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MICROBIAL ENHANCED WATERFLOODING PILOT PROJECT
MINK UNIT, DELAWARE-CHILDERS (OK) FIELD

By R.S. Bryant1,T.E. Burchfield1, D.M. Dennis2, and D.O. Hitzman3

ABSTRACT

The first microbial-enhanced waterflood field project sponsored by the U.S. Department of Energy (DOE),

Microbial Systems Corp. (MSC), and INJEffI_CH, Inc., and being conducted in cooperation with the National

Institute for Petroleum and Energy Research (NIPF_R)was initiated in October of 1986. One of the major goals of

this project was to develop a technology that could be implemented by independent oil producers; thus, the field site

chosen for the pilot test was representative of a mid-continent waterflood operation with stripper wells. The

methodology for designing and optimizing microbial enhanced oil recovery (MEOR) field technology has yet to be

established; however, literature information and experience with MEOR processes indicate that certain procedures are

necessary to implement a microbial waterflooding process.

The site selected for the project is in the Mink Unit of Delaware-Childers field in Nowata County, Oklahoma.

This field is typical of mid-continent reservoirs in the United States. The pilot area consists of four adjacent inverted

five-spot patterns drilled on 5-acre spacing. There are 21 injection and 15 production wells on this pilot. Four of the

21 injection wells were treated with NIPER's microbial formulation.

Laboratory screening critc.riawere developed to evaluate microorganisms for this project. Several different

microbial formulations were tested in Berea sandstone cores with reservoir fluids to determine oil recovery efficiency.

Baseline monitoring of oil production was conducted to establish pre-pilot conditions, and fluid samples were

collected on a weekly basis from producing wells.

Injectivity and microbial field survivability tests were conducted during the baseline period on two off-pattern

wells, and a chemical tracer, fluorescein, was injected into the four injection wells during the baseline period. Tracer

was observed in production wells about 1.8 years after injection, which corresponded reasonably well with the tracer

breakthrough predicted from simulation studies.

Methodologies for field applications of microorgalfisms in ongoing waterfloods were developed as a result of

this project. Results from the field pilot showed that microorganisms could be injected into an ongoing waterflood.

1National Institute for Petroleum and Energy Research, Bartlesville, OK.
2Microbial Systems Corporation, Claremore, OK.
3INJECTECH, Inc., Ochelata, OK.
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without causing any problems in injectivity. Microorganisms were injected only at the onset of the project, while

molasses was injected daily for 2.5 years. Routine injection well backflushing continued to show that the injected

microorganisms are thriving in the reservoir. Some of the injected microorganisms were detected at producing wells

32 weeks after injection, which was probably a result of microbial transport through low-volume, high-permeability

stringers in the formation.

Microbial treatment did improve oil production rate, and water/oil ratios for producing wells nearest the

microbiaUy treated injection wells continue to be more favorable than baseline values. The results from this test are

encouragingthat microbial-enhanced waterfloodingcan be applied by independentproducers.

INTRODUCTION

A microbial-enhanced waterflood fieldproject sponsored by the U. S. Department of Energy (DOE), Microbial

Systems Corp. (MSC), and INJECTECH, Inc., and being conducted in cooperation with the National Institute for

Petroleum and Energy Research (NIPER) was initiated in October of 1986. The purpose of the project was to

determine the feasibility of injection of a microbial formulation in a mature, ongoing waterflood, and if such an

injection could increase oil productiont_.te.

A DOE Fossil Energy report, "Oil Research Program Implementation Plan" has stressed the need for near

term oil recovery activities by independent petroleum producers for declining oil fields and stripper wells. 1

According to that sttxly, these activitiesare particularly important because independent operators produce about 40%

of the total oil recovered in the U.S., but cannot conduct need,-d EOR research. Microbiul methods for improving oil

recovery are potentially cost-effective and particularly well suited for today's economic climate. The technology is

flexible,relatively inexpensive, and can be applied by independent producers. Microbial formulations can be applied

in a variety of methods including well simulation treatments, permeability modification treatments, and microbial-

enhanced waterflooding. Well stimulation treatments are relatively inexpensive and easy to implement and can

provide rapid recovery of nominal investment costs. Microbial-enhanced waterflooding has significant potential for

increasing production from aging oil fields that are currently under waterflood. The incremental cost for _njecting

microbes and nutrient is relatively small in an existing waterflood, which may make this recovery method applicable

at low oil prices when more expensive methods are not economically feasible.

The concept of the use of microorganisms to recover oil from depleted petroleum reservoirs is not new. Field

and laboratory research has been performed, and patents have been granted for this technology since the late 1940s.

Early microbial enhanced oil recovery (MEOR) patents by Zobell,2 Hitzman,3 and Updegraff and Wren4 described

the use of microorganisms in reservoirs to produce chemicals that could help to mobilize oil. Several literature

reviews on MEOR have been published.5-8

2



Laboratory research has demonstrated that products from microbial fermentation of nutrient can change the

chemical and physical properties of oil, selectively plug high-permeability zones to improve sweep efficiency, and

increase wellhead pressures in single-well injections. Some microbial species can also significantly improve oil

productionby helpingto remove suspendeddebrisandparaffinsfrom the nearwellbore region.
J

Microorganisms most commonly used for MEOR field processes are species of Bacillus and Clostridium.

These species have a greater potential for survivalunderpetroleum reservoir conditions than other species because

they producespo__s. Spores are dormant, resistantformsof the cells thatcan survive more stressful environmental

conditions. Clostridium species produce surfactants, gases, alcohols and solvents; whereassome Bacillus species

producesurfactants,acids,andsome gases. There arealso speciesof Bacillus thatproducepolymers.

Inmicrobial enhancedwaterflood applications,it is importantthatthe microbes be capableof moving through

the reservoir matrix and producing chemical productsthat can mobilize oil. The relative ratesof transportof the

nutrientand microorganisms will affect the injectionstrategyanddesign of the microbial system.

A microbial treatmentrequires careful design and soundreservoir engineering p_actice,as does any enhanced

oil recovery (EOR) method. The methodology for designing and optimizing MEOR field tests has yet to be

established; however, the literature and laboratory experience indicate that certain procedures are necessary to

implement a microbial-enhancedwaterflood. Thi_ particularfield experiment was designed to use microorganisms

that produced chemicals (surfactants, gases, alcohols, and fattyacids) for improvedoil mobilization and had the

ability to transportthrough porous media.

FIELD TEST DESIGN

Since one of the major goals of this project was to develop a technology that could be implemented by

independent oil producers, one of the criteria was that the field site chosen for the pilot test should be representative

of a mid-continent waterflood operation with stripper wells. The methodology for designing and optimizing MEOR

field technology has yet to be established; however, the literature and experience with MEOR processes indicate that

certain procedures are necessary to implementa microbial waterflood.

Characterization of the target reservoir is important in designing an MEOR treatment. Microbial treatments

can be designed to mitigate channeling and problems with variations in permeability in pay zones. Well log

analysis, pressure-transient testing, spinner surveys, and tracer studies can be helpful in idemafying channeling or

high-permeability streaks in selected reservoirs. Chemical tracer tests can also be useful in identifying directional

flow characteristics.



The mineralogy of the rock formation should be characterized by core analysis. The presence of clay minerals

in the pores of the rock matrix may increase retention of microbes either by attachment or by filtration. Clay

minerals distributed in the pores of the rock matrix nlay also adsorb surfactants and solvents that are being produced

by the microorganisms and decrease the recovery efficiency of the process. In carbonate rocks or sandstone

formations containing carbonaceous cementing material, the injection of acid-producing microbes may increase

permeability. The effects of rock mineralogy on transport of microbes have not been established but could ber

important in understanding why plugging has been observed in some field applications.

For microbial treatments, reservoirs should meet some minimum requirements (table 1). Each reservoir has

some variation in indigenous microbial populations; therefore, it is necessary to examine the produced water and oil

for indigenous microorganisms. These organisms may have an adverse effect on the injected microbial system, or

they may be beneficial. The presence of microorganisms in porous media or in injected nutrients will affect the

performance of injected microbial systems. 9-10 Some microbes can overgrow and totally eradicate injected

microorganisms. Most microbial systems used in prior field tests have been microbes originally isolated from

petroleum reservoirs, which can then be adapted to the temperatures, pressures, and salinities normally encountered in

a reservoir environment.

Care must be taken when nutrients or sulfate-containing waters are injected in the field to ensure that

indigenous sulfate-reducing bacteria (SRB) are either not stimulated or are overgrown by the injected microbes. If a

high concentration of sulfate is known to be present in the connate water, then there is a great potential for SRB, and

the compatibility of the injected microorganisms must be tested with them. SRB can produce hydrogen sulfide. The

deleterious effect of SRB has been well documented by studies of wells that have become soured by microbial

action. 11

As with any EOR application, the production history and characteristics of the reservoir should be studied

before microbial treatment (table 1). Fluid samples should be collected and analyzed for trace nutrients such ag

nitrate and total dissolved solids concentration. Compatibility testing of fluids must be performed with cores under

the ._n'le conditions of temperature, pressure, and salinity as those in the reservoir of interest, These tests will also

yield e_timates of oil recovery efficiency. If Berea sandstone cores are used, efforts must be made to match the

permeability of the target reservoir. Reservoir cores should be used if at ali possible to duplicate the properties of

the formation. Chemical tracer tests are needed to identify channeling in the reservoir so that the microbial system

can be designed to improve sweep efficiency.
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TABLE 1 - Screeningcrite_4.aforapplicationof MEOR processes inoilfields

Parameter Recommendedrange

Salinity < 10%sodium chloride; totalTDS maybe higher

Temperature/depth < 170° F; < 8,000 ft

Traceminerals < 10-15 ppm of arsenic, mercury, nickel, selenium,
copper

Reservoir rock permeability > 50 millidarcies, unless highly fractured

Indigenous microorganisms Compatible with injected microorganisms in selected
MEOR process

Crude oil type > 15 °API; not enough information available yet for
heaviercrude oils

Residual oil saturation > 25% ; may be some exceptions

Well spacing < 40 acres; a response can generally be seen sooner
on closer well spacing

Very little research has been done on the effects of refeeding or reinjecting microorganisms once they are in

piace in the reservoir. We have reported that additional nutrient injection after initial injection improves oil

recovery. 12 Another area of concern is the quality of the injected nutrients. Grula13 reported major differences in

the composition of molasses, which affects microbial growth and activity; therefore compatibility testing with the

nutrient to be used in the field must be done. Molasses with high fiber content can cause plugging of injection

wells. Molasses should also be analyzed for any high concentration of trace metals that may be toxic to the injected

microbes, and quality control of the molasses must be maintained in the field.

Other criteria for successful MEOR field tests are monitoring and follow-up at'ter results are obtained. Off-

pattern wells should be monitored to ensure that migration of the microorganisms does not occur, to protect other

nearby formation sites. If any fresh water aquifers are in the area, they should be monitored. No aquifers were near

this particular project. Only by consistent monitoring of the microbial process can a credible evaluation be made. A

highly desirable characteristic of the microbial system to be injected is that it is distinguishable from indigenous

microorganisms present in the reservoir. If this is the case, then the injected microorganisms can also serve as a

tracer.

Field Site Selection

After reviewing ali laboratory and field data on MEOR processes, the site selection criteria were chosen for

this particular field experiment. More than 30 waterflood projects in the Bartlesville, Oklahoma, area were evaluated
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as potential candidates for the project based upon the reservoir criteria given in table 1 and other desired

characteristics, including:

1. Low brine salinity (i.e., less than 100,000 ppm)

2. Indigenous microbial compatibility with selected microbes from NIPER's microbial culture

bank

3. Established oil production decline rate

4. Reasonably uniform water injection rates

5. Favorable well spacing and pattern

6. Availability of reservoir and oil production data

Many waterflood projects in the area met criteria listed in table 1; however, only a few waterfloods had 5-acre

spacing instead of 10-acre spacing. We selected those that had the shorter spacing and continued the ,screening

process. When we had narrowed the number of potential candidates to three, brine and oil samples were taken to the

laboratory and indigenous microbes were checked for compatibility with selected microbes from NIPER's culture

bank. Samples from ali three waterfloods showed that the microbes were compatible; however, a B & N Oil

Company waterflood in the Mink Unit of Delaware-Childers field used fresh water from the Verdigris River, and this

flood was chosen because the selected microorganisms tend to grow better at lower salinity. In many reservoirs with

higher salinities, it may be desirable to test the indigenous microorganisms for any properties that may contribute to

improved oil mobilization.

The Mink Unit site, which includes both the Candy and Sallie Mink leases, selected for the project _slocated

in Delaware-Childers field in Nowata County, Oklahoma (figs. 1 and 2). This particular pan of Delaware-Childers

field was owned by B & N Oil Company when the project was initiated in 1986. The legal description of the Mink

Unit is Section 36, Township 27N, Range 16 E of Nowata County. Delaware-Childers field was discovered in 1906,

and by 1911 initial development was essentially complete. The field was produced by primary methods until 1925

when air injection was initiated, and by 1932 air injection was used field-wide. By the 1940s, the field was

approaching the economic limit, and waterflooding was begun. By 1945, four small waterfloods were in operation

in less prolific areas of the field. During the next 10 years, many waterfloods were iniated throughout the field.

One waterflood, initiated in March 1954, was the Sinclair Oil and Gas Company's Tanner Flood. This project

encompassed about 1,200 acres and included the Mink leases, the site of the microbial field experiment. Surface

water from the nearby Verdigris River has continued to be the source water for this flood since its initiation. The

flood has been in continuous operation, although under various owners, to the present time. Fortunately, more field

information exists than would n_c_rmallybe expected for a shallow field which has been producing for over 80 years.
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This results, in part, from the field size, pioneering secondary recovery efforts, and the close proximity of a

petroleum research facility, founded in 1917as the Bureau of Mines Petroleum Experiment Station, in Bartlesville,

Oklahoma.

Reports from the Bureau of Mines provided relevant information about the Mink leases.14-16 One report14

shows that most of the Mink leases were developed after primary production was depleted. Another 1955report15

lists the production history of the Sinclair-Tanner Flood (annual totals for the 1,200 acres, but not by lease).

Drilling/completion reports for about 75 wells on the Mink leases, many of which have since been plugged, were

obtained from NIPER's Oklahoma Well Log Library. B & N Oil Company provided core analyses, from cores

drilled in 1935 and 1936, from several wells on the Mink leases. Using ali available information about the Mink

Unit, a net pay isopach map was constructed (fig. 3), an estimate of initial oil saturation was made, and the

production history for the unit was determined from initial development to 1952. Actual lease production records

from 1953to the present have been available for continuing this production history.

The Mink leases were determined to have an average porosityof 20%, an initial average oil saturation at the

start of the project of 32.6%, and a combined net pay bulk volume of 2,900 acre-feet. The estimated cumulative oil

production from the two leases has been 341,217 bbl through 1986. The project area has a surface area of 17.78

acres and a net pay bulk volume of 516 acre-fee_

In 1988, as a result of the sale of this oilfield, cores were drilled on the Mink Unit and Brown leases of this

field, and the resulting information was provided by the new owners to NIPER. Figures 4 through 6 show the oil

saturation, brine permeability, and porosity reported for cores from the well drilled in the Mink Unit. The average

oil saturation of the Mink Unit core was 31.9%, which corresponded toour predictions that had been based on earlier

core reports and production history. The average permeability is 90 millidarcies, which was higher than some of the

earlier core analyses, and the average porosity is 19.1%.

With an estimated irreducible oil saturationof 25%, the recoverable oil within the leases by waterflooding

was 76.3 bbl/acre-foot or about 40,000 bbl in the pilot area, at the initiation of the microbial field project. The

Mink Unit covers a 160-acre area of which 110 acres are productive and contain 21 injection wells and 15

production wells drilled on 5-acre spacing (fig. 1). Only one of the producing wells is being pumped. Well

completions are open-hole. The average reservoir properties are listed in table 2.
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TABLE 2. - Reservoir properties for Mink Unit

Formation ...................................................................................... Bartlesville Sandstone
Depth, ft ........................................................................................................... 600
Average net pay thickness, ft .................................................................................. 30
Average permeability, md ..................................................................................... 90
Porosity, % ....................................................................................................... 20
Average formation temperature, ° F (range 65 to 80).................................................... 75
Number of injection wells ...................................................................................... 21
Number of production wells .................................................................................... 15
Average water injection rate, bbl/day ........................................................................ 40/well
Average injection pressure, psi .................................................................. ............. 530
Average oil production, bbl/day ................................................................................ 6.4
Oil gravity, o API.................................................................................................. 34
Oil viscosity, cP @ 77° F ........................................................................................ 7
Total dissolved solids of injection water, %................................................................. 0.03
Average total dissolved solids of produced water, %...................................................... 0.5
Average oil saturation_ % (_atstart of project) .............................................................. 30

Reservoir Characterization

The Mink Unit contains the Sallie and Candy Mink leases. Net pay thickness in Mink Unit decreases from

approximately 40 ft to less than 10 ft in a northeasterly dir-x:tion from _ae southwest corner of the unit. The

original oil in place is estimated from historical oil production r_ord_, to be 1,666,000 bbl of which 341,000 bb4

had been produced as of the end of 1986. The remaining 1,325,000 bbl of oil in place in the 2,900 acre-foot of net

pay yield an average oil saturation of approximately 460 bbl/acre-foot (30%). The annual oil production rate from

the Mink Unit has remained relatively constant since 1982 (fig. 7).
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The pilot site for the project was four adjacent inverted 5-spot patterns within the Mink Unit (fig. 2). The

pilot site covers an area of 17.8 acres and a net pay volume of 516 acre-fooL The pilot area has four injection and

eight production • ells. In addition, two off-pattern wells (C-BP-2 and S-AP-4) were monitored as part of this

project. Before beginning the microbial waterflood, ali possible efforts were made to ensure that no changes in
-I

operating conditions or procedures occurred during the pilot test. The normal procedure of backflushing ali injection

wells e,,_h week was continued.
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FIGURE 7. - Mink Unit historical oil production.

FIELD OPERATIONS

Baseline Data

The sequence of events in this project is briefly outline,5 in figure 8. Field sampling began in November

1986, and continued to March 17, 1987. The data from these baseline studies sl ,wed that the total dissolved solids

(TDS), pH, oil viscosities, and microbial counts were consistent during this period. Field dala, including injection

pressures and volumes, oil production rate, and water/oil ratior ali remained fairly con._tant during the baseline

monitoring period. Since this waterflood had been ongoing since 1953, it is not surprising that the data from the

individual wells and the field remain consistent. The same source of injection water, the Verdigris River, has been

used since the initiation of the waterflood. The TDS of the produce_ water from each production well and each

injection well remained constant to within + 0.01%. The pH of the samples remained between 6.4 and 7.0, and trace
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SEQUENCE OF EVENTS

10/1/86- SELECTED SITE

10/1/86 - 3/17/87 - MONITORED FOR BASELINE VALUES

10/1/86 - 3/17/87 - MICROBIAL LABORATORY TESTING

1/87 AND 3/5/87- INJECTED FLUORESCEIN TRACER

2/5/87 - SINGLE WELL INJECTION TESTS

3/17/87 AND 3/24/87 -INJECTED MICROORGANISMS/MOLASSES

4/5/87- INJECTION WELLS ON LINE - BEGIN INJECTING MOLASSES
i

4/5/87 - 12/89- MONITORED MINK UNIT lr

FIGURE 8. - Sequence of events in the Mink Unit project.

mineral and ion analyses indicated no marked changes in concentrations of the following ions: sodium, calcium,

magnesium, strontium, barium, carbonate, hydroxide, and phosphate. The microbial counts from the producing

wells were consistent throughout the monitoring period. The counts were very low, and ranged from 0-100 cells/mL

in the producing wells. Sulfate-reducing bacteria were consistently present at low levels in the tank battery water and

intermittently present in the plant injection water. There were sporadic occurrences of sulfate-reducing bacteria in the

produced waters. The tabulated data from the baseline studiesare compared to the results after microbial treatment in

the Results section of this report.

Field data were also monitored during the baseline period. Individual producing well water/oil ratios (WOR),

injection plant and injection well pressures, and oil production rates were tabulated for the baseline monitoring

(table 3).
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TABLE 3. - Baseline field data for the Mink Unit, Oct 28, 1986- March 17, 1987
ii i

Week Plant inj. pressure, Well inj. pressure, Oil production,
psia psia bbl/wk

i i i i

0 - - 41
1 - - 42
2 - - 39
3 - - 45
4 540 530 39
5 - - 38
6 - - 38
7 - - 42
8 536 526 39
9 - - 42

10 - - 40
11 - - 42
12 538 525 44
13 - - 48
14 - - 45
15 - - 47
16 551 534 37
17 - - 44

During the baseline period, two single-well injectivity/survivability tests were conducted with two microbial

formulations. These single-well tests provided valuable information about the ability of the microbial formulation

under actual reservoir conditions and showed that no plugging or increase in injection pressures occurred

microorganisms and molasses were injected.

Chemical Tracer Study

chemical tracer study was implemented during this baseline period (December, 1986) todetermine: (1) the

patterns of the injected fluids in the Mink Unit; (2) if any gross channeling existed; and (3) if there, was

communication among ali producing wells and the four treated injectors.

Fluorescein was tested in the laboratory with the microbial formulation and reservoir fluids and found to be

compatible under reservoir conditions; therefore, it was chosen as the chemical tracer. On Jan. 13, 1987, 27 bbl of a

solution at a concentration of 714 ppm was injected into wells S-BW-2 and S-BW-3, respectively; and

5, 1987, well C-DW-2 was injected with 5.2 bbl of 302 ppm fluorescein, and S-AW-3 was injected with

210 ppm fluorescein solution. Sampling of each producing well was conducted daily for the first 5 days

tracer injection, then biweekly sampling continued until no fluorescein was detected in the production wells.
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Samples were protected from light and transported to NIPER where the fluorescein concentration was determined

using a spectrophotometric method.

The fluorescein concentration curve was plotted against time for each producing weil, and these results showed

that there was communication among ali of the wells since every well showed some fluorescein response. There did

not appear to be gross channeling because the response persisted for a reasonable period of time (2 months) before

leveling off to below the detection limit of 100 ppb. The area under each curve was integrated, and a value was

obtained. This value was divided by the average number of barrels of produced fluid for that weil, and the wells were

ranked accordingly (table 4). The tracer studies seemed to indicate a northeasterly flow pattern (fig. 1) because wells

C-CP-1 and C-CP-3 and S-AP.4 received fluorescein in greater amounts and more quickly than the other wells, The

middle weil, S-AP-2, received the highest _anountof fluorescein, which was expected since this well is affected by

ali four injection wells.

TABLE 4. - Fluorescein response from Mink Unit tracer injection

Well Area of integratedcurve Avgproduced fluid Ratio*
ppb. days bbl/d

C-BP-2 2,900 169 17.2

S-BP-2 2,5'75 115 22.4

S-BP-1 4,250 168 25.3

S-P47R 6,087 193 31.5

S-BP-3 1,225 36 34.0

C-CP-1 2,792 43 64.9

S-AP-1 8,350 76 109.9

C-CP-3 6,525 56 _16.5

S-AP-4 5,145 43 119.7

S-AP-2 3,852 27 142.7

*Area Ofintegratedcurve/avgproduced fluid

Fluorescein was again observed about 1.8 years after injection (table 5 and fig. 9). The persistence of this

response seems to indicate that the tracer had just transported through the matrix of the formation, and that the earlier

response of tracer was due to low-volume, high-permeability streaks in the formation. Of the wells sampled, the

fluorescein appearance again indicate a northeasterly flow pattern, because C-CP-1 and C-CP-3 showed fluorescein in
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ameuals, as did S-AP-2, the middle weil. Well S-AP-1 was sampled only twice, and probably is not

represeatative of its true tracer appearance.

TABLE 5. -'fracer appearance in the Mink Unit during 1988-89 sampling (Ali values are in ppb)
ii ii ii

Weeks Pose S-P47R S-AP-2 C-CP- 1 C-CP-3 S-BP- 1 S-BP-2 S-AP- 1
Inj.

i i i

9O 0 .1 0 0 0 - -
94 100 - 0 0 0 - -

95 100 100 180 150 - -

99 0 250 100 100 0 - -

101 280 100 - 0 - -

102 100 150 - 150 325 - -

103 100 0 100 500 120 - .

104 100 0 100 - 225 -

105 100 0 100 100 .

106 100 0 0 100 100 0

107 0 0 0 100 100 375
108 100 100 175 100 - 200 100

109 0 0 0 225 0 0 -

110 0 275 0 100 200 0 150

111 0 0 0 50 50 -
112 0 - - -

113 - 0 0 100 0 -

114 0 275 100 0 500 125
ll5 100 . . .

116 - 0 0 300 0 100 .
117 0 0 130 - -

119 100 - . .

Either no sample was available, or sample was too turbid to measure.
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FIGURE 9. - Tracer a_ce in Mink Unit producers in 1987 m_d1989.

The tracer results obtained are consistent with reports from a miceUar-polymer pilot conducted on a neau'by

lease. 17 Chemical tracers (ammonium thiocyanate and isopropyl alcohol) were used in that study; however, no

bre_through of the tracers was ever detected in the produced water. Later, after injection of the micellar-polymer

solutions, polymer was detected in off-pattern wells to the northc,'astof the pilot site, which indicated a directional

permeability flow from the southwest to the northeast. The Bartlesville sandstone is a Cherokee Group,

Desmoinesian Series, Middle Pennsylvanian System fluvial-dominated deltaic deposit.18 Ultimate recovery of oil

from reservoirs in the Cherokee Group is affected by facies, be,ridingboundary and other permeability barriers, and

diagenetic changes. Because of these factors, permeability trends such _s those observed in Delaware-Childers field,

would be fairly common.

I LABORATORY SUPPORT

Laboratory Design of the Microbial System

In addition to the field pilot test (SGP-13), a laboratoryMEOR research program (BE3) sponsored by the

U.S. DOE has been in progress at NIPER for the past several years. Both projects are part of NIPER's integrated

programto developand applyMEOR technology to increase our Nation'sreserves of crude oil. A key result from

these programsis the developmentof a microbialculture bankconsisting of different types of microorganismsthat

can improveoil mobilizationundera wide varietyof conditions.
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Based on re,suits from the above programs,a set of conditions was established for the microbial formulaticn

for the field pilot. The optimized microbial formulation for this particularfield application must have several

characteristics:

1. Be able to survive and "out-compete"indigenousmicroorganismsin the reservoir

2. Able to utilize inexpensive nutrientsfor growth andmetabolism

3. Have the ability to thriveand producethe desiredmetabolitesfor improvedoil mobilizationunder

reservoirconditionsof temperature,pressure,andsalinity

4. Possess the ability to transportthroughthe formationwithout increasingthe injectionpressure

5. Pose no threatto humansor wildlife, i.e,, nonpathogenic

6. Not produceany harmfulmetabolite, suchas hydrogensulfide

7. Able to be transportedto the fieldsafely and in acost-effective manner

Porous Media Studies

Studies haporous mediausing microorganismshave been conductedby NIPER researcherssince 1984. It has

been well-documented that microorganisms can increase oil production from Berea sandstone cores.6 Different

microorganismscan accomplish this by basically two mechanisms: (1) They can produce chemicals that improve

the microscopic oil displacement efficiency; or (2) They can produce polymers and/or biomass that can improve

sweepefficiency.

Various microbial formulations isolated by NIPER and INJECTECH, Inc. that satisfied the above criteria

were grown with reservoir fluids from the Mink Unit in orderto assess the compatibilityof the microbial species.

Those that appeared to be compatible underreservoir conditions were then tested in Be.reasandstone cores to

determine their ability to recovercrude oil. Data from several microbialcorefloods are shown in table 6. Several

microbial corefloods were conducted with the individual components of NIPER Bac 1: NIPER 1, NIPER 2,

NIPER 3, and NIPER 4. However, these corefloods were conductedbefore the initiationof this particularfield

project; thus, the molasses used was different from the molasses selected for the field tesL The results from the

earliercorefloodsdid show that the microorganismscould improveoil recovery in Bereasandstonecores. NIPER3,

the Clostridium species, showed excellent recoveryefficiencies (Er) in earliercorefloods. NIPER I did nothave as

great an Er as NIPER 2, even though they areboth Bacillus species that produce surfactants. However, when

assayed in severalcorefloods, NIPER 2 did notsurviveas consistentlyas the surfactantproducerthat had a recovery

efficiency of 25%; it was frequently overgrown by indigenous microorganisms. Since survival, as well as oil

recovery,were critical to the success of the project, both microbesNIPER 1 andNIPER 2 were selected for the field

test. NIPER 4, the last member of the microbialconsortium, is a copious gas producerand very motile, lt was

selected because of its ability to transportthroughporousmedia andbecause it was very compatiblewith the other
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members of NIPER Bac 1, Ali four of the above bacteria had been used in corellooding experiments for ,several

years, and no adverse effects such as plugging had ever been observed,

The other coreflood experiments used various microbial fo,-mulations from INJECTECH, Inc. These were

primarily Clostridium and Bacillus species. In the molasses to be used in the field, these microorganisms did not

thrive weil. INJECTECH microbes were originally isolated for higher salt concentrations; since we had selected a

freshwater flood, this may be a reason why they did not grow weil. lt was also suggested that perhaps the Mink

Unit injection water used for the tests contained a higher concentration of oxygen (> 5 ppm) than the strictly

anaerobic Clostridia could tolerate, lt was then decided to l_se NIPER Bac 1 for the field test. The composition of

NIPER Bac 1 is given in table 7.

Two coreflood tests were conducted using core samples from Delaware-Childers field with NIPER Bac 1 to

determine its oil recovery efficiency, Although these cores had not been preserved, they were somewhat

representative of the lithology of the formation.

TABLE 6. - Microbial coreflooding experiments for selection of microbial formulation

II I I

Cor, k,1 Microbes Amt Inj. pV,2 Sorwf,3 Sorcf4 ASor 5, Er 6,
Desig. md PV cm 3 %PV %PV %PV %

M947 332 NIPER 1 0.5 54.0 34,8 27.6 7.2 20.7
M687 180 NIPER 2 0.5 46.0 25.0 11.7 13.3 53.2
M697 134 NIPER 3 0.5 37.8 22.8 8.7 14.1 61.8
M777 344 NIPER 3 0.5 56.7 34.0 18.3 15.7 46.2
M44 7 304 NIPER 4 0.5 59.6 29.7 19.3 10.4 35.0
M617 293 NIPER 4 0.5 57.5 27.5 19.1 8.4 30.6

Bl27 271 NIPER BAC 1 0.2 57.7 34.7 30.4 4.3 12.4
B16A 7 362 NIPER BAC 1 0.2 140.0 35.7 31.9 3.8 10.6
HS2 353 NIPER BAC 1 0.4 568.2 37.8 29.5 8.3 22.0
MSC 10 214 INJECTECH 1 0,5 55.7 30.2 28.8 1.4 4.6
MSC 14 180 INJECTECH2 0.5 54.6 38.5 36.6 1,9 4.9
MSC 15 181 INJECTECH3 0.5 54.8 33.9 31.7 2.2 6.5
MSC 21 99 INJECTECH4 0.5 45.9 36.4 35.1 1.3 3.6
MSC 22 133 NIPER BAC 1 0.5 51.0 36.9 30.0 6.9 18.7
MSC 23 528 NIPER BAC 1 0.5 43.8 31.5 22.6 8.9 28.3
MSC 24 162 NIPER BAC 1 0.5 53.0 38.6 34.2 4.4 11.4
MSC 25 358 NIPER BAC 1 0.5 43.8 27.4 23.0 4.4 16.1

1 Absolute permeability to brine, mitlidarcies.
2 Pore volume of core.

3 Residual oil saturation in core after waterflooding.
4 Residual oil saturation in core after microbial treatment.

5 Sorwf" Sorer.

6 (Sorwf" Sorcf)/Sorwf x 100%.
7 These corefloods were flooded with molasses from Pacific Molasses Co.
8 Indicates core from Delaware-Childers field.
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TABLE 7.- Compositionof NIPERBac 1

I_ER No. Genusdesignation Oxygenrequirement Microbialproducts

NIPER 1 Bacillus licheniformis Facultafive1 S_u'factanLacids

NIPER 2 Bacillus species Facultative1 Surfaclant,acids

NIPER 3 Clostridium species Anaerobic2 Gases, alcohols,
acids,surfactant

NIPER4 Shewaneila3 species FacultativeI Gases,acids
iii=

1 Can grow with or without oxygen.
2 Canonly grow withoutoxygen.
3Tentativelyidentified,andnotconfimw.xL

The covefloodingprocedurewas as follows: CoreMSC 23 was evacuatedand saturatedwithbrine from the

Mink Unit. Core MSC 25 used pieces of core epoxied together and placed into a Hastier coreholder. An absolute

permeabilityto bri.-,,ewas determined to be 34.5 md. The cores were saturatedwith crudeoil from the Mink Unit

which hada viscosity of 7 centipoises, to an initial oil saturationof 67.7 and67.6%. respectively, and then flooded

with brineto a residualoil saturationof 31.5 and 27.4%. Intoeach core, 0.2 pore volume (PV)of NIPERBac 1 and

0.3 PV of molasses was injectedand allowed to incubateat 25° C for3 days. The cores werethen waterfloodedat 1

ft/d. A graph of the residual oil saturationfrom coreflood MSC 23 versus injected pore volumes of brine after

microbial treatmentis shown in figure 10. _ microbial treatmentrecovered28%of the residualoil remaining in

the core after waterflooding. Most of the oil was recovered before the first pore volume of fuid. This was

consistent with ourobservations in Berea sandstone cores.12We obtained a r,'..coveryefficiency (Fr) of 16.1%for

MSC 25, which was acceptable, particularlysince thiscore was pieced together and showed a permeability of 34.5

rod.The residualoil saturationvalues (31.5 and 27.4%)obtainedfor these cores corresponded reasonablywell with

the estimatedoil saturationvalue of 30%for the field. The oil saturationrange from the 1988 core analysis of the

Mink Unit was 18.6 to 43.9%; although the majorityof the core plugs showed saturationsfrom 30-35% (figure4).

The permeability valueof 52 md was within the range for the MinkUnit reported in core analyses; figure 5 shows

that most of the values were in the range of 30-100 rod. MSC 25 had a permeability of 35 rod, which may have

beena little lowerdue to the piecing together of coreplugs.
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FIGURE 10.- Residual oil saturation after microbial treatment of an unpreserved field core.

After the initial microbial coreflood experiment with the field core, core MSC 23 was flooded with several

pore volumes of brine from the Mink Unit, and then re-injected with a consortium of microorganisms isolated from

Mink Unit produced water. These microorganisms were characterized as being indigenous to the Mink Unit, and it

was important to determine if our microbial formulation, NIPER Bac 1, could survive and out-compete these

microbes in porous media. The indigenous microbial consortium was grown in 4% v/v molasses, 0.2 PV was

injected into the field core, and the core was shut-in for 3 days. A slug of NIPER Bac 1 (0.2 PV) in molasses was

injected, and the core was shut.in tbr another 3 days. The core was waterflooded, and the effluent was counted for

microorganisms and microscopically observed. The results showed that NIPER Bac 1 continued to thrive in the

presence of these indigenous microorganisms, even though the indigenous microbes also grew well inside the core.

Experiments witha simulated porous medium, etched-glass micromodels, were conducted to help optimize the

microbial formulation by visually observing oil mobilization by NIPER Bac 1. Correlations between microbial

coreflooding results and oil mobilization in these micromodels have been reported.18 A micromodel was saturated

with brine from the Mink Unit tank battery and flooded with crude oil from the Mink lea_s. The micromodel was

then flooded with plant injection water until nc iaore oil movement was observed (residual oil .saturation). NIPER

Bac 1 was injected, and the micromodel shut-in at room temperature for 3 days. The micromodel was then

waterflooded and video-taped using a video-enhanced microscopy apparatus, lt was observed that there were gas

bubbles produced during incubation of the micromodel, as well as some emulsification of the crude oil. When the

micromodel was waterflooded after microbial treatment, approximately 60% of the oil initially present was

mobilized.
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Prior work at NIPER has identified the mechanisms of oil mobilization by certain microbial formulations.

Mechanisms that have been shown tobe important include wettability alteration, emulsification, solubilization, and

alteration in interfacial forces. Recent experiments at NIPER have demonstrated that oil mobilization by microbial

formulations are not merely the result of the effects of the metabolic products from the in situ fermentation of

nutrient. 19-20 The localized transient concentrations of metabolic products produced by the cells at the oil-water

interface are probably a major key to oil mobilization. Although more work is needed to investigate this aspect, it

is believed that the presence of the cells in situ, as well as the combined production of surfactants, gases and

solvents, are required for successful microbial oil mobilization.

Toxicity and Muta__enicity Testin_

Tests for microbial pathogenicity of NIPER Bac 1were conducted atOklahoma State University. Mice were

used to test for pathogenicity of the microbial formulation, each individual microbial species, and the molasses.

Solutions containing the microbes and/or molasses were given both by oral ingestion and intraperitoneal (lP)

injection.21 For IP injection, a l-mL aliquot was used. For oral ingestion, the mice were deprived of water for 48

hours and then given access to the solution for a period of approximately 20 minutes. Ali mice were observed more

than 2 months, and no ill effects from ingestion or injection were ever noted. Pathogens of the genera Clostridium

and Bacilhtvproduce toxins that have incubationperiods of short duration.

The carcinogenic (cancer-causing) potential of many chemical compounds to which humans are exposed in

their environment is highly correlated with the ability of the compounds to induce mutation. A culture of NIPER

Bac 1 grown in 4% v/v molasses was filtered to remove the microbial ceils through a 0.45-micron syringe. The

resulting microbial product solution was submitted to the Ames test for detecting mutagenic chemicals. 22 The

Ames test, which is used as a prescreen for carcinogenic substances, relies on a series of nutritional mutants of

Salmonella typhimurium. The assay disk method of the Ames test was used by first placing a thin layer of agar

inoculated with Salmonella typhimurium over a base agar plate. The Salmonella typhimurium strain requires the

amino acid histidine. The medium contained only a very small amount of histidine, which should have allowed a

few cell divisions to occur. Filter paper disks saturated with NIPER Bac 1products, sterile water, and nitrobenzene

were placed equidistant on the soft agar. The water and nitrobenzene were used as positive and negative controls for

mutagenicity. A duplicate plate was prepared, and both plates were incubated at 37° C for 48 hours. Scattered

colonies appeared on the surface of both plates. A positive result would be indicated by a relatively high

concentration of colonies surrounding the disk. No increase in colony formation was observed surrounding the paper

disks with NIPER Bac 1 or molasses.
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Environmental Contingency Plan

Ali reasonable precautions were taken to ensure that there were no adverse effects on the environment from

conducting this microbial-enhanced waterflood field experiment. Ali injected materials were handled in closed

containers. A contingency spill plan was formulated by NIPER in the unlikely event of an unwanted microbial

contamination. Biocide was stored near the site to be used for killing the injected microorganisms. One of the more

beneficial aspects of MEOR technology is that if the microorganisms are not fed, they will disintegrate and die.

Molasses injection at this project site was discontinued September 23, 1989, and biocide was injected into the four

injection wells on the Mink Unit that had been microbially treated. No large population of injected microorganisms

was ever consistently observed at the Mink Unit tank battery. Although some of the injected microorganisms were

observed sporadically at Mink Unit production wells, it is believed that the microorganisms never reached the

production wells in sufficiently high population that would impact the environment.

Sin_le.Well In ieetlon Tests

In Febnmry, 1987, during the baseline period, two single-well injection tests using off-pattern wells were

performed to establish certain parameters before injection of the microbial formulation at the Mink Unit site. The

goals of these tests were: (1) to determine if any reduced injectivity resulted from microbial plugging; (2) to ensure

that the microbial consortium grew well under reservoir conditions; and (3) to develop adequate sampling procedures

for the project. An off-pattern injection well was injected with 26 gallons of NIPER Bac 1 (approximately

1.0 x 108 cells/mL) in molasses (4% v/v) and shut-in for 12 days. The well was backtlushed, and samples were

collected every 10 to 15 minutes until NIPER Bac 1 and molasses were detected. Samples were inoculated into

sulfate-reducing bacterial growth media to determine if sulfate-reducing bacteria were stimulated by introduction of

molasses and other microorganisms. Gas samples were assayed for hydrogen sulfide. Samples were collected, and

pressures were measured at another injection well nearby to serve as controls.

The results from these tests showed the following: (1) the injection rates and pressures of the microbially

treated well after the shut-in period were normal and comparable to the control weil, indicating no plugging had

occurred; (2) ali of the injectt,d bacteria in NIPER Bac 1 were detected in high numbers in the backflush .samples,

indicating that the microbes were still growing and metabolically active after 12 days of incubation under reservoir

conditions. No hydrogen sulfide (limit of detection was 5 ppm) was found in any of the gas samples, and no sulfate-

reducing bacteria were detected from any of the microbially-treated well samples, and (3) our sampling procedures

appeared adequate to measure gas and fluid from the injection and production wells.
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lniection of NIPER Bac 1 and Molasses

Twenty-six gallons (0.65 bbl) of the microbial formulation,NIPER Bac 1, were injected into each of the four

targeted injection wells, C-DW-2, S-BW-2, S-AW-3, and S-BW-3 (fig. 2). Wells C-DW-2 and S-BW-2were treated

on March 19, 1987, and wells S-AW-3 and S-BW-3, on March23, 1987. Twenty gallons of molasses diluted to a

concentration of approximately 4% was injected into each well periodically during the microbial injection. The

molasses and microorganisms were injected by means of a header bypass system (fig. 11). The header bypass

allowed injection water from the injection well to flow into the header, mix with the microorganisms or the

molasses, and then flow back into the injection weil. This system allowed adequate mixing and dilution of the

concentrated molasses, and since the ongoing walcrflood was used as the injection driving mechanism, no adverse

shearing effects on the microorganismsoccurred. The four treated injection wells were shut-in until April 3, 1987,

when water injection was resumed. The other 17 injection wells in the Mink Unit were still in operationduring the

shut-in period. After water injection was resumed, the injection wells were 5ackflushed to determine if microbial

activity could be ob_rved. Samples of water bacld'lushed from the treated injection wells foamed when shaken,

indicating suffacmnt production and that the microbial populations were viable. Subsequently, the four injection

wells received the equivalent of 2 gallons of undiluted molasses pcr well pcr day until September21, 1989.

FIGURE 11. - Injection header system used for the Mink Unit injection fluids.
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PROJECT EVALUATION

Sampling of the producing wells was conducted on a weekly basis. Samples were collected from a flowing

stream in sterile 4-oz flint glass bottles. Each bottle was filled completely and tightly capped. The samples were

taken to the laboratories and processed immediately. The parameters monitored after microbial injection are given in

table 8. The results for each parameter given are averages of samples taken during the period of April 3, 1987

through June 1, 1989, ,'

i

Microbial Coulats and Molasses Concentration

The microbialcounts have alwaysbeen surprisingly low for this particular field, particularlysince the source

wateris riverwater. Oil field brineanalyses were conductedof the reservoirfluids, and the resultsare presentedin

table 9. The micronutrients available for microbial growth (phosphate, nitrate, and sulfate) were very low in

concentration. The baseline _ounts averaged less than 100 cells/mL for most wells (table 10). During the test, the

microbial populations fluct_:ated greatly, yet on an average, were about 100 times higher after the microbial

injection. Some of the injected bacteria from the NIPER Bac 1 consortium were observed at 32 weeks post-

injection. Since that time, the same bacterium has been observed periodically from several pr')ducing wells.

Interestingly, the observation of NIPER 1, which formed distinctive volcano-like colonies, in the produci,_g wells

tends to correlate with the observation of fluorescein (figs. 12and 13). However, a large population of NIPER 1 has

never been consistently obse,wed inany producing well or the tank battery.

TABLE 8.- Monitored parameters for field test
ii ] H i] i ]]

Parameter Sampling frequency Location sampled

Total dissolved solids Weekly Eachproducer, plant water

pH Weekly Eachproducer, plant water

Surface tension Weekly Eachproducer, plant water

Oil viscosity Biweekly Eachproducer

Interfacial tensions Biweekly 'Eachpt_xlucer

Microorganisms Weekly Eachproducer, plant water

Molasses cone. Weekly Eachproducer, plant water

Microorganisms Monthly Each treated injector

Surface tension Monthly Each treated injector

pH Monthly Each treated injector

Gas analyses Every few months Randomly selectedproducers



TABLE 9. - Trace mineral analyses from Mink Unit water samples taken October 28, 1986
I i I _ --

Injection plant, Tank battery, Well S-AP-2,
mK/L mg/L m_/L

CATION
Sodium 12 1,183 3,176
Calcium 34 156 330

Magnesium 53 289 217
Strontium 0.4 30 20
Barium 0.2 134 144
Potassium 4.5 8.7 14
Iron 0.7 5 2
Copper <0.1 <0.5 <0.5
Zinc <0.1 <0.5 <0.5
Nickel <0.1 <0.1 <0.5

ANION

Chloride 17 2,037 5,294
Sulfate 15 12 12
Bicarbonate 135 1,450 1,800
Carbonate 0 0 0
Hydroxide 0 0 0
Phosphate <0.5 <2 <2

TD S 27.1...8 5)304.7 11)009

TABLE 10. - Average microbial counts for Mink Unit producing wells. Sampling average period was
OcL 28,1986 - March 17, 1987 for the baseline, and April 3, 1987 - June 1, 1989

ii iii iiii

Well Baseline, Post- MEOR,

...... cells/mL cellsthnL

C-BP-2 19 545

C-CP-1 42 2,316

C-CP-3 13 2,533

S-AP-I 50 819

S-AP-2 92 1,018

S-P47R 42 858

S-BP-1 64 636

S-BP-2 27 903

S-BP-3 99 678

S-AP-4 11 387

PLANT 5,595 5,603

,,TANK BATTERY ' (1) 5209

1Not sampled or counted before microbial injection.
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FIGURE 13. - Corresponding appearance of NIPER 1 in Mink Unit producers.

Sulfate-reducing bacteria (SRB) were monitored using lactate-based API sulfate broth, No significant changes

occurred in the SRB population after injection of the microbial formulation and molasses. Additionally, no "black

water" has appeared before or after injection from the production wells. The low SRB activity is probably a

reflection of the low sulfate content of the reservoir (< 15 ppm).
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Molasses was assayed in the production well waters using an anthrone carbohydrate assay, One week after

injection of the microbial formulation and molasses, molasses was detected in seven producing wells and the rank

battery. Interestingly, the injection wells had been shut in during this time period, The injection wells were turned

back on 2 weeks after injection, and molasses was subsequently fed twice a week to each of the four injection wells.

No molasses was detected in any of the produced water samples after 5 subsequent weeks of its initial appearance. At

week 7 of post-microbial injection, molasses sporadically appeared in a few production wells for about 4 weeks, glen

disappeared. The appearance of molasses early in the test indicated the presence of low-volume, highly permeable

streaks within the reservoir. The subsequent disappearance of detectable molasses indicated the establishment of a

microbial population that consumed ali of the molasses. The presence of the molasses occurred primarily in the

north wells of the pattern. This directional flow pattern observed with the molasses analyses con'esponded well with

the chemical tracer studies.

Total Dissolved Solids

The total dissolved solids (TDS) was measured weekly for every producing weil, the water from the Mink

Unit tank battery, and the plant injection water since the initiation of the baseline monitoring peri_xt (October,

1986). Table 11 shows the average values obtained for each well during the baseline and post-microbial injection.

The TDS values did not significantly change during the baseline and post-MEOR periods, and were well within the

s'tandarddeviations.

The pH of each sample was recorded for the baseline and post-microbial injection perkrds to determine ii'

microbial injection actually altered the pH of the produced water from the individual wells. Table 12 shows the

average of the values obtained during these monitoring times. The pH has not changed significantly since the

baseline averages. Although these microorganisms produce short-chained fatty acids such as acetic, propionic, and

butyric, these are relatively weak acids produced in such low concentrations that they are probably not lowering the

pH. During the backflushing of the injection wells, there seemed to be a significant pH effect, which will be

described further in this report. The dissolved oxygen content of the injected water for the Mink Unit was determined

to be 5 ppm.
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TABLE 11, - Total dissolved solids (TDS, %) from Mink Unit samples, Sampling average period
was Oct, 28 - March 17, 1987 for the baseline, and April 3, 1987 - June 1, 1989 for
the post-MEOR

Well Baselino Post-MEOR

C-CP-1 1,083 4-0,04 0,967 4-0.07

C-CP-3 , 1,120 4-0.01 1,074 ±0,06

S-AP-1 0,663 20. 3 0,660 4-0,05

S-AP-2 1,063 4-0,10 1,014 4-0.08

S-P47R 0,275 4-0.03 0,286 4-0.02

S-BP-1 0,479 +0,03 0,488 4-0.04

S-BP-2 0,557 4-0,10 0,520 _+0.04

S-BP.,3 0,478 4-0.02 0,498 -+0.03

S-AP-4 0,730 _+0,03 0,669 ±0.03

C-BP-2 0,656 _+0.02 0,666 _+0.05

PLANT 0,029 4-0,006 0,034 _+0,01

TANK B, 0,500 _+0,02 0,504 _+0,04

TABLE 12. - pH averages for samples taken from the Mink Unit. Sampling average period was
Oct. 28 - March 17, 1987 for the baseline, and April 3. 1987 - June 1. 1989 for
the post-MEOR

Well Baseline Avg Post-MEOR Avg

C-CP-I 6.60 :t:0.29 6.85 ±0.38
C-CP-3 6.53 5:0.18 6.83 _+0.31
S-AP- 1 6.63 +0.15 6.79 :_0.31
S-AP-2 6.52 +0.26 6.79 :t:0.34
S-P47R 6.53 +0.11 6.79 ±0.29
S-BP-1 6.65 +0.18 6.93 :ffl.33
S-BP-2 6.56 +0.21 6.94 -+0.36
S-BP-3 6.64 +0.30 6.92 +0.34
S-AP-4 6.55 +0.13 6.83 _+0.28
C-BP-2 6.62 4-0.26 6.82 +0.32
Plant 7.40 +0.09 7.48 ±0.29
Tm_kBattery 6.67 +0.28 6.90 ±0.36
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Surface and Interfacial Tensions

Surface tension measurements were conducted twice during the baseline period and weekly on water _mples

from the Mink Unit post.microbial injection. Interfacial tension (IF'I') was not measured during the ba_line period,

but measurements were initiated soon after microbial injection (May, 1987). Surface and interfacial tension were

monitored to provide some indication of microbial surfactant production. Tables 13 and 14 show the results from

these measurements. Note the decrease in surface tension and IFr for well S-P47R, the well closest to the

microbially treated injection wells. The low value at 38 weeks was probably due to surface active agents produced

by the injected microorganisms that traversed quickly through low volume, high permeability stress in the

formation. When the values for 1987, 1988, and 1989 are compared, it is interesting that the 1987 values are the

lowest, while the injection plant surface tension was higher in 1987 than in 1988 or 1989. The lower 1987 values

are not due to any injection water change from the plant, but rather the microbial injection. The Mink Unit _lk

baUerywas not sampled because an emulsion breaker chemical was added to the tank battery which affects the surface

and IFr measurements.

TABLE 13. - Interfacial tension values of Mink Unit producing wells. Weeks given are
post-MEOR injection. Ali values are reported in mN/m

Well 1987 1988 1989 Total avg.
38 wk 90 wk 109 wk

C-BP-2 8.97 11.03 11,93 10,64

C-CP- 1 8.53 9.63 11.78 9,98

C-CP-3 12.47 13.11 15.21 13.60

S-AP-1 10.01 12,02 14.06 12,03

S-AP-2 10.02 13.36 15.60 13.00

S-P47R 8.38 13,98 15.69 12,68

S-BP-1 9.65 11.06 12.16 10,96

S-BP-2 9.51 10.63 12.56 10.90

S-BP-3 12.61 15.84 16.66 15.05

S-AP-4 11.82 12.55 15.23 13.18
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TABLE 14. - Surface tension values of MinkUnit producingwells, Weeks given are
post-MEORinjection. Ali values arereportedin mN/m

i lllJ i i i ill ii i , i

Well Baseline 1987 1988 1989 Total avg.
38 wk 90 wk 109 wk

i i i i i

C-BP-2 57.0 53.5 54.6 54.8 54.3
C-CP-I 56.5 51.7 52.6 55.2 53.2
C-CP-3 58.5 55.5 55,2 55.8 55.5
S-AP-1 57,0 54.6 53.6 55,6 54,6
S-AP-2 58,0 53.6 54,5 56,3 54,8
S-P47R 58.6 52.7 56,1 57,7 55,5
S-BP-I 58.0 53.7 54.5 55,4 54.5
S-BP-2 57.0 52.8 53.5 55,1 53,8
S-BP-3 57.5 57.0 56,9 60.6 58.2
S-AP-4 58.0 56.5 56.9 58.9 57,4
PLANT 64,3 63,9 62,5 63,1 63,2

Crude Oil Yi_cosltv

Viscosities of crude oil from each production well were determined weekly during the baseline period, and

samples have been measured every 2 weeks since the microbial treatment (table 15), The measurements before and

after microbial treatment did not vary significantly (fig, 14), This was expected; although the microorganisms and

their products appear to improve microscopic oil displacement efficiency, the amounts of chemicals that they

produce probably could not significantly affect crude oil properties, Even in laboratory flask testing, crude oil

viscosity is not significantly lowered by microbial growth and activity,

TABLE 15, - Crude oil viscosities (centipoi_s) from individual wells in the Mink Unit, Sampling average
period was Oct. 28 - March 17, 1987 tbr the baseline, and April 3, 1987- June 1, 1989,
post-baseline

Well Baseline viscosity, Post-MEOR vi_osity,
cP cP

C-CP-I 5.88 ± 1,4 7,12 ± 1,2
C-CP-3 6,71 + 1,1 7.55 ± 1,3
S-AP-I 5,77 ± 0,8 7,12 ± 1,2
S-AP.2 7.44 ± 1,4 7,58 ± 1.4
S-P47R 7,50 + 2,5 8,34 + 2,1
S-BP-I 6,43 ± 1,6 8.13 ± 1,5
S-BP-2 6,23 ± 0,8 7,70 ± 1,3
S-BP-3 6,92 + 0,9 8,24 ± 1,5
S-AP-4 8.11 ± 1,6 9,69 ± 1,8
C-BP-2 6.79 + 1,0 8.55 ± 1,4
Total Average 6.78 + 1.3 _ 8,00 ± 1.5
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Iniection Pressures-

Injection pressures at the microbially treated injection wells have not increased since the beginning of the

microbial treatment, In fact, they have decreased since microbial injection, primarily because the injection plant

pressures were reduced, Table 16 and figure 15 show pressure values before and after the initiation of the hydraulic

fracturing pilot. Injection pressure monitoring was critical to this microbial-enhanced waterflood experiment, In the

past, many MEOR researchers have claimed that injection of microorganisms will cause plugging at the face of a

12 -- 'l O BASELINE
i

11 -i _.. ,[q • POST
10 -'-

It!'tt.a 7 :(D

6 -._

4 .... _ I T_--T i I l T I
CBP2 CCP1 CCP3 SAP1 SAP2 SP47R SBP1 SBP2 SBP3 SAP4

WELLS

FIGURE 14, - Baseline and post-MEOR oil viscosities of Mink Unit producers,

TABLE 16, - Average injection well pressures (ali in psia ) of microbially treated Mink Unit injection wells

1986 1987 1988 1989

Plant 538 544 546 542

Wells 528 532 529 516
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FIGURE 15. - Injection pressures of plant and Mink Unit wells.

formation. In NIPER laboratory coreflooding experiments, no facial plugging was ever observed by NIPER Bac 1.

Later coreflood experiments with similar microorganisms have indicated that microorganisms and their products

transport at reasonable rates through porous media.20 Based upon laboratory and field results, we conclude that no

adverse,plugging effects have occurred because of the microbial injection.

Producing Well Pressures

In May, 1988, Comdisco Resources, Inc. purchased property in Delaware-Childers oil field from B & N Oil

Company. The Mink Unit leases were a part of this purchase. The new owners immediately began infill drilling

and initiated a hydraulic fracturing project in the nearby Tanner lease (see fig. 1). Wellheacl pressures at individual

production wells in the project were not routinely measured until the hydraulic fracturing pilot began. However,

according to the pumper, ali wellhead pressures usually ranged between 20 and 30 psi. When the first well was

fractured on the new pilot project (May 29, 1988), a pressure gauge was placed on the neare._tweil, S-CP-1 (fig. 1),

and values were recorded. When the hydraulic fracturing began, the wellhead pressure for well S-CP-1 dropped by

about 20 psi. Since that time, individual wellhead pressures have been recorded on a monthly basis (table 17).
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Mink Total Produced Fluid

Since the initiation of the project in October, 1986, manual measurement of total volumes was used to

provide some indication of the total fluid produced from the Mink Unit production wells. When it became obvious

that infill drilling and hydraulic fracturing activity were going to occur, a metex was purchased to record these data.

Table 18 and figure 16 show the average fluid production in bbl/d. Again, the drilling and hydraulic fracturing

activity affected the fluid production from the Mink Unit. The average for May 1988, before the hydraulic fracturing

project began, was twice as high as the numbers have been since that time.

TABLE 17. - Producing wellhead pressures of Mink Unit wells
(values are from 5/88 to 6/89)

Well Avg wellhead pressures
psia

S-CP-1 10

S-BP-1 14

S-BP-2 16

S-BP-3 18

S-AP-1 21

S-AP-2 17

S-P47R 18

C-CP-I 24

C-CP-3 17

S-AP-4 18

C-BP-2 21
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TABLE 18. - Total fluidproduction from MinkUnit
i

Date Fluidproduction,
t_Vd

11/86 696
12/86 659
1/87 643
2/87 601
3/87 657
4/87 607
5/87 594
6/87 602
7/87 603
8/87 571
9/87 608
10/87 602
11/87 568
12/87 582
1/88 592
2/88 555
3/88 576
4/88 576
5/881 4041
6/88 273
7/88 229
8/88 251
9/88 217
10/88 242
11/88 236
12/88 273
1/89 255
2/89 260
3/89 235
4/89 236
5/89 292
6/89 283
7/89 198
8/89 175
9/89 179
10/89 176

lMetering began May/88.
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]_ilj££1j__._ky f I! Backflushin_

Ali injection wells on the Mink Unit were being routinely backflushed once a week even before the MEOR

project began. This was done routinely to help prevent formation 'damageand remove debris. The river water is not

filtered before it is injured, and the backflushing assists in maintaining good injectivity. In many watcrfloods,

particularly those with higher dissolved solids and lower permeability, the water must bc filtered before injection.

Since this process was ongoing, samples were coll_t2d every few weeks from the four microbiaily treat_ injection

wells after 1 hr of backflushing. These samples wcrc analyzed for the following: (1) total microbial populations,

aerobic and anaerobic; (2) surface tension; and (3) pH. Samples were observed by phase contrast microscopy in

order to visually determine the predominant types of microorganisms. Table 19 and figures 17 through 20 show the

results from samples taken during injection well backflushing from 7 to 107 weeks post-injection of the microbial

system. Aerobic and anaerobic microbial counts increased to about 106 cfu/mL 'after22 weeks post injection. Since

that time, the counts remained relatively high, which indicates that there was a high concentration of

microorganisms in the near wcllbore region. This is not surprising, since molasses is continually injected. Bccau_

of this high microbial population, pH values are lower than those values measur_ in the producing wells.

Presumably the microorganisms are producing short-chained fatty acids that are lowering the pH. The surface

tension values fluctuate.,dthroughout the sampling period. At times, the surface tension was low enough to indicate

surfactant production by the microbial population; however, the surface tension also rose to values that were

comparable to values prior to microbial inj_tion.
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TABLE 19. - Mink Unit injection well backflushing results

Weeks Aerobic, Anaerobic. pH Surface tension,
Post Inj, ceUs/mL, cells/mL mN/m
3/24/87

7 5.0 x 103 5.0 x 104 6.1 62.0

10 1.1 x 104 7.4 x 104 6.6 64.0

22 5.0 x 103 5.0 x 104 4.3 45.0

26 1.1 x 107 1.9 x 107 5.55 67.5

34 5.5 x 107 2.0 x 107 5.6 62.5

41 1.0 x 106 1.0 x 107 5.55 53.9

46 1.0 x 107 3.9 x 108 4.1 52.0

50 1.0 x 107 8.1 x 107 4.9 50.5

54 1.1 x 107 1.0 x 108 4.8 51.0

60 5,0 x 108 6.9 x 108 4.4 46.0

74 2,2 x 105 2.1 x 105 6.2 66.2

76 2.0 x 106 5.8 x 106 5,45 55.0

83 1.9 x 106 8.6 x 106 5.3 60.5

86 6.3 x 107 2.3 x 107 5.25 63.8

92 9.4 x 107 1.7 x 108 4.3 48.0

101 2.4 x 106 2.0 x 106 4.8 60.8

107 2.5 x 107 3.2 x 107 5.4 66.0

115 6.6 x 106 2.9 x 107 4.9 58.5

Average 4.4 x 107 8.8 x 107 5.2 57.4

7 5.0 x 103 5.0 x 104 6.05 65.0

10 1.7 x 103 5.1 x 103 6.8 63.1

22 5.0 x 102 5.0 x 104 6.42 53.9

26 3.1 x 106 9.5 x 106 6.35 68.5

34 4.1 x 108 1.3 x 107 5.55 65.0

41 1.0 x 106 1.0 x 107 5.05 46.1

46 1.0 x 107 1.5 x 107 5.9 60.5

50 4.1 x 106 1.0 x 107 6.1 55.5

54 3.0 x 105 5.8 x 105 6.2 58.0

60 6.0 x 106 1.5 x 107 5.6 62.0

74 3.9 x 104 3.6 x 104 5.25 57.2

76 2.0 x 106 8.0 x 106 5.1 51.7

83 1.9 _ 105 3.6 x 105 6.2 67.5

86 2.1 x 106 1.5 x 106 5.6 58.2

92 2.6 x 106 3.3 x 106 5.6 59,5

101 2.0 x 105 3.0 x 105 6.0 60.5

107 5.0 x 106 6.3 x 107 5.6 62.5

115 3.0 x 105 5,0 x 105 5.8 68.5

Average 2.5 x 107 8.3 x 106 5.84 60.2
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Table 19. - Mink Unit injection well backflushing results (continued)

Weeks Aerobic, Anaerobic,, pH Surface tension,
Post Inj. cells/mL cells/mL mN/m
3/'24{87

7 5.0 x 102 5.0 x 104 6.25 57.5

10 3.9 x 103 4.5 x 103 6.7 54.8

22 5.0 x 103 5.0 x 104 4.7 44.3

26 1.0 x 107 4.4 x 107 5.4 51.5

34 1.8 x 107 5.4 x 107 5.35 52.0

41 1.0 x 106 1.0 x 107 4.65 45.0

46 1.0 x 108 8.0 x 108 4.7 48.0

50 1.8 x 107 4.4 x 104 4.8 48.0

54 6.8 x 107 1.1 x 108 4.75 42.0

60 1.3 x 106 2.0 x 106 5.2 51.0

74 1.7 x 104 1.3 x 104 5.25 47.8

76 (1) 2.3 x 107 4.7 49.0

83 (1) 1.0 x 107 4.8 58.0
86 2.1 x 105 7.0 x 106 4.95 49.5

92 1.2 x 106 2.7 x 107 4.6 52.2

101 4.9 x 105 3.2 x 105 5.25 59.8

107 1.0 x 105 2.0 x 106 5.95 62.0

115 1.0x 105 (1) 5.75 67.0
Average 1.4 x 107 6.4 x 107 5.21 52.2

7 5.0 x 102 5.0 x 103 6.55 59.0

10 4.5 x 103 6.2 x 103 7.40 68.7

22 5.0 x 102 5.0 a 103 6.58 57.0

26 3.7 x 106 7.8 x 106 6.25 65.0

34 7.1 x 107 2.4 x 107 5.9 64.0

41 1.0 x 107 1.0 x 106 5.19 51.2

46 1.0 x 107 4.3 x 108 5.05 57.5

50 !.2 x 107 3.8 x 107 6.03 54.3

54 1.2 x 106 2.8 x 105 6.6 54.0

60 6.0 x 105 1.5 x 106 6.2 65.0

74 2.3 x 105 1.9 x 105 6.25 58.5

76 1.4 x 106 1.5 x 106 6.1 58.2

83 8.3 x 105 4.7 x 106 6.0 64.5

86 1.5 x 107 4.2 x 107 5.65 68.5

92 1.1 x 108 1.4 x 107 5.05 59.0

101 3.6 x 105 1.0 x 106 4.4 45.2

107 6.0 x 106 2.5 x 107 6.0 61.5

115 3.0 x 106 1.5 x 107 5.4 69.0

Average 1.4 x 107 3.4 x 107 5.9 60.0

(1)Counts were unavailable.
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FIGURE 18. - Anaerobic microbial counts from routine backflushing of Mink Unit injection wells.
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addition to the injection well backflush observations, two timed backflush experiments were conducted on

Unit wells. In June of 1988, two of the microbially treated injection wells, S-AW-3 and S-BW-3, were

backflushed for approximately 3 hr. Samples were taken every 15 minutes for the first hour, and then every half

following. The samples were analyzed for microbial populations, surface tension, pH, and microbial products

detectable by gas chromatography. The results from the June 1988 timed backflush experiment are presented in

and 21.

TABLE 20. - Timed backflushresults from June, 1988

Time pH Surface tension, Aerobic, Anaerobic,
rain mN/m cells/mL cells/mL

0 6.30 67.0 2.0 x 106 1.9 x 106

10 6.35 63.5 4.2 x 106 1.2 x 106

20 6,05 62.0 3,2 x 106 9.2 x 105

30 5,80 63.5 9.9 x 106 1.0 x 106

45 5,75 68.5 7.0 x 106 8.2 x 106

60 5,75 62.0 2,1 x 107 1.1 x 106

90 4.20 51.5 1.4 x 108 7.0 x 107

120 4.20 51.5 4.2 x 107 3,2 x 106

150 4.25 48.5 6.9 x 107 4.5 x 107

180 4.30 48,0 4.0 x 107 4.5 x 107

s.aw.3
D

0 6,25 67.0 4.3 x 105 3.8 x 105

10 4.85 49.5 6,1 x 106 5,7 x 105

20 4,95 48.5 5.2 x 106 5.0 x 105

30 4,95 50.5 4.6 x 107 2.0 x 107

45 5.05 49.5 1.9 X 107 1,3 X 107

60 5.10 50.5 6.5 X 106 7.3 X 106

90 5,15 55.5 8.1 X 106 1.0 X 107

120 5.20 55.0 2.9 X 106 5.2 X 106

150 5.30 53.5 3.5 X 106 5.5 X 106

180 5.40 56.0 2.1 X 106 2.9 X 106

AO
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TABLE 21, - Gas chromatographically detectable products from June 1988 timed backflush

Time, Compound Conc,,
min wt %

,
0 Acetone 0,019

Propyl alcohol Tr',_c,e

l0 Acetone Trace

20 Ethanol Trace
Acetone Trace
Acetic acid Trace
Propionic acid 'lYace

30 Ethanol Trace
Acetic acid Trace

45 Acetic acid Trace
Propionic acid Tn_

60 None

90 Ethanol 0,053
Acetic acid 0,04 5
Propionic acid 0.011

120 Ethanol 0,056
Isopropyl alcohol 0,018
Acetic acid 0,056
Butyric acid Trace

150 Ethanol 0.055

Isopropyl alcohol 0,013
Acetic acid 0,057

Propionic acid 0,015

180 Ethanol 0,061

Isopropyl alcohol 0,042
Acetic acid 0,072

Propionic acid 0,017
Butyric acid Trace
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TABLE 21.- Gas chromatographicallydo.table products fromJune 1988timed backflush(contlnueA)

Time, Compound Cone.,
min wt %

, , , ,, ,,,,, ,

0 Acetone 0,028

10 Ethanol 0,008
Isopropylalcohol Trac_
Aceticacid 0.037
Propionicacid 0,029

20 Methanol Trace
Ethanol 0,018
Acetone Trace
Isopropyl alcohol Trace
Aceticacid 0,034
Propionic acid 0,022
Butyricacid Trace

30 Ethanol 0,012
Isopropyl alcohol 0,011
Aceticacid 0,037
Propionic acid 0.030
Butyricacid Trace

45 Methanol Trace
Ethanol 0,006
Isopropyl alcohol Tr_.c
Aceticacid 0.018
Butyricacid 0,007

60 Ethanol 0,007
Acetone Tr',_
Isopropyl alcohol Trace
Aceticacid 0,027
Propionic acid 0.021
Butyricacid Trace

90 Isopropylalcohol 0.025
Aceticacid 0.019
Butyricacid Trace

120 Ethanol Trace
Isopropyl alcohol Tr,_,e
Aceticacid 0.025

150 Ethanol Trace

180 Ethanol Trace
Isopropyl alcohol Trace
Aceticackl 0,023
Butyricacid 0.012
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In September of 1989, a similar ttmed backllush experiment was conducted on ali four of the mlcroblally

treated injection wells, The concentration of molasses was also calculated from these _tunples, Results are pre_ntcd

in tables 22 through 26 and figures 21 through 24, The highest de_tectedconcentration of molasses was found in one

of the high-volume wells, S-AW-3, This concentration was only 0,05%, The timed backflush minutes and gallons

were also converted to radial distance away from the wellbore in feet (table 23), In the high volume wells, this radial

distance was determined to be approximately 10 ft away from the wellbore at the end of the thned backflushtng in

1989, With the low-volume weil, the distance was about 7,3 ft, Comparison of the microbial counts from the

1988 vs. 1989 experiments (fig, 21) indicates that the microorganisms are movtng away from the wellbore as

expected, The pH results from well S-AW-3 during the 1988 experiment and 1989 experiment showed very

dramatically that the pH still dropped in the same manner (fig, 22), but in the 1989 backflmhlng, the drop was much

later during sampling, which again substantiates the theory that the microorganisms and their metabolites are

moving away from the wellbore. The results shown in figure 23 also Indicated that the surface tension lowering

effect was observed much later in the 1989backflushing,

TABLE 22.- Molasses concentration from Sept, 1989 timed backflush experiment, Molasses
had been injected 1 hr prior to start of backflush

Time, S-BW-2 S-BW-3 C-DW-2 S-AW-3
mtn Molasses cone,, wt %

0 0,004 0,001 0,001 0,002

15 0,001 0,007 0,004 0,001

30 0,010 0,010 0,003 0,006

45 0,012 0.010 , 0.003 0,007

60 0,014 0,004 0,002 0,007

0,014 0,007 0,002 0,007

120 0.019 0,004 0.002 0,011

150 0,019 0.005 0,002 0,012

180 0,021 O,(X)7 0,002 0,015

210 0,019 0,006 0,002 0,035

240 0,020 O,(X)8 0,002 0,051

270 0,023 0,010 0,003 0,053

300 0.023 0,008 0,005 0,050
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TABLE 23, - Approximateradialdistancofrom woilborodeterminedfrom Sept. 1989timed backtlush
experiment

Timo, S-BW-2 S-BW-3 C-DW-2 S-AW.3

rain Radialdistance,ft

0 0,0 0,0 0,0 0,0

15 5,3 4,6 4,6 5,3

30 6,0 6,2 6,2 6,0

45 6,6 6,3 6,3 6.6

60 7.0 6,4 6,4 7,0

90 7.5 6.5 6.5 7.5

120 7.9 6.7 6.7 7.9

150 8.3 6.8 6.8 8.3

180 8,7 6.9 6.9 8.7

210 9.0 7.0 7.0 9.0

240 9.4 7.1 7.1 9.4

270 9.7 7.2 7.2 9.7

300 10.0 7.3 7.3 10.0

Numbersare based upon measuring high. and low-volume wells in 1988.

TABLE 24. - Microbial counts from timed backflush - Sept. 1989. Ali values are in cells/mL

Time, S-BW-2 S-BW-3
min Aerobic Anaerobic Aerobic Anaerobic

i Ii i i I

0 9.56 x 106 1.35 x 107 1.30 x 106 9.65 x 105
15 1.12 x 105 1.02 x 106 2.18 x 105 1.95 x 105
30 2.50 x 105 4.15 x 106 2.88 x 105 3.05 x 105
45 9.68 x 105 5.75 r<106 2.15 x 105 2.20 x 105
60 7.67 x 105 5.00 x 106 2.66 x 105 2.25 x 105

90 9.34 x 105 5.55 x 106 2.49 x 105 1.85 x 105
120 1.03 x 106 6.10 x 106 2.14 x 105 1.55 x 105
150 1.05 x 106 5.65 x 106 1.77 x 105 1.65 x 105
180 1.05 x 106 5.55 x 106 1.32 x 105 1.70 x 105
210 8.15 x 105 6.20 x 106 1.07 x 105 1.55 x 105
240 5.40 x 105 5.55 x 106 6.80 x 104 1.10 x 106
270 1.18 x 106 7.95 x 106 9.20 x 104 9.55 x 104

300 8.65 x 105 9.80 x 106 4.60 x 104 6.00 x 105
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24,- Microbial counts from timed backflush - Sept, 1989 (conttnuexl) Ali values are in cells/mL
IIII I

Time, C, DW-2 S-AW-3
min Aerobic kamerobic Aerobic Anaerobic

0 1,38 x 105 1,20 x 105 1,10 x 106 1,11 x 106
15 7,77 x 104 6,85 x 104 3,60 x 105 6.20 x 105
30 1,03 x 105 7,45 x 104 7,35 x 105 1,18 x 106
45 9,03 x 104 9,00 x 104 7,10 x 105 1,35 x 106
60 9,87 x 104 9,10 x 104 7,65 x 105 9.98 x 105
90 9,24 x 104 7,95 x 104 6,40 x 105 1,39 x 106

120 7,14 x 104 6,10 x 104 8,00 x 105 1,41 x 106
150 7,77 x 104 7,75 x 104 6,10 x 105 1,24 x 106
180 7,98 x 104 8,55 x 104 1,11 x 106 5,36 x 106
210 5,57 x 104 7,55 x 104 7,75 x 106 1,01 x 107
240 5,75 x 104 4,30 x 105 7,26 x 106 1,35 x 107
270 6,25 x 104 3,55 x 105 6,72 x 106 4,18 x 106
300 1,54 x 104 5,15 x 105 5,78 x 106 1.07 x 107

TABLE 25, pH and surface tension values for Sept. 1989 timed backflush

Time, S-BW-2 S-BW-3 C-DW-2 S-AW-3

min S.T, 1 pH S,T,1 pH S,T,1 pH S.T, 1 pH

0 76,6 6,60 75,8 6,50 76,5 6.70 76,0 6.(X)
15 6,55 5,55 5,70 6,25
30 5,30 6.00 5,75 5.75
45 5,15 6.05 5,80 5.70
60 5,05 6.20 5.90 6,65
90 5,10 6,05 6.00 5.75

120 4,80 6.30 6,00 5.20
150 4.75 6,30 6,00 5,10
180 66.6 4,70 75,4 6,30 76,2 6,00 71,4 4.90
210 4.70 6,25 6,00 4,00
240 65.2 4,70 73,2 6,20 74.6 5,90 60,4 3.90
270 4,65 6,15 5,75 3.95
300 62,7 4.65 74,6 6,15 71,5 5,50 60,9 4.00

1 Surface tension, mN/m,
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TABLE 26. - Gas chromatographic preducts from Sept 1989 timed backflush, Trace amounts are
< 0.01%,except for acetic acid and 2,3-butanediol, which are < 0.05%,

i

Time, Compound Cong.,
min wt %

.Ill II

S-AW.3
0 None

15 None
30 Propionic acid/n-butanol Trace

45 Propionicacid/n-butanol Trace
Butyricacid Trace

60 Propionicacid/n-butanol Trace
Aceticacid Trace

90 Ethanol Trace
Aceticacid Trace
Propionicacid/n-butanol Trace
Butyricacid Trace

120 Propionic acid/n-butanol Trace

150 Ethanol Tnw.e
Aceticacid Trace
Propionicacid/n-butanol Trace
Butyricacid Tn_

180 Ethanol Trace
Aceticacid Trace
Propionicacid Tn_

210 Methanol Tnr._
Ethanol 0,01
Aceticacid Tr',c..e
Propionicacid/n-butanol Trace
Butyricacid 0.05

24,0 Methanol Trace
Ethanol 0,02
Aceticacid Trace
Propionic acid/n-butanol Trace
Butyricacid 0,05

270 Methanol Trace
Ethanol 0.02
Aceticacid Trace
Propionic acid/n-butanol Trace
Butyricacid 0.05

300 Methanol Trace
Ethan_l 0,02
Aceticacid 0,05
Propionic acid/n-butanol Trace
Butyricacid 0,05
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TABLE 26. - Gas chromatographic products from Sept 1989 timed bacidlush. Trace amounts are
< 0.01%, except for acetic acid and 2,3-butanediol, which are < 0.05%

Time, Compound Conc.,
min wt %

s.aw.3
0 None

15 Acetic acid Trace

30 Acetic acid Trace

Propionic acid/n-butanol Trace

' 45 Propionic acid/n-butanol Trace
Butyric acid Trace

60 Acetic acid Trace

Propionic acid/n-butanol Trace
Butyric acid Trace

90 Acetic acid Trace

Butyric acid Trace

120 Acetic acid Trace

Propionic acid/n-butanol Trace

150 Propic_nic acid/n-butanol Trace
" Butyric acid Trace

180 Acetic acid Tr,_.e

Propionic acid/n-butanol Trace

210 Acetic acid Trace
Propionic acid/n-butanol Trace
Butyric acid Trace

240 Acetic acid Trace
Propionic acid/n-butanol Trace
Butyric acid Trace

270 Acetic acid Trace
Propionic acid/n-butanol Trace
Butyric acid Trace

300 E'dmnol Tr_e
Acetic acid Trace

_ Propionic aci_n-butanol Tr_ce
-- But)ric acid Trace

!
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TABLE26.- Gas chromatographicproductsfromSept 1989 timedbackflush. Traceamountsare
< 0.01%,except foracetic acidand2,3-butanediol,which are< 0.05%

i i iii.

Time, Compound Com:.,
rain wt %

i ii i i i i ii

0 None

15 Aceticacid Trace

Propionicacid/n-butanol Trace
BuV_c acid Trace

3O Ace_ ackl Trace
Propkmicacid/n-butanol Tn_

45 Aceticacid Trace
Propionicacid/n-butanol Trace

60 Propiomcacid/n-butanol Trace

90 Aceticacid Trace
Propiomcacid/n-butanol

120 Aceticacid Trace
Propiomcacid/n-butanol Trace

150 Aceticacid Trace
Propiomcacid/n-butanol Trace

180 Acetic acid Trace
Propionicacid/n-butanol Trace

210 Aceticacid Trace
Propiomcacid/n-butanol Trace

240 Aceticacid Trace
Propiomcacid/n-butanol Trace

270 Aceticacid Tra_
Propiomcacid/n-butanol Trace

300 Acetic acid Trace -

Propiomcacid/n-butanol ,,, Trace
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TABLE 26. - Gas chromatographic products from Sept 1989 timed backflush. Trace amounts are
< 0.01%, except "or acetic acid and 2,3-butanediol, which are < 0.05%

Time, Compound Conc.,
min wt %

0 None
15 None
30 Ethanol Trace

Acetic acid Trace

Propionic acid/n-butanol Trace
Butyric acid Trace

45 Ethanol Trace
Acetic acid Trace
Proptonic acid/n-butanol Trace

t Butyric acid Trace

I 60 Ethanol Tn¢._Acetic acid Trace

Propsomc acid/n-butanol "I'ra_
Butyric acid Trace

90 Ethanol Trace
Acetic acid Trace

Proplomc acid/n-butanol Trace
Butyric acid Trace

120 Ethanol Trace
Acetic acid Trace

Proplomc acid/n-butanol Trace
Butyric acid 0.01

150 Ethanol T_
Acetic acid Tr,c.e
Propiomc acid/n-butanol Tr_e
Butyric acid 0.0 l

180 Ethanol Trace
Acetic acid Tr,_ce

Proplomc acid/n-butanol Trace
Butyric acid 0.01

210 Ethanol Tr,r,.e
Acetic acid Trace

Propiomc acid/n-butanol Trace
Butyric acid 0.01

'2.40 Ethanol Trace
Acetic acid Trace
Propsomc acid/n-bu_iol Trace
Butyric acid 0.01

270 Ethanol Tr,x_e
Acetic acid Tr/_

Propsomc acid/n-butanol Tr,r,.e
Butyric acid 0.02

300 Ethanol Trace
Acetic acid Tr,r,.e

Propsomc acid/n-butanol 0.01
Butt, ric acid 0.02
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FIGURE 21. - Microbial counts from 1988 and 1989 timed backflush experiments.
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FIGURE 22. - pH from wells S-AW-3 and S-BW-3 during 1988 and 1989 timed backflush experiments.
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FIGURE 23. - Surface tension of wells S-AW-3 and S-BW-3 during 1988 and 1989
timed backflush experiments.

Gas Analyses

In an earlier report about this field pilot, we reported that gas chromatographic analyses indicated that in two

of the producing wells, S-AP-2 and S-P47R, there are compounds present with corresponding retention times to

those obtained in Berea sandstone corefloods with the same microbial formulation, NIPER Bac 1.18 This implies

that the microorganisms are metabolizing nutrient in situ and that the products of the fermentation are propagating

through the reservoir. Additional information that substantiates this finding is the continued gas chromatographic

monitoring of the microbially treated injection well backflush samples, The products from the injected

microorganisms, primarily acetic acid, ethanol, and 2,3 butanediol, continue to show a decreasing concentration in

the near wellbore region, and a higher concentration further away from the weUbore (fig. 24).
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FIGURE 24. - Gas chromatographically detectable products from 1988 and 1989 timed backflushes.

Water-Oil Ratio

The average water-oil ratios (WOR) at ali monitored production wells in the Mink Unit have decreased when

compared to the averages during the baseline period (table 27 and fig. 25). These WOR's have high standard

deviation values, primarily because of gas production in the wells, which causes large fluctuations, but the overall

averages have definitely decreased, and in wells S-P47R and C-CP-3, the decrease is significm_t. Note that in the two

off-pattern wells, S-AP-4 and C-BP-2, the WOR has not decreased; thus, the microbial treatment has probably

affected those wells closest to tile injectors. Figure 26 presents a graph of the WOR for S-P47R vs. the WOR for S-

AP-4; the WOR for S-P47R is obviously decreasing, while that of the off-pattern weil, S-AP-4, is increasing.
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TABLE 27. - Average water-oil ratios of monitored producing wells in Mink
Unit

Well Baseline, Post-MEOR,
WOR WOR

II I

C-CP-1 22 5:11 19 + 6

C-CP.3 46 + 12 36 + 11

S-AP-1 18 + 7 15 5:4

S-AP-2 51 5:21 43 5:11

S-P47R 162 5:70 106 5:16

S-BP-1 44 5:19 33 5:7

S-BP-2 32 5:18 30 5:8

S-BP-3 46 + 12 38 5:12

S-AP-4 77 5:31 80 5:16

C-BP-2 72 5:19 77 5:14

Mink Unit I 98 5:14 77 5:11

lWOR was calculated from the numbers before infill drilling occurred.

160 -

140 _-
OFF PATTERN WELLS

; RH PRE-MEOR
...= 100 [] POST-MEOR V

80 -

20 .......

0 U
: v- _ tv_ _ Od lr" v-. 1_. t'_

13- la. 0. 0. tat. _ 0- ta ta

nn I_1 IIl _ ¢J m <

WELL

FIGURE 25, - Average water-oil ratios of monitored Mink Unit producers.
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FIGURE 26. - Average WOR of S-P47R and S-AP-4 (off-pattern) wells.

Oil Production Rate

Oil production increased since the microbial injection through May, 1988 (fig. 27). After the infill drilling

and hydraulic fracturing occurred, the wellhead pressures at some of the nearest Mink Unit producers were much

lower, as was the total produced fluid. The total yearly oil production is presented in figure 28. The MEOR

injection obviously had a positive effect on oil production until the drilling and hydraulic fracturing activity and

completion of the water injection plant on the nearby Tanner lease. Table 28 and figure 29 show the predicted and

actual average production for the years 1981-1990. Since that time, actual oil production has dropped significantly

below the predicted decline curve.
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FIGURE 27, - Oil production from Mink Unit from 1985-1989,

1976-86 - AVG 2655 BBL/YR:t::286
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FIGURE 28.- Total yearly oil production for Mink Unit,
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TABLE28, - Predictedandactual oil productionratesfor theMinkUnit
i ii ill iii i i

Production, Production
Ye_ Predictedavg bbl/wk Actualavg bbl/wk

m,,,, ii i i i i i i i i

1981 50,0 50,5

1982 48.8 46,5

1983 47,7 46,8

1984 46,6 46,4

1985 45.6 44,8

1986 44,5 45,1

1987 43,5 48,8

1988A1 42,6 48,2

1988B2 42.6 46,5

1989 41,7 36,3

1990 40,7

"11988A- Jan, 1. May 31, 1988,
21988B - Jun, 1. Dec, 31, 1988,
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Economic Analvsls

Limited economic analyses of this field pilot showed that the major cost of a microbial-enhanced waterllc×_d

would be the nutrient support for the microorganisms, Data from more than 50 laboratory microbial coreflo<xltng

studies indicate that the cost of nutrient per Incremental barrel of oll Is about $3.$4/bbl (fig, 30), These daUlmay

be somewhat misleading, however, for several reasons: (1) In a microbial coreflood, the amount of nutrlent injected

I 8

7 AVG = $3.45 ± $1,16

..u 6
nn
m

m 4 i

rr 30
z_.
g 2

1

,:.

FIGURE 30. - Economics of laboratory microbial coreflood experiments.

is probably an "overkill" situation, Many of these corefloods used almost 0,4 of a pore volume of molasses; this

slug size would not be used under reservoir conditions, and (2) In these microbial corefl(x_ls, there was ustmlly a

100% sweep efficiency, i.e., the injected fluids contacted virtually ali of the rock and, titus, ali of the trapped oil, Ota

the other hand, in a reservoir where microorganisms are injected with the waterflo<xt,there may be improvements irt

microscopic sweep efficiency such that previously uncontacted crude oil is plac_ irt contact with the microbial

formulation,

When determining the cost per incremental barrel of oil for the Mink Unit, the following assumptions were

made: (1) No cost was assigned for the research and development of the microbial formulation; (2) The cost for
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equipment for this particular microbial injection was loss than $500; (3) We asstaned that we were not overfeeding

the microbial populatlon_ and (4) We also cannot assume that the total eft_ct of the microbial injection has been

attained, Since the chemical tracer just began to appear 1,8 years after Injection, based on prellmhmry data from

early breakthrough o1'tracer, microorganisms should have begun to appear in the production wells about 0,6 - 0,8

years after the tracer appearance, Unfortunately, this would have been about the time that tnfill drilling licar the

Mink Unit began, and our sampUng period ended,

During the 14 months of mlcroblaihmtrtent injection prior to lnfill drilling and hydraulic fracturing activity,

577 incremental bbl of oil were obtained when compared to the predicted oll recovery by waterflooding alone, A

total of 18,7 tons of molasses was injected during this period, Using a nutrient cost of $100/ton, this Is equivalent

to $3,24 per bbl of Incremental o11, This does not take Into account any other injection costs, although tk,r this

particular project, the costs were fairly minimal, However, this cost also does not Include any project_ recoveries

beyond the time of lnflll drilling, Since fluorescein was detected in the Mink Unit producing wells aftel' the inftll

drilling in the Tanner lease, one may assume that the microbial treatment had not yet transported through the

formation matrix; thus, the complete effect on incremental oll production that may have occurred would have been

masked,

CONCLUSIONS

This microbial-enhanced waterflood field project demonstrated the feasibility of microbial technology in a

manner that an independent operator could implement, lt is noteworthy that no operating problems were encountered

betore or during this project, until the initiation of lnfill drilling and hydraulic fracturing activity nearby in the

Tanner lease which was beyond our control, No corrosion problems were experienced; in fact, the sulfate-reducing

bacterial populations remained relatively low compared to the baseline counts, There were no problems with

',njectivtty, During the project, laboratory and field data were correlated to develop and document a methodology for

conducting microbial-enhanced waterflood field projects, This particular microbial formulation, NIPER Bac 1, and

molasses injection improved oil production rates by about 13% and decreased water/oil ratios for producing wells

nearest the injection wells up to 35%, Ali in all, this nroject has shown promise, particularly for improving oil

production from mid-continent stripper wells,

REFERENCES

1, Oil Research Program Implementation Plan, U,S, DOE Report No, DOE/FE-0188P. April, 1990,

2, Zobeil, C,E, Bacteriological Process for Treatment of Fluid-Bearlng ,EarthFormations, U,S, Patent No,
2,413,278 (Dec, 24, 1946),

3, Hitzman, D.O, Microbiological Secondary Recovery of Oil, U,S, Patent No, 3,032,472 (May 1, 1962).

6O



4, Ulxlegraff, D,M, and Wren, G,B, The Release of O11From Petroleum-Bearing Materials by Sulfate.Reducing
Bacteria, Appl, Mlcrobiol, (19541volume 2, 309-322,

5, Bryant, R,S, and Burchfield, T,E, Review of Microbial Technology for Improving Otl Recovery, SPE paper
16646, SPE Reservoir Engineering, volume 4, no, 2, May, 1989,

6, Bryant, R,S, Laboratory and Field Studies on Microbial Enhanced Oil Recovery, J, of Industrial Microbiology,
(1989), volume 30, No, 4, pp. 255-267,

7, Httzman, D,O, Review of Microbial Enhanced O11Recovers' Fteld Tests, Proc, Symposium on Application of
Microorganisms to Petroleum Technology, Bartlesville, OK (Aug, 19-13, 1987) U.S. DOE No, NIPER-351,
CONF-870858, VI-1 - VI-42,

8, Moses, V, Microbes and Oil Recovery, an Overview, Proc, First World Conference and Exhibition on
the Commercial Applications and Implications of Biotechnology, London (May 4-6, 1983)415-422,

9. Bryant, R,S, and J, Douglas, Survival of MEOR Systems in Porous Media, U,S, DOE Report No, NIPER-
105, March, 1986,

10. Bryant, R,S, and J, Douglas, Significance of the Behavior and Survival of Bacillus Species Used for EOR,
U,S, DOE Report No, NIPER-179, August, 1985,

11, Smith, R.J, and A,G, Collins. State of the Art of Mlcroblally Enhanced Oil Recovery: A Review of the
Literature. U.S, DOE Report No, NIPER-I2, 1984,

12, Bryant, R,S,, T,E, Burchfield, J, Douglas and K,M, Bertus, Laboratory Optimization for Microbial Field
Projects, Proc. Symposium on Application of Microorganisms to Petroleum Technology, Bartlesville, OK
(Aug, 12-13, 1987) U.S. DOE No, NIPER-351, CONF-870858,

13. Grula, M.M, Proc, 1st International MEOR Workshop, Abilene, TX, April 1-3, 1986, U.S. DOE Report
DOE/BC/10852-1, pp, 152-187,

14, Johnston_K,It, and C,tt. Rtggs, Secondary-Recovery Practice; and Oil Reserves in the Eastern Part of the
Delaware-Childers Field, Nowata County, OK, Bureau of Mines Report No, RI-4019, 1946,

15, Eakin, J,L. Recent Developments in Water Flooding in Nowata County, OK, Oil Fields, 1954-1955, Bureau
of Mines Report No, RI-5134, 1955.

16, Powell, J.P, Four Waterflooding Projects in Washington and NowataCounties, Oklahoma, 1959. Bureau of
Mines Report No, IC-7896, 1959,

17, Thomas, R.D,, K,L, Spence, F,W, Burtch, and P,B. Lorenz. Performance of DOE's Micellar-Polymer
Project in Northwest Oklahoma. SPE/DOE paper 10724, Presented at the 1982 SPE/DOE 3rd Joint
Symposium on Enhanced Oil Recovery of the Society of Petroleum Engineers, Tul_, OK, April 4-7, 1982,

18, Johnson, W.I. and D,K, Olsen, Midcontinent Fluvial-Dominated Deltaic Depositional Environments and Their
Influence on Enhanced Oil Recovery, Poster Presentation at a Workshop on Petroleum-Reservoir Geology in
the Southern Mldcontlnent, sponsored by Oklahoma Geologic Survey and Bartlesville Project Office, U,S,
DOE, Mar, 26-27, 1991, Norman, OK,

19. Bryant, R,S, and J, Douglas, Evaluation of Microbial Systems in Porous Media for Enhanced Oil Recovery,
SPE paper 16384. SPE Reservoir Engineering, volume 3, no, 2, May, 1988,

20, Bryant, R,S,, T,E. Burchfield, D,M, Dennis, and D,O, Hitzman. Microbial-Enhanced Waterflood Field
ExperimenW.Department of Energy Report No, NIPER-356, January 1989.

21, Bryant, R,S,, T.E, Burchfield, D,M, Dennis, and D,O, Hitzman, Microbial-enhanced Waterfl{x-v.ling:Mink
Unit Project. SPEBX)E paper 17341, SPE Reservoir Engineering, volume 5, no, 1, February, 1990,

61



22, Bryant, R,S,, T,E, Burchfleid, K,L, Chase, K,M, Bertus, and A,K, Stepp, Optimization of Microbial
Formulations for Oil Recovery: Mechanisms of Otl Mobilization, Transport of Microbes and F,_etabolites,
and Effects of Additives, SPE paper 19686, Pre_nted at the 64th Annual Technical Conference and
Exhibition of the Society for Petroleum Engineers, San Antonio, 'IX, Oct, 8-11, 1989,

23, Atlas, R,M,, A.E, Brown, K,W, Dobra, and L, Miller, Experimental Microbiology, Macmillan Publishers,
1984, pp, 155-156.

62


