
 

ISSN 0026-2617, Microbiology, 2007, Vol. 76, No. 3, pp. 287–296. © Pleiades Publishing, Ltd., 2007.
Original Russian Text © T.N. Nazina, A.A. Grigor’yan, N.M. Shestakova, T.L. Babich, V.S. Ivoilov, Qingxian Feng, Fangtian Ni, Jianqiang Wang, Yuehui She, Tingsheng Xiang,
Zhibin Luo, S.S. Belyaev, M.V. Ivanov, 2007, published in Mikrobiologiya, 2007, Vol. 76, No. 3, pp. 329–339.

 

287

 

1

 

In the middle decades of the 20th century, the Amer-
ican scientist Claude ZoBell conceived the idea of
using microorganisms to enhance oil recovery (cited in
[1]). Later, the effect of microbial metabolites on oil
release was repeatedly confirmed using laboratory
models, as well as during pilot tests of the methods for
microbial enhancement of oil recovery (MEOR) [2–5].
Gases, acids, solvents, polymers, and surfactants of
microbial origin displayed oil-releasing properties, like
their chemically synthesized analogues. Microbial
biopolymers and biosurfactants obtained on the surface
are used to enhance oil recovery [1–4]. Xanthan is the
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best known biopolymer of microbial origin used in the
oil industry. There are a number of biotechnologies
based on the application of flooding with the introduc-
tion of nutrient solutions which stimulate the develop-
ment of the oil stratum microbial community or its indi-
vidual components (oil-oxidizing, denitrifying, fer-
mentative, and methanogenic microorganisms) [2–8].
In a number of cases, nutrients are introduced along
with microorganisms in order to produce oil-releasing
metabolites directly in the oil stratum [5–8]. Biotech-
nologies contributing to an increase in the oil inflow
from production wells are in most common use; for this
purpose, easily utilizable substrates (e.g., molasses)
and fermentative bacteria are injected, and the well is
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Abstract

 

—The physicochemical conditions and microbiological characteristics of the formation waters of the
Kongdian oilfield of the Dagang oilfield (China) were studied. It was demonstrated that this oilfield is a high-
temperature ecosystem with formation waters characterized by low mineralization. The concentrations of nitro-
gen and phosphorus compounds, as well as of electron acceptors, are low. Oil and oil gas are the main organic
matter sources. The oilfield is exploited with water-flooding. The oil stratum was inhabited mostly by anaerobic
thermophilic microorganisms, including fermentative (10
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 cells/ml), sulfate-reducing (0–10

 

2

 

 cells/ml), and
methanogenic (0–10

 

3

 

 cells/ml) microorganisms. Aerobic bacteria were detected mainly in the near-bottom zone
of injection wells. The rate of sulfate reduction varied from 0.002 to 18.940 
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 l
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 day
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 and the rate of
methanogenesis from 0.012 to 16.235 

 

µ

 

g CH

 

4

 

 l
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 day

 

–1

 

. Microorganisms with great biotechnological potential
inhabited the oilfield. Aerobic thermophilic bacteria were capable of oxidizing oil with formation of biomass,
the products of partial oxidation of oil (volatile acids), and surfactants. During growth on the culture liquid of
oil-oxidizing bacteria, methanogenic communities produced methane and carbon dioxide, which also had oil-
releasing capabilities. Using various labeled tracers, the primary filtration flows of injected solutions at the test
site were studied. Our comprehensive investigations allowed us to conclude that the method for microbial
enhancement of oil recovery based on the activation of the stratal microflora can be applied in the Kongdian
oilfield.
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closed for some period. As a result of anaerobic micro-
bial processes, gases, organic acids, and solvents are
produced, which promote the oil influx into the well.
Experiments aimed at the application of such a biotech-
nology were most successful in carbonate oil collec-
tors, where the use of microbial metabolites resulted in
the dissolution of the carbonate matrix [5]. Biotechnol-
ogies for decontamination of the near-bottom zone of
production wells of asphaltic–resinous–paraffin depos-
its through the introduction of oil-oxidizing microor-
ganisms are of frequent use as well. These biotechnol-
ogies are usually applied at oilfields, which have been
exploited for prolonged periods of time with the use of
water-flooding, when the water content in the produced
liquid is as high as 70–90% and oil production is thus
unprofitable. The choice between microbiological bio-
technologies is an important issue which determines
the strategy of further development of an oil stratum. In
spite of the numerous positive results of the pilot tests
of MEOR technologies in many countries, these bio-
technologies still have not found wide application [5].

In water-flooded oilfields of Russia and the former
Soviet Union, a method based on the activation of the
oil stratum microbial community, including hydrocar-
bon-oxidizing and methanogenic microorganisms, has
the widest application. The injection of an aerated
aqueous solution of nitrogen and phosphorus mineral
salts exerts an essential stimulatory effect on the whole
subsurface microbial community. The main purpose of
this biotechnology is the activation of microbial metab-
olism aimed at the biosynthesis of oil-releasing metab-
olites produced by stratal microflora as a result of the
partial oxidation of residual oil. This is the main differ-
ence from other MEOR biotechnologies based on the
injection of organic substrates and/or microorganisms
grown on the surface. A series of pilot tests of the bio-
technology at a number of oilfields in Tatarstan, Bash-
kortostan, Western Siberia, and Azerbaijan resulted in
additional recovery of more than 600000 tons of oil [2].

This biotechnology has been applied mostly in the
oilfields with a temperature ranging from 20 to 45

 

°

 

C. It
was necessary to explore the potential of its application
in high-temperature oilfields. The Kongdian oilfield of
the Dagang oilfield was selected as an object of our
study. Stratal microflora exerts a considerable influence
on the transformation of the substrates injected into the
oil stratum, as well as on the production of various oil-
releasing compounds.

The goal of the present work was to study the phys-
icochemical conditions in the oilfields, to elucidate the
composition of the microbial community, to explore the
possibility of production of oil-releasing metabolites by
this community, and to evaluate the tates of contempo-
rary microbial processes occurring in the Kongdian oil-
field. Moreover, it was essential to study the direction
of the hydrodynamic flows of injected water and com-
pare the results of microbiological investigations with

the geological, hydrochemical, and production charac-
teristics of the studied oil stratum.

MATERIALS AND METHODS

 

Characteristics of the Kongdian oilfield.

 

 The
Kongdian oilfield of the Dagang oilfield is situated in
Hebei Province (China). The studied sandstone oil-
bearing horizons are located at depths of 1206–1435 m
below sea level and have a temperature of 

 

59°

 

C; the
average porosity is 33%, and the stratum permeability
is 1.878 

 

µ

 

m

 

2

 

. Dagang oil had a density of about
0.900 g/cm

 

3

 

 and contained 53% saturated hydrocar-
bons, 20% aromatic compounds, and 21.15% resins
and asphaltenes. The initial formation water of sodium
hydrocarbonate type was characterized by low mineral-
ization (5612 mg/l). The initial gas content was
26.5 m

 

3

 

/ton oil. The oil gas contained methane (95–
98%), higher 

 

ë

 

2

 

–ë
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 homologues (0.8–1.8%), N

 

2

 

 (0.5–
3.3%), and CO

 

2

 

 (0.06–0.77%). The oilfield has been
exploited for about 30 years with water-flooding in
order to maintain the stratal pressure. In some wells, the
produced oil contained 95% of water. The co-produced
formation water of the Kongdian oilfield (

 

40–60°ë

 

)
was used for flooding.

The pilot area on the North block of the Kongdian
oilfield was hydrodynamically isolated from the other
zones of the stratum. A total of 22 production and 11
injection wells were contained at this pilot area (Fig. 1).

 

Sampling procedure.

 

 In June and December 2000,
water samples were taken from 22 production wells and
two injection stations, as well as from a number of
closed injection wells operated on a regime of back
flow. The samples were collected into sterile bottles,
hermetically sealed, and sent to the laboratory. Within
4–6 h after sampling, bacterial numbers were deter-
mined by inoculation of appropriate media. The sepa-
rate water samples were supplemented with isotope
solution to assess the rates of microbial processes. The
samples were stored at 

 

6°

 

C until all the chemical anal-
yses had been performed.

 

Medium composition and methods used for enu-
meration of bacteria.

 

 The number of microorganisms
belonging to the major metabolic groups was deter-
mined by inoculating tenfold dilutions of formation
water samples into liquid media (in duplicates). The
results were calculated using the McCready tables of
the most probable number. For enumeration of aerobic
organotrophs, the medium was used containing bacto
tryptone (0.5 g/l), yeast extract (2.5 g/l), and glucose
(1.0 g/l); pH 7.0. The number of hydrocarbon-oxidiz-
ing bacteria was determined using a mineral medium
supplemented with a mixture of 

 

ë

 

10

 

–ë

 

22

 

 n-alkanes
(2% vol/vol). Anaerobic organotrophic bacteria with
fermentative metabolism were enumerated on the
medium supplemented with peptone (4 g/l) and glucose
(10 g/l). The numbers of sulfate-reducing bacteria were
determined by the increase in hydrogen sulfide in the
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dilution series in Postgate B medium with sodium lac-
tate (4 g/l) supplemented with microelements and
reduced with 200 mg/l Na

 

2

 

S

 

 

 

·

 

 9

 

H

 

2

 

O. The numbers of
methanogens were assayed by the methane increase in
the dilution series in the Zeikus media with acetate
(2 g/l) and H

 

2

 

 + 

 

CO

 

2

 

 (4 : 1), supplemented with micro-
elements and yeast extract (1 g/l) (references to the
composition of the media were cited in a preceding
publication [13]). The inoculated media were incubated
for 30 days. Thermophilic bacteria were enumerated at

 

60°ë

 

 and mesophilic bacteria at 

 

30°ë

 

. All cultures were
then examined using an Olympus microscope with a
phase contrast device.

 

Analytical methods.

 

 The contents of methane,
hydrogen, and carbon dioxide were analyzed by gas
chromatography. Hydrogen sulfide was determined by
the colorimetric method of Pachmayr with dimethyl-p-
phenylenediamine [14]. The chemical composition of
the formation waters was determined by the standard
methods [15]. In KOH-fixed samples, we determined
the content of short-chain fatty acids and lower alco-
hols. Before the analysis was started, the samples were
acidified with 25% HCl and analyzed in a Chrom-41
chromatograph equipped with a flame ionization detec-
tor and a glass column (2.0 m 

 

×

 

 0.3 cm) filled with
Porapak Q (100–120 mesh). The evaporation tempera-
ture was 

 

180°ë

 

. A mixture of N

 

2

 

 (95%) and 

 

ë

 

O

 

2

 

 (5%),
at a flow rate of 70 ml/min, was used as the carrier gas.

The emulsifying activity was estimated using a
modified method [16]. The 

 

ë

 

16

 

–ë

 

22

 

 hydrocarbon mix-
ture (4 ml) was supplemented with 4 ml of formation
water (or of the grown microbial culture). The mixture
was then agitated on a Vortex mixer for 3 min. After
24 h, the volume and stability of the formed emulsion
was recorded. The emulsifying activity was expressed
as the percent ratio of the emulsion volume to the total
volume of the mixture. The viscosity of the formation
waters was determined with a viscosimeter (Program-
mable Rheometer Model DV-III Brookfield), equipped
with a Brookfield TC-500 water bath, at 

 

60°ë

 

. The sur-
face tension was measured at the liquid/air interface by
the ring-tearing-off method on a Krüss K10 ST tensi-
ometer at 

 

60°ë

 

. The interfacial tension was measured at
the interface between the studied liquid and the 
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16
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22

 

hydrocarbon mixture.

The rates of sulfate reduction and methanogenesis
were determined by radioisotope methods using

labeled compounds (

 

, 

 

NaH

 

14

 

CO
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, and 

 

14

 

CH

 

3

 

-
COONa) [17-19].

The stable isotope composition of mineral carbon-
ates dissolved in the formation waters and of methane
in the co-produced gas was analyzed by Craig’s method
[20] in a MI-12-12V mass spectrometer with an accu-
racy of 

 

±

 

0.5

 

‰[per mille].

Na2
35SO4

 

RESULTS AND DISCUSSION

 

Physicochemical conditions and microbial processes
in the Kongdian oilfield

 

The physicochemical characteristics and the com-
position of the microbial community of the oil stratum
were investigated in order to explore the potential of the
method of microbial enhancement of oil recovery, as
well as to predict the consequences of the application of
biotechnology. The major physicochemical and micro-
biological parameters of the formation waters of the
Kongdian oilfield are shown in Tables 1 and 2.

The oil-bearing horizons of the North block of the
Kongdian oilfield had the temperature of about 

 

60°

 

C.
The co-produced formation waters (separated from oil)
of this oilfield were used for injection in order to main-
tain the stratal pressure. As a result, the chemical com-
position of the injection water was similar to that of the
formation water. The process of oil and water separa-
tion usually takes two or three hours. The water
becomes enriched with dissolved oxygen (0.8–2.6 mg
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Figure. The layout of the injection (

 

�

 

) and production (

 

�

 

)
wells at the test site of the Kongdian oilfield of the Dagang
oilfield.
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O2 per liter); its temperature drops to 30–50°ë. Then it
is injected into the oil stratum through the injection
wells. The presence of oxygen in the oil separation sys-
tem results in the development of an aerobic bacteria in
the formation waters; the viability of anaerobic micro-
organisms does not change over this short period.

The studied formation waters of the sodium hydro-
carbonate type were slightly alkaline (pH 7.1–7.6) and
had low mineralization (5.8–6.6 g/l). The bicarbonate

concentration varied from 419 to 642 mg/l; the anions

 and  were not detected (Table 1). Hydrogen
sulfide (less than 2 mg/l) was detected in the water from
the near-bottom zone of the injection wells and was not
found in the injection waters and in the waters from the
production wells. The acetate concentration in most
samples was less than 5 mg/l; only in the water from
well 1032-1 was it as high as 60 mg/l. Other volatile
acids and lower alcohols were not detected. The con-

SO4
2– CO3

2–

Table 2.  Numbers of thermophilic and mesophilic microorganisms (cells/ml) in the injection and formation water of the
Kongdian oilfield (June–December 2000)

Well number, 
volume of the 
back-flushed 

water, m3

Aerobic 
organotrophs

Hydrocarbon-
oxidizing 
bacteria

Fermentative bacteria Sulfate-reduc-
ing bacteria Methanogens

1** 2**

Glucose + bac-
to-tryptone + 

yeast extract + 
O2

C10-C22 + O2  Peptone + glucose Lactate + H2 + CO2 Acetate

Thermophilic microorganisms (60°C)
First injection 
station

102 103 102 104 104 103 Single cells

1098* − 18 m3 102 102 2.0 × 103 105 2.5 ×  104 6.0 × 102 Single cells
1098* − 27 m3 10 10 1.3 × 104 105 6.0 × 104 5.0 × 102 Single cells
Production wells:
   63 0 0 10 10 2.5 × 102 0 Single cells
   1002-1 10 0 104 ≥104 25 102 10
   1008 0 Single cells 10 5.0 × 104 0 10 0
   1012 0 0 10 1.3 × 103 Single cells 60 0
   1012-1 10 6.0 × 102 25 1.3 × 102 60 6.0 × 103 0
   1015-1 0 0 103 103 25 60 Single cells
   1017 0 0 60 105 13 6.0 × 103 0
   1032 0 0 Single cells 2.0 × 104 102 25 0
   1032-1 Single cells 0 102 6.0 × 104 60 2.5 × 103 0
   1050-1 Single cells 102 Single cells 2.0 × 102 25 60 0
   1050-2 0 0 50 105 102 103 0
   1050-3 10 10 102 105 10 103 10
   1092  N/D 103 Single cells 1.2 × 102 Single cells 0 0
   1094 0 0 10 5.0 × 104 10 102 0

Mesophilic microorganisms (30°C)
First injection 
station

102 104 102 ≥104 10 10 Single cells

1098* − 18 m3 ≥104 ≥104 6.0 × 104 ≥105 2.5 × 102 Single cells 10
1098* − 27 m3 2.5 × 102 6.0 × 102 50 ≥105 Single cells 25 Single cells
Production wells:
   1032-1 105 2.5 × 102 Single cells N/D Single cells Single cells Single cells
   1050-3 103 10 Single cells ≥102 0 0 0
   1092 10 ≥104 0 N/D 0 0 0
   1094 ≥104 0 0 ≥104 0 0 0

Notes: * Back-flushed water from injection well 1098. 
** Number of fermentative bacteria according to the H2 content in the gas phase (1) and microscopic analyses (2); N/D—no data.

SO4
2–
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tents of  and ammonium ions in the formation
waters were 0–0.8 and 2.3–7.1 mg/l, respectively.

Mesophilic and thermophilic bacteria contained in
the injection waters were represented by aerobic organ-
otrophs and anaerobic fermentative, sulfate-reducing,
and methanogenic microorganisms (Table 2). These
microorganisms were also present in the near-bottom
zone of the injection wells operated in a regime of back
flow. The presence of dissolved oxygen in the injection
water promoted the growth of aerobic bacteria involved
in oil biodegradation and, consequently, of anaerobic
microorganisms utilizing the products of oil oxidation.
In the water from the injection zone, the numbers of
microorganisms belonging to the studied physiological
groups were considerably higher than in the waters
from production wells (Table 2).

Aerobic and anaerobic thermophilic bacteria were
also found in the water of production wells. The num-
ber of aerobic bacteria was low, or they were not
detected at all. The oil stratum was inhabited, for the
most part, by thermophilic anaerobic fermentative
(102–105 cells/ml), sulfate-reducing (0–102 cells/ml),
and methanogenic (0–103 cells/ml) microorganisms.
Microorganisms able to grow at 30°C were also present
in the water of production wells; however, their num-
bers were much lower than those of thermophilic bac-
teria (Table 2). It is possible that incubation at 30°C
revealed some thermophilic bacteria with wide temper-
ature growth ranges.

The rate of thermophilic sulfate reduction ranged
from 0.002 to 18.940 µg S2– l–1 day–1. These values are
rather high considering the fact that sulfates have not
been detected in the formation waters. The rates of ther-
mophilic methanogenesis from NaH14CO3 and 14CH3–
COONa in the water of the production wells did not
exceed 1.595 and 5.610 µg CH4 l–1 day–1, respectively,
reaching 1.505 and 14.730 µg CH4 l–1 day–1, respec-
tively, in the near-bottom zone of the injection well
(Table 1). The rates of these thermophilic processes are
comparable to those recorded in the Mykhpayskoe,
Talinskoe, and Samotrlor high-temperature oilfields of
Western Siberia, as well as in the high-temperature
Liaohe oilfield (China), which are also exploited with
water-flooding [13, 21, 22].

Mesophilic methanogenesis was not detected by the
radioisotope method in the formation liquid from the
production wells tested (63 and 1032-1). In the near-
bottom zone of injection well 1098, the rates of metha-
nogenesis from labeled bicarbonate and acetate were
0.192 and 19.56 µg CH4 l–1 day–1, respectively
(Table 1).

The stable carbon isotope composition of mineral

carbonates (δ 13C/ΣCO2 +  + ) dissolved in
the formation waters of the Kongdian oilfield, varied
from –1.5 to 6.4‰ (Table 1). The δ 13C values of the
carbonates dissolved in injected water sampled at the
first and sixth injection stations were similar (1.1 and

PO4
3–

HCO3
– CO3

2–

2.1‰). The value δ 13C of the methane carbon contained
in coproduced gas varied within a narrow range (from
–41.6 to –43.1‰).

Oil gas contained methane (94.7–96.7%), its higher
C2–C5 homologues (1.51–2.18%), N2 (0.51–1.8%), and
CO2 (0.96–1.8%).

The rheological properties of the formation waters
were studied. The emulsifying activity was not detected
in the formation waters of the production wells. The
surface tension of the formation waters against air
ranged from 43.4 to 55.2 mN/m; the interfacial tension
against the mixture of liquid paraffins ranged from 19
to 30.2 mN/m. The viscosity of the formation waters
from the near-bottom zone of the injection well and
from the production wells was low (0.67–0.74 and
0.67–0.72 mPa s, respectively).

Biotechnological potential
of the stratal microflora

The formation waters of the Kongdian oilfield have
been studied in order to reveal the presence of biotech-
nologically useful bacteria. The main emphasis was
placed on aerobic oil-oxidizing bacteria and methano-
gens. A total of 22 pure cultures of thermophilic and
mesophilic aerobic organotrophic bacteria were iso-
lated from the oil stratum. The isolated thermophilic
bacteria belonged to the genera Geobacillus and Ther-
moactinomyces and the mesophilic bacteria belonged
to the genera Bacillus, Micrococcus, Mycobacterium,
Cellulomonas, Pseudomonas, Acinetobacter, and to
novel γ-Proteobacteri‡. Members of the genus Geobacil-
lus (G. subterraneus, G. stearothermophilus, G. thermo-
glucosidasius, and Geobacillus jurassicus sp. nov.)
were dominant in the stratal oil-oxidizing microflora
[23, 24].

The capacity of the microbial population inhabiting
the near-bottom zone of the injection well to produce
biosurfactants during aerobic growth on crude oil and
other substrates was studied (Table 3). The nutrient
media supplemented with various substrates were inoc-
ulated (10% vol/vol) with the formation water from the
near-bottom zone of injection well 1098 (sample
25 m3). For comparison, the growth of the oil-oxidizing
bacteria G. jurassicus DS1T, also isolated from the
Kongdian oilfield, and Bacillus licheniformis strain 421
isolated from the Daqing oilfield were studied. It is
known that bacteria of the species B. licheniformis are
often used in various model and field tests of the meth-
ods for microbial enhancement of oil recovery [5].
Inoculated media were incubated without agitation at
60°C for five days (Table 3).

Strains DS1T and 421 were able to synthesize bio-
surfactants and to induce oil emulsification. Strain
DS1T produced biosurfactants on all the substrates
used, such as sucrose, acetate, butyrate, liquid paraffins,
and crude oil. The most pronounced decrease of the
interfacial tension by this strain (down to 12 mN/m)
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was observed in the medium supplemented with the
crude oil from the Kongdian oilfield. The microorgan-
isms isolated from the near-bottom zone of injection
well 1098 also decreased the interfacial and surface
tensions the most in the medium supplemented with
crude oil. Bacteria of strain 421 from the Daqing oil-
field produced surfactants less actively than those of the
strain DS1T and of the microbial population of the
Kongdian oilfield (Table 3).

The results obtained suggest that the Kongdian oil-
field was inhabited by aerobic thermophilic, biosur-
factant-producing microorganisms. The effect of the
surfactants both released into the medium and con-
tained in the microbial biomass may be one of the pos-
sible mechanisms involved in the enhancement of oil
recovery.

Methanogenic microorganisms are involved in the
terminal stages of oil biodegradation. The methanogens
from the Kongdian oilfield were grown in media with

acetate and H2 + CO2, as well as in the medium with
peptone and glucose together with fermentative bacte-
ria. The numbers of methanogens grown in the hydro-
gen-containing medium, as a rule, were greater than
those of the methanogens grown in the acetate-contain-
ing medium. Methane production from both substrates,
NaH14CO3 and 14CH3-COONa, was detected by radio-
isotope methods (Tables 1, 2).

To elucidate the phylogenic diversity of the micro-
organisms involved in the terminal processes of oil bio-
degradation, the methanogenic community of the
Kongdian oilfield was analyzed using molecular tech-
niques [25]. In the enrichment cultures, as well as in the
natural microbial community of the formation waters,
the phylotypes of the species Methanothermobacter
thermautotrophicus of the order Methanobacteriales
prevailed. This led us to conclude that thermophilic ç2-
utilizing methanogens dominated in the subsurface
ecosystem of the Kongdian oilfield [25]. We did not

Table 3.  Growth on various substrates of thermophilic hydrocarbon-oxidizing bacteria and of the microbial community from
the near-bottom zone of the injection well (1098, 25 m3) of the Kongdian oilfield; influence exerted by microorganisms on
the rheological characteristics of the culture media

 Sample, strain, substrate OD600
Emulsifying activity, 

%
Surface tension, 

mN/m

Interfacial tension 
against paraffins, 

mN/m

Viscosity*, 
mPa s

1098*− 25 m3

Sucrose 0.46 50 53.1 19.3 0.68

Acetate N/D 30 51.3 19.0 0.66

Ethanol 0.95 30 54.9 22.9 0.64

Paraffins 0.48 40 51.5 25.1 0.62

Crude oil 0.39 0 41.9 11.8 0.63

G. jurassicus DS1T

Sucrose 0.64 30 45.3 15.5 0.64

Acetate 0.61 30 47.3 15.3 0.61

Butyrate 0.51 50 47.9 15.4 0.63

Paraffins 0.40 5 51.3 22.7 0.64

Crude oil 30 41.9 12.5 0.60

Bacillus licheniformis 421

Sucrose 1.35 50 41.0 17.9 0.72

Acetate 0.55 20 56.6 24.1 0.68

Butyrate 0.45 50 46.7 17.4 0.67

Paraffins 0.27 20 54.8 21.0 0.70

Crude oil 0.22 N/D 50.7 19.0 0.695

Controls: sterile medium

Sucrose 0.05 0 51.0 19.0 N/D

Acetate 0.05 0 50.0 20.0 N/D

Butyrate 0.05 0 56.0 22.0 N/D

   Ethanol 0.05 0 55.0 22.0 N/D

   Without substrate 0.05 0 58.0 29.0 N/D

   H2O 0.04 0 72.0 46.0 N/D
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detect any phylotypes of acetate-utilizing methano-
gens. Bacterial clones belonged to the orders Thermoa-
naerobacteriales (genera Thermoanaerobacter, Ther-
movenabulum, Coprothermobacter, and Thermaceto-
genium), Thermotogales, Nitrospirales (genus Ther-
modesulfovibrio), and Planctomycetales. A bacterium
related to Thermacetogenium phaeum was identified
for the first time in the enrichment cultures isolated
from the high-temperature oilfields. The bacterium
T. phaeum is known to oxidize acetate during
syntrophic growth together with ç2-utilizing methano-
gens [26]. We believe that T. phaeum and microorgan-
isms with a similar type of metabolism (e.g., bacteria of
the genus Desulfotomaculum), which utilize acetate or
other fatty acids in the course of sulfate reduction, can
switch to syntrophic growth in the absence of sulfate
and use ç2-utilizing methanogens as biological elec-
tron acceptors.

The pure cultures of methanogens isolated previ-
ously from various geographically distant oilfields
were represented by H2-utilizing members of the gen-
era Methanothermobacter, Methanococcus, and
Methanoculleus [27]. The results of studies of methano-
genic microorganisms obtained by us and other authors
[27] allowed us to suggest that acetate contained in the
high-temperature oil stratum is decomposed by
syntrophic associations of methanogens with acetate-

oxidizing bacteria, rater than by aceticlastic methano-
gens alone.

The methanogenic enrichment cultures isolated
from the Kongdian oilfield produced methane during
growth in the culture liquid of aerobic oil-oxidizing
bacteria reduced with 500 mg Na2S · 9H2O, as was dem-
onstrated earlier for the mesophilic microbial commu-
nities of oilfields [28]. Carbon dioxide is a common
product of the metabolism of aerobic and anaerobic
microorganisms. Hence, methane and carbon dioxide
can be effective oil-releasing agents produced by
microorganisms in the Kongdian oilfield.

Hydrodynamic links between the injection
and production wells of the Kongdian oilfield

Before the pilot trial, a number of experiments with
various indicators (tritium and 35S) were carried out at
the test site of the Kongdian oilfield. These experiments
were aimed at the elucidation of the hydrodynamic
links between the injection and production wells, and
well as of the direction of the hydrodynamic flows of
injection water.

Tritium is the isotope most extensively employed in
such investigations due to its inertness to formation flu-
ids and collector rocks. Tritium water (THO, 10 Ci) was
injected through injection well 1050. The presence of

Table 4.  The rate of injection water migration and of the tracer appearance in the formation waters of production wells situ-
ated around the injection wells

Well number Tracer Distance 
from the injection well, m

Tracer concentration, 
BQ/l

Time of the tracer ap-
pearance, days

Rate of water 
migration, m/day

1050* 3H

1050-1 120 89.0 40 3.0

1002-1 130 58.9 60 2.2

1050-2 180 36.0 80 2.2

1032-1 360 Tracer not detected for 110 days

1017 280 "

1015* 3H

1094 221 64.2 35 6.3

1094-1 246 418.3 11 22.4

1015-1 172 115.8 7 24.6

1017 147 Tracer not detected for 80 days

1050-3 233 "

1013-1* 35S

1 194 1.96 18 10.7

1008 180 1.44 14 12.8

1008-1 290 13.78 50 5.8

1017-5 180 1.89 30 6.0

1092 145 1.76 38 3.8

1017-7 242 Tracer not detected for 125 days

Note: * Injection wells; other, production wells.
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tritium in formation water was detected with a scintilla-
tion counter (model 2550, Packard Co., United States)
and analyzed for more than 110 days. The tritium water
flowed through injection well 1050 into production
wells 1050-1, 1002-1, 1050-2, and 1050-3 at a speed
ranging from 2.2 to 3.0 m/day and was registered in the
zone of the production wells after 40–88 days, depend-
ing on the distance from the zone of the injection well
(Table 4).

Tritium water (THO, 5 Ci) and butyl alcohol
[CH3(CH2)2CH2OH, 10 Ci], in which one or several 1H
atoms were substituted for 3H (tritium), flowed through
injection well 1015 to the west and was registered in
production wells 1015-1, 1094-1, and 1094 after 7, 11,
and 35 days, respectively (Table 4). Tritium migrated
throughout the stratum at a maximum speed of up to
22.4 m/day (well 1094-1) and 24.6 m/day (well
1015-1). The radioactivity of formation water from
well 1094-1 was maximal. In wells 1017 and 1050-3,
this indicator was not detected.

In the zone where injection well 1013-1 is located,
the indicator (labeled sulfur 35S; 0.5 Ci) migrated to the
production wells at a speed ranging from 3.8 to
12.8 m/day; its maximum concentration was detected
by the 50th day in well 1008-1, situated to the south-
west of the injection well (Table 4).

The results obtained demonstrated the close hydro-
dynamic connection between the injection and produc-
tion wells, as well as the fact that, at the testing site,
injected water migrates predominantly from the north-
west to the west and southwest. These studies allow us
to predict the direction of the microorganism distribu-
tion and the minimum time it will take to detect micro-
bial activity in the Kongdian oilfield during the trial of
the biotechnology for microbial enhancement of oil
recovery.

This study indicates that the physicochemical condi-
tions of the Kongdian oilfield are suitable for the
growth of thermophilic bacteria belonging to various
physiological groups; in the near-bottom zone of injec-
tion wells, conditions are created favoring the develop-
ment of mesophilic species as well. Low concentrations
of nitrogen and phosphorus salts, as well as a lack of
electron acceptors, inhibit microbial growth in the oil
stratum. Oil components, gas, and organic matter dis-
solved in the formation waters can be the nutrient sub-
strates for the microorganisms inhabiting the oil stra-
tum. In the absence of chemical electron acceptors

( , Fe3+, and ), electron transfer to a biological
electron acceptor (syntrophic growth) becomes espe-
cially essential. Many sulfate-reducing bacteria can
grow together with H2-utilizing methanogens; owing to
this capacity, both groups of microorganisms gain a sig-
nificant ecological advantage over other microorgan-
isms inhabiting sulfate-free environments [27]. Capac-
ity for syntrophic growth ensures survival not only of
sulfate-reducing bacteria, but also of other microorgan-
isms inhabiting ecological niches with a low content of

SO4
2– NO3

–

electron acceptors. Sulfate-reducing bacteria have usu-
ally been present in the enrichment cultures of metha-
nogens obtained from the Kongdian oilfield, growing
on sulfate-free media with such substrates as benzoate,
acetate, or propionate. Therefore, the input of sulfates
should be controlled, since it may stimulate the unde-
sirable sulfate reduction in the stratum.

Thus, it has been shown that the Kongdian oilfield of
the Dagang oilfield is inhabited by aerobic bacteria
which are able to produce biosurfactants when grown
on oil, as well as by methanogens producing methane
and carbon dioxide when grown on the products of oil
biodegradation. Since fermentative bacteria did not
grow directly on crude oil, their ecological role proba-
bly lies in the deeper transformation of the products
formed during oil oxidation by aerobic bacteria; these
products are the substrates for secondary anaerobes
(sulfate-reducing and methanogenic microorganisms).
Analysis of the results of our microbiological investiga-
tions, as well as of the geological, hydrodynamic, and
productive characteristics of the oil stratum, allow us to
conclude that the method for enhancement of oil recov-
ery based on the stratal microflora activation is appro-
priate for use at the Kongdian oilfield.
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