
due to model grid block limitations. It was therefore necessary to
combine core analysis layer 1 with 2 and layer 4 with 5 to make a
3 layer model. There is no vertical communication between layers.
Only 1,101 of the total 2,160 grid blocks are active.

Reservoir Rock Properties:

Evaluation of the routine core analysis conducted on
twenty-two wells resulted in the breakdown of the Lower Amaranth
(Spearfish) formation into five layers. This five layer designation
is illustrated on the type log of Figure 4. Layer 1 is a
bioturbated sand/shale lense sequence which is considered not to
be continuous between wells. Layers 2 to 4 are more continuous
between wells with layer 3 being the most discernible having
consistently higher porosity and permeability. Layer § varies in
thickness dependent upon the underlying Mississippian structure.
Core analysis results are contained in Table 1. Due to computer
model grid block limitations, a three layer model was created by
combining layer 1 with 2 and layer 4 with 5. Reservoir properties
over missing core intervals were determined by a log to core
comparison. Grid block values of net pay, porosity and
permeability for each of the three layers were obtained by
interpolation of individual well core analysis using a pre-processor
(values contained in Appendix 1).

A rock compressibility of 6.7 x 10_7 kPa-1 was used in

this model study.



Fluid Properties:

Fluid properties are based upon the PVT study contained
in previous applications. These oil and solution gas properties are
shown in Table 2. The oil is undersaturated with a bubble point
pressure of 4 220 kPa at the reservoir temperature of 43°C.

Initial reservoir pressure is estimated to be 8 670 kPa.

Water compressibility is estimated from correlations to be

4.4 x 1077 kpa™l,

Relative Permeability:

Based upon the previous three layer groupings, core
analysis indicates variations in porosity and permeability between
layers. Special core analysis on small plug core samples resulted
in variations of water/oil relative permeability curves as a function
of absolute air permeability. The water/oil and gas/oil relative
permeability curves used in this simulation study for each of the
three layer groupings are illustrated in Figures 5 and 6.

It is hypostulated that the recorded water production
from the Lower Amaranth zone is associated with high pressure
drawdowns pulling water from the less permeable shaly sand
intervals. An oil/water capillary pressure curve was added to the
least permeable layer to provide for initial mobile water. The
resulting initial water saturations are as follows:

Layer 1: Sw = 56% least porous and permeable layer
Layer 2: Sw = 37% most porous and permeable layer
Layer 3: Sw = 45%

Original in-Place Fluids:

Initialization of the simulation model resulted in the
following distribution of fluids at initial conditions for the total
study area and for Waskada Unit No. 16 separately:

Waskadsa Total
Unit No. 16 Study Area
Reservoir Pore Volume, (103m?) 2 859.0 6 847.0
Original Oil-In-Place, (103m?3) 1 328.0 3 165.0
Original Solution Gas, (10 m3) 67.0 159.7
Original Water-In-Place, (103m3) 1 319.0 3 176.0



History Match

1. Input Data Modifications:

In order to properly match pressure history, it was
necessary to increase the net pay in the more permeable layer 2 in
the northeast quarter of Section 5 and southwest quarter of
Section 4.

Core derived permeabilities to air were universally
reduced by 75% in all grid blocks to more accurately describe
liquid permeabilities at overburden pressure.

Permeabilities around wells 11-4, 10-5, 4-9, 5-9 and
14-10 were decreased to account for remedial cement squeezes
required to shut off Mississippian water communication. Additional
minor permeability adjustments were required to match well
productivity.

A permeability channel was created between wells 15-4
and 1-9 to account for the anomolous pressure, production and
injection behaviour,

Water cuts at wells 13-4, 4-9, 5-9, 14-10 and 5-15
indicate communication between the oil bearing Lower Amaranth
zone and the underlying Mississippian aquifer. A small volume of
water injection was added around wells 13-10, 5-9 and 5-15 to
account for some pressure recharging of the Amaranth zone by
dump waterflooding (injection time interval only from date of first
production until initiation of the waterflood project).

2. Pressure Match:

Pressure surveys were conducted on approximately May
30, 1986; July 31, 1986; June 1, 1987; September 8, 1987 and
January 1, 1988. Average producing water cuts were used to
estimate the liquid gradients for sonic pressure tests. All
pressures were modified to a pool datum depth of -411 mSS for
comparison with computer simulation results.

The final pressure history match comparison is given in
Table 3.



Production Match:

Qil production and water injection were input for each
well on an average daily basis to obtain a pressure history match.
The water production from wells with Mississippian communication
(13-4, 4-9, 5-9, 14-10 and 5-15) was reduced to match simulation
values. Comparison of produced and injected fluid volumes up to
the end of February 1988 is given as follows:

Produced Water

{103m3)
Produced Injected Lower
0il (m?) Water (m?3) Amaranth Total
Actual 52 013 22 720 4 097 18 494
Simulator 51 960 22 620 2 680 2 680

A further breakdown of produced fluid volumes by well
is given in Table 4. The major additional discrepancy in produced
water volumes not attributed to Mississippian communication occurs
around well 1-9, The water production problem at this well is due

to channelling from injection well 15-4.

0il Productivity and Water Injectivity:

In preparation for running production forecasts,
production in March 1988 was used to set individual well oil
productivity indices. The well productivity indices were altered to
obtain a low bottomhole pressure to simulate the near pumped off
condition of all producing wells. The pressure fall-off test resuilts
of December 1987 were used to set individual well water injectivity

indices.

Production Forecasts

1.

Case 1 - Primary Recovery

This is the base case run for comparison purposes.
This case assumes no conversion of producers to injectors and all
wells continue to produce under solution gas drive. The small

amount of Mississippian water recharging introduced during the



history match phase was allowed to continue. Forecast average oil
production rates and cumulative oil production within the study
area are illustrated in Figures 7 and 8. Starting April 1, 1988,
ten and twenty year production forecasts result is the following:

Ten Year Twenty Year

Forecast Forecast
Daily Oil Production, m?(Bbls) 25.2( 159) 12.4¢( 178)
Cumulative 0il Production, 229.9(1,4486) 294.6(1,854)
103m3 (MBbls)
Primary Recovery, % 7.26 g.30

Case 2 - Secondary Recovery in Waskada Unit No. 16:

This case assumes continued waterflood operation within
the existing Waskada Unit No. 16 with offset non-Unit study area
wells allowed to produced under primary solution gas drive. A
reservoir fluid voidage replacement ratio of 1.0 is maintained
within the waterflood Unit boundaries. The small amount of
Mississippian water recharging introduced during the history match
phase was allowed to continue in only the primary production area.
Forecast average oil production rates and cumulative oil production
for the study area are again illustrated in Figures 7 and 8.
Starting April 1, 1988, ten and twenty year production forecasts
result in the following:

Ten Year Twenty Year

Forecast Forecast

Daily Oil Production, m3(Bbls) 39.1{ 246) 22.5( 142)

Cumulative 0Oil Production, 281.8(1,773) 389.9(2,454)
103m?3 (MBbls)

Total Recovery, % 8.91 12.33

Case 3 - Seven-Spot Waterfiood:

A seven-spot (modified line drive) pattern is illustrated
in Figure 9. This supplements the existing waterflood pattern in
Unit No. 16. Conversion of wells 1-9, 4-9, 6-9, 10-9, 15-9, 5-10
and 4-15 from production to injection would be required. Well 4-9

would probably not be converted to injection due to its highly



damaged condition and associated Mississippian communication
problem. Waterflood operations in the non-Unit study area were
scheduled in the simulation model to commence in June 1988, A
reservoir fluid voidage replacement ratio of 1.0 was maintained
within Unit and non-Unit study area boundaries. Forecast average
oil production rates and cumulative oil production for the study
area are illustrated in Figures 10 and 11, Starting April 1, 1988,

ten and twenty year production forecasts result in the following:

Ten Year Twenty Year Forty Year

Forecast Forecast Forecast

Daily 0il Production, m3(Bbls) 78.5( 49%) 53.0( 33%) 31.6( 199)

Cumulative (il Production 392,6(2,471) 626.6(3,943) 921.1(5,796}
163m? (MBb1s)

Total Recovery, % 12.41 19.80 29.11

WOR, m3/m* 0.441 1,247 3.307

Case 4 - Five-Spot Waterfleod:

This caese creates a five-spot waterflood pattern in the
non-Unit study area by converting wells 5-9, 7-9, 15-9, 3-10 and
13-10 from production to injection. A reservoir fluid voidage
replacement ratio of 1.0 was maintained within Unit and non-Unit
study area boundaries. The resulting production forecast (Figures
10 and 11) is considered optimistic due to the loss of injection
water into the Mississippian formation around well 5-9. Starting
April 1, 1988, ten and twenty year production forecasts result in
the following:

Ten Year Twenty Year

Forecast Forecast

Daily Qil Production, m3(Bbls) 77.0( 485) 46.2( 354)

Cumulative 0Oil Production 374.6(2,357) 618.3(3,891)
103m3 (MBDbls)

Total Recovery, % 11,84 19.54

WOR, m?¥/m3 0.439 1.237
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Case 5 - Seven-Spot Modified Waterflood:

In order to supply periferal injection and compromise
with offset five-spot injection patterns, Case 3 was modified by
converting wells 15-9 and 14-10 to injection instead of wells 16-9
and 4-15. Forecast average oil production rates and cumulative
production for the study area are illustrated in Figures 10 and 11.
Starting April 1, 1988, ten and twenty year production forecasts
result in the following:

Ten Year Twenty Year

Forecast Forecast

Daily Qil Production, m3?(Bbls) 80.3( 505) 55.3( 348)

Cumlative Qil Production, 398.7(2,509) 641.0¢(4,034)
103m?(MBbls)

Total Recovery, % 12.60 20.25

WOR, md¥/m3d 0.519 1.435

The twenty year daily oil production and cumulative oil
production forecasts for all five cases are tabulated in Tables 5

and 6 respectively.
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TABLE 2

WASKADA LOWER AMARANTH

FLUID PROPERTY DATA IN BLACK OIL FORMAT

SURFACE GAS SPECIFIC GRAVITY = 0.99500

1]

DENSITY OF OIL AT STOCK TANK £30.00 KG/M3

BUBBLE POINT PRESSURE = 4220.0 KPA

OIL FORMATION SOLUTION GAS FORMATION oIL GAS
PRESSURE FACTOR GAS RATIO FACTOR VISCOSITY VISCOSITY

KPA RM3/SCM3 M3/M3 RM3/SCM3 cp cp
101.00 1.0250 0. 1.00000 2.90400 0.01020
958.00 1.1190 29.35 0.10363 2.00000 0.01050
1413.00 1.1350 34.86 0.07179 1.54800 0.01080
2082.00 1.1470 19.84 0.04929 1.43200 0.01100
2813.00 1.1560 44.29 0.03658 1.36700 0.01130
3482.00 1.1630 47.49 0.02963 1.31900 0.01150
4220.00 1.1700 51.04 0.02488 1.28500 0.01180
6895.00 1.1660 60.28 0.01543 1.35000 0.01280
10343.00 1.1620 71.98 0.01046 1.45000 0.01400
13790.00 1.1580 B4.04 0.00800 1.58000 0.01520

ROCK COMPRESSIBILITY V/V/KPA = 0.6700E-06



WASKADA LOWER AMARANTH
PRESSURE HISTORY MATCH COMPARISON

TABLE 3

Date Survey Reservoir Pressure @ -411 m SS (kPa)

Well (D/M/Y) Type Measured Simulated AP
4-4 04/06/86 Sonic 6 975 6 739 - 236
5-4 04/06/86 Sonic 6 503 6 393 - 110
31/07/86 Sonic 6 351 6 363 + 12

01/06/87 S.G. 3 453 3 675 + 222

01/01/88 5.G. 8 900 8 500 - 400

6-4 29/05/86 8.G. 6 8060 6 855 + 55
04/06/86 Sonic 6 832 6 855 + 23

11-4 04/06/86 Sonic 7 481 7 047 - 434
01/06/87 S.G. 5 191 5 091 - 100

01/01/88 5.G. 11 197 0 283 - 914

13-4 29/05/86 S.G, 7 870 7 811 - 59
14-4 04/06/86 Sonic 7 831 7 861 + 30
15-4 01/06/87 S5.G. 7 463 6 996 - 467
01/01/88 S.G. 13 503 3 810 + 307

16-4 08/09/87 S.G. 8 112 7 635 - 477
9-5 30/05/86 5.G. 6 206 6 258 + 52
04/06/86 Sonic 6 256 6 258 + 2

31/07/86 Sonic 6 555 6 482 - 73

01/09/87 Sonic 4 261 4 047 - 214

15-5 04/06/86 Sonic 5 486 6 617 +1 131
31/07/86 Sonic 7 121 6 614 - 507

16-5 04/06/86 Sonic 6 623 6 701 + 18
01/06/87 S.G. 4 682 5 139 + 457

01/01/88 5.G. 10 056 0 236 + 180

4-9 17/06/86 Sonic 6 241 6 154 - 87
31/07/86 Sonic 6 673 6 866 193

5-9 17/06/86 Sonic 7 958 7 542 - 416
15-9 17/06/86 Sonic 7 736 7 496 - 240
16-9 30/05/86 S5.G. 7 267 7 736 + 469
14/10 18/06/86 Sonic 8 749 8 255 - 494



TABLE 4

WASKADA LOWER AMARANTH CUMULATIVE PRODUCTION

TO MARCH 1, 1988

OIL (m?3) WATER (m3)

Well Actual Simulator Actual Simulator
3-4 644.8 640 70.3 90
4-4 3 340.7 3 340 97.6 90
5-4 3 887.5 3 880 303.9 160
6-4 4 502.7 4 510 97.5 90
9-4 423.4 420 36.9 20
10-4 780.4 780 33.8 290
11-4 755.1 750 34.0 50
12-4 2 366.4 2 360 139.2 110
13-4 2 705.1 2 710 2 794.7 1690
14-4 1 748.9 1 740 74.4 60
15-4 391.5 380 48.7 20
16-4 731.9 730 51.2 50
9-5 6 101.8 6 100 228.2 230
10-5 588.4 590 128.3 80
15-5 862.1 860 158.8 180
16-5 1 181.1 1 180 425.4 100
1-9 271.2 270 467.1 40
2-9 2 562.7 2 560 214.2 130
3-9 1 562.9 1 560 37.0 70
4-9 3 129.7 3120 5 900.2 140
5-9 571.6 570 2 503.6 70
6-9 426.6 430 48.3 40
7-9 952 .8 950 46.7 60
8-9 135.1 140 12.8 10
5-9 237.6 240 6.1 10
10-9 8979.5 980 71.0 110
15-9 1 021.3 1 020 132.5 80
16-9 3 623.1 3 020 195.3 160
4-10 191,2 190 17.7 20
5-10 - - - -
12-10 - - - -
13-10 236.4 240 10.3 20
14-10 875.2 870 386.8 140
4-15 277.1 280 29.9 30
5-15 4 547.5 4 550 3 692.0 370

Total 52 013.3 51 960 18 494.4 2 680



TABLE 5

WASKADA LOWER AMARANTH
ENRON STUDY AREA
DAILY OIL PRODUCTION FORECASTS

!

¥
CASE
Date 1 2 3 4 5

April 1988 105.6 121.5 121.5 121.5 121.5
April 1990 64.9 80.7 101.7 93.2 103.3
April 1992 48.0 63.1 95.9 89.5 96.9
April 1994 37.17 52,2 89.6 85.4 91.7
April 1996 30.4 44.8 84.2 81.2 86.4
April 1998 25.2 39.1 78.5 77.0 80.3
April 2000 21.5 34.5 71.9 73.2 74.6
April 2002 18.5 30.7 66.2 69.5 68.5
April 2004 16.1 27.5 61.3 64.5 63.6
April 2006 14.1 24.8 56.9 60.3 59.1
April 2008 12.4 22.5 53.0 56.2 55.3



TABLE 6
WASKADA LOWER AMARANTH

ENRON STUDY AREA
CUMULATIVE OIL PRODUCTION FORECASTS

!
CASE
Date 1 2 3 4 5
April 1988 58.0 55.4 55.4 55.4 55.4
April 1990 115.1 124.3 130.9 125.8 131.7
April 1992 155.0 175.4 202.9 192.3 204.7
April 1994 185.6 216.6 270.3 256.2 273.3
April 1996 209.9 251.6 333.5 316.9 338.1
April 1998 229.9 281.8 392.6 374.6 398.7
April 2000 246.8 308.5 447.3 429.4 455.0
April 2002 261.3 332.3 497 .4 481 .4 506.9
April 2004 273.9 353.5 643.7 530.3 554.9
April 2006 284.9 372.6 586.6 575.8 599.4
April 1008 294.6 389.9 626.6 618.3 641.0
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FIGURE 4
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OIL-WATER RELATIVE PERMEABILITY CURVES

Krow2

o1 02 03 04 05 06 07 08 09
WATER SATURATION - SW - FRACTION

Krow! & Krwl - Layers 1! & 3
Krow2?2 & Krw2 - Llayer 2 (more porous & permeable)
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FIGURE 6
WASKADA LOWER AMARANTH
GAS-OIL RELATIVE PERMEABILITY CURVES
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Krog! & Krgl - Layers 1 & 3
Krog 2 & Krg2 - Llayer 2 (more porous & permeable)
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