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ABSTRACT

This project is a field demonstrationof the ability of in-sifu indigenousmicroorganismsin the
North Blowhom Creek Oil Field to reducethe flow of injectionwater in the more permeablezones of the
reservoir,thereby diverting flow to other areasthus increasingthe efficiencyof the waterflood. The project
is divided into three phases -Planning and Analysis (9 months), Implementation(45 months), and
Technology Transfer (12 months). This report coversthe fifth year of wcnkon the project.

During Phase I, cores were obtainedfrom a newly drilled well and employed in laboratorycore
flood experiments to formulate the scheduleand amounts of nutrient to be used in the field demonstration.
The field demonstrationinvolved injectingpotassiumnitrate, sodium dihydrogenphosphate, and in some
cases molasses, into four injectorwells (T&t) and monitoring the performanceof surroundingproducer
wells. For comparativeptuposes the producerwells surroundingfour untreatedinjector wells (Control)
also were monitored.

Twenty-two months after the injectionof nutrientsinto the reservoirbegu three wells were drilled
and cores taken therefim were analyzed. Nhrate ions were found in cores from all three wells and cores
horn two of these wells also containedphosphateions-thus demonstratingthat the rnjectednutrientswere
being widely distributed in the reservoir. Microorganismswere found in cores from all three wells by
culturalmethods and by electronmicroscopy. In some sectionsof the cores, the number of microbeswas
large.

011production volumes and wate~oil ratios (WOR) of producedfluids have shown clearly that the
MEOR treatment being demonstmtedin this project improved oil recovery, Alter 33 months, 7 of 15
producerwells in the test patternsrespondedpositively to the injectionof microbialnutrients into the
reservoir,while all eight of the producerwells only in controlpatternshave continuedtheir natural decline
in oil production although one well did have some improvementin oil productiondue to increasedwater
injectioninto a nearby injectorwell. Two wells have been abandonedbecauseof uneconomicalproduction.
In light of these positive findings and with DOE’s approval,the scope of the field demonstrationwas
expandedin July 1997to include six new injectorwells. Two of these wells were previously control
injectorswhile the other four injectms were not includedin the originalprogram. Of interestwas the
performanceof two wells in what was formerly a controlpattern. Since the injector in this pattern
(formerlycontrol Pattern 2) began receiving nutrients,two of the wells in the pattern showed improvedoil
production.Overall, 12 of 19 producerwells that could have been influencedby the nutrient injectionshave
shown a positive response.

Of special signillcance is the thct that over 10,970 n? (69,000 bamels)of incrementaloil were
recoveredas a result of the MEOR treatment. Further, calculationshowed that the economic life of the
field will be extended. This finding is particularlyimpressivein view of the @etthat only four of the
twenty injector wells in the field were treated during the first 30 months of the demonstration(Phase11).
By increasingthe number of injectorwells pumping microbialnutrients into the reservoir from four to te~
more oil was recoveredand the economiclife of the field will be extendedeven lirther. It should be
emphasizedthat the above calculationsdo not take into accountthe oil being recoveredfrom the five new
wells h-at were drilled during the course of this project. Total incrementaloil recovery of 94,600 m3(595
MBO) is expectedand field Me has been extendedby 53 months.
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EXECUTIVE SUMMARY

This project was designed to demonstratethat a microbhdly enhancedoil recovery process
(MEOR), developed in part under DOE ContractNo. DE-AC22-90BC14665,will increaseoil recovery
from fluvial dominated deltaic oil reservoirs. The process involves stimulating the in-situ indigenous
microbialpopulation in the reservoirto grow in the more permeablezones, thus diverting flow to other
areas of the reservoir, thereby increasingthe effectivenessof the waterflood. This five and a half year
project is divided into three phases, Phase I, Planning and Analysis (9 months), Phase II, Implementation
(45 months> an~ Phase HI Technology Transfer (12 months). Phase I was completed and reported in the
first annual repmt. This fifth annual report covers the mmpletion of Phase II and the first six months of
Phase III.

Implementation(Phase II) involved injecting nutrients into four injectorwells (Test) and comparing
the performanceof the surrounding producerwells to the performanceof producers surroundingfour
untreatedinjectorwells (Control). The addition of nutrients to the four test injector wells was begun on
Nov. 21,1994, Feb. 27,1995, Jan. 16,1995, and Feb. 27,1995 for test patterns, 1,2,3, and 4,
respectively. The nutrients being employedare potassium nitrate, sodium dihydrogen phosphate, and
molasses.

In late 1996three wells were drilledand completedand five sections of core fbrn each well were
analyzedfor the presence of nitrate ions and orthophosphateions that are being injected into the reservoir
through the four test injectors. In one of the wells, nitrate ions were found in all five sections,but
orthophosphateions were found in only one section. In the secondwell, nitrate ions were found in four of
the five sections,and orthophosphatewas found in three sections. Three sections from the third well had
nitrate ions in them but none had orthophosphateions. The presenceof microorganisms in cores from all
three wells was demonstmted by observationwith the electronmicroscopeand by cuhural methods. In
some sections the number of microorganismswas large.

After 33 months, evaluation of oil production data and watmoil ratios (WOR) showed that seven
of the fifteenproducerwells in test patterns respondedfavorablyto the MEOR treatrnen~while none’of the
eight producerwells only in control patternsshowed an improvementin either oil productionor WON
althoughone well did have some improvementin productiondue to arIincreasein the amount of water
injectedinto a nearby injector well. Thesepositive findings prompted an expansion of the field
demonstration(with DOE’s approval)to include an additional six test injectorweils. Two of these new test
injectcmwere originally control injectorswhilethe other four new injectorswere not previously includedin
the field demonstration. The expansionbegan in July 1997and all nutrient injections stopped in June 1998.
After the expansio%twelve out of nineteenproducers respondedfavorablyto the MEOR treatrnen$over
10,970m-3(69,000 bbls) of incrementaloil was recovered(exclusiveof the five new wells), and tie field
life has been extendedby 53 months.
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INTRODUCTION

The use of microorganismsto enhanceoil recovery (MEOR) was first proposed by Beckrnannin
1926’but it was ZoBell who first actively researchedthe concept?5.Some MEOR methods rely on in-situ
indigenousmicrobialpopulations while other methods require injectionof microbial cultures into the
formation. In some MEOR methods, it is the by-productsof microbial activity that enhance the oil
recoverybut other methods rely on the increasein microbialmass to achievethe desired result.

This five and a Mfyear project was designedto demonstratethat the microflora indigenousto
petroleumreservoirscan be stimulatedto grow in the more permeableimnesof the reservoir thereby
divertingflow to other areas and thus increasethe efkctiveness of the waterflood, The concepts involved
in this project were developed in part as a result of work performedunder DOE Contract No DE-AC22-
90BCM6645. Work on this project is divided into three phases of nine months, forty-five months, and
twelvemonths, respwtively, This Fifth Annual Report will describethe work completed during the last six
months of Phase 11and the first six months of Phase III.





DISCUSSION

1. OBJECTIVE AND OVERALL PLAN OF WORK

The objective of this work was to demonstratethe use of indigenousmicrobes as a method of
profile control in watmfloods. It is expectedthat as the microbialpopulation is inducedto increase,the
expandedbiomass will selectivelyblock the more permeablezones of the reservoirthereby fmcing injection
water to flow through the less permeablezones which will result in improvedsweep efficiency.

One expectedoutcomeof this new technologywill be a prolongationof economicalwaterflooding
operations,i.e. economical oil recovery should continuefor much longer periods in areas of the reservoir
subjectedto this selective plugging technique.

2. DESCRIPTION OF OIL RESERVOIR FOR FIELD TRIAL

The North Blowhom Creek 011Unit (NBCU) is locatedin northwestAlabama about 125
kiknneters(seventy-fivemiles) west of Birmingham,AL (see Figure 1). The field is in what is known
geologically as the Black WamiorBasin. The producingformation is the Carter Sandstone of
MississippianAge at a depth of about 700 meters (2300 f=t). The field was discovered in 1979and
initiallydeveloped on 3.24x 1@m2(80 acre) spacing. The field was unitized into a reservoir-wideunit in
1983and in-fill drilled to 1.62x 10sm2(40 acre) spacing. Waterfloodingof the reservoir began in 1983.
The initial oil in place in the reservoirwas about 2,5 million m3(16 million barrels), of which 874,430m’of
oil (5.5 million barrels) had been recoveredby the end of 1995. To date,North Blowhom Creek is the
largest oil field discovered in the Black Warrior Basin. Oil productionpeaked at almost 480 m3/dof oil
(3000 BOPD) in 1985 and has since steadily declined. At the start of the project, there were 20 injection
wells and 33 producing wells produc-hgabout 46 rnVdof oil (290 BOPD), 1700 m3/dof gas (60 MCFD),
and 800 M3/dof water (3900 BWPD). The water injectionrate was about 650m3/dofwater(4150
BWPD). About 1.6 nf of oil (10 MMBO) were lefl unrecoveredat the outset of this project.
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Figurel. Project areageographical locator map.
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3. PHASEL PLANNING AND ANz4LYSIS

Phase I began with the drilling of two wells to obtain live cores fbr laboratory studies and to obtain
the productiondata which would indicatehow well the reservoirwas being swept by the existing
waterflood. Anslysis of the cores proved that viable microorganismswere present and since sulfate-
reducingbacteria (SRB) were not Preseng it was concludedthat the area in which the wells were drilled
probably had not been impacted by the waterfhoding since SRB were prevalent in fluids from other wells
in the field. Laboratorywaterfloodii tests using live cores clearly demonstratedthat the in-situmicroflora
were stimulatedto grow and retarded-fluidflow &rough the core. Control cores injected with only
simulatedproduction water increasedin flow rate as expectedwhile the test cores injected with water
containingpotassium nitrate and sodium dihydrogenphosphatehad reduced flow rates. Bssed on these
laboratoryresul@tbe f- regimeshown in Table 1was formulated.

Table 1. Feed and Feeding Regime born November 1994to April 1996

PATTERNS
NUTIUENTS

1 2 3 4

IZN03 0.12% (w/v) 0.12!/0 (w/v) same as 1 same as 2
Mondays Mondays

NaH2P0. 0.034 % (w/v) 0.034% (w/v) same as 1 same as 2
Wednesday Fridays

Friday

MOLASSES 0.1% (v/v) same as 1 same as 2
Wednesdays

For the field demonstration four iniectorwells were selectedfor nutrient additions and the
sunounding producerwells were monitord-. Results obtained in these tests were compared to historical
&ta for the wells and to data obtainedfimn fw additionalinjectorsand their surrounding producerswhich
are serving as controls in order to evaluatethe successof the project.
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a. Test Patterns for Field Demonstration

Test Pattern 1

InjectionWell:
ProductionWellx

ControlPattern 1

InjectionWell:
ProductionWeik

Test Pattern 2

InjectionWell:
ProductionWells:

Control Pattern 2

InjectionWell:
Production Welk

NBCU 2-14 No. 1
NBCU 2-11 No. 1*
NBCU 2-15 No. 1
NBCU 11-3No. 1“
NBCU 2-13 No. 1’

NBCU 2-4 No. 1
NBCU 35-13 No. 1
NBCU 35-14 No. 1 (abandoned)
NBCU 2-3 No. 1“
NBCU 2-5 No. 1“
NBCU 3-1 No. 1*

NBCU 34-9 No. 2
NBCU 34-7 No. 2“
NBCU 34-16 No. 2
NBcu 34-15 No. 1“
NBCU 34-15 No. 2*
NBCU34-IONO. 1“

NBCU 34-7 No. 1
NBCU 34-2 No. 1
NBCU 34-6 No. 1 (abandoned)
NBCU 34-7 No. 2*
NBCU34-1ONO. 1“
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Test Pattern 3

InjectionWell: NBCU 11-5 No.1
Production Wells: NBCU 10-8 No. 1

NBCU 11-6No. 1
NBCU 11-4No. 1
NBCU 11-3No. 1“
NBCU 2-13 No. 1“

control Pattern3

InjectionWell: NBCU 3-2 No. 1
ProductionWells: NBCU 3-3 No. 1

NBCU 3-1 No. 1’
NBCU 3-1 No. 2*
NBCU34-15N0. 1“
NBCU 34-15 No. 2*

Test Pattern4

InjectionWell: NBCU 2-6 No. 1
ProductionWells: NBCU 2-11 No. 2

NBCU 2-3 No. 1’
NBCU 2-5 No. 1“
NBCU 2-11 No. 1“

ControlPattern 4

InjectionWell: NBCU 3-8 No. 1
ProductionWells NBCU 3-1 No. I*

NBCU 3-1 No. 2*
NBCU 3-9 No. 1
NBCU 2-5 No. 1“

*Indicateswells included in more than 1 test or controlpattern.



b. Tracer Study

A tritium tracer survey was initiatedin Test Pattern 1 in April, 1994. Two curies of tritiurn were
injected into well 2-14 No. 1 and water samples horn the four offset producers were monitored for tracer
breakthrough. The tracer was first detected in NBCU 2-13 No. 1 on October 12,1994 and continued to be
detectablethrough October 1996. Tracerwas first detected in the NBCU 11-3No. 1 on October 18,1995
and continuedto be detectablethrough October 1996. No other wells produced detectableamounts of the
tracer.

c. BMrient Injection Facilities

From the laboratoryresults of the core flood experimentsit was detemninedthat each injection
facility needed the ability to mix and pump 100-300gallons of water containing 50-400 Ibs of chemicals
per day at a pressure of 1200psi. The ability to vary the pump rate over a wide range was required as well
as the ability to maintain a precisely metered rate. The nutrients were packaged as dry crystals in 50 to
100 lb bags, so the ability to mix the chemicalsand know that all went into solution was required. The skid
had to be designed for simple maintenanceand operationby the field lease pumpers. A small storage area
to keep unused chemicals dry also was required.

Based upon these requirements,a f=ility was constructedof an oil field type skid with a metal roof
and storage cabinet atone end. A mixing hopper was f~ricated to make use of the 1200psi waterflood
water as a mixing jet for the dry sack chemicals. The mixture is stored in a 300 gallon plastic tank which
allows direct observation and sampling of the solution. The tank contains an electric stirrerwhich is
generally run for a couple of hours after each batch of chemical is mixed to ensure that all of the chemicals
dissolve. The mixture is pumped downhole by a large air powered chemicalpump which has a variable
spetx+but precise displacementat any given speed. Subsequentdesigns have switchedto a small triplex
pump driven by a DC electricmotor with variable speed control. A highllow pressureswitch shuts down
the pump if the main waterfkmdpump quits or a line ruptures. The supply water line comes duectly from
the waterflood line near the wellheadand the discharge line ties into the well just upstream of the wellhead
assembly. Four skids were initially fabricate~ one for each of the test injector wells.

4. PHASE II. IMPLEMENTATION

a. Fwld Demonstration

The injection of nutrients into the first of four injectorwells began November 21, 1994. The
addition of nutrients into three additional injector wells began in January and February, 1995. Of the four
injectors in the test patterns,two receivedpotassiumnitrate and sodium dfiydrogen phosphatewhile the
other two received 0.1% molasses in additiowas shown in Table 1.

b. Changes in FeedingRegime

After a carefidevaluationof the field results&d additionalcom flood experimentsconducted in
the laboratory, it was decidedto modify the fdig regime as shown in Table 2.

8



Table 2. Feed and Feeding Regime fkomApril 1996- June 1997.

1 PATTERNS I
NUTIUENTS

t
I I 1 I

1 I 2 I 3 I 4 I
KNo,

I

0.12% (w/v)
1

same as before
I

sameasbefore

I

0.06% (W/V)

Mondays Mondays I

NaH2P0, I 0.034%(w/v)
I

sameas before
I

sameas before I 0.017’%(w/v)
Wednesdays Wednesdays I

MOLASSES
I I I0.2’70(v/v) . same as before . same as before I 0.3%(v/v)

Fridays Fridays I

c. Expansion of the Field Demonstration

It became apparentafler 30 months of monitoring, that the producerwells (8), not influencedby
the injectionof nutrients into nearby injectorwells, continuedtheir historicmtural decline in oil production
rate. Contrariwise,nearly half of the wells(15) in areas being waterfloodedwith microbial nutrients
exhibited improved oil productionrates. As a result of these findings, it was requested(and approvedby
DOE) to expand ntient injection by injectingnutrients into two control injectors[wells 2-4 No. 1 (Control
Pattern 1) and 34-7 No. 1 (Control Pattern 2)] and into four injector wells not previously included in the
original pmgr~ (NBCU 34-16 No. 1, NBCU 2-12 No. 1,NBCU 2-10 No. 2, and NBCU 3-16 No. 1).
Locations of the new injeetorwells are shown on Figure 2.

d. Final Feeding Regime

After a carefulevaluation of the field results, it was decidedto modify the feedingregime for a
secondtime. The feedingregime employed from July 1997to completionof the field demonstrationin June
1998 is shown in Table 3.

e. Drilling of Three Additional Wells

T&e wells were drilled into the Carter reservoir sand during the Fall of 1996. The purpose of the
three wells was to help evaluatethe nutrient induced growth of in-situ microorganismsby analysis of
recoveredcore samples and produced fluids. The locations of the wells are shown in Figure 2.

The first well drilled was the NBCU 2-5 No. 2 which started drilling on October 11, 1996and
reacheda total depth of 701 m (2300 R) on October 17. The well encountered7.3 m (24 it) of net Carter
sand between 668 and 676 m (2192 and 2218 fl) and 13.1m (43 it) of core were recovered. The core
analysis indicates@as a general rule, the lower permeability rock retains a higher oil saturationwhile
the high permeatiiii rock is better swept redting in a lower oil saturation. Visual observationof the core
indicatedmuch remaining oil in the low permeability rock. The well was cased for productio~ petiorated
from 668.4 to 676.0 m (2193 to 2218 R), and fracture stimulated. Well 2-5 No. 2 was placed on rod pump
in January 1997 and in February produced 28 m3oil (177 BO), 0.18 rrf gas (63 MCF), and 864 m3water
(5433 BW). Production has steadily declinedto the point where the well presently producesabout 0.4 m’
oilMay(2.7 BOPD) and 6.9 m3waterkiay (43 BWPD).

9
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Figure 2. Location of the ten injector wells that received nutrients.
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Table 3. Feed and Feeding Regime for All Ten InjectorWells Since July 1997.

WELL NO. MON. TuEs. WED. THURS. FRI.

34-16 No. 1 0.16N 0.28 M
0.04 P

2-4 No. 1 O.1ON 0.20 M
0.03 P

2-6 No. 1 0.05 N 0.30 M 0.02 P

34-9 No. 2 0.11 N 0.18 M 0.05 P

3-16 No. 1 0.19 N 0.32M
0.05 P

34-7 No. 1 0.17N 0.21 M
0.04 P

2-1ONO.2 0.12N 0.19 M
0.02 P

11-5No. 1 0.15N 0.29 M 0.04 P

2-12 No. 1 0.26 N 0.43 M
0.07 P

2-14 NO. 1 0.08 N 0.47 M 0.02 P

All numbers are percentage figures
N = percent potassium nitrate (w/v),
P = percent sodium dfiydrogen phosphate(w/v),
M = percent molasses (v/v).

The second well drilled was the NBCU 2-13 No. 2 which started drilliig on October22, 1996and
reacheda total depth of 703 m (2305 ft) on October 30. The well encountered6.4 m (21 ft) of net Carter
sand between 664 and 672 (2180 and 2205 R) and 9.7 m (32 fl) of core were recovered. The core analysis
indicatesmuch higher permeability in the upper ten f- of the sand than in the lower portion. As in the
previousweI~the higher permeabilityrock generally has lower oil saturadon than the lower permeability
rock which is harderto sweep by waterflood. Visual observationof the core indicatedmuch ~maining oil,
as was observed in the previouswell. The well was cased for productionand perforatedfrom 665-668 m
and 669-670 m (2182-2192 ft and 2195-2199R). A packer and tubing were run and the well initially
swabbed at a rate of 76 m3(480 bbls) of fluid per day with 15-25%oil. Because the well initially swabbed
at a high fluid rate, no fhcture stimulationwas perfbrmed. Rod pumping equipmentwas installedand the
well was placed on production in January 1997. Current production is 1.3 m3oil/day (8 BOPD with 3.4
m3water/day (22 BWPD).

The third well drilled was the NBCU 2-11 No. 3 which started drilling on November 6, 1996and
reacheda total depth of 703 m (2306 R) on November 13. The well encountered 11 m (36 ft) of Carter
sand between 659.6 and 670.6 m (2164 and 2200 ft). The sand was much thicker than anticipated.
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Previous maps had indicated ordy 5.5 m (18 ft) of sand at this location. A 9.7 m (32 R) core was recovered
which revealedsignificantremaining oil saturatio~ aiong with some portions which had obviously been
swept by the waterflood. It was believed the water swept sections would provide the best opportunityto
observemicrobial growth as a result of nutrient injection into the NBCU 2-6 No. 1 well about 152m (500
ft) north of this well. The well was cased for productio%perforated from 659.6 to 670.6 m (2164 to 2200
ft), a packerand tubing ~ and the well was ikacturestimulated. The well was placed on production
tlowing at a rate of 2.9 m3oilhy (18 BOPD) and 34.0 nf water/day (214 BWPD), but the rate quickly
declinedand rod pumping equipment was installed in April 1997. The well initially produced about 1.0m3
oilhky (6 BOPD) and 64.0 m3watedday (400 BWPD) on pump, but the oil production continued to
decliie to about 03 m3oilkiay (2 BOPD) with 40.0 m’ wah+day (250 BWPD) and the well was shut-in
duringAugust 1997. The well was produced again in November and December,but there was no
improvementin production. This well yielded the poorest productionas a result of its close proximity to
the 2-6 No. 1 nutrient injector. The well’s apparentvery direct hydraulic communication with the 2-6 No.
1resulted in water withdrawal from the patternof sufficientmagnitude to significantlyadversely affect
other wells in that pattern (2-5 No. 1,2-11 No. 1, and 2-11 No. 2). The well was plugged and abandoned
in Jdy 1998.

f. Analyses of Cores iiom the Three New Wells

(1) Chemical

The presence or absenceof nitrate ions and orthophosphateions in five sections of core born each
of the threenewly drilied wells was determined. Nhate ions were present in 4,3, and 5 sections of core
samples from wells 2-5 No. 2,2-13 No. 2 and 2-11 No. 3, respectively. Orthophosphate ions were found
in 3,0, and 1 sections of the core samples fkomwells 2-5 No. 2,2-13 No. 2, and 2-11 No 3, respectively. It
shouldbe pointed out that phosphate can react with constituents (e.g. calcium ions) in the formation and,
consequently,the data only reflect soluble orthophosphate.The results, however, clearly demonstratethat
the nutrients are being widely distributed in the oil-bearing formation.

(2) Microbiological

Microorganismswere present in all sectionsof cores km all three newly drilled wells and, as may
be expectet the numbers varied but the larger numbers in some samples suggest that they had proliferated.
Heterotrophsand oil-degrading microbes were present in all samples as were both aerobes and anaerobes.

Samples from each section were examinedby electronmicroscopy ang as would be expecte&
many samples showed no microbial cells. Scatteredmicrobial cells as illustrated in Figure 3 were observed
in a number of samples from all three wells and in some cases (see Figures 4, 5, and 6) large clusters of
cells were observed kdicating that the added nutrientshad the desired effkctof promoting microbial growth
in the reservoir.

(3) (kologieai Characterizationof Core Samples

The core samples appear to be massive, fine-grain@ moderately mature, quartzarenite (a
sandstone,Folk’s classification)with abundant quar@ minor amount of feldspar,perhaps kaolinite, with
minor calcitic cement componen~probably ferroandolomite.

(4) PetrophysicalPropertiesof Core Samples
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The petrophysicd propertiesof collectedcores from the three wells drilled in Phase II are given in
Table 4. In this Table the lowesg the high+ and a median range of values is presentedto show the
intensityof heterogeneityof the mervoir formation.

Table 4: Petrophysical Properties of Cores from Three Newly Drilled Wells.

WELL DEPTH POROSITY PERMEABILITY FLum GIUUN
NAME SATURATION DENSITY

m ft (%) (red) ‘/0 Oil ‘/0 H20 (g/cc)

2-5 No. 2 670.94 2200 4.3 0.70 31.7 28.1 2.74

2-5 No. 2 679.52 2207 12.9 11.60 11.6 23.3 2.62

2-5 No. 2 675.51 2215 12.9 38.00 8.0 18.7 2.68

2-13 No. 2 666.36 2185 13.9 141.00 9.8 24.3 2.59

2-13 No. 2 670.33 2198 9.9 34.00 7.7 22.3 2.62

2-13 No. 2 673.38 2208 3.9 1.60 9.4 23.1 2.66

2-11 No. 3 663.92 2177 12.1 13.29 2.4 14.5 2.64

2-11 No. 3 668.50 2192 13.9 61.02 13.8 26.0 2.59

2-11 No. 3 669.72 2196 11.0 1.35 15.9 21.3 2.60

g“ Anaiyses of Injection and ProductionFIuids

Fluids from both injectorwells and producerwells in all patterns,were collectedmonthly in one
and a half gallon containers and brought to the laboratory for analysis. Oil and water were separatedand a
portion of the oil sample analyzed for its aliphaticprofile by gas chromatography(GC). The remainderof
the oil sample was used for measurementof gravity, vicosity, and interracialtension (IFT). Additionally,
the water samples were analyzed for surface tension (ST), pm microbial content and several inorganic
ions. Furthermore,production rates of producedfluids (oil, gas, and water) from the producer wells in all
patternswere measured weekly by the field leaseoperator.

(1) Petrophysicalanalyses

Thefollowingcharacteristicsof producedfluidsfromselectedwells havebeenmeasuredand
represmtativevalues given in Table5.

● Aliphatic p-

Gas chromatographicanalyseswereconductedto determinethe tilphaticprofileof
oil fhxn producerwells in all patterns.Fromthesedataevidenceof oil frompreviously
unsweptareasof thereservoirhasbeenfoundin the oil fkomsomeproducm. Thisfinding
helpsconfirmthatmicrobialgrowthin thereservoiris indeedalteringthe sweeppatternin
the reservoir.

13



Figure 3. Electron micrograph of a sample of core from well 2-13 No.2, section 6.
(Note the scatteredmicrobial cells.)

‘x

Figure 4. Electron micrograph of a sample of core from well 2-11 No.3, section 3.
(Note the large number of microbial cells.)
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Figure 5. Electron micrograph of a sample of core from well 2-5 No.2, section 11.
(Note the large number of microbial cells.)

Figure 6. Electron micrograph of a sample of core from well 2-11 No.3, section
(Note the large number of microbial cells.)

3.
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Table 5.

PATTERN 1

PetrophysicalAnalyses of Fluid from SelectedTest and Control Wells

Test Well 2-15 No. 1

Gravity Viscosity cp Surfke Tension Interkial Tension pH
API w-air, dyne/cm o-w, dyne/cm

Range 28.93-35.2 2.14-1.82 53-65 29.6-23.6 7.75-7.5

Trend upward downward steady downward steady

Test Well 2-13 No. 1

IJ=
Range 30-32

1 1

Viicmity cp I SurfiweTension I JnterfacialTension

1.85-1.40 55.7-64.25 22.8-23.6
n 1

downward

pH Ia
downward I

ControlWell 3-1 No. 1

Gravity Viicosity cp SurfhceTension InterfiaciaiTension pH
API w-air, dynekm o-w, dyne/cm

Range 30.40-33.25 2.43-1.7 59-65 28.4-26 7.5-8.15

Trend steady downward upward bownward steady

PATTERN 2

Test WeIl 34-7 No. 2

Gravity Viscosity cp SurfhceTension InterracialTension pH
API w-air, dynelcm O-W,dynekm

Range 29.52-32.2 2.69-2.44 63-54 25.35-22.1 7.7-7.5

Trend upward Steady upward steady steady

Control Well 34-2 No. 1

Gravity Viicosity cp SurfiweTension InterracialTension pH

Am w-air, dyne/cm o-w, dyne/cm

Range 31-33.7 1.74-1.95 58-68 23-25.25 7.7-7.5

Trend upward steady upward steady steady
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Table 5. (Continued)

PATTERN 3

Test Well 10-8 No. 1

Gravity Viisity cp Surke Tension Interhcial Tension pH
API w-air, dynelcm ew, dynelcm

Range 29.8-28 2.96-29.8 62.1-69.7 27.75-23.56 7.3-7.5

Trend upward upward steady steady Steady

Test WeJJ11-4 No. 1

Gravity Viscosity cp SurfiweTension InterthcialTension pH
API w-air, dynekm *w, dydcm

Range 28.9-30.47 3.65-1.98 64.4-56.1 24.65-21.3 7.7-7.55
s

Trend upward downward steady downward steady I

Control Well 3-3 No. 1

Gravity viscosity Cp Surtke Tension JnterfacialTension pH
API w-air, dyne/cm o-w, dyndcm

Range 34.11-30.8 2.32-2.45 61.9-57.6 26.9-22.7 7.75-7.25

Trend steady steady steady downward steady

PATTERN 4

Test Well 2-11 No. 2

Gravity Viscosity cp Surke Tension InterfiwialTension pH
APl w-air, dyne/cm o-w, dyne.fcm

Range 32-33 2.3-2.16 60-63 22.8-22 7.8-7.25

Trend steady downward steady downward steady

Control Well 3-9 No. 1

Gravity Viscosity cp Surfixe Tension InterfkcialTension pH
API w-air, @me/cm *w, dyne/cm

Range 33-32 2.2-2 59-64 20-22 7.6-7.25

Trend steady downward steady steady steady

●
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API gravity

It is expectedthat the API gravity from producers influencedby altered waterfloodsweep
patternswill increaseas new oil (lighter oil) is swept into the producing wells. Generally
-g, as the wateffloodcontinues, oil becomes heavier. If oil from unswept areas is

entering the production stream, the API gravity should increase if in sufficient quantity.
Informationon gravity variation the~fore would be supportive evidence that the
-on and quality of new oil is due to microbial selectiveplugging. The gravity of
new oil is not expectedto increaseto more than original oil which was around 33-35°API
(See Table 5).

Viscosity

It is expectedthattheviscosityof thequde oil will decreaseas new oil (lighteroil) is
sweptintoproducingwells. Generallyspeaking,decreasein viscosity would be supportive
of waterfloodmodificationdue to microbial growth. Lighter oil has lower viscosi~. The
viscosi~ of new oil, however, is not expectedto be lower than the original oil which was
around 1.5-2cp (See Table 5).

Inteficial tensiou IET

Due to the production of certain surfactantsby some microbial populations, there maybe a
reductionof interhcial tension between oil and water phases and/or between water and oil
and the sand surface. Monitoring IFT in a producing oil-water system may lead to
evidence of microbial activities in the reservoir (See Table 5).

Surface tension, ST

Monitoringsmfkcetensionin a producingoil andwatersystemgives some ideation of
changes in the nature of produced oil when comparing it to oil Ilom control well
production data ardor historical data from the same well (See Table 5).

pH

Monitoring the acidity of producedwater and comparing it to water from control wells or
historicaldata are designedto detect drastic or systematic changes in the fluid. In
particular, the productionof acid andlor other corrosivematerials would be detrimental to
the qualky of oil or productionfiadities and eventuallythe environment (See Table 5).

MicrOblOk@d Findings

Themicrobiologicalanalyses of production fluids has not shown any significant changes
attributableto the MEOR process. It should be pointed out however, that microorganisms
prefer to grow attachedto a substrate rather than be suspended in a medium and
consequently,numbers of microbes in productionfluid do not necessarilyreflect the size of
the population in the reservoir.
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(3) InorganicIon Findings

Production fluids were monitored for chloride ions, hardness,nitrate ions, phosphate ions,
potassium ions, sulf~ ions, and sulfide ions for the duration of the field demonstration.

No sulfide ions were deteetedin the fluids horn any of the productionwells (limb of detection 0.02
ppm) after six months of nutrient injections but were present initially. No significant changes attributable
to the MEOR process were seen in the concentmtiom of chloride ions, hardness,potassium ions, or sulfate
ions.

No nitrate ions were found in the producedfluids from any of the wells, although nitrate ions were
found in some samples of the CQresfrom all three of the newly drilledwells.

Phosphate ions were found in the producedfluids from producerwells in three of the four test
patterns indicatingthat there was communicationbetweenthe respective injectorwells and these producer
wells. The lack of the nitrate ions in samples indicatesthat they were either being consumedby the
microfloraor were reaetingwith materials in the reservoir since the presenceof phosphate in samples
demonstratesthat there was ccmununicationbemeen most injectorsand some producer wells.

(4) Gas CompositionFmdmgs

Increasedgas productionthat had been noted in some wells could have been the result of microbial
activity or it could have come from previously unswept areas of the reservoir. Samples of gas were
collectedfrom selectedproductionwells and analyzedby gas chromatographyusing a Fisher Gas
PartitionedModel 1200(dual columrLdual detectorchromatography).Only a limited number of samples
were analyzedbut there was no evidenceof changes in the compositionof the produced gases due to
microbkdgas production. The data suggest that the increase in gas production was due to gases from
previouslyunswept areas of the reservoir.

h. Performanceof ProductionWells.

The injectionof nutrients into the formationwas initiated in November of 1994and was completed
in June 1998. The starting nutrient injection date for test pattern 1 was Nov. 21, 1994; test pattern 2 was
Feb. 27, 1995; test pattern 3 was Jan. 16,1995, and test pattern 4 was Feb. 27,1995. In June 1997
followinga request from Hughes Eastern and approval by DOE, two ecmtrolinjectors were changed to test
injectorsand four additional injectom(not previously includedin this study) were made into test injectors.

In evaluating performance,both oil productionrate and wakmoil ratio (WOR) were considered.
The impact of the MEOR process was characterizedas positive if the oil production rate in- held
steady,or there was a noticeable decreasein the rate of declineand the WOR dec- held steady, or
there was a reduction in the rate of increase. Overall, the performanceof the test wells was characterized
as Positive, Inconclusive,or None, while the perfbrrnanceof the control wells was characterizedas
Positive,Natural Decliie, or Abandon~ except in one ease where other comments were made (see Table 6
and 7). The performanceof producingwells in all patterns is given in Figures A1-A21in the Appendix. It
should be pointed out that there was a drop in production in February 1996due to a severe fkeezewhich
shut down field operations for about a week.
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i. Performanceof InjeetorWells.

(l). Performanceof rnjectionwell 2-14 No. 1 (Test Pattern 1)

The injectionvolume declined despite an increasein injectionpressure. This @ormance may be
an indicationof pennetdility reduction due to microbial growth near the wellbore (see Figure A22).

(2Y Performance of injection well 34-9 No. 2 (TestPattern2)

Injection pressure increasedand injectionvolume decreased. This performancemay bean
indkation of permeability reduction due to microbial growth near the wellbore (see Figure A23).

(3). Performanceof injeetion well 11-5 No. 1 (Rat Pattern 3)

The injectionvolume declined and there was a slight increasein injectionpressurewhich maybe an
indicationof permeability reduction due to microbkd growth near the wellbore (seeFigure A24).

(4). Performanceof injection well 2-6 No. 1 (Test Pattern 4)

This well’s injectionrate and pressure were very sensitive to production(orIacko~fromthe2-11
No. 3. Injection pressure increasedand the injectionvolume decreasedover the last year (see Figure A25).

(9 Performanceof injeetionwell 2-4 No. 1 (was injector for ControlPattern 1)

Injectionvolume declinedas injectionpressure increased(see Figure A26).

(6). Performanceof injeetionwell 34-7 No. 1 (was injeetor for ControlPattern 2)

Injectionvolumedeclinedas injectionpressureincreased(see FigureX2’?).

(’n Performanceof injectionwells 34-16 No. 1 (not in original program)

Injection pressure increas@ more water intake. No indicationof plugging (see Figure A28).

(8). Performanceof injectionwell 2-12 No. 1 (not in originalprogram)

Injectionpressurein- morewaterintake. No indicationof plugging(see FigureA29).

(9). Performanceof injectionwell 3-16 No. 1 (not in originalprogram)

Injection pressure increasa more water intake. No indicationof plugging (see Figure A30).

(10). Performanceof injection well 2-10 No. 2 (not in original program)

Injectionpressureincrease~morewaterintake. No indicationof plugging(see FigureA31).
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Table 6. Performanceof Wells That Were Originally in Test Patterns.

WellNo. Pattern Response to MEOR Remarks

2-11No. 1 land4 Positive Approximately five months after beginning nutrient
injectio~ there was an appreciableincreasein oil
productionand the rate of decline in oil production
became considerablyless. WOR remainedsteady most
of the time, then stated to increasebut at a lower rate.
This well is a shared well with Test Pattern 4. When
productionfrom well 2-11 No. 3 begs there was a
steady drop in oil production(from Jan. to Sept.
1997). However,when well 2-11 No. 3 was shut-in
production began a steady increase.

2-15NO. I 1 Inconclusive Production from this well has been ematic.

11-3N0. 1 land3 Positive 011production increasedfkomJan. 1997to Apr. 1998
and has remained steady since that time. WOR has
generally remainedsteady.

2-13 No. 1 land3 Positive Approximately six months tier beginning the nutrient
injectio~ there was an increasein oil productionand
the rate of decline in oil productiondecreased. The
WOR remained steady, but recently has begun to
increaseslightly.

34-7 No. 2 2 Positive During the last 2 years, there has been an increasein
oil productionand the WOR declinedslightly. This
well is shared with Control Pattern 2.

34-16 No. 2 2 Inconclusive Oil productiondemonstrateda natural decline until
July 1997ailer which time the productiondecliie
decreasedsomewhat.

34-15N0. 1 2 Positive Approximately 15 months after beginning the nutrient
injectiowthere was an increasein oil productionand
subsequentlythe oil productionrate declinedat a lesser
rate. WOR remained steady. This well is shared with
Control Pattern 3.

34-15 No. 2 2 Positive Approximately 16months after beginning the nutrient
injectio~ there was a slight increasein oil production
and subsequentlyoil productionremainedsteady
except for the period m which the well was refractured
(Aug. 1997). WOR remained steady except for the
period in which the well was refractured. This well is
shared with Control Pattern 3.

21



-., ,. - -.. .
I ame 0. uxmnuea

34-10No. 1 2 Positive 011productiondeclined until Sep. 1997,at which time
it increasedand the WOR declined. This well is
shared with Control Pattern 2.

10-8NO. 1 3 None This well had mechanicalproblems. While oil
productiondid not show a positive response, there
were indications (aliphaticprofile and petrophysical
properties)that there had been a change in the
characteristicsof the produced oil suggesting new oil
was being recovered. WOR held steady.

11-6N0. 1 3 Positive This well had mechanicalproblems. Approximately
15 months afterbeginning the nutrient injection the oil
productionrate increasedand subsequently held
steady. WOR held steady.

11-4N0. 1 3 None This well continuedits natural decline. WOR slightly
increased.

2-11No. 2 4 Positive Approximately 13months after beginning the nutrient
injectiou oil production increaseduntil Jan. 1997
when well 2-11 No. 3 began producing and production
from well 2-11 No. 2 began to decline. Afier well 2-
11No. 3 was shut-in, in Aug. 1997,oil production
stopped its decliie. WOR remained steady.

2-3 No. 1 4 Positive This well had shown a positive response and oil
productionhad been consistentlyabove the projected
amount. Approximately24 months after beginning the
nutrient injectiom WOR began to drop sharply. This
well benefited from nutrient injection in Control
Pattern 1.

2-5 No. 1 4 None This well had continued on a mtural decliie until
approximatelyNov. 1996when production fell
dramaticallydue to the productionfrom newly drilled
well 2-5 No. 2. WOR continued to increase. This
well is a shared weli with Control Pat&m 1 and 4.
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Table 7. Ptionnance of Wells That Were Originally in Control Patterns.

WellNo. Pattern Responseto MEOR Remarks

35-13No.1 1 Natural Decliie 011productionrate continuouslydecreasedand
WOR slightly increased.

35-14No. 1 1 Abandoned Due to uneconomicalproductionrate

3-1No. 1 1,3, and 4 Natural Decline This well had continued its natural decline up until
Aug. of 1997when WOR began an appreciable
declinewhich may reflect a responseto nutrient
injection into two nearby injectors (34-16No. 1
and 2-4 No. 1)<

34-2No.1 2 Positive This well was exhibiting a natural decline until
July 1997at which time oil productionbegan to
increaseappreciablydue to nutrient injection into
34-7 No. 1. WOR declined.

34-6No. 1 2 Abandoned Due to uneconomicalproductionrate.

3-1 No. 2 3and4 Increasedoil not due The positive response in oil productionwas due to
to MEOR an increase in water injectiou not MEOR. WOR

fluctuateddue to refracturingof the well.

3-3 No. 1 3 Natural decline Oil productionhas remained essentially steady
since May 1995due to increasedwater injection
into Control Injectionwell 3-2 No. 1. WOR
increased.

3-9No. 1 4 Positive Oil production rate increased after the start of
nutrient injection in 2-12 No. 1 and 3-16 No. 1.
WOR leveledoff and declined.
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j“ Overall Performanceof Field Demonstration

.

In evaluating the overall performanceof the MEOR treatment in the field it must be remembered
that only four of the twenty injectorwells in the field received microbial nutrients before July 1997. Fluid
productionfor the field from Jan. 1992thru Aug. 1998 is given in Figure 7. During the period May 1994
thru Dec. 1998, total ofi production was 74,700 m3(470 MBO). Based on projectionsderived born the
period of Jan. 1992-Apr. 1994, oil production tim May 1994-Dec. 1998 shouId have been only 49,175 m3
(309 MBO). Of this 25,600 m3(161 MBO) of incrementaloil produ@ 14,563nf (92 MBO) were from
productionof the five new wells, thus leaving a total of 11,000m’ (69 MBO) of oil attributable to the
MEOR treatment.

Further, calculations based on production flom Jan. 1992thru Apr.1994 indicate that the field
would reach its economic limit of 238m3(1500 bbls) of oil per month in 63 months (from 1/1/98assuming
oil prices recoverto over $15/bbl). Based on the cumentoil productionrate, the remaining economic life of
the field is 116months. Thus, economicproductionwould last 53 months longer, exclusiveof any
additionalpositive response from continuednutrient injection into the ten test injectorwells. The expected
total project incremental oil recovery without any additionalpositive MEOR response is projected to be
94,600 m3(595 MBO).

5. PHASE IIL TECHNOLOGY TRANSFER

The last year of this project is devoted to analyzing data and to technology transfer. It is realized
of course, that technology tmnsfer is an on-going process. To date, the following papers have been
published.

Brow L.R, A.A. VadiGJ.O. Stephens, and A. Azadpour, 1996. Enhancement of the
Sweep Efficiency of WaterfloodingOperationsby the In-Situ Microbial Population of
Petroleum Reservoirs. Proceedings of the Fifth InternationalConferenceon Microbial
Enhanced 011Recovery and Related Biotechnologyfor Solving EnvironmentalProblems.
pp. 95-114

Vadie, A.A., J.O. Stephens, and L.R. Brow 1996. Utilization of Indigenous M1croflora
in Permeability Profile Modification of 011Bearing Formation, Proceedings 1996
SPE/DOE Tenth Symposium on Improved Oil Recovery. Tulsa OK. pp 459-471.

Azadpour, A., L.R BrowrLand A.A. Vache. 1996. Examination of Thirteen Petroliferous
Fomnationsfor Hydmcarbon-Utilii Sulfate-ReducingMicroorganisms. Journal of Ind.
Micro. 16_263-266.

BrowILL.R., A.A. Vadie, and J.O. Stephens, 1998. Going underground to spy on MEOR
microbes and finding many MEOR barrels of incrementaloil. “The Class Act”, DOE’s
Reservoir Class Program Newsletter. Vol. 411, Winter 1998.

A review of the project was published in “Core” in Nov. 1998. [Core is a publication of the Water
Resources Research Institute of Mississippi.]

Prepared an update on the results of the project for Dr. Herb Tiederman of DOE for testimony for
Congress.
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In addition to presentationsmade at the Annual Contractor review sessions with DOE, the
following presentationshave been made.

Brow L.R., A.A. Azadpour, and A. Vadie. 19%. Microbial Activity in Petroleum
Reservoir Formations. Presented at the Society for IndustrialMicrobiology Meeting held
in the Research Triangle, N.C. in Aug. 1996.

Brow L&AA. Vadie, J.O. Stephens, and A. Azadpour, 1996. Enhancement of the
SweepEfficiency of WaterfloodingOperationsby the In-Situ Microbial Population of
Petroleum Reservoirs. Presentedat the FifMInternationalConferenceon Microbial
EnhancedOil Recovery and Related Biotechnologyfor Solving Environmentalproblems.

Vadi&A.A., J.O. Stephens, and L.R. Brow 1996. Utilization of Indigenous Microflora
in PerrneaMii Profile Modificationof 011Bearing Formation. Presented at the 1996
SPE/DOE Tenth Symposium on Improved Oil Recovery. Tulsq OK.

BrowrLL.IL, 1998 presenteda seminarto the Biology Dept. of the University of Nevada
at Las Vegas entitled “Using Microorganismsto Improve 011Recove&’ on March 13,
1998.

BrowrLL.R. 1998 made a presentationto the Southern Great Lakes Local Section of the
Society for Industrial Microbiology on Oct. 10, 1998at Michigan State University.
“MicrobialEnhanced Oil Recovery”.

Browr+L.R and AA. Vadiemadea presentationon Microbial Enhanced Oil Recovery at
the Society of Petroleum EngineemLos Angeles Basin Section in Long Beach CA in Nov.
1998.

Stephens, J.O., L.R Brown and AA. Vadie 1998made presentationsat the Petroleum
Technology Transfm Council Workhop held in JacksoQ MS on Nov. 4, 1998,“Microbial
EnhancedOil Recovexy:North Blowhorn Creek Unit Black Wanior BasiILNorthwest
Alabama” This presentationwas sponsoredby the Petroleum Technology Transfer
Council.

Letters have been sent to PTTC regional directorsoffering our services fbr a workshop on the
project. Additionally, similar lettershave been sent to a large number of oil companies making the
same offer.

There also have been a number of cases where we have engaged in technology transfer on a more
or less one-on-one basis. For example,L.R Brown and A.A. Vadie had several hours of
discussionwith a group from TidlandsCMCo. when in Long BeaclLCA. Also, material on our
findings were sent to pemonnd at Chevron Pet. Tech. Co. as a result of the presentation.

A numberof individuals throughout the country have inquiredby phone and e-mail and appropriate
responseshave been made.

Arrangements are beiig made to make a presentationto the DOE, NPTO 1999Oil and Gas Conf.
to be held in Dallas June 28-30, 1999.
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Figure Al. Petiormance of well 2-11 No.1 (TP 1, TP 4, and 2-10 No. 2 Nutrient Injectors).
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Figure A2. Performance of well 2-15 No.1 (’T’P1 and 2-10 No. 2 Nutrient Injectors).
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Pefiormance of well 34-7 No.2 (TP 2 and 34-7 No. 1 Injectors).
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Figure A6. Pefiormance of well 34-16 No.2 (TP 2 and 34-16 No. 1).
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Figure A7.
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Performance of well 34-15 No.1 (’IT 2 and 34-16 No. 1 Nutrient Injectors).
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Figure AS. Performance of well 34-15 No.2 (T!P2).
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Figure Al 1. Petiormance of well 11-6 No.1 (’I’P3).
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Figure A12. Performance of well 11+ No,l (TP 3).
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Figure A13. Petionnance of well 2-11 No.2 (TP 4 and 2-10 No. 2 Injector).
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Figure A14. Performance of well 2-3 No. (TP 4 and Converted Control Pattern 1).
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Performance of well 2-5 No. 1 (TP 4 and Converted Control Pattern 1).
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Figure A17. Performance of well 3-1 No.1 (2-4 No. 1 and 34-16 No. 1 Nutrient Injectors).
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Figure A18. Performance of well 34-2 No.1 (34-7 No. 1Nutrient Injector).

41



.b
N

BBLS/MONTN MCFIMONTH

WAIEWOIL RATIO

z
o
L

BBLWMONIH MCF/MONTN

WA7WVOIL RAl10



.5

a
w
.

Inktlon Rate BBL.shmnth



12,000

10,OOO

moo

6.MO

4,000

2,000

0

+PSI+RATE

Figure A23. Performance of injection well 34-9 No.2 (IT 2).
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Figure A24. Performance ofinjection well ll-5No.l(TP 3).

44



22,000

20,CQ0

18.000

16,W0

14,CQ0

12,000

10,004)

8,W0

6,000

4.000

2.000

+P81 *RATE

Figure A25. Pefiormance of injection well 2-6 No.1 (TF 4).
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Figure A26. Performance of injection well 2-4 No.1 (was injector for CP 1).
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Figure A29. Performance of injection well 2-12 No. 1 (not in original program).
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Figure A30. Petionnance of injectionwell 3-16 No. 1 (not in original program).

47



+PSI+RATE

Figure A31. Petiormance of injection well 2-10 No. 2 (not in original program).
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