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Oil field injection water was allowed to back flow from two wells at the Packard drill site in Los Angeles,
Calif., and was sampled at various times to obtain information about the biomass, potential activity, and
community structure of the microbiota in the reservoir formation and in the injection water. Biomass was
greatest in water samples that came from the zone near the injection site and dropped off sharply in subsequent
samples, which were assumed to come from zones farther away from the well. Samples obtained from near the
well also had visible exopolysaccharide blankets, as seen in scanning electron microscopic preparations. In one
of the wells that was sampled, rates of glucose or acetate incorporation into microbial lipids correlated with
biomass; but in the other well, activities correlated with the sampling time (volume of water that back flowed).
Transmission electron micrographs showed a diverse, gram-negative bacterial population in a variety of
physiological states. The analysis of the phospholipid ester-linked fatty acid profiles of the samples revealed
consistently large proportions of 18:1w7c¢ fatty acids, indicating the presence of many anaerobes, facultative
organisms, or both. Proportions of cyclopropyl fatty acids and ratios of trans/cis monoenoic compounds
increased with the volume of water that back flowed (analogous with the distance into the formation), while the
ratio of unsaturated/saturated compounds decreased, possibly indicating higher levels of stress or starvation in
the microbial communities farthest from the injection well. Greater than 90% of the total biomass was trapped
on glass fiber filters, indicating that the microbiota were largely attached to particles or were clumped. These
sampling techniques and analytical methods may prove useful in monitoring for problems with microbes (e.g.,
plugging) in waterflood operations and in the preparation of water injection wells for enhanced oil recovery by

the use of microbes.

The injection of pressurized water into oil reservoirs has
been used since the early part of the twentieth century as a
means of enhancing petroleum recovery. This method of
secondary oil production has often been hindered by the
effects of bacteria, which corrode piping and reduce the
permeability of the reservoir matrix by effectively plugging
the pore spaces with biomass, extracellular polysaccharide
products, and precipitates such as iron oxides and iron
sulfides (14). These bacteria, including sulfate reducers, iron
bacteria, and slime-forming bacteria, are commonly found in
the injection waters that are forced into the reservoirs during
waterflooding (23). Bacteria which form extensive exopoly-
saccharide materials are also commonly isolated from cor-
roding oilfield pipeline systems and crude oil (40, 44). As a
remedial cleanup measure, injection wells are often stimu-
lated by expensive physical and chemical treatments to
remove or dissolve the fouling microbes and precipitates,
thus enhancing the water injection rate of the reservoir (9).

The ability of various bacteria to penetrate and colonize
petroleum reservoirs has led to the development of several
microbial-enhanced oil recovery techniques. The use of in
situ fermentation leading to the production of gas has re-
sulted in periods of enhanced recovery from some forma-
tions (22, 32); and the potential of certain bacteria to enhance
oil recovery by producing acids, biopolymers, or biosurfac-
tants in situ is being evaluated. Perhaps the most promising
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use of microbial-enhanced oil recovery is in the reduction of
reservoir heterogeneity through flow diversion and selective
permeability reduction or plugging, which improves the
sweep efficiencies of the injection water. If bacteria could be
injected into the breakthrough zones caused by channeling
or if the indigenous microbes in these zones could be
stimulated to grow and produce exopolysaccharides, the
permeability of these zones could be reduced enough to
allow the injection water to penetrate into the other oil-
bearing areas of the reservoir.

Before any of these techniques can be evaluated ade-
quately and developed to their full potential, much more
information is needed concerning the ecology of the micro-
bial communities in water injection wells (32). The purpose
of this study was to evaluate the microbiota of a water-
flooded oil reservoir through the analysis of injection waters
retrieved from the formation and to assess the applicability
of various sampling and analytical methods to this system.

MATERIALS AND METHODS

Site description. Samples of injection water were obtained
from the East Beverly Hills Field Packard drill site, operated
by Chevron USA, Inc., in Los Angeles, Calif. Previously
injected produced water was allowed to back flow out of the
injection wellhead under reservoir pressure when the injec-
tion was discontinued temporarily for 1 to 7 h. Water
samples were retrieved at intervals (Table 1) during this



1384 McKINLEY ET AL.

TABLE 1. Sampling dates. sample designations, elapsed time,
backflow volumes, temperature, and pH for injection water
samples retrieved from wells P-38 and P-46 at the Packard drill
site of the East Beverly Hills Oil Field, Los Angeles, Calif.

Elapsed Well Backflow Temp

Injection Sampling date
time (h) vol vol(m% (°C)

well (mo/day/yr) pH

Sample

P-38 3/26/85 A 0.05 0.02 0.16 47
B 0.35 1.0 6.68 45
C 0.60 1.8 12.24 42
D 1.03 3.3 22.10 46

P-38 11/19/85 A 0.05 0.02 0.16 45 7.2
B 0.83 1.21 8.11 45 7.2
C 1.58 231 1541 48 7.1
D 2.17 3.16 21.08 47 7.0
E 4.42 581 38.79 47 7.0
F 7.00 7.90 52.78 47 7.1

P-46 11/21/85 A 0.05 0.02 0.16 47 7.0
B 0.67 0.89 6.49 43 7.0
C 1.50 2.00 14.60 47 7.0
D 225 299 21.89 47 7.0
E 4.08 5.43 3973 47 1.0
F 6.08 8.09 59.19 49 7.0

continuous backflow. The two injection wells sampled pen-
etrate at various angles into a deep (Hauser) sandstone
formation to a vertical depth of 6,300 to 7,300 ft (1,920 to
2,225 m). The formation is geologically complex, containing
sharp asymmetrically folded anticlines. Well P-38 was orig-
inally drilled in 1968 as an oil production well; was converted
to a freshwater injection well in 1970; was changed over to a
filtered brine injection well in 1977; and was stimulated by
acid, sodium hypochlorite, and physical treatments in 1980
(9). Injection well P-46 was drilled in 1981.

Table 1 summarizes the sampling dates, times, volumes,
temperatures, and pH determinations. The first samples
taken from each well (at 0.05 h of elapsed time) are assumed
to most closely approximate the quality of the injection
water before it entered the reservoir. Volumes of back flow
water are commonly expressed as well volumes, or hole
volumes, which is the total volume of the well casings. The
volumes of wells P-38 and P-46 are 42 and 46 barrels (6.68
and 7.31 m?®), respectively. The rates of injection (cubic
meters per day) and the surface tubing pressure (pounds per
square inch) for each well just prior to the backflow were 133
m? day ! at 2,850 Ib/in? for well P-38 on 26 March 1985, 167
m? day~! at 2,850 Ib/in? for well P-38 on 19 November 1985,
and 506 m* day~! at 3,186 Ib/in®> for well P-46 on 21
November 1985. Injection rates for the wells in this field
typically ranged from 80 to 500 m® day ™.

The injection water for all wells at this site comes from a
large common pool. Chlorine dioxide is added to this pool
twice per week. An analysis of this injection water on 12
November 1985 gave the following compounds, at concen-
trations of milligrams per liter: Cl~, 14,700; Na*, 8.,866;
HCO, ™, 1,220; Ca?"*, 345; Mg?", 330; B,0,%, 133; NH,*,
115; Si0,, 88; 17, 62; Ba®", 25; total Fe, 5; SO,27, 2; CO;*~,
0; (pH 6.96). All water samples taken in November were
thoroughly mixed with a magnetic stirrer during the sub-
sampling procedures.

Microbial substrate incorporation into lipids. Water sam-
ples (2.0 ml) were incubated in the presence of 0.2029 nCi of
[U-Clglucose (296 mCi/mmol) or 0.0437 uCi of [U-
14Clacetate (56 mCi/mmol) in the dark for 1.0 h immediately
after samples were obtained. For the assays performed in
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March, incubation was at room temperature (25°C), while for
those performed in November incubation was at 45°C.
Following the incubation period, the total lipids were ex-
tracted, dried, and counted as described previously (37).

Lipid analysis. All extractions were performed at the field
site immediately after samples were obtained. During the
March survey, the backflow water was filtered through glass
fiber filters (GFC; Whatman, Inc., Clifton, N.J.) and then
through 0.45-um-pore-size polycarbonate filters (Millipore
Corp., Bedford, Mass.). During the November survey, the
water was passed through 0.22-pm-pore-size polycarbonate
filters (Millipore) after glass fiber filtration. The total lipids
on the filters were extracted with chloroform-methanol (4) in
glass bottles or Teflon centrifuge tubes (E. 1. du Pont de
Nemours & Co., Inc., Wilmington, Del.). The lipids were
collected in the chloroform phase, the solvent was evapo-
rated under a stream of nitrogen, and the samples were
stored at —40°C until analysis. The phospholipids in the
samples obtained in March were isolated by an acetone
precipitation method (27), and silicic acid column chroma-
tography (55) was used for the separation of the samples
obtained in November. A mild alkaline methanolysis proce-
dure was used to form the phospholipid ester-linked fatty
acid derivatives (28), which were purified by thin-layer
chromatography (27).

The phospholipid ester-linked fatty acids (PLFAs) were
analyzed by high-resolution gas chromatography (flame ion-
ization detector; 5880A; Hewlett-Packard Co., Palo Alto,
Calif.) by using methylnonadecanoate (C'®) as an internal
standard. A nonpolar, cross-linked methyl silicone capillary
column (50 m by 0.2 mm [inner diameter]; Hewlett-Packard)
was used with hydrogen as the carrier gas. After splitless
injection, the temperature was programmed for a 5°C/min
increase from 50 to 160°C, followed by a 2°C/min increase to
300°C. Peak identifications were made by retention time
comparisons with known standards (3502 laboratory data
system; Hewlett-Packard) and by gas chromatography-mass
spectral analysis of representative samples from this study.
The gas chromatographic-mass spectrometric system
(5996A ; Hewlett-Packard) had a direct capillary inlet and the
same type of column described above. After splitless injec-
tion at 100°C, the temperature was increased to 300°C at
4°C/min. The carrier gas was helium, and the operating
parameters of the mass spectrometer were as follows: elec-
tron multiplier, 1,300 to 1,400 V; transfer line, 300°C; source
and analyzer, 250°C; autotune file normalized; optics tuned
at m/z 502; electron impact energy. 70 eV. The mass spectral
data were processed with a data system (RTE-6/vm; Hew-
lett-Packard).

The fatty acid nomenclature used is the number of carbon
atoms in the chain: the number of double bonds, followed by
the position of the double bond from the methyl (w) end of
the molecule. The prefixes i and « refer to iso and anti-iso
branching, respectively; poly refers to a polyenoic com-
pound; and cy refers to cyclopropane structures. The suf-
fixes ¢ and t refer to cis and trans bond orientations,
respectively.

Transmission electron microscopy. Water samples were
fixed for 2 h at 25°C in the field in 5% glutaraldehye in a 50:50
mixture of field water-cacodylate buffer (0.067 M; pH 7.2)
immediately after recovery. The fixed samples were centri-
fuged, decanted, and washed twice in cacodylic acid buffer
(0.067 M; pH 7.2). The material was later enrobed in 4%
agar, postfixed with 2% OsO, for 2 h, washed, serially
dehydrated, and embedded in Spurr resin (Electron Micros-
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copy Sciences). Thin sections were stained with uranyl
acetate and lead citrate (42).

Scanning electron microscopy. Samples collected on 0.45-
pm-pore-size polycarbonate filters (Millipore) were fixed in
5% glutaraldehyde in cacodylate buffer (0.067 M; pH 7.2),
washed in cacodylic acid buffer, serially dehydrated into
ethanol and then into Freon 113 (du Pont), dried to the
critical point, and coated with gold-palladium prior to exam-
ination (10).

RESULTS

Electron microscopy. Scanning electron microscopy of the
particulate samples collected on 0.45-pm-pore-size filters
revealed some qualitative differences in the water samples
taken at various times (backflow volumes) from well P-38 in
March. Individual bacteria were difficult to see because of
the particulate matter, but many bacteria were visible in
samples B, C, and D (Fig. 1). Samples B and C were
distinguished from the others by the presence of large
amounts of slime that coated the bacteria and particulates;
this was presumably exopolysaccharide glycocalyx material.
Few bacteria were distinguishable by scanning electron
microscopy in the samples taken in November, perhaps
because of the extensive buildup of particulates on the
filters.

Transmission electron microscopy of the material centri-
fuged out of the water samples taken in November revealed
a diverse assemblage of gram-negative bacteria (Fig. 2 and
3). The bacteria retrieved from well P-38, which had been
sampled 7 months earlier, appeared to be numerous and
diverse in all of the different samples, although diversity
appeared to decline in the last two samples taken (Fig. 2C
and D). Samples A and C (Fig. 2A and B, respectively)
contained bacteria that appeared to be healthy, including
some dividing cells. Other cells in these same samples
appeared to be in various degrees of health or starvation, as
indicated by the various degrees of centralization of the
nuclear (electron-clear) region and cell membrane shrinkage
(22). Some cells had irregular ‘‘blips’’ on their cell surfaces.
In addition, a few remnants of dead cells were visible in
these samples. In sample E (Fig. 2C), some large colonies of
cells were found to be intact. The last sample, which was
taken after 7.9 well volumes of backflow (sample F), con-
tained many filaments of square-ended bacteria surrounded
by electron-clear sheathlike structures (Fig. 2D), some of
which were separated by spacers that were similar to those
of some methanogenic archebacteria (3, 25).

The samples from injection well P-46 examined by trans-
mission electron microscopy generally contained fewer bac-
teria than did those from well P-38, but again, several
different types of gram-negative organisms were seen (Fig.
3). Most of the bacteria seen in the transmission electron
micrographs from samples from this well appeared to be in a
relatively healthy state, and all cells were seen to be sur-
rounded by fibrous glycocalyx material.

Phospholipid fatty acids. Concentrated extraction solvent
procedural blanks were processed along with the injection
well lipids, to serve as contamination controls. No signifi-
cant peaks with retention times corresponding to known
PLFAs were found by gas chromatography. Small peaks
corresponding to less than 0.5 pmol/ml of water sample were
found in some of the blanks at retention times corresponding
to those for 17:0, i18:0, 18:0, and 16:0 (less than 1.0 pmol/ml)
fatty acids.

Most of the water samples were extracted and analyzed in
triplicate. Of the samples taken in November, the variance in

MICROBES RETRIEVED FROM WATER INJECTION WELL 1385

the fatty acid data was generally lower for the samples from
well P-38 than for those from well P-46. For fatty acids
present in concentrations of 5.0 pmol/ml or more, the
coefficients of variation for well P-38 ranged from 0.5 to 35.1,
with most being below 10.0, and for well P-46 they ranged
from 1.6 to 36.8, with most being below 25.0. Variances were
higher in the samples taken from well P-38 in March,
possibly because of insufficient mixing during subsampling.

Table 2 shows the PLFA profiles of injection water
samples taken at six different times during the backflow of
well P-46. Very few of the PLFAs that were associated
exclusively (5) with microeucaryotes or cyanophytes (polye-
noic and long-chain fatty acids) were found in any of the
samples from either well. Small amounts of polyenoic C,¢
and C,3 PLFAs were present in some samples, totaling no
more than 7.0% of the total PLFAs.

The total amounts of PLFAs per ml of water were gener-
ally highest in samples taken after approximately 2 well
volumes of water had back flowed, subsequently dropping
off by 2 orders of magnitude (Fig. 4). However, when well
P-38 was sampled for the second time in November, the first
sample taken had the highest biomass, with total PLFAs
continuing to decrease in later samples and correlating with
the volume of water that back flowed (P < 0.01; Fig. 4).

For some of the samples taken in November, the glass
fiber filters were extracted separately from the 0.22-pm-
pore-size filters. In all such cases, an overwhelming propor-
tion of the total PLFAs recovered was associated with the
glass fiber filter, with relatively little biomass passing
through to the 0.22-pm-pore-size filter (Fig. 4). With the
exception of the F samples (Table 1), the proportion of total
PLFAs associated with the 0.22-um-pore-size filters ranged
from 0.5 to 5.6% for well P-38 and from 0.9 to 9.1% for well
P-46. The F samples had a somewhat higher proportion of
PLFAs in the smaller-size fraction (12.9 and 18.5% for wells
P-38 and P-46, respectively). Some differences in the PLFA
profiles between the two different size fractions were also
found. In general, the glass fiber filter fractions had propor-
tionally more i18:0 and 18:1w7c¢ fatty acids, while the frac-
tion on the 0.22-pm-pore-size filter had more 18:0 and
18:1w9c fatty acids.

Some similar trends in the relative proportions of certain
PLFAs with the backflow volumes were found for wells P-38
and P-46 in November (Table 3). The proportion of 15:0,
16:0, al5:0, 16:1w7¢, and 16:1w7t in relation to the total
amount of PLFAs was at a minimum in water from sample F,
while conversely, the proportions of 17:0, 18:0, i17:0, a17:0,
i18:0, cy19:0, and 18:1w9c were at their highest in sample F
(Table 3). In general, the proportions of 14-, 15-, and
16-carbon PLFAs correlated negatively with backflow vol-
ume (depth), while the 17- and 18-carbon PLFAs and cyclo-
propyl PLFAs correlated positively with backflow volume
(Table 3). However, the polyenoic PLFAs and 18.1w7c¢ fatty
acids did not follow these trends, and i16:0 fatty acids
correlated positively with the volume that back flowed from
well P-46. Similar trends in the proportions of 18:0, al5:0,
i17:0, 16:1w7c, and 18:1w9C fatty acids with backflow vol-
ume were found in the fractions on the 0.22-um-pore-size
filter.

Microbial activity. The rates of incorporation of '*C-
labeled acetate into lipids by the microbiota in samples from
wells P-38 and P-46 in November are shown in Fig. 5. The
incorporation of *C-labeled glucose into lipids followed a
similar pattern, and both generally decreased with increasing
backflow volume. Acetate and glucose incorporation rates
correlated with the volume of water that back flowed in well
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FIG. 1. Scanning electron micrographs of particles and bacteria trapped on 0.45-um-pore-size membrane filters after 0.02 (A), 1.0 (B). 1.8
(C), or 3.3 (D) well volumes of injection water had back flowed out of well P-38 in March 1985. Note the large amounts of extracellular slime
associated with the particles and organisms in panels B and C. Bars, 5.0 pm.




VoL. 54, 1988 MICROBES RETRIEVED FROM WATER INJECTION WELL 1387

» ot
Y '*.'

&
'3

FIG. 2. Transmission electron micrographs of material centrifuged out of water samples taken after 0.02 (A), 2.31 (B). 5.81 (C), or 7.90
(D) well volumes had back flowed out of well P-38 in November 1985. All samples contained large numbers of glycocalyx-enclosed
gram-negative bacteria, and sample F (Figure 2D) contained morphologically distinct square-ended archebacteria. Bars, 1.0 um.
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FIG. 3. Transmission electron micrographs of material centrifuged out of injection water after 2 well volumes of water had back flowed
out of well P-46. All bacteria seen in this figure were gram-negative, and all were found within a fibrillar glycocalyx matrix in which
electron-dense particulate material was also embedded. Bars, 1.0 pm.
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P-46 (P < 0.01) but not that which backflowed in well P-38.
In well P-38, however, incorporation rates correlated with
total PLFA (P < 0.01).

DISCUSSION

Variation in the microbial communities with volume of
backflow. The first samples taken from each injection well
were of water from near the top of the well. These samples
may be representative of the injection water as it enters the
formation, although some accumulation of biofilm and par-
ticulates in dead spaces and on surfaces at the wellhead may
lead to an overestimate of the biomass of the injection water
as represented by these samples. As the backflow continues,
water enters the well from a roughly spherical or ovular area
that surrounds the perforated section of the well, which is
the lower 1,000 and 800 ft (305 and 245 m) of pipe in wells
P-38 and P-46, respectively. However, irregularities in the
formation, channeling, and variable permeability and plug-
ging of the sandstone and the perforations complicate the
interpretation of the increasing volume of backflow (or
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elapsed time) as the distance from the injection site is
increased.

(i) Biomass. The total PLFA component can be used as an
estimate of biomass in bacterial communities (17, 52, 55),
since phospholipids are essential to all cellular membranes,
are not found in endogenous storage lipids, and are in
relatively constant proportions in the various taxa (54).
Since rates of phospholipid turnover are relatively rapid in
both living and dead cells that are added to the environment
(28, 54), they may serve as estimates of viable biomass. Such
biochemical assays of viable biomass are relatively nonse-
lective and quantitative compared with culturing techniques.

Both injection wells examined during this study had their
highest biomass (total PLFAs) levels in the water samples
taken after 2 well volumes (12.2 to 14.6 m?) of water were
allowed to back flow, when sampled the first time (March
1985 for well P-38; November 1985 for well P-46). The levels
of biomass fell exponentially as the back flowing continued.
These results were corroborated by scanning electron micro-
graphs of samples from well P-38 (Fig. 1), in which increased

TABLE 2. Profiles of the PLFA extracted from injection water samples back flowed from well P-46 on 21 November 1985

pmol of PLFA/mI of backflow water (mean + SD) for the following samples“:

Fatty acid
A B C D E F

Saturated

14:0 0.8 £0.5 0.9 +0.3 2.1 +0.7 1.0 £ 0.7 0.3 +0.4

15:0 2.8 1.0 2.7 0.6 6.8 +1.8 3.6 1.1 1.6 0.4 0.1 0.1

16:0 57.6 = 15.6 51.8 £ 16.1 198.7 = 28.4 114.4 = 22.6 53.8 + 4.0 2.8 0.7

17:0 11.1 £ 2.0 9.0 £ 3.2 46.2 = 4.0 26.1 = 5.0 14.6 = 0.4 1.6 £ 0.2

18:0 12.7 £ 2.2 92 +28 70.0 = 6.8 384 7.1 24.7 £ 0.8 43 +04

20:0 0.2 £0.2 2019 3.5+ 0.5 1.8 £ 0.3 1.4 0.1 0.3 + <0.1
Branched

i14:0 0.4 £0.5 0.7 £0.3 29+1.4 1.1 £0.8 0.4 = 0.6

i15:0 1.0 0.4 1.1 +03 3.5+09 1.9 +0.6 1.0 = 0.5 0.1 0.1

als:0 4520 43 x1.1 239+ 58 10.5 = 3.4 5.7 +21 0.2 0.2

i16:0 1.7 0.5 14 £ 04 7.2+1.0 3.8+09 2203

i17:0 04 0.3 0.2+0.2 2.5+03 1.3 +£0.2 0.2 £ <0.1 0.1 + <0.1

al7:0 2.8 0.5 23 +0.8 110+ 1.1 6.0 1.1 3.8+0.2 0.4 + <0.1

i18:0 32+04 22+0.8 28.1+29 14.4 £ 2.6 10.2 £ 0.3 1.5 +0.2
Cyclopropyl

cyl7:0 2.6 £0.7 22+07 7.4 £ 1.6 4.8 +0.8 2.4 +0.1 0.4 + <0.1

cy19:0 33+0.5 2.6 £ 1.0 11.2+19 7.4 1.2 39 +0.1 0.7 £ <0.1
Unsaturated

Poly 16 0.3 +03 TR 52+1.1 23 *0.5 1.6 0.2

16:1w9¢ 0.1 £0.1 0.1 0.1 2.6 0.5 1.4 + 0.4 0.5=0.4 0.3 + <0.1

16:1w7¢ 13.3 £ 3.7 124 = 4.4 27.0 = 4.7 15.2 £ 4.3 6.7 1.3 0.2 0.1

16:107t 1.4 0.4 1.3+0.5 4.4 +1.0 2.6 0.8 1.1 £ 0.2 TR

Poly 18 1.2 +0.1 0404 3.6 0.4 1.7 £ 0.6 1.1 + <0.1 0.1 0.1

18:1w9¢ 4.7 =04 42 +1.1 124 1.2 6.6 + 1.6 3.5+0.1 0.8 +0.1

18:1w7¢ 50.7 = 8.2 43.7 £ 15.6 141.2 = 21.1 85.6 = 19.8 42.0 = 0.7 52=*0.5

18:1w7t 0.9 0.6 09 +0.5 5.6 1.0 3408 1.8 £ <0.1 0.3 +0.1
Total PLFA 179 + 40 156 + 51 629 + 82 356 = 76 185 = 10 194 + 2.1
Total branched 14.0 + 4.3 122+ 3.4 79.1 =+ 12.0 39.1 £9.5 242 = 34 25+03
Total cyclopropyl 5.8 +1.2 48 * 1.6 18.7 = 3.5 122 £ 2.0 6.3 0.2 1.1 0.5
Unsaturated/saturated 0.72 + 0.04 0.68 = 0.01 0.48 = 0.02 0.50 = 0.02 0.46 = 0.01 0.54 = 0.01
translcis 0.035 = 0.013 0.037 = 0.006 0.059 = 0.007 0.058 + 0.006 0.060 = 0.004 0.060 = 0.020
C,¢ transicis 0.108 = 0.005 0.101 = 0.001 0.163 = 0.015 0.168 = 0.007 0.168 = 0.005 0.059 = 0.102

2 The sample codes A to F are described in Table 1. For all samples n = 3, except for sample B, where n = 2.
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biomass and extracellular polysaccharidelike material in the
samples from the backflow of 2 well volumes are shown. The
levels of fatty acids found in these samples corresponded to
1.2 x 107 and 6.3 X 10° bacterial cells that were the size of
logarithmic-phase Escherichia coli per ml of water for wells
P-38 and P-46, respectively.

If one considers that the first well volume of water
retrieved during the backflow was mainly water that was in
the well pipe itself, then it is reasonable to conclude that the
peak of biomass found in the samples from the backflow of 2
well volumes came primarily from the large amounts of
bacteria that were commonly assumed to plug the zone
immediately surrounding the injection site, which partially
reduced permeability. Results of experiments in the labora-
tory with packed sand has shown that microbial plugging
after flooding with water is greatest at the front end of the
injection face (20), where the bacteria first encounter large
surface areas for attachment or entrapment and where they
are exposed to a continuing input of nutrients. The plugging
of scintered glass bead cores was also found to be predom-
inantly caused by the formation of a thick, exopolysaccha-
ride-laden biofilm of aerobic bacteria at the injection face,
although facultative anaerobes are able to penetrate the rest
of the core to some extent (45).

These results are very similar to those found by Belyaev et
al. (1) for water that was back flowed from a freshwater
injection well in the Bondyurg (USSR) oil field, where the
highest numbers of total bacteria (assessed on 0.22-pum-pore-
size membrane filters) were found after 12.5 m® (1.7 well
volumes) of water was back flowed (1.3 x 107 cells per ml);
biomass was subsequently found to drop off rapidly in the
samples after 25.0 to 166 m> (3.4 to 25 well volumes; 5.3 X

TOTAL PHOSPHOLIPID FATTY ACIDS (pmol mi+)

WELL VOLUMES OF BACKFLOW

FIG. 4. PLFA estimates of total biomass in injection well water
that was back flowed out of well P-38 in March (M), well P-38 in
November (@), or well P-46 in November (A). The much lower
levels of biomass that passed through glass fiber filters and that were
caught on 0.22-pm-pore-size filters are shown for samples obtained
from P-38 in November (O). Values are means + 1 standard
deviation (n = 3).
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TABLE 3. Comparison of trends in proportions of each PLFA
found in water samples taken from wells P-38
and P-46 in November 1986

Well P-38 Well P-46
PLFA
Min Max Pearson's r Min Max Pearson’s r
Saturates
14:0 —0.47F E,F AB —0.71***
15:0 E.F —0.82*** F A,B  —0.84***
16:0 F —0.61*** F —0.83%**
17:0 F 0.09 AB F 0.84%**
18:0 F 0.17 AB F 0.94***
Branched
i14:0 —0.74*** -0.42
i15:0 -0.32 -0.49*
als:0 —-0.66*** F -0.28
i16:0 0.30 0.58%**
i17:0 F 0.56** AB F 0.81%**
al7:0 F 0.79*** AB E,F 0.84%**
i18:0 F 0.82*** AB F 0.92%**
Cyclopropyl
cyl7:0 0.49* F 0.62***
cyl9:0 F 0.65*** B F 0.85%**
Unsaturates
Poly 16:0 0.53* -0.03
16:1w9c¢ -0.08 —0.72%**
16:1w7c F B —-0.81*** F AB  —0.68***
16:1w7t F B —-0.62*** F A,B  —0.85%**
Poly 18 0.25 0.07
18:1w9c¢ B F 0.88*** F 0.48*
18:1w7¢ -0.28 AB -0.22
18:107t A,B,C D,E,F 0.53* AB F 0.82%**

“ Sample codes A through F are explained in Table 1. Coefficients (Pear-
son’s r) for the correlations between the mole% of PLFA and backflow
volume (cubic meter) and their significance levels (x, P < 0.05; **, P < 0.02;
#xx P < 0.01) are given. The minimum (Min) and maximum (Max) columns
indicate those samples or groups of samples with PLFAs that were signifi-
cantly different from the others. The multiple comparisons of the means were
tested by Tukey’s and Scheffe’s method for contrasts (a = 0.05).

10° to 2.6 x 10° cells per ml, respectively) of water was
backflowed. In a well from the Romashkino (USSR) oil field,
however, the maximum biomass was found in the backflow
samples of 5.0 m? (9.5 x 10° cells per ml), subsequently
decreasing in the samples of 10.0 to 30 m> (3.0 x 10° to 1.4
x 10° cells per ml) (1). These zones of high biomass were
found to coincide with a drop in redox potential to less than
+80 mV E,. Higher rates of methanogenesis were found in
these zones; they subsequently dropped off with total bio-
mass as backflowing continued. Berdichevskaya (2) also
sampled water from freshwater injection wells in the Yarino-
Kemenolozh and the Shemeti (USSR) oil fields and found 1.0
x 107 to 2.0 x 107 cells per ml by a direct counting method.

When well P-38 was sampled for the second time in
November 1985, the first sample taken (0.16 well volumes)
had the highest levels of biomass, which then dropped off
sharply as the backflow continued. This may indicate that
backflow obtained the previous March disturbed the partic-
ulates and the microbiota sufficiently to cause a redistribu-
tion of the biomass.

White et al. (55) used phospholipid analyses to quantify
microbial biomass in a clay groundwater aquifer (depth, 410
m deep), a shallow aquifer, and surface estuarine sediments.
These sediments yielded 1.07, 5.33, and 77.6 nmol of total
PLFA/g (dry weight), respectively. These results can be
compared with those we obtained (Table 2).
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ACETATE INCORPORATION INTO LIPIDS (CPM h'ml™)
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FIG. 5. Rates of incorporation of “C-labeled acetate into total
lipids by the microbiota in injection waters back flowed out of well
P-38 (@) or well P-46 (A) in November. Values shown are means *
1 standard deviation (n = 4).

(ii) Community structure. White (52, 53) reviewed the use
of PLFAs for the examination of microbial community
structures in marine sediments, detritus, and biofilms, which
cause the fouling of metal in seawater. Analysis of subsur-
face clays and sands from a variety of locations indicates
that a relatively specific subsurface microbial community
exists that is different from that in surface soils and that
responds to organic contamination by marked changes in the
PLFA (48).

Several interesting trends in the fatty acid profiles of the
samples from injection wells obtained during this study can
be noted. The proportion of the fatty acid 18:1w7c was high
in all of the samples, most often ranging from 20 to 30% of
the total PLFAs in a sample. The levels of 18:1w7c¢ were
more variable in well P-38 in March, ranging from 13 to 69%
of the total PLFA, and were generally higher than those in
the samples obtained in November. No significant trends in
18:1w7¢ were found with backflow volume (distance from
the injection site; Table 3). High levels of 18:1w7c suggest
enrichment in anaerobes, since this fatty acid is synthesized
by the anaerobic desaturase pathway in bacteria. White (52)
found higher proportions of 18:1w7c in deep groundwater
sediments than were found in shallow aquifer sediments.

Other trends in fatty acids with increasing backflow vol-
ume found during this study include increasing proportions
of cyclopropanes (Table 3), increasing ratios of trans- to
cis-monoenoic fatty acids, and decreasing ratios of unsatu-
rated to saturated fatty acids (Table 2). These trends may be
due to a number of factors, some of which may interact.
Cyclopropyl fatty acids have been found to accumulate in
some species of bacteria when exposed to stress or adverse
conditions (29) or in stationary-phase cultures (5, 26, 31, 34).
Guckert et al. (19) found an increase in the proportions of
saturated fatty acids, trans-monoenoic fatty acids (primarily
C,6), and cyclopropyl fatty acids during nutrient deprivation
of Vibrio cholerae, along with an overall decrease in the
amounts of total phospholipids per cell. Similar changes in
the ratios of trans- and cis-monoenoic fatty acids have been
observed during the starvation of other species (33, 50). An
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increase in cyclopropyl fatty acids accompanied by a de-
crease in their cis-monoenoic precursors have also been
found as a result of lowered pH (7), lowered oxygen tension,
increase in Mg™* ions (30), and increased temperatures (18,
30, 36). It has been suggested that it may be possible to use
the transi/cis ratio as a stress or starvation index for micro-
bial communities, with ratios greater than 0.1 being indica-
tive of such conditions (19). The total trans/cis ratios found
during this study were generally below 0.1, but for the C,¢
components the ratios were commonly above 0.1 (Table 2).

Increases in the relative amounts of saturated versus
unsaturated fatty acids have been found during adaptations
by mesophiles to higher temperatures (13, 15, 47) or com-
munity shifts toward thermophilic conditions (6). In this
study, the unsaturated/saturated fatty acid ratio decreased
with increasing distance from the injection site (or backflow
volume), although the water temperature of these samples
increased only a few degrees (Table 1), indicating that these
changes may be due instead to stress or limited nutrients.
However, the ratios of iso- to anti-iso-branched-chain fatty
acids in these samples also increased with distance from the
injection site. This ratio has been found to increase when
facultatively thermophilic bacilli are exposed to increasing
temperatures (8, 43). High hydrostatic pressures may also
induce changes in the fatty acids of bacteria, but they lead to
an increase in the unsaturated/saturated fatty acid ratio (15).

Munbaeva and Kolpakov (39) analyzed water samples
from various depths in the Mangyshlak (USSR) oil-bearing
reservoir by standard culture techniques. They found sa-
prophytes to be dominant in the oxidizing zones (depth, 0 to
263 m), sulfate reducers to be prevalent in the transitional
redox zones (depth, 263 to 560 m), and methanogens to be
dominant in the reducing zones (depth, 560 to 2116 m). The
water temperatures increased with depth in these zones,
from 20 to 38 to 97°C, respectively, and the salinity increased
from 3 to 11 to 150 g/liter, respectively. Sulfate reducers
were also found in the oil reservoir waters that were sampled
by Bedrichevskaya (2); hydrocarbon oxidizers and metha-
nogens were also found (2). In the wells in California from
which samples were obtained during this study, however,
none of the fatty acid markers specific to sulfate reducers (10
Mel6:0 for Desulfobacter sp. [49], i17:1w7 [41, 49, 51] and
al7:1w7 [49] for Desulfovibrio desulfuricans were found in
any of the samples. This does not preclude the presence of a
mixed sulfate-reducing population, however (41).

In general, the fatty acid analyses support the transmis-
sion electron microscopy observations of a predominantly
gram-negative (high levels of unsaturated and cyclopropyl
fatty acids) (46), diverse, and possibly stressed bacterial
community with decreasing biomass in samples from beyond
2 well volumes of backflow.

(iii) Microbial activity. Both times that samples from
injection well P-38 were obtained, glucose incorporation
rates (and acetate incorporation rates in November) into
lipids correlated with biomass. On the contrary, in well P-46
incorporation rates correlated with the volume of water that
was back flowed, but not with biomass. Although the bio-
mass levels found in the water farthest from the injection site
were very low, the level of activity per cell may have been
greater.

Size fractionation. When the injection water samples were
fractionated by glass fiber filtration, less than 5% of the total
phospholipid fatty acids recovered passed through the glass
fiber filter to be caught on the 0.22-pum-pore-size filter.
Exceptions to this rule were the F samples, which were
taken from water that was farthest from the injection site.
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These samples had very low biomass levels, but 13 to 18% of
the fatty acids showed up on the 0.22-um-pore-size filters. It
appears that a majority of the organisms recovered by this
backflow sampling technique were either attached to parti-
cles or clumped together, as opposed to being free-living,
singly dispersed cells. Some microcolonies were seen in the
transmission electron microscopy samples, and the slime
found on some scanning electron microscopy samples indi-
cated that these bacteria may have been originally attached
and clumped.

Microbial attachment to surfaces and the formation of
biofilms are found in all natural and industrial environments,
even when smooth surfaces are exposed to relatively high
sheer forces (35). This appears to be the preferred mode of
growth for bacteria in nature (11, 12, 16). Aggregates and
chains of cells have been found to be more efficient in
plugging reservoir materials than singly dispersed cells (24).
In addition, although permeability reduction during injection
of packed sand correlates with the number of bacteria
injected (20), much of the actual plugging is due to the
production of metabolic products such as exopolysaccha-
rides (38, 45). It has been suggested that injection waters
should contain less than 10 slime-producing bacteria per ml,
to avoid potential permeability reduction problems (21). The
results of this study indicate that a large population of
bacteria exists in the areas of the reservoir near the injection
site, possibly leading to reductions in permeability in these
areas, but that far fewer bacteria reside beyond this zone.

In conclusion, the microbiota found in the injection waters
retrieved from this oil reservoir were found to be numerous,
diverse in bacterial morphology and physiological state, and
predominantly gram negative. They also contained a signif-
icant proportion of anaerobic or facultative organisms. The
fact that most of the bacteria retrieved from the reservoir
were attached to particles or were clumped indicates that
this backflow method of sampling recovers many organisms
that are representative of the microbial communities present
in the reservoir. These methods of analysis may be useful in
monitoring water injection wells and in preparing these
injection wells for microbial-enhanced oil recovery opera-
tions.

It should be kept in mind, however, that this method of
sampling by the backflowing of water in injection wells
probably underestimates the biomass in the reservoir. In
addition, there may be a bias in that there is a favorable
probability that samples containing unattached or loosely
attached bacteria, single cells and smaller-sized bacteria,
and the non-slime-forming bacteria of the community are
obtained. These factors, combined with the characteristics
of the reservoir formation mentioned above, may also affect
the distribution of bacteria found in the water samples taken
at particular times during the backflow, since some of the
organisms present may detach and migrate through the
reservoir at different rates.
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