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ABSTRACT

A carbon dioxide (CO,) minitest was conducted in the Mission Canyon Formation
(lower Mississippian) at {ittle Knife Field, North Dakota. The Mission Canyon is
a dolomitized carbonate reservoir which is undergoing primary depletion.

Four wells were drilled in an inverted four-spot configuration, covering five
acres. The central well served as the injection well and was surrounded by three
non-producing observation wells. Oriented cores were cut in each well for
detailed reservoir characterization and laboratory testing. In addition, a well
test program was conducted which involved two pulse tests and injectivity tests on
the individual wells. Results from these tests were used as part of the input
data for two reservoir simulation models. Various parameters in the computer
models were varied to determine the most efficient injection plan for the specific
reservoir characteristics.

A WAG-type injection sequence, selected on the basis of simulation studies,
utilized five alternate slugs of formation water and CO.. Preflush injection
began December 11, 1980, followed by the WAG slugs from Eanuary 7 to March 25,
1981. Drive-water injection commenced immediately and was completed on September
24, 1981. 1Injection rates were maintained at 1,150 B/D during water injection and
40 T/D during CO, injection. Alcohol tracers were used during the waterflood
preflush and with the water during the WAG injection period.

Fluid samples and cased-hole logs from each observation well, obtained on a
periodic basis, were used to determine the advance of the injected fluids. 1In
analyzing the data, it was evident that the injected waters and CO2 did reach each

Prepared for DOE under Contract No. DE-AC21-79MC08383
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observation well. With the use of CO,-isotope ratios, the arrival of the injected
002 at each observation well was accufrately determined.

A pressure core behind the flood front was obtained to confirm residual oil
saturations in the project interval. Overall rock recovery was excellent, 90
percent, but sample recovery under reservoir pressure was less than anticipated.
Invasion of drilling fluids during coring was measured by introduction of a radio-
active tracer into the coring fluid.

A compositional simulation model was used to history match the field perfor-
mance of the CO, minitest. A detailed reservoir characterization was developed
and used in t%e simulator to match bottom-hole pressures, water and CO
breakthrough times, and fluid saturation histories at the observation wells. The
effects of gravity segregation, stratification and crossflow, and reservoir
heterogeneity were also investigated.

The pattern sweep efficiency for carbon dioxide approached 52 percent in the
minitest area. Displacement efficiency, as indicated by simulation study, was 50
percent of the oil-in-place at the start of the project, compared with an
efficiency of 37 percent for waterflood. Thirty-one hundred (3100 SCF) cubic feet
of CO, were required per incremental barrel of displaced o0il. The absence of
producing wells and the fact that only one 2zone within the Mission Canyon
Formation was flooded, favorably influenced these figures.

The Little Knife CO, minitest confirmed, by field testing, the results of
laboratory CO, miscible &%Splacement tests. The minitest indicated that the CO2
miscible disp%acement process has technical potential for commercialization in a
dolomitized carbonate reservoir that has not been extensively waterflooded and has
an indicated high remaining oil saturation.

HISTORY OF PROJECT

The United States Department of Energy on August 7, 1978, issued a request
for proposal number EW-78-R-21-8383 entitled '"Minitests of Carbon Dioxide Miscible
Flooding Process'". The objective of these minitests was to confirm by field
testing the results of laboratory CO, miscible displacement tests and show that
the CO, miscible displacement process had potential for commercialization in
southwestern U. S. and Rocky Mountain area carbonate o0il reservoirs that had not
been extensively waterflooded and had a high remaining oil saturation. The Little
Knife CO, minitest proposal was submitted after personnel from Gulf Science and
Technology Company and Gulf 0il Exploration and Production Company verified that
the CO, process was applicable. The cost-sharing contract was awarded omn July 17,
1979. “The project was anticipated to be completed in July, 1982.

A "Site Selection and Drilling Report'" was presented to the DOE, as provided
in the contract. Following acceptance of this report on August 10, 1979, an
application was presented before the North Dakota Industrial Commission in August
for approval of the project. Commission approval was granted on September 20.
Under the National Environmental Policy Act of 1969 an environmental assessment
was prepared and permit requests were then filed with the State of North Dakota
and Billings County. Permission to drill the four minitest wells was given in
September. The remainder of the first project year (July, 1979 - July, 1980) was
utilized for design, laboratory work, and drilling of one injection well and three
observation wells.



The first tive months of the second project year involved surface facility
construction, preparation for fluid injection, and submission of the "Well Test
Report and CO, Injection Plan". Approval cf the plan was given on November 19,
1980, and fldid injection began in early December. The balance of the second
project year was spent injecting fluids.

Fluid injection continued through three months of the third project year and
was finished on September 24, 1981. A fourth observation well was drilled within
swept portions of the five-acre pattern. The surface equipment was dismantled and
the wells plugged and abandoned during the next nine months. The final months
were also used for compilation, interpretation, simulation, and documentation of
the enormous amount of data collected during the previous two and one-quarter
(2-1/4) years.

INTRODUCTION

Little Knife Field is located near the central portion of the Williston Basin
(Fig. 1). The field is isolated within a broad, low lying, northward plunging
anticlinal nose (Fig. 2). Closure on the east, north, and west is created by the
gentle fold with stratigraphic entrapment forming closure to the south.
Production is from dolomitized, porous beds of the Mission Canyon Formation. The
primary recovery mechanism in the reservoir is fluid expansion with limited
edge-water drive. Since discovery in January, 1977, to March, 1982, the field has
produced 20.7 MMBO (41° API), 26.8 Tcf sour gas (1,250 GOR), and 3.4 MMBW.

The CO, minitest was a non-producing, five-acre field trial of the CO. misc-
ible-displacement process, located in the center of the field (Fig. 2). Tﬁe test
pattern consisted of a single injection well offset by three observation wells in
an inverted four-spot configuration (Fig. 3 and 4). The minitest involved
time-lapse logging to monitor saturation changes as alternate slugs of water and
CC, passed the three observation wells. A fourth observation well was drilled,
pressure coring the project interval, within swept portions of the five-acre
pattern. The resulting pressure-core saturations were used for comparison with
log saturations. The minitest was designed to give the following information: 1)
reduction in original oil saturation due to water injection, 2) reduction in
waterflood residual-oil saturation due to alternate CO,./water injection, 3) extent
of gravity segregation, 4) effect ~of stratification and crossflow, and 5)
influence of reservoir heterogeneity. This information will help assess the

potential for a future field-wide fluid-injection project. Vertical and areal
conformance of the injected slugs were determined as well as displacement
efficiency. 1In lieu of actual production data, the day-to-day evaluation of

projeft performance made use of a composition numerical reservoir-simulation
model”. ’

A large amount of work was done in support of this project by various groups
within Gulf 0il Corporation. Each section in this final report represents a
condensation of work reported by these groups on individual phases of the program.
The appendices referred to throughout are the more detailed reports on each phase
of the program.



DRILLING, COMPLETION AND WELL TESTING PROCEDURES
Zabolotny Injection Well No. 1

Zabolotny Injection Well No. 1 was spudded on December 5, 1979. A continuous
directional survey was used to locate the bottom of the surface hole. Surface
casing was cemented without difficulty. Drilling continued and coring depth was
reached on December 28. The interval from 9,680-9,880 feet was cored. Coring
operations were completed on January 1, 1980, and the hole was drilled to a total
depth of 10,150 feet. Solids removal equipment was utilized in the drilling fluid
program in all wells to reduce formation damage in order to obtain high quality,
open-hole logs. The coring fluid and cement slurry programs were also designed to
maximize test-data acquisition.

The open-hole logging suite for the injection well consisted of the following
(Appendix 1): ‘

1. Dual Laterolog-Micro-SFL with Gamma Ray and Caliper
(DLL/MSFL).

2. Compensated Neutron-Formation Density with Gamma Ray and
Caliper (CNL/FDC).

3. Borehole Compensated Sonic with Gamma Ray and Caliper
(BHC) .

4, Wave Forms-Variable Density (Wave Forms/VDL).

5. Fracture Identification Log with Gamma Ray (FIL).

6. Continuous Directional Survey (CDR).

7. Gyroscopic Multi-Shot Survey.

The gyroscopic multi-shot survey was run to total depth to compare with the
continuous directional survey. Agreement between the two directional surveys was
excellent. The multi-shot survey was used in the observation wells because it was

judged to be more accurate.

The open-hole log calculations across the perforated interval 9,824 - 9,839
feet were:

S = 23.1%
s¥ = 76.9%
8 = 20.0%

Whole-core porosity analysis across the same interval was:
¢ = 19.5%

Log and core results on a foot-by-foot basis from this well are listed in
appendices 2 and 3.



The fracture identification log (FIL) and wave forms-variable density log
(wave forms-VDL) were both run to detect fractures in the Mission Canyon and were
compared to oriented cores taken from the same interval. A fair comparison was
obtained between oriented core fracture directions and fracture directions
calculated from the logs. A summary of oriented core fracture directions and log
calculated fracture directions, corrected for depth discrepancies, is presented in
appendices 3 and 4.

Compared to the surface location, the bottom-hole location (at reservoir
depth) in the injection well had a horizontal drift of 80 feet to the northwest,
on an azimuth of 288° (Fig. 3).

After the well was circulated and cleaned up, a combination string of produc-
tion casing was run and cemented. The casing was 5-1/2" OD, L-80, R-III, 8rd,
LT&. The weight below the DV collar was 23.0#/ft. and the weight above it was
17.0#/ft. (Fig. 5).

A completion rig was moved in on January 23, after the location was cleaned
and covered with scoria. A cement bond log-variable density log with gamma ray
(CBL-VDL-GR log) found good bonding throughout the Mission Canyon. A base thermal
neutron decay time log (TDT) with gamma ray and casing collar locator, was run
with five passes made to measure statistical variation. The casing was perforated
at 9,824-9,839 feet, at a density of four shots per foot with 90-degree phasing,
using the DLL/MSFL log for depth control. A perforation washer, with a mechanical
collar locator, was run and each foot of perforations was swabbed and/or flowed
until positive fluid entry was assured. The wellbore was cleaned by circulating
with filtered salt water. The work string was laid down, and the production
tubing string was run and set (Fig. 5).

The tubing was 2-7/8" OD, 6.5#/ft., C-75, R-2, CS-CB, coated internally with
TK-2. Premium threads were used in order to get a bubble-tight seal. If any CO2
were to leak into the casing, which was loaded with water, a severe corrosion
problem would be likely. The tubing was coated for the same reason. The coating
recommendation resulted from testing and prior field usage. Both Gulf and con-
sulting service company personnel concurred on the ccating. The various tubing
nipples on the bottom of the packer assembly were run for a corrosion study. The
nipples had been weighed and were to be reweighed after they were recovered at the
end of the test. The nipples were isolated by special couplings so there would be
no galvanic corrosion. The reentry guide was put on so that logging tools would
be less likely to hang and/or damage the nipples. The landing nipples were made
of Inconel 718. This alloy was one of the most corrosion-resistant materials
tested. There were two landing nipples in the packer assembly and two in the
tubing string. This arrangement permitted testing of the various components for
leaks and provided a safe means for working on the well.

The packer and seal assembly had several features that were necessary. The
packer had Nitrile packing elements and Viton O-rings. The seals were made of
bonded Viton. These materials were used to combat the effects of CO,. Additional
seal units were used to allow the tubing to stretch and contract, depending on the
type and temperature of the fluid injected.

Only one PTS (Pressure Transmission System) concentric chamber was run in the
injection well. Two had been planned but "tight" spots in the casing made it



advisable to run only one (Fig. 6). The chamber was made of J-55 stock and was
coated internally with TK-2. Capillary tubing, .094" OD, was run from the chamber
to the surface. The capillary tubing was strapped to the 2-7/8" OD tubing, above
and below every connection, and was connected directly to a recorder on the
surface which gave a continuous reading and an intermittent printout of the
chamber pressure. The pressure history for the injection well is shown in Figure
7. The capillary tubing was loaded with helium and a correction for this was
made.

The contacted components of the casing fittings of the injection well were
class "D" which was corrosion resistant in the presence of H,S (Fig. 8). The tree
had an Inconel-clad bore, which was NACE (National Assodciation of Corrosion
Engineers) rated for an H,S atmosphere. The Jdifference in design was possible
because the fluid in the casing was static.

The well test procedure for the injection well consisted of: 1) a
temperature survey, 2) log-inject-log tests, and 3) ftwo pulse tests. The log
portion of the log-inject-log test utilized the TDT log~. The TDT log is a pulsed
neutron tool that uses a neutron generator (minitron), which is a particle
accelerator, to generate neutrons. The decay rate of the neutrons is a direct
relationship of the neutron absorbers surrounding the tool. When the formation
contains chlorine, or traces of boron and/or lithium, the absorption rate is much
faster than formations without these elements. The absence. of chlorine in
hydrocarbons allows a distinction to be made between porous rocks containing oil
and gas and those containing salt water, as well as determining their porosity and
water saturation. By knowing the tools response to the formation, injected
fluids, and formation fluids, the residual oil saturation after waterflooding can
be determined. In addition, the interval affected by the injected fluids can also
be detected. As stated above, a base TDT log was run before the casing was
perforated. This log observed the TDT response to filtrate contamination by
drilling and completion fluids.

Fifteen days later, the casing was perforated and approximately 100 barrels
of o0il produced with a perforation washer. Following this, a second TDT log was
run to observe the dissipation of mud filtrate and other formation damage as the
formation returned to original conditions. Next, 10 barrels of filtered produced
salt water were injected at a rate of 30 barrels/hour. Temperature surveys were
run during injection, at 23 minutes, 105 minutes, 165 minutes, and 225 minutes
after injection. These surveys indicated that the injected fluid was confined to
the project interval, with the majority entering into approximately the center 10
feet (Appendix 5). This injection profile was in good agreement with the forecast
from the open-hole logs which showed that portion of the project interval to be
most porous and permeable.

After completing the temperature surveys, a third TDT log was run, 50 barrels
of filtered salt water were injected, and followed by a fourth TDT log. Flushing
had not stabilized so an additional 50 barrels were injected and a fifth TDT log
run. When run number five (5) was compared to run number four (4) no change in
sigma was apparent, thus indicating the end of o0il flushing due to water
injection.

The TDT residual oil analysis was determined by comparing run number two (2)
and run number five (5), and resulted in a volumetric weighted average of 4l1.1



percent residual oil across the perforated interval. The open hole log analysis
resulted in a volumetric weighted average of 42.4 percent, with fairly uniform
flushing. The results of communication analysis indicated that during injection
some fluid communication occurred to the zone from 9,806-9,824 feet, located
directly above the perforations. Fluids, however, were confined within the
interval 9,806-9,839 feet, the basal portion of zone C and top portion of zone D
(zonation defined below), with no migration through the bottom or top of this
interval. A detailed description of the procedure and analysis can be found in
appendix 6. The TDT logs are located in appendix 7.

The injection well was used as the injector for multi-well pulse tests
initially involving the first two wells and later involving all four wells.
Results of the two pulse tests are presented later in this report.

Observation Wells

Zabolotny Observation Well No. 1 was spudded on January 18, 1980, followed by
Zabolotny Observation Well No. 2, on May 15, and Zabolotny Observation Well No. 3,
on July 5. The solids removal equipment, coring fluid, and cement slurry programs
employed in drilling the observation wells were the same as those used in the
injection well.

The three observation wells required additional drilling time because they
were directionally drilled so that the bottom-hole locations were evenly spaced
from the injection well bottom-hole location. Even though all of the wells were
drilled with the same bottom-hole assemblies, bit weights, rotating speeds at
comparable depths, and the same rig and mud specifications, each drilled
differently. Each observation well had to be oriented in a different direction
(Fig. 3).

There were only minor differences between the completions of the injection
and observation wells. All observation wells were equipped with two PTS
concentric chambers. The pressures were checked in both chambers and a fluid
gradient was calculated. The type of fluid in the bottom of the well was then
known. One chamber also served as a back-up as well as a means of injecting
chemical down-hole, if necessary. Gas-lift mandrels with wireline retrievable
gas-1ift valves were employed in the observation wells. These valves were needed
when injected water reached the observation wells because there was not enough
formation pressure to initiate flow. The wells were gas-lifted in order to obtain
samples. The coating used in the observation wells was TK-7, as opposed to TK-2
in the injection well. Prior field experience at the Sacroc CO, project was the
basis for the coating recommendations. The wellheads on the oObservation wells
contained the same metallurgy as the injection well wellhead, the only difference
was the valve arrangement (Fig. 9).

Zabolotny Observation Well No. 1

Coring depth for observation well no. 1 was reached on February 21, 1980.
The interval from 9,737-9,853 feet was cored. Coring was completed on March 5 and
the hole was drilled to a total depth of 10,213 feet. The open-hole logging suite
was run and consisted of the following (Appendix 8):



1. Dual Laterolog-Micro-SFL with Gamma Ray and Caliper
(DLL/MSFL).

2. Compensated Neutron-Formation Density with Gamma Ray and
Caliper (CNL/FDC).

3. Borehole Compensated Sonic with Gamma Ray and Caliper
(BHC) .

4, Wave Forms-Variable Density with Gamma Ray (Wave
Forms/VDL).

5. Fracture Identification Log with Gamma Ray (FIL).
6. Gyroscopic Multi-Shot Survey.

Open-hole log calculations across the perforated interval 9,809-9,824 feet

were.:
S = 23.0%
s¥ = 77.0%
8 = 19.3%

Whole—-core porosity analysis across the same interval was:
¢ = 19.5%

Log and core results on a foot-by-foot basis from this well are listed in
appendices 9 and 10.

Compared to the surface location, the bottom-hole location (at reservoir
depth) in observation well no. 1 had a horizontal drift of 94 feet to the
west-southwest, on an azimuth of 258° (Fig. 3). This bottom-hole location was 258
feet from the injection well bottom-hole location (at reservoir depth), to the
northeast on an azimuth of 49°.

A combination string of production casing was run and cemented after the well
was circulated and cleaned up. The casing program in the observation wells was
slightly different from the injection well. Below the DV collar the casing was
5-1/2" oD, 23#/ft, N-80, R-III, 8rd, LT&C and above the DV collar the casing was
5-1/2" op, 17#/ft, L-80, R-III, 8rd, LT&C (Fig. 10).

A workover rig was moved in on March 17 to begin completing the well. The
CBL-VDL-GR log response was almost the same as that from the injection well. A
base TDT log was run from PBTD of 10,126 feet to 9,600 feet. The casing was
perforated from 9,809-9,824 feet, at a density of one shot per foot with O-degree
phasing. The perforation washer was utilized to.swab each foot of perforations
until oil production was verified. A bit was run to plugged-back total depth
(PBTD) and the well was circulated with filtered salt water. The work string was
pulled, the production tubing string was run, and the PTS chambers were hooked-up
to the recorder (Fig. 10). The pressure history for observation well no. 1 is
shown in figure 11.



As part of a reservoir and formation chaﬁgcterization program, a multiwell
pulse test was conducted in April and May, 1980~. The injection well and observ-
ation well no. 1 were used in this test.

Background pressure data had to be collected prior to the test. A plug choke
was run and set in the landing nipple above the PTS chambers so that wellbore
effects would be minimized. The bottom-hole pressures in the observation well
indicated that the plug was leaking so the tubing was loaded with water. The leak
continued so the plug was pulled. The tubing was gas-lifted using nitrogen but
the well would not flow. Coiled tubing, with a special end fitting to protect the
tubing coating, was run and the tubing was unloaded to a depth of about 9,000
feet. The well would not flow. The casing was re-perforated from 9,809-9,824
feet on April 30, 1980, using a 2" OD gun loaded with 6.5-gram charges. Density
was one shot per foot with O-degree phasing. The well was opened and flowed for
clean-up.

By injecting filtered salt water into the injection\ﬁéll, at a rate of 1,964
BWPD for two hours, a pulse was created in the reservoir that was monitored in the
observation well. The initial response from this pulse arrived at the observation
well in 30 minutes and peaked in 175.8 minutes, with a maximum amplitude of 17.600
psi. The pressure system used a 0-15,000 psia quartz sonde which was totally
electronic. It had a sensitivity (ability to detect a change in pressure) of
0.001 psi. The  analysis of the response provided the followingé
1) transmissibility = 3,587 md-ft/cp, 2) diffusivity (k/udc) = 40.703 x 10
md-psi/cp, and 3) storage capacity (dch) = 88.138 x 10 ~ ft/psi. The primary
conclusions from the analysis of the pulse test were:

1. Fluid communication did exist between injection well no. 1
and observation well no. 1.

2. There was no fracture continuity between the wells.

3. The effective hydraulic thickness of the project interval
included the perforated interval and a dolomitized lobe
above. The interval had an average thickness of 26.0 feet
between the injection well and observation well.

4, The project interval of the Mission Canyon in the minitest
area (9,806-9,839 feet, injection well depths) would con-
fine fluids, i.e., no vertical migration of fluids would
occur through its top or base.

Additional information is contained in appendix 1ll.

As the pulse test was being completed, the observation well no. 1 wellhead
was damaged which necessitated killing the well with filtered salt water. The
capillary tubing and wellhead were repaired but the gas-1ift valves would not
work. The tubing string had to be pulled and the valves replaced.

As a result of these incidents, the log-flow-log test was delayed
approximately one month. As previously mentioned, the first TDT log was run prior
to perforating the casing. Since that time, a total of 1,168 barrels of fluid had
been produced. The log-flow-log test procedure was then carried out as follows:



TDT log Run No. 2
Flow 29 barrels of fluid

TDT log Run No. 3
Flow 32 barrels of fluid

TDT log Run No. 4
Flow 98 barrels of fluid

TDT log Run No. 5

The well was flowed in order to clean the perforations, dissipate formation
damage, and re-establish, as nearly as possible, original fluid saturations around
the wellbore. By monitoring saturations changes with the TDT 1log, it was
determined that the saturations did return to near original. A copy of the TDT
logs can be found in appendix 12.

The surface locations for the remaining two observation wells were relocated
to their present surface positions after the pulse test and oriented core data
from the injection well and observation well no. 1 were analyzed (Fig. 3).

Zabolotny Observation Well No. 2

Drilling of observation well no. 2 progressed smoothly during the months of
May and June. Coring depth was reached on June 23 and the interval from
9,775-9,893 feet was cored. Coring was completed on the 26th, and the hole was
drilled to a total depth of 10,150 feet. The following logs were run (Appendix
13):

1. Dual Laterolog-Micro-SFL with Gamma Ray and Caliper
(DLL/MSFL).

]

Compensated Neutron-Formation Density with Gamma Ray and
Caliper (CNL/FDC).

3. Borehole Compensated Sonic with Gamma Ray and Caliper
(BHC) .

4, Gyroscopic Multi-Shot Survey.

The fracture identification log (FIL) and wave forms-variable density log
(waveforms-VDL) were both run in the injection well and observation well no. 1.
Sufficient data were obtained for comparison with the oriented cores; therefore,
these logs were deleted from the log suite.

Open-hole log calculations across the perforated interval 9,855-9,871 feet
were:

S = 24.9%
s¥ = 75.1%
B = 20.3%
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Whole-core porosity analysis across the same interval was:
¢ = 20.9%

Log and core results on a foot-by-foot basis from this well are listed in
appendices 14 and 15.

Compared to the surface location the bottom-hole location (at reservoir
depth), in observation well no. 2, had a horizontal drift of 221 feet to the
northwest, at an azimuth of 298° (Fig. 3). This bottom-hole location was 250 feet
from the injection well bottom-hole location (at reservoir depth), to the
southwest on an azimuth of 208°.

After the well was circulated and cleaned up, a combination string of produc-
tion casing was run. The 5-1/2" OD casing was set at 10,149 feet and cemented.
The casing-string design is similar to the previous wells (Fig. 12).

After the drilling rig was moved out, the location was cleaned and a workover
rig was moved in. The DV collar was drilled and a bit, casing scraper, and string
mill were run to bottom. The CBL-VDL-GR log indicated a good cement bond. A base
TDT log was run and the casing was perforated from 9,855-9,871 feet, at a density
of one shot per foot with O-degree phasing. A perforation washer was run and each
perforation was straddled and produced. The packer assembly was run on tubing and
set. The work string was laid down. The production string was run and landed
(Fig. 12). The down-hole equipment and wellhead were essentially the same as
those described in observation well no. 1. The pressure history for observation
well no. 2 is shown in figure 13.

After the base TDT log was run, a total of 1,057 barrels of fluid were
produced. The log-flow-log test was then performed as follows:

TDT log Run No. 2
Flow 127 barrels of fluid

TDT log Run No. 3
Flow 468 barrels of fluid

TDT log Run No. 4
Flow 198 barrels of fluid

TDT log Run No. 5
A copy of the TDT logs can be found in Appendix 16. Analysis of run number five
(5) showed that the well did clean up and the saturations did return to near
original.
Zabolotny Observation Well No. 3
Observation well no. 3 was drilled without difficulty. Coring depth was
reached on August 15, and four cores were cut from 9,758-9,894 feet. The hole was

deepened to a TD of 10,150 feet and the following logs were run (Appendix 17):

1. Dual Laterolog-Micro-SFL with Gamma Ray and Caliper
(DLL/MSFL).
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2. Compensated Neutron-Formation Density with Gamma Ray and
Caliper (CNL/FDC).

3. Borehole Compensated Sonic with Gamma Ray and Caliper
(BHC) .

4, Circumferential Micro-Sonic with Gamma Ray and Caliper
(cMs) .

5. Gyroscopic Multi-Shot Survey.

Open-hole log calculations across the perforated interval 9,837-9,852 feet
were:

s = 27.5% ;
sV = 72.5%
B = 19.3%

Whole-core porosity analysis across the same interval was:
@ = 19.5%

Log and core results on a foot-by-foot basis for this well are listed in
appendices 18 and 19.

Compared to the surface location, the bottom-hole location (at reservoir
depth) in observation well no. 3, had a horizontal drift of 70 feet to the north,
on an azimuth of 7° (Fig.3). This bottom-hole location was 283 feet from the
injection well bottom-hole location (at reservoir depth), to the northwest on an
azimuth of 330°.

The casing was set at a depth of 10,143 feet. The string was 5-1/2" 0D,
23#/ft, N-80, R-III, 8rd, LT& on bottom and 5-1/2" 0D, 17#/ft, L-80, R-III, 8rd,
LT&C, on top with the DV collar at approximately 6,921 feet (Fig. 14). The casing
was cemented in two stages, with the same composition that was used in previous
wells.

After the drilling rig was moved out, the location was cleaned and covered
with scoria. A workover rig was moved in and the DV drilled. Following this, a
bit, casing scraper, and string mill were run to bottom. The well was circulated
with filtered, produced salt water. A casing collar log (CCL-N-GR) was run from
PBTD of 10,015 feet to 8,500 feet and a CBL-VDL-GR log from PBTD to 4,600 feet.
The log showed excellent bonding throughout the Mission Canyon section. A base
TDT log was run and the casing was perforated at 9,837-9,852 feet with a 4" OD
casing gun loaded with 22-gram charges at a density of one shot per foot with
O-degree phasing. The perforation washer was run and each perforation was flowed
with approximately 20 barrels of fluid swabbed and/or flowed during each setting.
The packer assembly was run on tubing and the packer set. The assembly was tested
to 1,600 psi. The work string was laid down and the production string was run and
landed (Fig. 14). The pressure recording system was purged with helium and
tested. The pressure history for observation well no. 3 is shown in figure 15.
The well was gas-lifted using nitrogen, but it would not flow. Coiled tubing was
run to a depth of 9,000 feet, and the production tubing was unloaded with
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nitrogen. The well still would not flow continuously. The casing was then
re-perforated on October 9, 1980, using a 2-1/8" HSC gun loaded with four shots
per foot and 90-degree phasing. The well was shot in an under-balanced condition
and started flowing immediately.

The log-flow-log test was performed once flow had stabilized. After re-,
perforating, a total of 1,375 barrels of fluid were produced. The log-flow-log
test was then performed as follows:

TDT log Run No. 2
Flow 126 barrels of fluid

TDT log Run No. 3
Analysis of the TDT logs showed that the well had not cleaned up. The decision
was made to run the pulse test and then resume the log-flow-log test. The pulse
test was concluded in late November and the log-flow-log procedure for observation
well No. 3 proceeded as follows:

Flow 520 barrels of fluid

TDT log Run No. 4
Flow 392 barrels of fluid

TDT log Run No. 5
Analysis of the last run showed that the saturations around the wellbore had
finally normalized. A copy of the TDT logs can be found in appendix 20. A

summary of the logging results from the log-flow-log test performed in all three
observation wells is contained in appendix 21.
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LABORATORY DETERMINATION OF COZ—WATER DISPLACEMENT PARAMETERS

The CO, flood in Little Knife was carried out using alternating water and CO
slugs (WAG) "for mobility control so that displacement of o0il occurred in the pres=
ence of a mobile water saturation. Two uncertainties in the ability to predict
the performance of this type of displacement were: 1) the extent to which mobile
water shields trapped oil from CO,, causing incomplete displacement even above the
miscibility pressure, and, 2) the effect of CO, flood residual oil on water—CO2
relative permeabilities in the WAG bank. This section describes a sequence of CO
WAG flood residual o0il saturation and relative permeability measurements in
preserved cores at reservoir conditions obtained in order to resolve these
uncertainties. -

Cores were from the Mission Canyon Formation zone D, in injection well no. 1.
This core was cut with a neutral, surfactant-free mud to maintain original
reservoir wettability, was wrapped in saran and aluminum foil at the wellsite, and
was sealed in plastic to prevent weathering. Separator oil and gas samples were
obtained from the Zabolotny 1-3-4A well and were reconstituted to the measured
separator GOR. _

The apparatus used in these measurements consisted of a slim tube connected
in series with a core holder. The slim tube was 64 feet long with a 1/4 inch ID
and was packed with 8-120 mesh silica sand. The rubber sleeve core holder
accommodated a stack of one-inch diameter plugs approximately nine inches long.
This arrangement allowed a miscible bank to be developed in the slim tube and then
to pass through the core plugs. In the WAG tests, water was injected into the
core plugs only and not into the slim tube. Because the slim tube hydrocarbon
pore volume was approximately an order of magnitude greater than that of the core
plugs, miscibility development in the slim tube could be confirmed by an overall
material balance.

CO, WAG floods were carried out at predetermined water-CO ratigs and
pressuré, with CO, injected into the slim tube and water injected into the core
along with the effluent from the slim tube. The floods were continued until a
steady-state was obtained in the core plugs after CO, breakthrough, as indicated
by no further pressure gradient changes. The core ﬁaugs were then removed from
the core holder and a Dean-Stark extraction was carried out.

Steady-state water and CO, relative permeabilities were calculated from the
injection rates corrected to reservoir conditions and the pressure drop across the
core plugs. O0il and water saturations corresponding to these relative permeabil-
ities were calculated from the Dean-Stark data (assuming the original oil density)
and the volume of fluids produced during blowdown. O0il recovery from the slim
tube was calculated from the volume of 0il produced in the separator minus the oil
produced from the core plugs.

Table 1 gives the results of CO,-water displacement tests at 3,500 psi and
245°F. Over the WAG ratio range of zeéro to 3.0 RBb1l/RBbl, CO, flood residual oil
saturations were very low —-- 0.8 percent PV to 3.1 percent PV. In these tests, a
material balance on the slim tube gave ~95% O0IP recovery, confirming that
miscibility was developed. Because the magnitude of the residual oil saturation
resulting from water trapping was expected to be greatest at pressures just in

excess of the 3,400 psi minimum miscibility pressure (CO2 must be enriched to the
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greatest extent with intermediate hydrocarbons, of the gasoline range, to develop
miscibility at this point) higher pressures were not investigated. These results
suggest there will be no effect of a high mobile water saturation on CO,-flood
displacement efficiency above the minimum miscibility pressure at Little Knife.

To investigate the effect of the residual o0il, solvent-extracted core plugs
were water saturated and CO,-water drainage relative permeabilities were measured
over the same WAG ratio range. The residual oil determinations are also drainage
measurements in the semnse that CO, saturation increases at the expense of liquid
saturation. The steady-state saturations corresponding to these WAG ratios are
given in Table 1, and the CO, water relative permeability curves are plotted in
figure 16. To obtain a direct comparison with figure 16, preserved core plugs
were CO.-flooded to residual oil saturation. Next they were, without extraction,
completély water saturated and then subjected to a sequence of CO, -water drainage
relative permeability measurements. The results of these are shown in figure 17.

A comparison of the data in table 1 shows a higher gas saturation at any WAG
ratio where residual o0il is present. A comparison of figures 16 and 17 shows a
higher water relative permeability and a lower CO, relative permeability at any
water saturation when residual o0il is present. Both comparisons suggest that the
core plugs are substantially less water-wet in the presence of the very low
residual oil saturation than when the oil is extracted.

To summarize, the Mission Canyon zone D carbonate reservoir rock at Little
Knife appears strongly water-wet in native state tests. This wettability seems to
be altered in some way during a CO, flood so that when CO,-flood residual oil
saturation is reached, the rock is no longer water-wet even when CO, and water are
the only mobile phases. The fact that cores can be restored to a water-wet state
by extraction with polar solvents and the fact that the solvent extract was found
to contain much more pigmentation (determined by light absorption) than would be
contained in the solvent extract of the same amount of original Little Knife oil
fuggests that separation of a heavy hydrocarbon phase may be responsible for the
wettability change.

If this wettability change occurs early enough in the sequence of events
leading to miscibility (i.e., if the first dilution of oil with CO, causes a
water-wet to oil-wet shift which is then followed by displacement o% oil), it
would provide a sufficient explanation for the observed lack of residual oil at
high WAG ratio because of the absence of trapping of o0il by water in oil-wet
systems. i

Additional information is contained in appendix 31.
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FOUR WELL MULTI-WELL PULSE TEST

A multi-well Bulse test involving the four minitest wells was conducted on
November 15, 1980°. Three days of unhindered background pressure had been
recorded in the three observation wells prior to the test. The test was conducted
by pumping filtered salt water into the injection well for two hours while the
response to this "pulse" was monitored downhole in the three observation wells. A
pulse response was recorded at each observation well. The single pulse was
started at 12:10 + .25 hours and stopped at 14:10 + .00 hours, at an average
injection rate of 2,297.5 BWPD. In addition, drawdown/buildup tests were
conducted in each observation well and static reservoir pressures were recorded in
all four wells. The objective of this test was to determine if a preferential
direction to flow existed through the project interval in the minitest area.

The maximum response from the pulse arrived at observation well no. 1 (258
feet away) in 175.0 minutes with a maximum amplitude of 21.180 psi (Fig. 18).
Analysis of the response provided the following: 1)transmissibility = 3,482.5
md-ft/cp, 2)diffusivigy (k/ugc) = 39.578 x 10  md-psi/cp, 3) storage capacity
(dch) = 87.990 x 10 ft/psi, 4) effective hydraulic thickness = 25.2 ft., 5)
effective permeability = 29.3 md, and 6) storage = 33,610 res. bbl/acre.

The maximum response from the pulse arrived at observation well no. 2 (the
nearest well, 250 feet away) in 175.98 minutes, with a maximum amplitude of 15.835
psi (Fig. 19). Analysis of the response provided the following; 1)
transmissibility = 4,712 md-ft/cp, 2) diffusiy}éy (k/udc) = 37.638 x 10 md-
psi/cp, 3) storage capacity (éch) = 125.19 x 10 ° ft/psi, 4) effective hydraulic
thickness 36.5 ft., 5) effective permeability = 27.4 md, and 6) storage = 47,820
res. bbl/acre.

The maximum response from the pulse arrived at observation well mno. 3 (the
farthest well, 283 feet away) in 217.5 minutes, with a maximum amplitude of 16.010
psi (Fig. 20). Analysis of the response provided the following: ,l1) transmissib-
ility = 3,189.6 md-ft/cp, 2) diffusivity (k/udc) = 32.054 x 10 md-psi/cp, 3)
storage capacity (#ch) = 99.507 x 10 = ft/psi, 4) effective hydraulic thickness =
29.4 ft., 5) effective permeability = 23.0 md, and 6) storage = 38,010 res.
bbl/acre.

The following conclusions were derived from results of the test:

1. All three observation wells were in good fluid communic-
ation with the injection well.

2. There were no continuous high permeability channels or
fractures comnecting the injection well with any of the
three observation wells.

3. There was no evidence of a free-gas saturation within the
confines of the four-well minitest pattern.

4, In situ effective permeabilities representing the average
value between the injection well and_each of the observa-
tion wells were quite similar, the maximum being 29 md and
the minimum being 23 md.
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5. Effective hydraulic thicknesses contacted by the pulse
wave between the wells varied from 25 to 36 feet.

6. Several injection-temperature surveys in the injection
well showed that injected water was not migrating out of
the project interval near the wellbore.

7. The pulse test hydraulic thicknesses correlated well with
the combined electric -log gross thickness of the project
interval. The hydraulic thickness between the injection
well and observation well no. 2 was slightly greater than
the log thicknesses.

8. The in situ effective storage values between the three
observation wells varied from a low of 34,000 res.
bbl/acre (injection well to observation well no. 1) to a
high of 48,000 res. bbl/acre (injection well to observa-
tion well no. 2).

9. Pressure drawdown/buildup tests were performed on each of
the observation wells with some of the transmissibilities
being less than those from the pulse test. This differ-
ence was an indication that there was some local confine-
ment of fluid flow near the wellbore by low porosity/
permeability streaks. This confinement apparently "comes
and goes" when traversing interwell distances, resulting
in the higher pulse test transmissibilities.

10. All of the observation wells had severe skin damage
probably due to drilling fluid invasion, low perforation
density, and invasion of cement into porous intervals and

micro-fractures near the wellbore.

Additional information about the test is contained in appendix 22.
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RESERVOIR GEOLOGY

The Mission Canyon Formation (lower Misgissippian) at Little Knife Field is a
465 foot thick pegressive carbonate sequence”, analogous to the lime mud-to-sabkha
cycle of Wilson . Most of the carbonates were deposited in a subtidal setting by
five sub-environments or facies (Fig. 21). Upsection, these sub-environments are:
1) basinal,_ below wave base, ''deeper water'" carbonates, basal zone F (energy zone
X of _Irwin ) (Fig. 22); 2) open shallow marine, zone F (energy zones X-Y of
Irwin') (Fig. 23); 3) transitional open to restricted marine, on a.shallow
protected shelf, in zones E, D, and lower C (energy zomes Y-Z of Irwin') (Fig.
24); 4) a protected shelf of restricted marine, in mid to upper zone C and basal
to mid zone B (energy zone Z of Irwin') (Fig. 25); and 5) a narrow marginal
marine, in mid to upper zone B (energy zone Z of Irwin' ) (Fig. 26). This subtidal
setting was interrupted by several shoaling upward carbonate cycles which
deposited major and minor carbonate cycles in the lower two-thirds of the Mission
Canyon. Intertidal carbonate facies, in mid to upper zone B, cap the subtidal
facies and form a thin, dense veneer of emergent limestone deposits which are
variable in thickness (Fig. 27). Thin, dense lagoonal limestone beds (Fig. 28)
interfinger with and overlie the intertidal facies with tidal flat/supratidal
anhydrite beds overlying both (Fig. 29).

Lithology

Key beds were located throughout the Mission Canyon section and were used to
divide the formation into six informal zones (Fig. 30). Lithologies of these six
zones, A through F, within the Mission Canyon at Little Knife Field are:

1. Zone A is a 60-foot thick interval composed of thin to
thick bedded anhydrite. These beds of anhvdrite form
several textures, including: 1) chicken-wire mosaic, 2)
thin-bedded mosaic, 3) laminated to medium bedded, &)
ropey displacive, and 5) burrowed replacive. Most of the
textural names gescribing these anhydrite beds are after
Maiklem, et al . Both a dolomite matrix and laminated
interbeds of dolomite are associated with the anhydrite
beds. At the base of the zone and into uppermost portions
of zone B, pseudomorphs of anhydrite after selenite gypsum
crystals, anhydrite porphyroblasts, and localized lamin-
ated crusts are present. Interpreted depositional setting
is supratidal.

2. Zone B is 70 feet thick and forms part of the reservoir
interval. It is separated into:

a) An upper interval varying from 5-40 feet in thickness
consisting of interbedded, thin, porous, and discon-
tinuous, lenticular dolomitized skeletal wackestones.
They are partly replaced by anhydrite, which was
later leached, and set between thin to thick beds of
dense cemented grainstones. Constituents included
peloids, clotted and Jlumped micrite, ooids, piso-
lites, calcispheres and skeletal detritus. Inter-
preted depositional setting of the skeletal
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wackestones is shallow, nearshore subtidal while the
wackestone/grainstones are part of an intertidal
barrier. In south and southeast portions of the
field additional anhydrite beds, via lateral facies
changes, form uppermost portions of this zone. With-
in this area supratidal deposition similar to zome A
forms upper zone B as well.

b) The lower two thirds of the =zone is dolomitized
burrowed, sparsely skeletal, pelletal wackestone/
packstones. The carbonates were partially replaced
by anhydrite, then 1leached and form an wupper
reservoir. Interpreted depositional setting is
restricted shallow marine. In south and southeast
portions of the field lateral facies changes have
intertidal limestone, in middle zone B, in place of

dolomitized restricted marine rocks.

Zone C is 65 feet thick and also forms a portion of the
reservoir interval. It is medium to thick bedded and
slightly porous at its top, becoming dense downward, in
mid-portions, then becoming more porous progressively
lower in the section. Upper portions are slightly
dolomitized to dolomitized pelletal wackestone/packstones
grading downwards into skeletal wackestones with some
replacement by anhydrite. Dense beds in mid portion of
this zone are either only slightly dolomitized limestone
or where dolomitized form microcrystal dolostone with
sparse to less than common amounts of chert occluding any
intercrystal pore space. Upper portions of the zone have
rare quartz silt laminations beneath porous upper reser-
voir dintervals, set in dense dolomite. The lower porous
portion forms part of a lower reservoir interval. Deposi-
tional setting is restricted marine to transitional
marine.

Zone D is 50 feet thick, forming the lowest portion of the
reservoir interval. It is a medium to thick bedded, par-
tially dolomitized to near completely dolomitized,
burrowed, skeletal wackestone interbedded with mudstones.
A dolomitized skeletal wackestone bed at the top of the
zone is where the WAG minitest was conducted. The facies
exhibits some anhydrite replacement and leaching. The
uppermost portion of the zone forms the major portion of a
lower reservoir interval. Within this bed a lateral
facies change controls porosity distribution, changing
from porous skeletal wackestone into dense skeletal
packstone. Depositional setting is the seaward portion of
a protected shelf, transitional between the open marine
and restricted marine.

Zone E is 50 feet thick and is composed of thick bedded
sparsely dolomitized to dolomitized skeletal mudstone/
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wackestones with irregular shaped incipient chert nodules.
Porosity intervals in this zone are non-hydrocarbon bear-
ing. Depositional setting is restricted to transitional
marine. This zone is non-hydrocarbon bearing.

6. Zone F is 170 feet thick and composed of medium to thick
bedded alternating mudstones and skeletal packstone/
grainstones. The basal 10-15 feet is slightly argill-
aceous, interlaminated skeletal packstones and pelletal
packstones which form a transitional zone of contact from
the Mission Canyon into the wunderlying Lodgepole
Limestone. This zone is also non-hydrocarbon bearing.
Depositional setting is open marine with the basal 15 feet
deposited in a basinal marine setting.

Hydrocarbon bearing porosity is isolated within beds deposited in both
transitional open to restricted marine and restricted marine settings, zones B, C
and D of the Mission Canyon (Fig. 31). These beds were partially-to-completely
dolomitizéd to form fine-grained, sucrosic dolostone (Fig. 32). A field-wide
study of Little Knife discussing the overall depositional settings, diagenesis and
reservoir character is included in appendix 23.

Carbonate Cycles

Within the open shallow marine facies, several medium to thick bedded
shoaling upward carbonate cycles are formed by beds of mudstone/skeletal
wackestone which grade up into high energy beds of skeletal packstone/grainstone
(Fig. 33). These are called major carbonate cycles. Lower portions of each cycle
are composed of mudstone/skeletal wackestone, deposited as carbonate muds below
wave base, while capping beds of each cycle are composed of skeletal
packstone/grainstones deposited in wave base. These major carbonate cycles are
located in zone F.

As open marine facies prograded basinward, deposition behind it layed down
medium to thick bedded transitional open to restricted marine facies, positioned
on the seaward portion of a protected shelf. Within this setting carbonate muds
piled up, mud being supplied and swept back into this setting from the open
marine. Storms passing over this portion of the basin washed crinoid fragments
back into the seaward side of the protected shelf. These skeletal fragments
probably formed storm layers but were not preserved due to intense bioturbation,
and were eventually worked into the muds to form a bed of skeletal wackestone.
This left lower energy, burrowed, pelletal mudstones which grade up into skeletal
wackestones and are referred to as minor carbonate cycles (Fig. 33). Minor
carbonate cycles extend from the top of zone F to the base of zone C. The capping
skeletal wackestone portion at the uppermost last minor carbonate cycle, at the
top of zone D, is the interval within which the CO. minitest was conducted (Figs.

2
30, 32 and 33).

Diagenesis
An essentially paragenetic sequence for the Mission Canyon Formation at

Little Knife Field has been constructed, from initial deposition of sediments to
the final end product of porous oil bearing dolostone (Fig. 34). This sequence 1is

20



divided into 22 events and each event is placed in one of four groups, which are:
1) initial processes, 2) porosity destruction, 3) porosity creation, and 4)
hydrocarbon emplacement. Many of these events are of lesser and greater
importance in their effect on the section to produce either porous or dense rock.
Events of major importance have asterisks placed next to them and simultaneously
occurring or overlapping events are connected by arrows (Fig. 34).

Event one (1) is initial deposition of the sediments which, once piled up,
produce the stratigraphic section. Event two (2) is redeposition by storms.
These effects are seen in the basinal marine, open marine, transitional open to
restricted marine, intertidal, lagoon and tidal flat/supratidal sabkha facies,
essentially redistributing sediments in the same facies or into an adjacent
facies. Event three (3) is micritization and is most common in the intertidal.
Many ooids have been micritized to structureless pelletoids while others have
remnant ooid structures still present. Event four (4) is bioturbation. Extensive
burrowing has homogenized subtidal muddy portions of the section, producing more
uniform, though low, permeable pathways through which fluids could migrate. This
is an important stage in preparing the subtidal muds to be dolomitized. Events
two (2) thru four (4) were probably simultaneously occurring events but for
convenience of illustrating were split into three separate listings.

Event five (5) is physical compaction. This occurred due to the weight of
overlying sediments piling up, squeezing and dewatering the muddy carbonates.
This process reduces orjginally muddy porosities of 60 to 70 percent down to
approximately 40 percent”. Within sabkha and lagoonal evaporites compaction may
have played a key role, as a mechanism for expelling dolomitizing brines outward
into the subtidal carbonates. Compaction probably continued on as later events
occurred.

Cementation began to chemically compact the section. Event six (6) 1is
calcite cementation. Within both open marine high energy packstone/grainstones
and intertidal wackestone/grainstones early calcite cementation is very extemsive.
This cemented the originally most porous and permeable sediments in the section to
form the most dense beds of rock, other than beds of anhydrite. In event seven
(7), 1local dolomite cementation occurred in a few sparse locations in the
intertidal. Within these areas packstones of ooids have isopachous rim cements of
dolomite. Both event six (6) and seven (7) appear to have occurred at similar
times and overlap in their diagenetic timings.

Event eight (8), anhydrite cementation, and event nine (9), anhydrite porphy-
roblast growth, occurred in the intertidal and lagoonal settings. Also, in the
lagoon ax-head-shaped selenite gypsum crystals grew. Both of these events follow
events six (6) and seven (7) very closely, but generally have cross cutting rela-
tionships to the earlier events. If any original interparticle pore space Vs not
filled by calcite cement, anhydrite cement has infilled it. Sources of Ca and
SO,“” ions were from brines concentrated on the sabkha and perhaps in the lagoon,
which then began to move out into intertidal buildups.

Event ten (10), partial anhydrite replacement of subtidal skeletal fragments,
preferentially crinoid columnals, followed events eight (8) and nine (9), as the
brine generated on the supratidal sabkha moved through the lagoon and intertidal
buildups and on out into subtidal beds. This brine not only affected the nearest
subtidal facies but swept through most of the Mission Canyon section.
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Event eleven (11) is chert replacement of large, irregularly shaped burrows
in one porous interval of the transitional open to restricted marine facies, in
zone E. Event twelve (12), partial chert replacement of anhydrite cements in the
intertidal, probably occurred at the same time as event eleven (11). Both chert
replacement events occur in stratigraphically isolated intervals. Exact timing of
these events and their interrelationship to other events is difficult to assign
and were arbitrarily assigned these positions.

Event thirteen (13), dolomitization of subtidal muddy carbonates, is the most
important diagenetic process to have affected the Mission Canyon. Open marine
mudstone/skeletal wackestone facies, rich in mud, are dolomitized. Much of the
transitional open to restricted marine facies is dolomitized, while the restricted
marine facies is dolomitized the most.

In muds, with skeletal particlés, once most carbonate mud had been
dolomitized local sourcing of carbonate for continued dolomitization befame the
larger skeletal constituents, in addition to any remaining mud . At
approximately 60-70 percent conversion to dolostone, finer skeletal fragments were
affected by leaching of their smaller calcite crystals with remaining larger
skeletal fragments left to "float" in a matrix of fine, porous, sucrosic, euhedral
dolostone, ringed by dolomite crystal necklaces. Muds that are pelletal rich
dolomitize their muddy portions first with larger pelletoids surrounded by
dolomite crystal necklaces. These necklaces formed around the grains prior to
their being leached, as an additional carbonate source, so that subtle dolomite-
crystal-rimmed, oval-shaped, very fine moldic pore space is produced (Fig. 35).
Microcrystal dolomite formed preferentially where limited amounts of carbonate

muds were available. Also, certain beds, though mud rich, are completely
dolomitized to dense microcrystal dolostone, with very small interlocking dolomite
crystals. This type of dolomitization may reflect sites of multiple

closely-spaced crystal nucleation or where ambient pore waters had higher
concentrations of magnesium. In other locations, large volumes of lime mud
diluted fluids moving through them, becoming less concentrated with respect to
magnesium, with nucleation sites spread, father apart, promoting the creation of
porous, fine grained sucrosic dolostone .

Ygf?EtTEately, SO 2= ions inp_a brine system severly retard dolomitiz-
ation "?"7*"", Therefore, most SO ions had to be removed from the brine ?gf?ge
dolomitization could occur. 2Ehis appears tqhhave occurred at Little Knife 7’ .
As the brine, enriched in Ca“” , SO and Mg ions, moved through outer portioms
of the sabkha, lagoon and the intertidal, gypsum or agﬂydrite pgﬁgipitated out of
the brine. This began to reduce concentrations of Ca and SO ions. As this
brine swept out and through the subtidal it preferentially replaced skeletal
fragments, an additional sink for SO4 " jons. When replaced by anhydrit 3
skeletal fragments which were high Mg calcite, liberated additional Mg
to the brine. Eventually this brine, behind its front, chemically evolved from a
sp§§rhe?§ of replacing anhydrite to a dolomitizing brine, with an increased
Mg“® /Ca ragtio, which dolomitized carbonate muds. Dolomitization was at a much
slower rate . This process left anhydrite replaced and non-replaced skeletal

fragments floating in dolostone.

Event fourteen (14), chert cementation of dolomite intercrystal pore spaces
occurred in a specific horizon of the restricted marine facies, in middle zone C.
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Dense chert cemented dolostone and laterally non-dolomitized beds isolate the oil
column into an upper and lower interval.

All of the above-mentioned events, through event fourteen (14), are
interpreted to have occurred early. The next series of events are interpreted as
much later events affecting the Mission Canyon.

Event fifteen (15), leaching of replacing anhydrite in subtidal rocks, is the
most important late diagenetic event, which occurred as Laramide uplifts began
charging fresh water into the subsurface. Sources of fresh water include the
Black Hills, to the south, and uplifts in central Montana, to the west. Fresh
water ultimately reached the Williston Basin and swept through portions of the
Mission Canyon at Little Knife. This water leached anhydrite, which originally
replaced skeletal fragments, producing moldic pore space. Leaching produced more
porous and permeable fine grained sucrosic dolostones.

Event sixteen (16), calcitization of dolostones and limestones in the
suE&idal facies, is a direct Fesponse to anhydrite leaching. Leaching set free
Ca and SO ions, with Ca ions combining with available carbonate ions to
precipitate fresh water calcite crystals which sit upon and have eaten into
dolomite crystals, starting to dedolomitize them (Fig. 36). Event seventeen (17),
anhydrite replacement of dolomite cyystals in the subtidal, is an equivalent event
with event sixteen (16), where SO ions replaced dolomite crystals. Anhydrite
replacement 1is rare. Calcite replacement (calcitization) is variable from
non-existent, to sparse, to slightly common. Event eighteen (18), saddle dolomite
growth in moldic pores, is extremely rare and has only been viewed in a few thin
sections. This event is interpreted as a late diagenetic effect which is possibly
related to events sixteen (16) and seventeen (17).

At this point broad, subtle folding within the basin formed the structure at
Little Knife. Hydrocarbons then migrated into and were trapped in the upper half
of the Mission Canyon, forming event nineteen (19). All diagenetic effects from
this point on, in the oil column, were subdued.

Event twenty (20), stylolitization, is post-hydrocarbon emplacement. Stylo-
lites are found in all facies. One particular stylolitized horizon, about one
foot thick, serves as the zone D marker. This marker is picked off the sonic log
and can be correlated, without great difficulty, through the field.

Fracturing is event twenty-one (21). Cementation of fractures is the final
recognized event, event twenty-two (22). Cement types are calcite or dolomite.

This rather lengthy list of events that have affected the Mission Canyon
section of Little Knife Field have either enhanced or deteriorated porous beds in
the formation, which are now within the o0il column. A simplified sequence of
events is proposed which are major events in the Mission Canyon's history that
sequentially are responsible for producing porous dolostone within which
hydrocarbons are now trapped (Fig. 37).

First, after all initial processes deposited a muddy carbonate, the original
marine water trapped within the sediments wasg disa%aced by a sabkha-derived brine.

This brine was enriched with respect to Ca” , Mg , and SO ions; and, as this
brine displaced the original marine water, anhydrite began to replace skeletal
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2 -
fragments, preferably crinoid 2golumnals, which reduced the Ca/'+ and SO 2 ion

concentrations. Additional Mg ions were then added from crincid columnals to
the system.

Secpnd, ultimately this brine chemically evolved into a Mgz+ rich and Ca2+

and SO poor fluid, and began dolomitizing the muddy matrix creating porous
calcareous dolostone to dolostone.

Third, a much later event, was freshwater movement through the subsurface
which leached anhydrite-replaced skeletal fragments. This is interpreted to be in
response to Laramide uplifts nearest the basin, which caught and discharged
freshwater into the subsurface. This leaching action helped to create more porous
and permeable dolostones. This produced moldic pores which are connected with
dolomite intercrystal pores, all of which are connected three-dimensionally.

Fourth, Laramide-related structural motions caused the very gentle structural
nose to form. At a similar time within the Cretaceous, hydrocarbons began to
reach maximum maturity, were expelled from source rocks, and eventually migrated
into porous dolostones of the Mission Canyon and were trapped.

Reservoir Specific

Beds utilized for the CO, minitest project interval are located at the base
of zone C and at the top of zone D, a total thickness of 31 feet (Fig. 30 and 31).
These beds form the mid-to-basal portion of the reservoir interval within the
field. They were deposited within a transitional open to restricted marine
setting by an epeiric sea which occupied the Williston Basin, with large volumes
of lime mud being deposited (Figs. 21 and 32).

Reservoir rock characteristics in the project interval are similar in each
well (Fig. 38). The lower half (15-16 feet) is composed of highly porous and
permeable rock that is partially dolomitized (70 percent), originally skeletal
wackestone (Fig. 39, 40, 41 and 42). A stylolite is located at the top of this
bed throughout the minitest area, reducing porosity for approximately one foot
(Fig. 43). This stylolitized horizon serves as a key bed marker on sonic logs to
divide the Mission Canyon into zone C above and zone D below. The upper half of
the project interval is formed by two beds of rock. The intermediate bed is
dolomitic limestone, containing low amounts of porosity and permeability. The
uppermost bed is calcareous dolostone, which contains fair to good amounts of
porosity and permeability. In observation well no. 3 only dolomitic limestone is
present. This lack of a bed of calcareous dolomite is due to less dolomitization
affecting uppermost portions of the project interval at this location. A
comparison of porosity and permeability to lithology by whole core analysis, in
the first four wells, is illustrated in fig. 44.

Structure

Little Knife Field is located within a broad, low lying anticlinal nose
plunging gently to the north (Fig. 2). Beds dip to the west at approximately
one-half degree and to the east at approximately one-quarter degree. Closure
across the field is less than 100 feet. Several slightly structurally higher
areas of the field are separated by low saddles along the axis of the field, at
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approximately twenty foot differences. Closure is structural to the north, east
and west with lateral facies changes creating stratigraphic entrapment southward.

Regionally, western North Dakota, eastern Montana, and north-westernmost
South Dakota are divided by a series of northwest and northeast trending surface
lineaments. These lineaments tend to form elongate, slightly rhombic blocks.
Little Knife is 1located within the center of the junction of E e northeast
trending Yellowstone block and the northwest trending Watford block (Fig. 45).
In central and northern portions of t field, surface lineaments were mapped
using Landsat and aerial photographs (Fig. 46). Both northeasterly and
northwesterly trends, similar to regional trends, are present within the field
(Fig. 47).

Surface outcrop fractures in the Sentinel Butte Formation, surrounding
observation well No. 3, were measured by one of the authors (Fig. 48). Sixty-nine
apparent strikes were obtained which revealed a predominance of fractures in a
northwesterly direction, maximum value N. 70-80°W., and a northeasterly direction,
maximum value N. 60-70°E. Oriented cores were obtained in each of the four
minitest wells, with strike and dip of all fractures recorded. Strikes of the
fractures within the minitest interval revealed slightly differing fracture
orientations from well to well (Fig. 49). However, the average fracture strike
directions from the cores tend to be in either a northwesterly (N. 67°W.) or
northeasterly (N. 69°E.) direction, similar to surface outcrop fractures.

Fracture separation (distance from one fracture to the mnext parallel
fracture) could not be determined from cores. Surface outcrops were used to study
fracture separations, assuming they are similar in the subsurface. These fracture
separations were found to vary from one to six feet. Surface soil cover limited
the extent of the study area (Figs. 50 and 51).

Cores reveal the vertical continuity of individual fractures to be approxi-
mately eighteen to twenty-four inches. Each individual fracture consists of small
interconnected, vertical, hairline, en echelon planes. No lateral offset has been
observed where fractures transect skeletal fragments, ooids or pisolites.

The fracture identification log (FIL) and wave forms variable density log
(Wave Forms-VDL) were both run in the first two wells drilled. A comparison of
fracture directions taken from the oriented cores to those calculated fracture
directions obtained from logs revealed a fair comparison, with fracture detection
by the logs appearing slightly pessimistic but generally good. The FIL was,
however, rated super}Br to the Wave Forms-VDL as the best source of fracture
information from logs .

Because the fractures observed propagate only short distances vertically, it
is felt that their lateral continuity may also extend for short distances.
Multi-well pulse testing revealed no major contribution by fractures, but did
calculate higher average permeabilities. These average permeabilities were
approximately twice the permeabilities measured from whole core analysis and are
interpreted to be due to the slight effect of short non-continuous fractures
dispersed somewhat unifermly across the minitest area (Fig. 52).
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Pore and Throat System

Four types of pores are recognized in the Mission Canyon, they are: 1) moldic
pores,. 2) polyhedral pores, 3) tetrahedral pores, and 4) interboundary-sheet
pores (Fig. 53). Moldic pores are the largest and are produced by leaching of
anhydrite which replaced skeletal fragments, mostly crinoid columnals, and measure
at least 200 micrometers down to 30 micrometers wide (Figs. 54A and 55A). These
large moldic pores are connected by pore throats to other pores and pore throats
associated with intercrystal pores between dolomite crystals. Polyhedral pores
are the largest intercrystal pores (Figs. 54B, 55B and 56A). Each pore is
surrounded by several dolomite crystals to form a complex polyhedral shape 50 to
10 micrometers wide. Tetrahedral pores are intermediate-sized intercrystal pores,
where individual dolomite crystals began to grow together at intermediate angles,
impinging into other dolomite crystals and reducing pore size to a smaller
tetrahedral shape 10 to 3 micrometers wide (Figs. 54C, 55C, 56A and 57).
Interboundary~sheet pores are the smallest and narrowest intercrystal pores, found
between individual dolomite crystals where pore space has been reduced by
continued crystal growth to thin, linear, approximately 1-1.5 micrometer widths
(Figs. 54D, 55D, 56A and 56B). Small, narrow interboundary-sheet pores are
essentially pore throats and are referred to as pore/pore roats. All
intercrysta% pore types are similar to those described by Wardlaw and Wardlaw
and Taylor ~.

Pore throat size radii connecting the various pores are of two major sizes
and types, they are: 1) interboundary-sheet pore/pore throat radii, 0.6-0.8
micrometers, and 2) larger pore throat radii, 1.5-3.5 micrometers, which connect
tetrahedral, polyhedral and moldic pores (Figs. 58, 59, 60 and 61). Both sizes of
pore throats contribute to permeability development. Narrow interboundary-sheet
pores/pore throats, though forming only small amounts of total porosity,
contribute to overall permeability development. This pore throat size is present
in dolostones which have up to 22 percent porosity and are the only pore throats
available for fluid movement through beds of rock having less than 17 percent
porosity. Tortuous pathways are the result of having four pore types being
connected by essentially two sizes of pore throat radii (Fig. 56C).

When pore throat radii size is compared to the amount of porosity and permea-
biity in individual samples, five (5) diverging groups or relationships are found
to exist (Figs. 62, 63, 64, 65). They are:

Group Pore Throat Radii Porosity Permeability
1 0.21 um 2.5-9.9% 0.1-0.3 md (avg. 0.16 md)

(avg. 6.2%)

2 0.6 um 8.3-13.0% 0.7-1.0 md (avg. 0.8 md)
(avg. 10.7%)

3 0.8 um 10-17.2% 1-7 md (avg. 3.5 md)
(avg. 13.6%)
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Group Pore Throat Radii Porosity Permeability

4 0.8 & 1.8-2.5 um 17.3-22.47% 7-48 md (avg. 22.3 md)
(avg. 19.6%)

5 2.5 um 21.8-27.6% 48-146 md (avg. 85.4 md)
(avg. 24.1%)

These pore throat radii, porosity and permeability calculations are all from
mercury injection capillary pressure curve samples.

The first and narrowest group (1) of pore throat radii measured average 0.21
micrometers in width (Fig. 66A). _The range of porosity associated with this
throat size varies between 2.5-9.9 percent, averaging 6.2 percent. Permeability
is very low, 0.1-0.3 millidarcys, averaging 0.16 millidarcys. These are pore
throats associated with beds of such low porosity and permeability that they do
not hold or contribute to the fluid flow of hydrocarbons. These beds of rock are
commonly referred to as "dense beds", even though they do contain minor amounts of
pore space.

The second group (2) is composed of pore throat radii which average 0.6
micrometers wide (Fig. 66B). Porosity associated with this group ranges between
§.3-13.0 percent, averaging 10.7 percent. Permeability is slightly increased,
0.7-1.0 millidarcys, averaging 0.8 millidarcys. A noticeable gap in pore throat
radii size separates these first two groups, 0.21 micrometer throat radii in group
one compared to 0.6 micrometer throat radii in group two. Also, there is an
overlap of porosity ranges associated with these two groups, between 8.3-9.9
percent. Therefore, beds containing this range of porosity overlap will have
pores connected by either very narrow pore throats or by pore throats with widths
three times as wide. Beds containing the narrower pore throat radii are
essentially dense beds, lacking the necessary permeability to effectively flow or
drain fluids. While other beds, of similar porosity, containing the larger pore
throat radii, in contrast, have better permeable pathways and are able to pass
fluids, draining that particular rock. Because these rocks 1lie within an
actively-producing o0il field this subtle change in pore throat size
characteristics, which determines whether they will or will not give up fluids
(hydrocarbons preferably), at economic rates, is very important to not only detect
and document but also to use as a means of determining at what point, in terms of
porosity, little or no fluids can or will be produced.

The next, third, group (3) is associated with slightly wider pore throat
radii and higher amounts of porosity and permeability. Maximum pore throat radii
width is 0.8 micrometers (highest percentage) but has a range between 0.6-2.0
micrometers (Fig. 66C). Porosity ranges between 10-17.2 percent and averages 13.6
percent. Permeability within these beds increases significantly, between 1-7
millidarcys, averaging 3.5 millidarcys. Here, between group two and three, a
slight overlap of porosity ranges exist, between 10-13 percent. Pore throat size
and permeability, however, are separate and do not OVerlap. Rocks containing this
overlap of porosity will have pore throat radii of either 0.6 or 0.8 micrometers
(group two and three, respectively) connecting the pores. The larger pore throat
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radii, one-third wider than the smaller throats, boost permeability, letting
fluids pass from pore-to-pore with greater ease.

Within the fourth group (4) a bimodal distribution of two pore throat radii
sizes develops and becomes common. This relationship does not exist in any of the
first three groups. These pore throat radii disperse into a secondary maximum
size range (least common) at 0.8 microm%ﬁﬁrs and a maximum size range (most
common) at 1.8-2.5 micrometers (polymodal®’) with low numbers of other throat
radii sizes between the two dominant throat sizes (Fig. 66D). Porosity ranges
between 17.3-22.4 percent, averaging 19.6 percent. Permeability leaps to a range
of 7-48 millidarcys, averaging 22.3 millidarcys. These group four porosities and
permeabilities represent average reservoir rock properties in Little Knife Field.
Due to bimodal distribution of pore throat radii and because reservoirs normally
undergo secondary recovery operations (waterflooding), when applicable, a careful
characterization has to be made to determine if injected water will migrate
through both pore throat sizes or if only large pore throats will be swept by
water.

The final, fifth, group (5) contains pore throat radii that have only one
size range (maximum percentage) at 2.5 micrometers and have the widest throats
(Fig. 66E). The smaller, 0.8 micrometer throat radii present in the other two
groups (3 and 4) are reduced to only a few sparse throats. High porosities,
21.8-27.6 percent, averaging 24.1 percent are associated with this group. Also,
the highest permeabilities, 48-146 millidarcys, averaging 85.4 millidarcys are
associated with these wide pore throats. These larger pore throats tend to form
triangular bar to elongate wedge shapes, connecting polyhedral and tetrahedral
pores.

Pore-to-throat size ratios are highly variable. These range from 40:1 when
large polyhedral pores are well developed, and the ratios are even larger when
comparing moldic pores-to-throats, while they go down to 4:1 when not well devel-
oped. Average pore-to-throat size ratios are approximately 5-10:1. The average
pore-to-throat coordination number, the average number of throats connected to
each pore, is 3 to 5 in two-dimensional view (Fig. 67).

The most significant attribute that each of the four pore types and various
pore throat sizes have in common is that all are three-dimensionally
interconnected (Fig. 53 and 55). Therefore, an understanding is required of not
only how well all pore types, each of different size, are distributed throughout a
dolostone but also how well each pore is connected with the next by a particular
size of pore throat. These pore throats may either be: 1) very narrow, 2) may be
bimodal, having two pore throat sizes, the largest four or five times the width of
the smallest, or 3) be very large.

Forty-eight pore throat radii measurements were made, 12 from each well, and
are illustrated in appendix 24, 25, 26, 27, and 28. Mercury injection capillary
pressure curves from which these above measurements were made are also included in
appendix 25, 26, 27 and 28, along with standard whole core analysis in appendix 3,
10, 15, and 19.
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EQUIPMENT AND INSTRUMENTATION

Figure 68 illustrates the layout of the minitest site. The water filter and
associated pumps and tanks, along with the water transfer pump, were located at a
central production facility. The rest of the equipment was located at the test
site. The test site equipment was designed to operate primarily with propane
fuel. Only a limited amount of electrical power was available.

The trailer was the central point of the operation. It served as the instru-
mentation center, office, and storage area.

The equipment and instrumentation used in the project were separated into
four systems. Foremost was the hardware used in the well completions as
previously described. The other three systems were: 1) the CO, injection system,
2) the water injection system, and 3) the fluid sampling system.

CO2 Injection System

The CO, injection system consisted of storage, metering, pumping, and vapor-
izing sections (Figs. 69 and 70). All were located at the minitest site. All
equipment upstream of the liquid meter was furnished by the CO2 supplier.

The CO, was transported in a liquid state by truck to the minitest site from
near Brandon, Manitoba (Fig. 71). It was stored as a liquid at 0°F and 300 psi.
The storage tanks had a vaporizing system, which is not shown in Figure 69. A
refrigeration system was not installed because the CO, injection phase was to be
completed during the winter. It was anticipated” that the ambient winter
temperature would be sufficiently low to prevent significant CO2 loss.

The storage section had a capacity of 200 tonms. This storage was
approximately one-half (1/2) of the volume of one cycle of CO, injection. This
capacity ensured that the injection schedule would not be altered or interrupted
by delays in getting CO2 to the test site.

CO., in a liquid state, was vaporized in the line heater (Fig. 72). Numerous
safety Telief valves provided vents in case liquid CO, was trapped and began to
vaporize. All vessels were equipped with safety relief valves, even though they
are not illustrated.

The metering system consisted of both a liquid and a gas meter (Fig. 73).
Metered volumes were compared to delivered volumes. The liquid meter performed
adequately, with the recorded meter volumes correlating well with actual CO tank
gauges. The gas meter also performed adequately, but the determination of
injected volumes from gas-chart reading became very tedious. This problem was due
to the difficulty in reading the compressibility factor (Z-factor) from the CO2
compressibility vs. pressure correlation chart. The steepness of the temperature
line, in the chart, corresponding to the injected temperature made it extremely
sensitive to small pressure variations. The liquid meter reading was preferred
for this reason.

The pumping system was comprised of two pumps, a charge pump and an injection
pump. The charge pump ensured that liquid was being supplied to the injection
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pump (Fig. 74). The injection pump consisted of a triplex pump driven by an
internal combustion engine.

A line heater was used to vaporize the CO The CO, could not be injected as
a liquid without freezing the packer fluid and possf%ly rupturing the casing
and/or collapsing the tubing. The gaseous CO, was heated in order to avoid

hydrate formation when it contacted water, and “also to ensure it was above the
critical temperature of co, (approximately 87.7°F).

Water Injection System

The water injection system consisted of two main segments (Fig. 75). The
first segment was the filtering system which was located at a central production
facility. The second segment was the injection pump which was located at the test
site. A fiberglass line connected the two. Water for the project was produced
formation water. A 30-day test was conducted and the water density remained
essentially constant, so there were no quality control problems.

The main component of the filter section was the filter unit. It was an
upflow, graded sand unit. Two tanks and pumps were necessary to backwash or
regenerate the filter. Gas was added to the flow stream during the backwash
cycle. The entire system was enclosed and a gas blanket was maintained in the
filter unit (Fig. 76).

The water injection pump was a triplex pump, powered by an internal
combustion engine. The wunit was skid-mounted and enclosed in an insulated
structure (Fig. 77).

Fluid Sampling System
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