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ABSTRACT

This project is afield demonstration of the ability of in-situ indigenous microorganisms
inthe North Blowhorn Creek Qil Field to reduce the flow of injection water in the more permeable
zones of the reservoir, thereby diverting flow to other areas thus increasing the efficiency of the
waterflood. The project is divided into three phases-Planning and Andyss (9 months),
I mplementation (45 months), and Technology Transfer (12 months). This report covers the fourth
year of work on the project.

During Phase |, cores were obtained from a newly drilled well and employed in laboratory core
flood experiments to formulate the schedule and amounts of nutrients to be used in the field
demonstration. The field demonstration involves injecting potassium nitrate, sodium dihydrogen
phosphate, and in some cases molasses, into four injector wells (Test) and monitoring the
performance of surrounding producer wells. For comparative purposes, the producer wells
surrounding four untreated injector wells (Control) aso were monitored.

Twenty-two months after the injection of nutrients into the reservoir began, three wells were
drilled and cores taken therefrom were analyzed. Nitrate ions were found in cores from al three
wellsand cores from two of these wells aso contained phosphate ions- thus demonstrating that the
injected nutrients were being distributed widely in the reservoir. Microorganisms were shown to be
present in cores from al three wells by cultural methods and by electron microscopy. In some
sections of the cores, the number of microbes was large.

Qil production volumes and water:oil ratios (WOR) of produced fluids have shown clearly that
the MEOR treatment being demonstrated in this project is improving oil recovery. Of the 15
producer wellsin the test patterns, seven have responded positively to the injection of microbia
nutrients into the reservoir, while al eight of the producer wells only in control patterns have
continued their natural decline in oil production, although one well did have some improvement in
oil production due to increased water injection into a nearby injector well. Two of the wells have
been abandoned because of uneconomical production. In light of these positive findings and with
DOE s approval, the scope of the field demonstration was expanded in July 1997 to include six new
injector wells. Two of these wells were previously control injectors while the other four injectors
were not included in the origind program. Of interest has been the performance of two wells in what
was formerly a control pattern. Since the injector in this pattern (formerly Control Pattern 2) began
receiving nutrients, two of the wellsin the pattern have shown improved oil production for the last
three months. While it would be premature to definitely characterize these two wells asyielding a
positive response, these early results are certainly encouraging.

Of specid sgnificanceisthe fact that over 7953 m? (50,022 barrels) of incremental il have been
recovered as aresult of the MEOR treatment. Further, calculations show that the economic life of
the field will be extended until July 2004 instead of a previoudy anticipated closure in Dec. 2002.
Thisfinding is particularly impressive in view of the fact that only four of the twenty injector wells
in the field were treated during the first 30 months of the project. Preliminary indications are that
by increasing the number of injector wells pumping microbia nutrients into the reservoir from four
to ten, more oil will be recovered and the economic life of the field will be extended even further.
It should be emphasized that the above calculations do not take into account the oil being recovered
from the five new wells that were drilled during the course of this project.
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EXECUTIVE SUMMARY

This project is designed to demonstrate that a microbialy enhanced oil recovery process
(MEOR), developed in part under DOE Contract No. DE-AC22-90BC14665, will increase all
recovery from fluvia dominated deltaic oil reservoirs. The process involves stimulating the in-situ
indigenous microbid population in the reservoir to grow in the more permeable zones thus diverting
flow to other areas of the reservoir, thereby increasing the effectiveness of the waterflood. Thisfive
and one-half year project is divided into three phases, Phase |, Planning and Andysis (9 months),
Phase 11, Implementation (45 months) and, Phase |1l Technology Transfer (12 months). Phase | was
completed and reported in the first annual report. This fourth annua report covers the findingsin
months 28-39 of Phase ll.

Thefield demongtration (Phase I1) involved injecting nutrients into four injector wells (Test)
and comparing the performance of the surrounding producer wells to the producers surrounding four
untreated injector wells (Control). The addition of nutrients to the four test injector wells was begun
on Nov. 21, 1994, Feb. 27, 1995, Jan. 16, 1995, and Feb. 27, 1995 for test patterns 1, 2, 3, and 4,
respectively.  The nutrients being employed are potassium nitrate, sodium dihydrogen phosphate,
and in two cases molasses.

In late 1996 three new wells were drilled and completed and five sections of core from each
well were analyzed for the presence of nitrate ions and orthophosphate ions that are being injected
into the reservoir through the four test injectors. In one of the wells, nitrate ions were found in all
five sections, but orthophosphate ions were found in only one section. In the second well, nitrate
ions were found in four of the five sections, and orthophosphate was found in three sections. Three
sections from the third well had nitrate ions in them but none had orthophosphate ions. The presence
of microorganisms in cores from al three wells was demonstrated by observation with the electron
microscope and by cultural methods. In some sections the number of microorganisms was large.

Evaluation of oil production data and water:oil ratios (WOR) has shown that seven of the
fifteen producer wellsin test patterns have responded favorably to the MEOR treatment, while none
of the eight producer wells only in control patterns showed an improvement in either oil production
or WOR, athough one well did have some improvement in production due to an increase in the
amount of water injected into a nearby injector well. These positive findings prompted an expansion
of the field demonstration (with DOE’s approval) to include an additiona six test injector wells.
Two of these new test injectors were originaly control injectors while the other four new injectors
were not previoudy included in the field demonstration. The expansion began in July 1997.

Of specid significance isthe fact that over 7953 m? (50,022 barrels) of incremental oil have
been recovered as aresult of the MEOR treatment. Further, calculations show that the economic life
of the field will be extended until July 2004 instead of a previoudy anticipated closure in Dec. 2002.
Thisfinding is particularly impressive in view of the fact that only four of the twenty injector wells
in the field were treated during the first 30 months of the demonstration (Phase I1). Preliminary
indications are that by increasing the number of injector wells pumping microbia nutrients into the
reservoir from four to ten, more oil will be recovered and the economic life of the field will be
extended even further. It should be emphasized that the above calculations do not take into account
the oil being recovered from the five new wells that were drilled during the course of this project.
When those five wells are considered, the total project incrementa recovery through 1997 was



17,000 m® (107 MBO) and an additional 26,700 m* (168 MBO) are expected even with no further
response from the Sx recently added nutrient injectors making total incrementa recovery of 43,700
m® (275 MBO).



INTRODUCTION

The use of microorganisms to enhance oil recovery (MEOR) was first proposed by
Beckmann in 1926 * but it was ZoBell who first actively researched the concept 2°. Some MEOR
methods rely on in-situ indigenous microbial populations while other methods require injection of
microbial cultures into the formation. In some MEOR methods, it is the by-products of microbid
activity that enhance the oil recovery but other methods rely on the growth of the microorganisms
to achieve the desired result.

Thisfive and one-hdf year project is designed to demonstrate that the microflora indigenous
to petroleum reservoirs can be stimulated to grow in the more permeable zones of the reservoir
thereby diverting flow to other areas and thus increase the effectiveness of the waterflood. The
concepts involved in this project were developed in part as aresult of work performed under DOE
Contract No DE-AC22-90BC14665. Work on this project is divided into three phases of nine
months, forty-five months, and twelve months, respectively. This Fourth Annua Report will
describe the work completed during a twelve-month period of Phase 1.

Phase |, with a duration of nine months, has been completed. Two wellswere drilled in an
area of the fidd where approximately twenty feet of Carter Sand were expected and where bypassed
oil could reasonably be expected to exist. Cores from one well were obtained and employed in
laboratory core flood experimentsin order to design the protocol for Phase Il (Implementation). The
schedule and amounts of nutrients employed in the field were formulated on the basis of these
|aboratory data.

Phase 11, with a duration of forty-five months is now nearly completed. The first of four
injection skids was built and injection of nutrients into the injector for the first test pattern began on
November 21, 1994. The nutrients being injected are potassium nitrate and sodium dihydrogen
phosphate and, in two cases, molasses. Injection of nutrients into test patterns two, three, and four
was begun on February 27, 1995, January 16, 1995, and February 27, 1995, respectively.

After approximately 30 months of the field tests, results of the project have been so
encouraging that the field trial was expanded in June, 1997 to increase the number of test injectors
from four to ten.



DISCUSSION
1. OBJECTIVE AND OVERALL PLAN OF WORK

The objective of thiswork isto demonstrate the use of indigenous microbes as a method of
profile control inwaterfloods. It isexpected that as the microbial population isinduced to increase,
the expanded biomass will selectively block the more permeable zones of the reservoir thereby
forcing injection water to flow through the less permeable zones which will result in improved sweep
efficiency.

This increase in microbia population is accomplished by injecting a nutrient solution into
four injectors. Four other injectors will act as control wells. During Phase I, two wells were drilled
and one was cored through the pay zone. The cores were employed in core flood experimentsin
order to arrive at the optimum nutrient formulation and feeding regime. During Phase I, nutrient
injection began, the results are being monitored, and adjustments to the nutrient composition made.
Phase I11 will focus on technology transfer of the results.

One expected outcome of this new technology will be a prolongation of economical
waterflooding operations, i.e. economical ail recovery should continue for much longer periods in
areas of the reservoir subjected to this selective plugging technique.

2. DESCRIPTION OF OIL RESERVOIR FOR FIELD TRIAL

The North Blowhorn Creek Oil Unit (NBCU) is located in northwest Alabama about 125
kilometers (seventy-five miles) west of Birmingham, AL (see Figure 1). The fidd isin what is
known geologically as the Black Warrior Basin. The producing formation is the Carter Sandstone
of Missssippian Age at a depth of about 700 meters (2300 feet). The field was discovered in 1979
and initidly developed on 3.24 x 10° n? (80 acre) spacing. The field was unitized into a reservoir-
wide unit in 1983 and in-fill drilled to 1.62 x 10° m? (40 acre) spacing. Waterflooding of the
reservoir beganin 1983. Theinitid oil in place in the reservoir was about 2.5 million m® (16 million
barrels), of which 874,430 mPof oil (5.5 million barrels) had been recovered by the end of 1995. To
date, North Blowhorn Creek is the largest oil field discovered in the Black Warrior Basin.  Oil
production peaked at almost 480 m*/d of oil (3000 BOPD) in 1985 and has since steadily declined.
Currently there are 20 injection wells and 33 producing wells. Current production is about 46 m*/d
of oil (290 BOPD), 1700 m*/d of gas (60 MCFD), and 800 m?/d of water (3900 BWPD). The current
water injection rate is about 650 m*/d of water (4150 BWPD). About 1.6 n® of oil (10 MMBO) will
be left unrecovered if some method of enhanced recovery isnot proven to be feasible.
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3. PHASE Il. IMPLEMENTATION

a. Design of Field Demonstration

(1). Test patterns for field demonstration

Although the test patterns for the fidd demongtration were given in last year’ s Annua Report
they will be repeated here for sake of completeness. The wells included in the patterns are as
follows.

TP1
I njection-Production Pattern:

Injection Wdll: NBCU 2-14 No.1

Production Wélls: NBCU 2-11 No.1*
NBCU 2-15 No.1
NBCU 11-3 No.1*
NBCU 2-13 No.1*

CP 1 (Control Set)

Injection Well: NBCU 2-4 No.1
Production Wélls: NBCU 35-13 No.1
NBCU 35-14 No.1 (now abandoned)
NBCU 2-3 No.1*
NBCU 2-5 No.1*
NBCU 3-1 No.1*

P2

I njection-Production Pattern:

Injection Well: NBCU 34-9 No.2

Production Wélls: NBCU 34-7 No.z2*
NBCU 34-16 No.2
NBCU 34-15 No.1*
NBCU 34-15 No.2*
NBCU 34-10 No.1*

CP 2 (Control Set)

Injection Wdll: NBCU 34-7 No.1

Production Wélls: NBCU 34-2 No.1
NBCU 34-6 No.1
NBCU 34-7 No.2*
NBCU 34-10 No.1*



TIP3
I njection-Production Pattern:

Injection Well: NBCU 11-5 No.1

Production Wélls: NBCU 10-8 No.1
NBCU 11-6 No.1
NBCU 11-4 No.1
NBCU 11-3 No.1*
NBCU 2-13 No.1*

CP 3 (Control Set)

Injection Well: NBCU 3-2 No.1

Production Wélls: NBCU 3-3 No.1
NBCU 3-1 No.1*
NBCU 3-1 No.2*
NBCU 34-15 No.1*
NBCU 34-15 No.2*

P4

I njection-Production Pattern:

Injection Wdll: NBCU 2-6 No.1

Production Wélls: NBCU 2-11 No.2
NBCU 2-3 No.1*
NBCU 2-5 No.1*
NBCU 2-11 No.1*

CP 4 (Control Set)

Injection Well: NBCU 3-8 No.1
Production Wdlls: NBCU 3-1 No.1*
NBCU 3-1 No.2*
NBCU 3-9 No.1
NBCU 2-5 No.1*
* Indicates wells included in more than 1 test or control pattern.

(2). Expansion of the field demonstration

It became apparent after 30 months of monitoring, that producer wells (8), not influenced by
the injection of nutrients into nearby injector wells, have continued their historic natural declinein
oil production rate. Contrariwise, nearly haf of the wells (15) in areas being waterflooded with
microbia nutrients are exhibiting improved oil production rates. Asaresult of these findings, it was
requested (and approved by DOE) to expand nutrient injection by injecting nutrients into two



control injectors [wells 2-4 No. 1 (Control Pattern 1) and 34-7 No. 1 (Control Pattern 2)] and into
four injector wells not previoudy included inthe original program (NBCU 34-16 No. 1, NBCU 2-12
No. 1, NBCU 2-10 No. 2, and NBCU 3-16 No. 1). Locations of the new injector wells are shown
on Figure 2.

(3). Feed and feeding regime

After a careful evaluation of the field results, it was decided to modify the feeding regimes
for asecond time. Table 1 givesthe origina feeding regime, while Table 2 gives the feeding regime
employed from April 1996 - June 1997. The feeding regime being employed since July 1997 is
shown in Table 3.

(4).  Tracer studies

Asreported in the 1995 Annual Report, a Tritium tracer survey was initiated in Test Pattern
linApril, 1994. Two curies of Tritium were injected into well 2-14 No.1 and water samples from
the four offset producers were monitored for tracer breakthrough. The tracer was first detected in
NBCU 2-13 No.1 on October 12, 1994 and continued to be detectable through October 1996. Tracer
was first detected in the NBCU 11-3 No.1 on October 18, 1995 and continued to be detectable
through October 1996. No other wells have produced detectable amounts of the tracer.

(5).  Drilling of three additional wells

Three new wells were drilled into the Carter reservoir sand during the Fal of 1996. The
purpose of the three wells was to help evauate the nutrient induced in-situ growth of
microorganisms by analysis of recovered core samples and produced fluids. The locations of the
wells can be seen in Figure 2.

Thefirst well drilled wasthe NBCU 2-5 No.2 which started drilling on October 11, 1996 and
reached atotal depth of 701 m (2300 ft) on October 17. The well encountered 7.3 m (24 ft) of net
Carter sand between 668 and 676 m (2192 and 2218 ft) and 13.1 m (43 ft) of core were recovered.
The Dua Induction and Density-Neutron log sections are shown in Figure 3 and the conventional
core anaysisis shown in Figure 4. The core andysis indicates that, as a genera rule, the lower
permeability rock retains a higher oil saturation while the high permeability rock is better swept
resulting in alower oil saturation. Visua observation of the core indicated much remaining oil in
the low permeability rock. The well was cased for production, perforated from 668.4 to 676.0 m
(2193 to 2218 ft) and fracture stimulated. The 2-5 No. 2 was placed on rod pump in January 1997
and in February produced 28 n?® ail (177 BO), 0.18 7 gas (63 MCF), and 864 nv water (5433 BW).
Production has steadily declined to the point where the well presently produces about 0.16 m? oil/day
(1 BOPD) and 1.75 m® water/day (11 BWPD).

The second well drilled was the NBCU 2-13 No.2 which started drilling on October 22, 1996
and reached atotal depth of 703 m (2305 ft) on October 30. The well encountered 6.4 m (21 ft) of
net Carter sand between 664 and 672 m (2180 and 2205 ft) and 9.7 m (32 ft) of core were recovered.
Sections of the Dud Induction and Density-Neutron logs are shown in Figure 5 and the conventiona
core anaysisis shown in Figure 6. The core andysis indicates much higher permesability in the



Figure 2. Location of injector wells now receiving nutrients.
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Table 1.

Feed and Feeding Regime From November 1994 - April 1996.
PATTERNS
NUTRIENTS 1 2 3 4
KNO, 0.12%(w/v) | 0.12%(w/v) sameas 1 same as 2
Mondays Mondays
NaH,PO, 0.034%w/v) | 0.034%(w/v) sameas 1 sameas 2
Wednesday Fridays
Fridays
MOLASSES 0.1%(v/v) sameas 1 same as 2
Wednesdays
Table 2. Feed and Feeding Regime From May 1996 - June 1997.
PATTERNS
NUTRIENTS 1 2 3 4
KNO, 0.12%(w/v) same as before | same as before | 0.06%(w/v)
Mondays Mondays
NaH,PO, 0.034%(w/v) | sameasbefore | sameasbefore | 0.017%w/v)
Wednesdays Wednesdays
MOLASSES | 0.2%(v/v) same as before | same asbefore | 0.3%(v/v)
Fridays Fridays
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Table 3. Feed and Feeding Regime for All Ten Injector Wells Since July 1997.

WELL NO. MON. TUES. WED. THURS. FRI.
34-16 No.1 0.16 N 0.28M
0.04 P
2-4No.1 0.10N 0.20 M
0.03P
2-6 No.1 0.05N 0.30 M 0.02P
34-9 No.2 0.11N 0.18 M 0.05P
3-16 No.1 0.19N 0.32M
0.05P
34-7 No.1 0.17 N 021 M
0.04 P
2-10 No.2 012N 0.19M
0.02P
11-5No.1 015N 0.29M 0.04P
2-12 No.1 0.26 N 0.43 M
0.07P
2-14 No.1 0.08 N 047 M 0.02 P

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

11
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Figure 3. NBCU 2-5 No.2 log sections.
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Figure 4.

HUGHES EASTERN COPORATION FILENO:  96102C
NBCU 2-5#2 PERMIT NO:
LAB: Jackson MS
CONVENTIONAL CORE ANALYST: McGlaun

LAMAR COUNTY ALABAMA
SMP DEPTH PERM  PERM  FLD  HEL OL% WTR¥ PROB GRN
NC. FEET mik)  mi(Ka) POR POR PORE PORE PROD OESCRIPTION S FLU DEN
OCT. 16, 1996 HUGHES EASTERN CORPORATION 43 FEET CORRD

1 21850 - 855 1§ 08 819 LP  SHALEDRKGRYSDLAMS NO

2 860- 8635 17 00 759 (P SHALE ORK GRYSDLAMS NO
3870873 28 00 910 (P  SHALEORKGRYSDLAMS NO

4 21980 - 885 27 00 846 (P  SHALEORKGRYSDLAMS NO

5 2%90- 895 13 37 65 30 910 p SHALEDRK GRYSDLAN S/ASPH ) S}
6 20900- %5 79 37 37 00 707 Lp SHALEDRK GRY SDLAN SIASPH T 26
TOm0-915 101 122 634 P SHALEDRK GRYSDLAMS 4y

B 21920-925 24 00 528 P SHALEDRKGRYSDIAMS T

9 20930-915 %5 23 37 00 565 L SDGRYMWHTVFG S/SHLY SIASPH T 20
10 21940945 “4) 15 45 00 516 P SDGRYWHTVFG S/SHLY SIASPH T 268
1 21950 . 955 72 48 43 313 261 on 3D GRYWHTVFG S/SHLY SIASPH T2
12 219%0-9%5 780 124 85 28 464 oL SDBRNVFG S/SHLY SIASPH 5l T 28
13 2910-913 %00 122 146 113 319 o SDBRNIGRY VEG S/SHLY ASPH 46 YELLOW 261
14 2190-9%5 20 159 148 110 282 o 3D BRNIGRYVFGASPH 4 YELLOW 263
15 2%0-95 070 92 123 52 129 on  3DBRN/GRYVFGASPH 53 YELLOW 268
16 200- 05 070 6 43 317 181 P SDBRNIGRYVFGASPH YELLOW 274
17 2000- 13 040 29 25 47 256 b SDBRNIGRYVFGASPH YELLOW 278
18 2000 25 000 154 138 152 %1 oL  SDBRNIGRYVFGASPH 51 YELLOW 264
9 2M0-. 35 M0 134 139 154 359 on  SDBRN/GRYVFGASPH Api30.5 H  YELIOW 26
D DM40- 45 890 127 121 204 383 oo SDBRNIGRYVFGASPH SHLYLAM 54 YELLOW 263
A 200- 58 91 160 124 139 331 oL SDBRNIGRYVFGASPH SHLYLAM 53 YELLOW 263
2 2060- 65 %00 140 149 147 261 o SDBRNIGRYVFGASPH 5l YELLOW 262
Bnoono- 18 160 173 129 116 233 on  SOBRN/GRYVFGASPH SHLYLAM 54 YELLOW 282
U 2080 85 nm 147 154 139 293 on  SDBRNIGRYVFGASPH 48 YELLOW 261
% 2M0- 95 5000 195 154 72 188 oL SDBRN/GRYVFGASPH SHLYLAM 44  YELLOW 163
% 2100-108 1030 155 135 131 262 on  SDBRN/GRYVFGASPH 54 YELLOW 286
T nIe-115 18.00 123 139 172 32 oL  SOBRN/GRYVFGASPH 52 YELLOW 265
2% 020128 1300 109 129 108 323 oL  SDBRNIGRYVFGASPH SHLYLAM 5  YELLOW 263
B N1BH-135 13W 124 125 174 347 oL SDBRN/GRYVFGASPH SHLYLAM 5  YELLOW 269
0 2040145 1300 123 1B 96 134 oL SDBRNIGRYVFGASPH Api 205 2 YELLOW 26
I Ms0-155 B0 8% 144 80 187 on  SDBRNIGRYVFGASPH 4 YELLOW 268

NBCU 2-5 No.2 conventional core analysis.
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Figure5. NBCU 2-13 No.2 log sections.

14

L= =31 t
[
|

74
-t

|

1

|

+: 1o i

1]

FRLDT-[C

41
,‘,', 4
L .- =
H [ JO T3
] 4 1 ]
4T S iimE
T . 1t
! 0 N
1 ; 117 0 | -
4
;]—-—-k - [4 1 I
T t
I

11 -10-

WABHOUT

Hack
Brokch

L]
0 R

Ll

o SR

i

Cable

]
K e STIA (145

Y ... { .1 .

o™ :



Figure 6.

HUGHES EASTERN CORPORATION ' FILENQ.  96104C
NBCU 2-1382 PERMIT NO:
2448 14W LAB: Jackson, MS
NORTH BLOWHORN CREEK ANALYST:  McGlaun
LAMAR COUNTY ALABAMA
SMP DEPTH PERM  FLD  HEL OL% WTR%PROB GRN
0. FEET md (<) md{ks)  POR POR PORE PORE PROD DESCRIPTION Seri% FLU DEN
10-38-96 HUGHES EASTERN CORP 43 FEET CORRD
A720- 1m0 SHALEDK GRY NO
2730 - 1m0 SHALE DK GRY NO
207401750 SHALE DK GRY NO
1 21750 - 1760 100 1224 00 626 LP  SDGRY/WHT VFG NO 27
10 A% -1mp 070 10 18 00 87 LP  SDGRY/WHTVIG NO  2H
3 AT0-1me 0.70 04 07 00 603 LP  SDGRY/WHT VEG SHLAMS NO 2T
4 2AM0-1m0 070 06 03 00 519 LP  SDGRY/WHT VEG SHLAMS NO 269
§ 201800 150 2 39 00 563 LP SDGRY/WHT VEG SHLAMS NO 269
21800 - 1810 SHALEDK GRY NO
2810 - 1820 SHALEDK GRY NO
2820 - 1830 SHALE DK GRY NO
U8B0 - 1800 SHALEDK GRY NO
6 21840-1880 2200 72 836 164 31§ OL  SDBRNVF-FGASPH 2 YELLOW 263
T 21850189 141.00 119 139 98 43 OL SDBRNVEFGASPH 3 YELLOW 259
§ 21860 -1470 50.00 L1 126 200 23 OL  SDBRNVF-FGASPH 40 YELLOW 280
9 21870 - 1880 87.00 128 133 145 20 O  SDBRNVE-FGASPH 39 YELLOW 258
10 218801830 86.00 136 144 97 198 OL  SDBRNVKFGASPH 39 YELLOW 260
10 218901900 9100 130 147 52 237 OL  SDBRNVE-FGASPH 38 YELLOW 260
12 2A%0.0-1900 10100 133 149 119 45 OL SDBRNVFFGASPH ¥ YELLOW 260
13 21919- 1920 4300 108 116 152 181 OL  SDBRNVF-FGASPH 41 YELLOW 262
14 21920190 107.00 131 149 117 M7 OL  SDBRNVF-EGASPH 38 YELLOW 262
15 219301940 400 128 126 129 205 O  SDBRNVE-EGASPH 43 YELLOW 263
16 21940194 730 87 95 202 219 OL  SDBRNFGASPHSSHLY 51 YELLOW 263
17 21950 - 1969 1.00 76 68 169 263 OL SDGRY/BRNVEG V/SHLY S/ASPH 58 YELLOW I
18 21%0- 1910 440 19 26 86 516 OL  SDGRY VEGSHLAMS S/ASPH FTYEL 266
19 21970 - 1980 2800 94 91 159 %3 OL SDBRNVFGASPH 42 YELLOW 26l
0 219%0. 190 3400 91 99 77 23 OIL SDBRN VFGASPH 41 YELLOW 262
A 2900 1110 89 98 116 247 OL  SDWHI/GRY VIG 49  YELLOW 259
22000010 10 313 53 170 B9 QL  SDWHI/GRY SHLY LAMS S/ASPH 46 YELLOW 263
B 2010020 480 81 94 292 24 O  SDBRNVFGASPH W YELLOW 263
W0 w0 450 97 95 186 219 OL  SDBRN VEG ASPH 54 YELLOW 262
25 2030- 2040 190 76 80 305 27 OL  SDWHT/GRY VEG S/ ASPH S FTYEL 280
22040 - 280 SHALE DK GRY NO
% 2050 260 130 58 54 00 214 LP  SDWHI/GRY VFG VSHLAMS L NO 263
7 206020 130 15 78 210 B2 OL  SDGRY VFGS/SHLY ASPH 8 YELLOW 264
B 2070-2m0 190 76 74 185 41 OL SDGRY VEGSSHLY 3 YELLOW 263
9 20802190 240 78 79 208 212 OL  SDGRY VEG S/SHLY S/ASPH 5  YELLOW 263
0 2090200 160 34 39 94 231 OL  SDGRY VEGSSHLY S/ASPH §7 YELLOW 266
200 - 2180 SHALE DK GRY

NBCU 2-13 No.2 conventional core analysis.
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upper ten feet of the sand than in the lower portion. Asin the previous well, the higher permeability
rock generdly haslower ail saturation than the lower permeability rock which is harder to sweep by
waterflood. Visud observation of the core indicated much remaining oil, as was observed in the
previous well. The well was cased for production and perforated from 665-668 m and 669-670 m
(2182-2192 ft and 2195-2199 ft). A packer and tubing were run and the well was swab tested at a
rate of 76 m* (480 bbls) of fluid per day with 15-25% oil. Because the well initially swabbed at a
high fluid rate, no fracture stimulation was performed. Rod pumping equipment was installed and
the well was placed on production in January. QOil production has been relatively steady at 2.4-3.2
m? dil/day (15-20 BOPD) with 1.4-4.0 m® water/day (9-25 BWPD).

Thethird wdl drilled was the NBCU 2-11 No.3 which started drilling on November 6,1996
and reached atotal depth of 703 m (2306 ft) on November 13. The well encountered 11 m (36 ft)
of Carter sand between 659.6 and 670.6 m (2164 and 2200 ft). The sand was much thicker than
anticipated. Previous maps had indicated only 5.5 m (18 ft) of sand at thislocation. Log sections
areshowninFigure 7. A 9.7 m (32 ft) core was recovered which revealed significant remaining oil
saturation, along with some portions which had obviousy been swept by the waterflood. The
conventiona core analysis is shown in Figure 8. It is beieved the water swept sections would
provide the best opportunity to observe microbia growth as a result of nutrient injection into the
NBCU 2-6 No. 1 well about 152 m (500 ft) north of thiswell. The well was cased for production,
perforated from 659.6 to 670.6 m (2164 to 2200 ft), a packer and tubing run and the well was
fracture stimulated. The well was placed on production flowing at a rate of 2.9 m® oil/day (18
BOPD) and 34.0 m* water/day (214 BWPD), but the rate quickly declined and rod pumping
equipment was ingtalled in April. The well initially produced about 1.0 m?® oil/day (6 BOPD) and
64.0 m® water/day (400 BWPD) on pump, but the oil production continued to decline to about 0.3
m?® oil/day (2 BOPD) with 40.0 m® water/day (250 BWPD) and the well was shut-in during August.
The well was produced again in November and December, but there was no improvement in
production. Thiswdl yielded the poorest production as a result of its close proximity to the 2-6 No.
1 nutrient injector. The well’s apparent very direct hydraulic communication with the 2-6 No.1
resulted in water withdrawal from that pattern of sufficient magnitude to significantly adversely
affect other wellsin that pattern (2-5 No. 1, 2-11 No. 1, and 2-11 No. 2).

b. Chemical and Microbiological Analyses of Core Samples

Chemica and microbiological analyses of core samples from the three newly drilled wells
were begun in the fourth quarter of 1996. A total of 16 one-foot (approx.) sections of the core from
each well was obtained for chemical and microbiological analyses. Each of ten sections from each
core was placed in alarge open plastic bag and immediately placed in an anaerobic container and
held under anaerobic conditions. Six additional sections were each placed in a closed plastic bag
and stored in a one-gallon plastic container (aerobic).

(1) Methods employed
Five sections of core samples from newly drilled wells 2-5 No. 2, 2-13 No. 2, and 2-11 No.

3 were prepared for analyses as follows. Portions of each core section were crushed at 20,000 ps
and sieved through a U.S.A. Standard Testing Sieve No. 40 (0.419 opening in mm). One hundred
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Figure 7.

NBCU 2-11 No.3 log sections.
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GoreTech, Inc.
Jackson, Mississippi
1-800-748-9031 watts - 601-930-3200 tel. - 801-839-0903 fax.
Core No.12170.0-2202.0
Hughes Eastem Cormp. 961102
NBCU 2-11 #3 Final Report 2145-14W
North Blowhom Creek Water
Lamer Co., AL McGlaun
Smp. Depih Pemt  He  Fluid Prob. Grain
No.  Feal md_ Pokh Podk  Sok Sk Prod. Ob% Gb Description Flu  Densiy
1 2700 - 05 257 86 83 236 157 OL 22 56 SDBRNVFGSHY LAMS S/ASPH Y 282
2 110 -0 29 68 103 141 187 QL 14 89 SDBRNVFG SHY LAMS S/ASPH Y 281
3 720 - 30 /A1 B3 16 326 28 OL 25 26 SDBRNVFGSHY LAMS SIASPH Y
4 AN0 - B5 264 82 16 288 192 OL 22 40 SDBRNVFG SHY LAMS S/ASPH Y 261
5 U740 - 750 375 19 10 22 154 OL 24 69 SDBRNVFGSHY LAMS S/ASPH Y. 260
6 4750 - 755 29 58 91 175 488 OL 16 31 SDBRNVFG SHYLAMS S/ASPH Y 283
T a0 -0 882 M8 145 124 29 OL 18 83 SDBRNVFG SHY LAMS S/ASPH Y 281
8 20 - T8 1328 121 143 24 145 OL 03 119 SDBRNVFGSHY LAMS SIASPH Y 264
9 24780 - 90 1282 18 189 82 175 QL 15 140 SDBRNVFG SHY LAMS S/ASPH Y 260
10 4790 - 795 421 136 166 106 232 OL 18 1.0 SDBRNVFG SASPH Y 260
1121800 - 810 1857 137 171 120 39 OL 20 96 SDBRNVFGS/ASPH Y 28
12 24810 - 820 2302 11 170 104 32 OL 18 96 SDBRNVFGS/ASPH Y 260
13 21820 - 825 4828 159 158 179 31 OL 28 79 SDBRNVFGS/ASPH Y 260
Wo1830 - 835 1361 115 124 105 287 OL 13 76 SDBRNVFGS/ASPH Y 28
15 21840 - 845 349t 146 177 99 190 OL 17 126 SDBRNVFGS/ASPH Y 2668
18 21850 - 860 1141 10 16 204 22 OL 24 89 SDBRNVFGS/ASPH Y 284
17 21880 - 85 778 108 116 103 175 OL 12 84 SDBRNVFGS/ASPH Y 266
18 21870 - 860 1398 122 145 80 240 OL 12 98 SDBRNVFGS/ASPH (295AP) Y 263
19 21880 - 885 1821 128 (48 78 282 Ol 12 95 SDBRNVFGSASPH Y 28
20 280 -9%0 B 131 152 98 41 QL 15 75 SDBRNVFGS/ASPH Y 283
24 211900 - %05 308 137 156 29 243 OL 04 145 SDBRNVFGSHY LAMS SIASPH Y 282
2 290 - 920 €102 146 138 60 267 OL 08 120 SDBRNVFGSHY LAMS SIASPH Y 261
2 2920 - 930 6102 139 186 138 260 OL 23 100 SDBRNVFGSHY LAMS SIASPH Y 25
4 21900 - 940 4188 129 146 111 158 OL 16 107 SDBRNVFGSHY LAMS SIASPH Y 260
25 21040 - 945 5188 107 154 119 148 OL 18 113 SDBRNVFGSHY LAMS SIASPH Y 28
B 850 - 955 242 127 892 178 30 OL 16 55 SDBRNVFGSHYLAMSSIASPH Y 280
7 1960 - 970 135 110 182 159 213 OL 26 102 SDBRNVFGSHY LAMS SIASPH Y 260
28 21870 - 980 5438 136 150 138 25 OL 21 97 SDBRNVFGSHY LAMS SIASPH Y 280
20 21980 - 885 244 115 113 162 292 OL 18 62 SDBRNVFG SHY LAMS SIASPH Y 286
0 21990 - 995 458 99 115 104 284 OL 12 93 SDBRNVFGSHY LAMS S/ASPH Y 281
0 22000 -1015 SHALE DK GRY 0
Figure 8. NBCU 2-11 No.3 conventional core analysis.
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grams of each core were placed in a six-ounce bottle containing 100 ml of distilled water and shaken
on arotary shaker at 110 rpm for two hours. Samples were immediately withdrawn for analyses of
the microbia content. Numbers of aerobic heterotrophs and aerobic oil-degrading microorganisms
were determined using Bacto-Plate Count Agar and oil agar, respectively, on samples from al three
wells. Numbers of anaerobic heterotrophs and anaerobic oil-degrading microorganisms were
determined using Bacto-Plate Count Agar and oil agar, respectively, on samples from wells 2-13 No.
2 and 2-11 No.3.

The bottles were alowed to remain quiescent for 12 hours in a refrigerator and prior to
inorganic chemica analyses suspended matter was removed by filtration through a 0.45 p millipore
filter. The methods employed for the inorganic analyses were as follows.

Orthophosphate was determined using the Ascorbic Acid Reduction Method as given in the
Standard Methods for the Examination of Water and Wastewater®.

Nitrate-nitrogen was determined using the Cadmium Reduction Method as given in the
Standard Methods for the Examination of Water and Wastewater®.

Electron microscope observations were made using a Leica Stereoscan Model #360.
Specimens of core samples were mounted on metal stubs, put in the vacuum chamber of a Polaron
Model # E 5100 Sputter Coater, and the air atmosphere replaced with argon. The specimens were
sputter coated with gold-palladium (60% gold, 40% palladium).

(2) Results

The concentration of nitrate ions and orthophosphate ions in five sections of core from each
of the three newly drilled wellsisgivenin Table 4. Nitrate ionswere present in 4, 3, and 5 sections
of core samplesfromwells2-5 No. 2, 2-13 No. 2 and 2-11 No. 3, respectively. Orthophosphate ions
werefoundin 3, 0, and 1 section of the core samples from wells 2-5 No. 2, 2-13 No. 2, and 2-11 No.
3, respectively. It should be remembered that phosphate can react with constituents (e.g. calcium
ions) in the formation and, consequently, the data only reflect that orthophosphate that isin solution.
The results, however, clearly demonstrate that the nutrients are being widely distributed in the oil-
bearing formation.

Asshown in Table 5 microorganisms were present in dl sections of cores from dl three newly
drilled wdls and, as may be observed, the numbers vary as would be expected, but the larger numbers
in some samples suggest that they probably have been proliferating. As may be noted both
heterotrophs and oil-degrading microbes were present in adl samples as were both aerobes and
anaerobes.

Samples from each section were examined by dectron microscopy and, as would be expected,
many samples gave no evidence of microbia cells. Scattered microbia cells asillustrated in Figure
9), were observed in anumber of samples from dl three wells and in some cases (see Figures 10, 11,
and 12) large clusters of cdllswere observed indicating that the added nutrients are having the desired
effect of promoting microbia growth in the reservoir.
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Table4. Concentration of Nitrate and Orthophosphate lons in Sections of Cores
From Three Newly Drilled Wélls.

WELL NO. CORE DEPTH NITRATE PHOSPHATE
SECTIONS (ppm) (ppm)
(No.) m ft
2-5No. 2 3 675.7 2217 0.04 <0.01
2-5No. 2 5 674.8 2214 0.03 0.10
2-5No. 2 11 673.0 2208 0.02 0.17
2-5No. 2 12 672.1 2205 0.09 0.24
2-5No. 2 15 669.0 2195 <0.01 <0.01
2-13 No. 2 4 6715 2203 0.02 <0.01
2-13 No. 2 6 670.6 2200 0.03 <0.01
2-13 No. 2 11 669.6 2197 0.04 <0.01
2-13 No. 2 13 667.5 2190 <0.01 <0.01
2-13 No. 2 15 665.7 2184 <0.01 <0.01
2-11 No. 3 3 670.0 2198 0.04 0.05
2-11 No. 3 7 666.9 2188 0.08 <0.01
2-11 No. 3 8 666.3 2186 0.02 <0.01
2-11 No. 3 10 665.1 2182 0.02 <0.01
2-11 No. 3 14 663.5 2177 0.02 <0.01
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Table5. Numbers of Microorganismsin Sections of Cores From Three Newly Drilled Wélls.

WELL CORE DEPTH HETEROTROPHS OIL-DEGRADING
NO. SECTION AEROBIC ANAEROBIC | AEROBIC ~ ANAEROBIC
(No.) m ft (No./g) (No./g) (No./g) (No./g)
2-5No. 2 3 676.12 2217 3 * 0 *
2-5No. 2 5 675.21 2214 29 * 3 *
2-5No. 2 11 673.38 2208 7 * 11 *
2-5No. 2 12 672.46 2205 138 * 250 *
2-5No. 2 15 669.41 2195 >300 * >300 *
2-13 No. 2 4 671.85 2203 250 4 175 <1
2-13 No. 2 6 670.94 2200 >300 14 103 <1
2-13 No. 2 11 670.02 2197 >300 11 >300 1
2-13 No. 2 13 667.89 2190 >300 41 125 <1
2-13 No. 2 15 666.06 2184 >300 20 105 1
2-11 No. 3 3 670.33 2198 231 30 182 48
2-11 No. 3 7 667.28 2188 250 71 163 50
2-11 No. 3 8 666.67 2186 179 59 102 38
2-11 No. 3 10 665.45 2182 >300 85 145 62
2-11 No. 3 14 663.92 2177 >300 52 153 33

* insufficient sample
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Figure 9. Electron micrograph of a sample of core from well 2-13 No.2, section 6.
Note the scattered microbial cells.

Figure 10. Electron micrograph of a sample of core from well 2-11 No.3, section 3.
Note the large number of microbia cells.
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Figure 11. Electron micrograph of a sample of core from well 2-5 No.2, section 11.
Note the large number of microbial cells.

CHT= 15.0 KV
5. 00 b

Figure 12. Electron micrograph of a sample of core from well 2-11 No.3, section 3.
Note the large number of microbial cells.
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c. Geological Characterization of Core Samples

The geological information gathered from the recovered core samplesin Phase I, have been
characterized geologically by thin section, Secondary Electron Imagery (S.E.1.), and x-ray diffraction
analyzing methods (See Annua Report, 1995).

d. Petrophysical Study of Core Samples

The petrophysical properties of recovered core samples in Phase | have been previoudy
reported (See Annua Report, 1995). The petrophysical properties of collected cores from the three
newly welsdrilled in Phase Il aregivenin Table 6. In thistable the lowest, the highest, and a median
range is presented to show the intensity of heterogeneity of the reservoir formation.

The core samples appear to be massive, fine-grained, moderately mature, quartzarenite ( a
sandstone, Folk’s classification) with abundant quartz, minor amount of feldspar, perhaps kaolinite,
with minor calcitic cement component, probably ferroan dolomite.

e. Analysis of Injection and Production Fluids

Fluids from both injector wells and producer wellsin dl patterns, were collected
monthly in one and one-half gallon containers and brought to the laboratory for anaysis. Oil and
water were separated and a portion of the oil sample analyzed for its diphatic profile by gas
chromatography (GC). The remainder of the oil sample was used for measurement of gravity,
viscosity, and interfacia tension (IFT). Additionally, the water samples were analyzed for surface
tension (ST), pH, microbia content, and severa inorganic ions. Furthermore, production rates of
produced fluids (ail, gas, and water) from the producer wellsin dl patterns were measured weekly
by the field lease operator. To date, 28-33 samples from each well have been collected and anayzed.

(1) Petrophysical analyses

The following characteristics of produced fluids from selected wells have been measured and
representative values given in Table 7.

. Gas chromatography (GC) to determine the dliphatic profile of oil from producer
wellsin dl patterns. [From these dataiit is hoped that evidence of oil from
previousy unswept areas of the reservoir will be found in the produced oil. This
finding will help confirm that microbia growth in the reservoirsisindeed atering
the sweep pattern in the reservoir.]

. Gravity (API) of ail (at room temperature) produced from selected wellsin test and
control patterns. [It is expected that the API gravity of produced oil will increase as
new oil (lighter oil) is swept into producing wells. Generally speaking, lighter crude
oil has been produced for years and the oil presently being swept from the reservoir
is somewhat heavier than untapped oil. Information on gravity variation therefore
could be used as supportive evidence of production of new oil due to microbia
selective plugging. See Table 7.]
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Table6. Petrophysical Properties of Cores From Three Newly Drilled Wdlls.

WELL NAME DEPTH POROSITY | PERMEABILITY FLUID GRAIN
SATURATION DENSITY
m ft (%) (md) (%) il (%) H,0 (g/cc)
2-5No. 2 670.94 2200 4.3 0.70 [ 317 | 281 2.74
2-5No. 2 679.52 2207 12.9 11.60 | 116 | 233 2.62
2-5No. 2 675.51 2215 14.4 38.00 | 8.0 18.7 2.68
2-13No.2 | 666.36 2185 13.9 14100 | 9.8 24.3 2.59
2-13No.2 | 670.33 2198 9.9 3400 | 7.7 22.3 2.62
2-13No. 2 | 673.38 2208 3.9 160 | 94 |231 2.66
2-11No.3 | 663.92 2177 121 1329 | 24 14.5 2.64
2-11No.3 | 668.50 2192 13.9 61.02 | 13.8 | 26.0 2.59
2-11No.3 | 669.72 2196 11.0 135 | 159 |21.3 2.60
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Table7. Petrophysical Andyssof Selected Test and Control Wellsin All Patterns.
Weélls Gravity Viscosity | Surface Tension | Interfacial Tension pH
API cP W-air dyne/cm O-W dyne/cm
PATTERN 1
Test Well
2-15 No. 1
Range | 33-31 2.4-2.1 57-62 25-30 9.4-8.8
Trend | down down up up down
Test Well
2-13 No. 1
Range | 37-30 [ 2.25-1.95 63-57 22-21 8.3-7.4
Trend | down down down down down
Control Well
3-1 No. 1
Range | 37-31 2.4-1.6 57-60 22.5-29 8.2-8
Trend | down down up up down
PATTERN 2
Test Well
34-7 No. 2
Range | 31-32 2.6-2.4 62-57 25-17.5 8.4-7.9
Trend | steady down down down down
Control Well
34-2 No. 1
Range [ 33-32 1.75-1.8 61-58 24.5-22 8.5-8
Trend | steady steady down down down
PATTERN 3
Test Wells
10-8 No. 1
Range | 25-27.5 5.2-4 63-62 23-25 8.3-7.8
Trend up down steady steady down
Test Wells
11-4 No. 1
Range | 34-26 1.7-4.5 63-60 17-27 8.2-7.7
Trend | down up steady up down
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Table 7 (Continued).

Control Well Gravity Viscosity Surface Tension | Interfacial Tension pH
3-3 No. 1 API cP W-air dyne/cm O-W dyne/cm
Range | 27.5-30 3.4-2.2 62-60 27.5-22.5 7.9-8.6
Trend up down steady down up
PATTERN 4
Test Well
2-11 No. 2
Range [ 34-32 1.8-2.4 61-60 25-22.5 7.8-8
Trend | steady up Steady down Steady
Control Well
3-9 No.1
Range [ 31-32 1.7-2.1 63-58 22.5-227 8-7.9
Trend [ steady up down steady steady
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. Viscosity of oil (at reservoir temperature) produced from selected wells in test and
control patterns. [t is expected that the viscosity of the produced oil will decrease as
new oil (lighter oil) is swept into the producing wells. Generally speaking lighter oil
has alower viscosity (see Table 7).]

. Interfacial tension (IFT) for produced and separated oil-water system from selected
wells in test and control patterns. [The production of surfactants by the microbia
population may cause a reduction in the interfacia tension between the oil and the
water phases and/or between water and oil and sand surface. Monitoring IFT in a
producing oil-water system may lead to evidence of microbia activities in the
reservoir (see Table 7).]

. Surfacetension (ST) of air-water systemsasin IFT. [Monitoring surface tensionina
producing oil and water system gives some indication of changes in the nature of
produced oil when comparing it to samples from control wells or from historical data
from the same well (see Table 7).]

. pH of produced water. [ Monitoring the acidity of produced water from producing
wells in test patterns and comparing it to produced water from control wells or
higtorica dataisonly for the sake of determining if acids or other corrosive materials
are being produced (particularly from molasses) and could be detrimental to the
quality of oil or production facilities and eventually the environment (see Table 7).]

2 Microbial populations

Production fluids are still being monitored for microbia content but to date no significant
findings have been observed. While the data await find analyses, it should be emphasized that
microorganisms prefer to grow attached to a substrate rather than be suspended in a medium and
consequently numbers of microbes in production fluid do not necessarily reflect the size of the
population in the reservaoir.

3) Inorganic ions

Production fluids are till being monitored for chloride ions, hardness, nitrate ions, phosphate
ions, potassium ions, sulfate ions, and sulfide ions.

No sulfide ions have been detected in the fluids from any of the production wells this year
(limit of detection 0.02 ppm). No significant changes attributable to the MEOR process have been
seen in the concentrations of chloride ions, hardness, potassium ions, or sulfate ions.

No nitrate ions have been found in the produced fluids from any of the wells, but as indicated
in sections (3b2, pg 19) nitrate ions were found in some samples of the cores from dl three of the
newly drilled wells.

Phosphate ions have been found in the produced fluids from producer wells in three of the
four test patterns (see Table 8) indicating that there is communication between the respective injector
wells and these producer wells. This suggest that the nitrate ions are either being taken up by the
microflora or are reacting with materials in the reservair.
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Table 8. Phosphate Ilon Concentration in Produced Fuids From Producer Wells in Test
Patterns.
Test Pattern Well No. Date Phosphate lon
Concentration
(ppm)
1 2-13 No.1 Feb. 1997 0.24
1 2-13No. 1 Apr. 1997 0.98
1 2-13No. 1 Aug. 1997 1.45
1 2-13No. 1 Oct. 1997 trace
1 11-3No.1 June 1997 1.32
2 34-15 No.2 June 1997 0.10
2 34-16 No.2 Oct. 1997 trace
3 11-6 No.1 June 1997 1.09
3 11-3 No.1 June 1997 1.32

29




(4)  Gas composition

Increased gas production that has been noted in some wells could be the result of microbid
activity or it could come from previousy unswept areas of the reservoir. Samples of gas were
collected from selected production wells and analyzed by gas chromatography using a Fisher Gas
Partitioner Model 1200 (dual column, dual detector chromatograph). Column 1 was a 20' x 1/8"
aluminum column packed with 37.5% DC-200/500 on 80/100 mesh chromosorb  P-AW. Column
2 was a 6' x 3/16"auminum column packed with 60/80 mesh molecular sieve, 13x. The column
temperature was 70 C and the injector temperature was 65 C. The carrier gas, helium, was employed
at aflow rate of 35 ml per min (back pressure 40 ps). All analyses were performed on 50 pl samples.
Standard curves were prepared for dl gases used throughout these investigations by analyzing various
amounts (25 Y to 100 pl) of authentic samples and averaging four replications. ldentification of
gases was achieved by comparison of the retention time of peaks on the chromatogram to the
retention times of standard gases. Quantitation was accomplished by comparison of the area under
the curve for a given gasto a standard curve prepared with a pure sample of that gas.

Severa sets of samples have been analyzed this year but because of the limited amount of
data, no conclusions can be drawn at thistime. Continued analyses may help clarify the origin of the
gas.

f. Criteria for Evaluating Success

The criteria under which the success of the project will be measured are as follows:

Decrease in water:oil ratio (WOR)

More sustainable production

Proof of stimulation of indigenous microorganisms

Better understanding of reservoir and reservoir formation as a microbia

environment for the future methods of selecting reservoir candidates for

MEOR.

. Increase in Productivity Index in producing wells, and decrease in
injectivity of injection wells.

. Overall decreasein cost per barrel of oil produced.

. Increase in productive life of the reservoir which trandates into lower

residua oil inplace.

Plots of production fluids rate and WOR versus time will show any sustained increase or
decrease in oil production, and decrease/increase in water production. Microorganisms, as by-
products of their metabolism, produce surfactants which cause areduction in IFT and also may effect
the wettability of the reservoir formation. They aso will produce gases which may effect the acidity
of the reservoir water and/or decrease the viscosity of reservoir oil. Plots of reservoir oil gravity
versus time may present some indication of the integrity of reservoir oil under the MEOR process.
Plots of injection pressure and volume of injected water in time will present an indication of the
continuity of the operation and injectivity of the injection well. Finaly, gas chromatographic data
may detect changes in the aliphatic profile of the oil.
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g. Performance of MEOR Process in All Patterns

The project was initiated in January of 1994 and is approximately 73% completed. The
gtarting nutrient injection date for test pattern 1 was Nov. 21, 1994, test pattern 2 was Feb. 27, 1995;
test pattern 3 was Jan. 16, 1995, and test pattern 4 was Feb. 27, 1995. In June 1997 following a
request from Hughes Eastern and approval by DOE, two control injectors were changed to test
injectors and four additiona injectors (not previoudy included in this study) were turned into test
injectors.

In evaluating performance, both oil production rate and water:oil ratio (WOR) were
consgdered. Theimpact of the MEOR process was characterized as positive if the oil production rate
increased, is holding steady, or there has been a noticeable decrease in the rate of decline and the
WOR is decreasing, holding steady, or there has been a noticeable reduction in the rate of increase.
Ovedl, the performance of the test wellswas characterized as Positive, Inconclusive, or None, while
the performance of the control wells was characterized as Natural Decline or Abandoned, except in
one case where other comments were made (see Tables 9 and 10). The performance of wellsin al
patternsisgiven in Figures A1-A21 in the Appendix. It should be pointed out that there was a drop
in production in February 1996 due to a severe freeze which shut down field operations for about a
week. Production plots for the two wells, 34-7 No.2 and 34-2 No.1, are shown in Figures A5 and
A18, respectively. Note that the 34-7 No.2 is aso in Test Pattern 2 and showed some positive
response prior to beginning nutrient injection in Control Pattern 2, but the response has recently been
improving. The production declines on both wells have actualy reversed and production is
increasing.

Although gravity, viscosity, surface tension, interfacia tension, and pH of produced fluids
from producer wells have been monitored, no conclusions concerning these parameters have been
made.

(1). Performance of injection well 2-14 No. 1 (Test Pattern 1)

The injection volume is declining despite an increase in injection pressure. This performance
may be an indication of microbia permeability reduction near the wellbore (see Figure A22).

(2).  Performance of the injection well 34-9 No. 2 (Test Pattern 2)

Injection pressure isincreasing and injection volume is decreasing. This performance may
be an indication of microbial permeability reduction near the wellbore (see Figure A23).

(3). Performance of the injection well 11-5 No. 1 (Test Pattern 3)

The injection volume is on a decline and there was a dight increase in injection pressure
which may be an indication of microbia permeability reduction near the wellbore (see Figure A24).

(4). Performance of the injection well 2-6 No. 1 (Test Pattern 4)
Thiswell’s injection rate and pressure are very sensitive to production (or lack of) from the

2-11 No. 3. Injection pressure increased and the injection volume increased over the last year (see
Figure A25).
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Table 9.

Performance of Wellsin Test Patterns.

WELL NO.

PATTERN

RESPONSE to
MEOR

REMARKS

2-11 No. 1

land 4

Positive

Approximately five months after beginning the
nutrient injection, there was an appreciable
increase in oil production and the rate of
decline in il production became considerably
less, dthough WOR is dightly increasing.
Thiswell is a shared well with Test Pattern 4.
When production from well 2-11 No. 3 began
there was a steady drop in ail production (from
January to September 1997). However, when
well 2-11 No. 3 was shut-in production began
a steady increase.

2-15No. 1

Inconclusive

Production from this well has been erratic.

11-3 No. 1

land3

Inconclusive

While this well cannot be considered as
exhibiting a positive response, it should be
noted that oil production increased from
January 1997 to April 1997 and has remained
steady since that time. WOR is generaly
increasing.

2-13 No. 1

land3

Positive

Approximately six months after beginning the
nutrient injection, there was an increase in ail
production and the rate of decline in ail
production decreased. The WOR has
fluctuated and is currently increasing.

34-7 No.2

Positive

Last year has shown an increasing trend in ol
production and WOR has been declining.
Shared with Control Pattern 2.

34-16 No. 2

None

Oil production demonstrated a natural decline
until March 1996 after which time production
decline seems to have decreased.

34-15 No. 1

Positive

Approximately 15 months after beginning the
nutrient injection, there was an increase in ail
production and subsequently the oil production
rate declined at a lesser rate. WOR is
increasing. Shared with Control Pattern 3.
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Table 9. (Continued).

34-15 No. 2

Positive

Approximately 16 months after beginning the
nutrient injection, there was a dight increase in
oil production and subsequently oil production
remained steady except for the period in which
the well was refractured (Aug. 1997). WOR
remained steady except for the period in which
the well was refractured. This well is shared
with Control Pattern 3.

34-10 No. 1

Inconclusive

Oil production has continued to decline
however, snce September 1997 there has been
an increase and WOR has declined. Shared
with Control Pattern 2.

10-8 No. 1

None

Thiswell has had mechanica problems.
While oil production has not shown a positive
response, there are indications (diphatic
profile and petrophysical properties) that there
has been a change in the characteristics of the
produced oil suggesting new oil is being
recovered. WOR is holding steady.

11-6 No. 1

Positive

This wel has had mechanica problems.
Approximately 15 months after beginning the
nutrient injection, the oil production rate
increased and subsequently held steady. WOR
is holding steady.

11-4 No. 1

None

This well has continued its natural decline.
WOR is dightly increasing.

2-11 No. 2

Positive

Approximately 13 months after beginning the
nutrient injection, oil production increased
until January 1997 when wel 2-11 No. 3
began production and production from well 2-
11 No.2 began to decline. After well 2-11 No.
3 was shut-in in August 1997 oil production
stopped its decline. WOR continues to
increase.

2-3No. 1

Inconclusive

This well has shown indications of a positive
response but oil production has not been
congstently above the projected amount to be
considered  positive at  this  time.
Approximately 24 months after beginning the
nutrient injection, WOR began to drop sharply.
Thiswell is shared with Control Pattern 1.
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Table 9. (Continued).

2-5No. 1 4 None Thiswel continued on its natural decline until
January 1997 when production fell
dramaticdly dueto the production from newly
drilled wells 2-5 No. 2 and 2-11 No. 3. WOR
continues to increase. This well is a shared
well with Control Patterns 1 and 4.
Table10.  Performance of Wellsin Control Patterns.
WELL NO. | PATTERN STATUS REMARKS
35-13 No. 1 1 Natural Oil production rate continuoudly decreasing
Decline and WOR continuously increasing.
35-14 No. 1 1 Abandoned | Due to uneconomical production rate
3-1No. 1 1,3and 4 Natural This well has continued its natural decline.
Decline About August, 1997 the WOR began an
appreciable decline which may reflect a
response to nutrient injection into two nearby
injectors (34-16 No. 1 and 2-4 No. 1).
34-2 No. 1 2 Increase in | Thiswel was exhibiting a natural decline until
Oil July 1997 at which time oil production began
Production, [to increase appreciably possibly due to
Recently increased injection volume and nutrient
injection into 34-7 No. 1. Also phosphate ions
were detected in the production fluids from
thiswell in October 1997. WOR has recently
begun to decline.
34-6 No. 1 2 Abandoned | Due to uneconomical production rate
3-1 No. 2 3and 4 Positive The Pogitive Response in oil production is due
Response |to increase in water injection, not MEOR.
WOR fluctuating due to refracturing of the
well.
3-3No. 1 3 Natural Qil production has remained essentially steady
Decline since May 1995 due to increased water
injection into Control Injection Well 3-2 No.
1. WOR is generdly increasing.
3-9 No. 1 4 Natural Oil production rate continuously decreasing
Decline and WOR continuously increasing.
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h. Overall Performance of Field Demonstration

In evaluating the overall performance of the MEOR treatment in the field, it must be
remembered that only four of the twenty injector wellsin the field received microbia nutrients before
Jduly 1997. Huid production for the field from Jan.1992 thru Dec.1997 isgiven in Figure 13 . During
the period May 1994 (when the first project wells were placed on production) thru Dec.1997 total ail
production was 58,850 m? (370,159 bhls). Based on projections derived for the period of Jan.1992-
April 1994, oil production from May 1994-Dec. 1997 should have been only 41,890 m® (263,484
bbls). Of this 16,960 m* (106,675 bbls) of incremental il produced, 9,007 m® (56,653 bbls) were
from production of the five newly drilled wells, thus leaving a total of 7953 m?* (50,022 bhbls) of oil
attributable to the MEOR treatment.

Further, calculations based on production from Jan. 1992 thru April 1994 indicate that
the field would reach its economic limit of 238 m® (1500 bbls) of il per month in 60 months (from
1/1/98). Based on the current oil production rate the remaining economic life of the field is 78
months. Thus, economic production would last 18 months longer exclusive of any additional positive
response from continued nutrient injection into the ten test injector wells. The expected total project
incremental oil recovery without any additional positive MEOR response is projected to be 43,700
m?® (275 MBO).
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SUMMARY AND CONCLUSIONS

The wide digtribution of injected nutrients throughout the reservoir has been documented on
the bass of (1) finding phosphate ions in the produced fluids from five producer wellsin three of the
four test patterns, (2) the presence of nitrate ionsin core samples from dl three of the newly drilled
wells, and (3) the presence of phosphate ions in core samples from two of the three newly drilled
wells.

Thefinding of large numbers of microorganisms in some sections of the cores from the three
newly drilled wells indicates that microorganismsin the reservoir are proliferating.

Some producing wells have exhibited an increase in gas production during the year. Whether
thisincrease in gas production isdue to the fact that a greater portion of the produced fluid is coming
from previoudly unswept areas of the reservoir or to microbia production is not known at present.
The composition of the produced gases is now being monitored.

Performance of producing wells in dl test patterns continues to be monitored. Of the 15
producing wells in the four original test patterns, seven have exhibited a positive response to the
injection of nutrients into test injector wells. Four wellsin these test patterns have failed to respond
positively and the performance of four wells is characterized as inconclusive in regard to ther
response to the nutrient injection. Two of the producing wells in control patterns have been
abandoned as aresult of uneconomical production and five wells have continued their natural decline
in oil production. One well has shown a positive response but that was due to increased water
injection in a nearby injector, not to the MEOR treatment.

With DOE'’s approval, the scope of the field demonstration was expanded in July 1997 to
include six new test injector wells. Two of these wells were previoudy control injectors while the
other four injectors were not included in the origina program. Of interest has been the performance
of two wells in what was formerly a control pattern. Since the injector in this pattern (formerly
Control Pattern 2) began recaiving nutrients, both wells have begun to show improved oil production.

Based on calculations, 7953 m® (50,022 bhls) of additional oil has been obtained (exclusive
of the five new wells) as a result of the MEOR technology. This finding is made even more
meaningful in light of the fact that for most of the time only four of the twenty injector wellsin the
field were being treated.

One additiona expected outcome of the technology being demonstrated in this project isthe
prolongation of economical production from the field. From extrapolation of oil production data, the
economical life of the field has been extended by 18 months, and considering that there are now ten
injector wells rather than only four, the economic longevity of the field is expected to increase.
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Figure A9. Performance of well 34-10 No.1 (test pattern 2 and control pattern 2).
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Figure A10. Performance of well 10-8 No.1 (test pattern 3).
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Figure A14. Performance of well 2-3 No.1 (test pattern 4 and control pattern 1).

46

WATER/OIL RATIO

WATER/OIL RATIO



Ollvd 110/43LvVM
OlLvd T10/d31LvM

2000

e 8 = © @ o . 8 o 9 o 9 9 o 9 o o s g g 2 g g ¢ g g 8
2 2 2 T Y 2 4 o6 e a4 o v v e ® % % I 2 38 \AJ S 8 8 R 8 8 % 8 8 2 o * >
/ 86-00 I 86-00
\\ 2]
/ 86-C m 86-C
7 g6-1dy m g6-1dy
]
/
/ 86-er o % \0__ o1 o
7 Y —_ Xx [o= /4_v nw_
% 4 1690 m Xx |H>e] \Aa tewo
a % L6 € o raore Limurlieea g - L6
Pse o fod ¢
Pl L L6-1dy (&) el X 1671y
ot K X I i
/ 67} €7 T[C PofT e T s6er o H QD/\__ M_ e
Kx ) wu m %X —0 I
X Q %600 % \QD\__V sl —
X /5 - < B o <
X \Ol Ls L 6 = c H __/n g e
X Lo A ooty | O 0] ¥ [ =0 AT sy
K| P 4 24 = X* | A
4 = M P _._T._ m Xv, __ OVO =]
ny 5 £ | opuer AWn o __\0\ 5 96-uer
> o S60
5600
of
S o—7 + @ : o]
M=/ T | 2 Nt LI EE e
X S o
X n\wl = M_ 61y + 1 Wm ao-idy
/1 =e] 27 S6-Uer ®] > 1 S6-Uer
Pl 9] zZ 3
. - o E=
C X i Voo + rﬁ_v w_m 60
b k! vore | T | N e ot
¥ C 1 —_—
fx | .0 a_w_ y6-1dy Ie p6-1dy
X 0 W
L verer .
Y
3
[e=: <& 600 o W\ w00
= o e g :
% X A £6-InC Q o < £6-InC
£ m — %
. ey O X e6dy
4 mm 5 =
- P4l
X i - T 6 m = A e
‘o] X — A
2600 = v0
—0 g
X o i m -
¥ - & 6 N
X i )
X bo] & : .
— 5 wwu» =% A\/H z6-1dv ) o—1 - WK_ 26y
: WW_ < o E i — X L 26-uer
g 8 8 8 288 88 s g8 g g e 2888 8 8 ° A ° ° ° ° ° ° ° ° ° ° °
g E R &8 3 858§ 3§ = R E B 58S g H g g g g g g g g
FHNOHEOH HuNonsTEs Qr.v HLNOW/HOW HLINOW/sT9d
-}
(@)
LL

47

‘—ﬁ—GAS —O—OIL %~ WATER/OIL ‘

Performance of well 35-13 No.1 (control pattern 1).

Figure A16.



OlLvd TI0/d31LvVM

-10

E ® © < ~ ° o A @ @
0 g
X [ed k|
X O X
-l [] I
g e A
N L fupewhypleg |9 T
X [e) R3]
¥ o] R
124 vl A
X g
X L4
% o <
A
i
]
o —~
X
B o} <1
D
Zo) A
= ]
—0 X
P
\QQ “_B
S6/T/OT dund tA
[e@l <l
Do) P4l
[ed] P4
E AW A
o Pl
IO L
. _=0| K
X LOf X
x < —_—
VoRETITT =0 =
o \W‘Wu
o m—
76/9¢/Z dWwnd g Po1 1etaY ¥ I
Ed i —
O=—_ I
b g
£ fodl 2
% __—0 4
X &1
X A
Jofit<
E g X
KT
<N
q 51
Q Pl
X fo) L
X o ~
X = X
% <
A
a— L
3 ]
&
—5 —
3 [o; S
| —0 <
[ 1o~ —
e
[ — A
~
* X
° o o o o o o o o o °
8 8 2 R 3 8 E 8 5 Et
HLNOW/4ON HLNOW/sTa9

86-InC

86-1dv

86-ter

160

L6-InC

26-1dy

L6-ver

96-00

96-InC

96-1dy

96-ter

S6-00

S6-InC

S6-1dy

S6-ter

Y610

v6-InC

y6-udy

ve-uer

€6-InC

€6-1dy

€6-ter

26-P0

61

z6-udy

26-ver

[-2—GAs —o—oIL =% waATER/OIL |

Performance of well 3-1 No.1 (control patterns 1,3,4).
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Performance of well 34-2 No.1 (control pattern 2).
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Figure A19. Performance of well 3-3 No.1 (control pattern 3).
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Figure A20. Performance of well 3-1 No.2 (control patterns 3,4).
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Figure A21. Performance of well 3-9 No.1 (control pattern 4).
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Performance of injection well 2-14 No.1 (test pattern 1).

50

WATER/OIL RATIO

Injection Rate BBLs/month



1500 12,00
1400 A—p A A 10,00
| ANARRERLY '
A X AT AL AT NN
A A
W, ] / o WA YR
A
; 1300 TR *A\ i “ 8,000
S EmmmmaN Sk ava-ra W ECS
2 £ 'P‘J -
& o L
& 1200 6,000
§ | R
8 [ L] )
i n=Ca"ARRRNAVINN-an
1100 W g 4,000
ik ,
1000 a7 g 2,000
EE 3
EE g
s g g g
900 g 0
2 8 8 8 &§ 3 3§ 3 &8 & &8 &8 8 8 8 8 5 5 &5 & 3 8
S § £ g = s f g = § R g & § ~ g a s & g 9 %
—8—pg| —&—RATE
Figure A23.  Performance of injection well 34-9 No.2 (test pattern 2).
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Performance of injection well 11-5 No.1 (test pattern 3).
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Performance of injection well 2-6 No.1 (test pattern 4).
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