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ABSTRACT

The cycling of sulfur in oil field brines has focused predominantly on bacteria involved in
the reduction of sulfur species to sulfides, which are detrimental to the production of these
fields. However, recent interest in the addition of nitrates and nitrites to oil field brines for
the remediation and control of sulfides has rekindled new interest in sulfide bio-oxidation.
Addition of nitrate and phosphates to produced brine from an oil field in Western Canada
resulted in the stoichiometric conversion of sulfide to elemental sulfur and nitrate to
nitrogen gas.  Isolation and characterization of sulfide-oxidizers from this brine revealed
the presence of two novel, autotrophic, colorless sulfur bacteria. Culture techniques and
reverse sample genome probing were applied to field brines to confirm the identity and
role of one of these isolates during a field test. The results suggest that sulfide-oxidizers
exist in oil field brines that can be selectively activated in situ through the addition of
limiting nutrients. However, similar tests applied to oil field brines from West Texas (WT)
suggested that heterotrophic sulfide-oxidizers might play a more predominant role in
sulfide oxidation in these habitats.

Introduction

The presence of hydrogen sulfide in petroleum reservoirs was recognized prior to 1920, but
it was not until 1926 that sulfate-reducing bacteria (SRB) were reportedly isolated from
oilfield brines [1,4]. It was later determined that sulfide present in oilfield reservoirs at
temperatures below 100o C was likely the result of SRB activity.  Ivanov [8] reported
convincing evidence that elemental sulfur found in shallow sulfur deposits often associated
with oil reservoirs was the result of the activity of the aerobic sulfide-oxidizer,
Thiobacillus thioparus, oxidizing sulfides previously produced by SRB. It was
hypothesized that these thiobacilli were introduced into underground deposits through
oxygen-containing waters percolating from the surface. The presence of sulfide-oxidizing
bacteria (SOB) has been reported in oilfield brines as well [2,5], but their involvement in
the cycling of sulfur in these anoxic habitats has not been established.
Sulfides in oilfield waters are undesirable due to their toxicity, corrosiveness and
propensity to form insoluble metal sulfides. Thus, sulfide oxidation to less toxic and less
reactive forms of sulfur is desirable. Jenneman et al. [10] reported the ability of nitrate to
stimulate the activity of indigenous, anaerobic SOB when amended to sulfide-laden
sewage sludges and pond sediments. In 1992, McInerney et al. [13] reported the presence
of indigenous, anaerobic sulfide-oxidizing activity in produced brine from a natural gas
storage field upon addition of nitrate. Later, McInerney et al. [14] suggested that microbial
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sulfide oxidation was responsible for a 40 to 60% reduction in sulfide at three oil
producing wells following the injection of ammonium nitrate as a groundwater tracer into
an adjacent water injection well.  Since this time, increasing attention has focused on the
role of nitrate on the oxidation and control of sulfides by indigenous sulfide-oxidizing
bacteria present in oil and gas fields (Table 1). However, surprisingly little attention has
been given to the identification and characterization of these sulfide-oxidizing bacteria.

Table 1.  Anaerobic sulfide-oxidizing activity by indigenous bacteria found in oil and gas
reservoirs.
Reservoir
Type

Sample
Type

Test
location

Temp
oC

Total
dissolved
solids %

Oxidant Sulfide-
oxidizers
identified

Source

Gas storage Produced brine Lab 30 0.07 Nitrate NR [13]
Oil Produced brine Lab/

Field
30 < 0.8 Nitrate NR [3]

Gas storage Produced brine Lab/
Field

NR NR Nitrate NR [15]

Oil Produced
brines

Lab 25 2 - 7 Nitrate 1 a [18]

Oil & gas Produced
brines

Lab 40-50 5 - 12.6 Nitrate NR [19]

Oil Produced/
Injected brines

Field 30 < 0.8 Nitrate NR [11]

Oil Produced brine Field 30 NR Nitrate 1 a [17]
NR, None reported; a tentatively identified as a Campylobacter sp. strain CVO

This paper describes efforts being made to identify and characterize sulfide-oxidizing
bacteria and explain their role in the cycling of sulfur in shallow oil reservoirs in Western
Canada [11] and Western Texas [19]. Also, field tests in these reservoirs of potential
applications of anaerobic sulfide oxidation are presented.

Methods

Identification

Sulfide-laden, produced brine was collected from the field in sterile, deoxygenated, glass
bottles as previously described [3]. The brine was dispensed into sterile, anaerobic, serum
bottles and amended with potassium nitrate and sodium phosphate. Oxidation of the sulfide
was monitored colorimetrically on subsamples of brine collected periodically.
In some cases, the sulfide-oxidizing activity in field brines could be detected by noting
changes in the color and transparency of the brine as sulfide was oxidized to elemental
sulfur. Untreated brine was either colorless or black (iron sulfide) when collected, but upon
addition of nitrate would shift from a transparent yellow color, indicative of polysulfides,
to a turbid, white color as sulfur and calcite crystallized. If the redox indicator resazurin
was added to nitrate-amended, sulfide-laden brines, the color change of the brine from
colorless to pink (Eh between -110mV and -51 mV) was used as an indicator of the
oxidation of sulfide and appearance of nitrite or nitrous oxide [12,16].
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Isolates of autotrophic SOB were obtained by plating enrichments on agar medium for
the cultivation of Thiobacillus denitrificans [7]. Colonies were further purified by serial
dilution in media containing sulfide and nitrate. Thus far, two isolates, designated CVO
and FWKO B, have been isolated from produced brine at the Coleville (CV) Field in
western Saskatchewan, Canada. Examination of their 16S RNA sequences suggests they
are members of the delta subdivision of the proteobacteria, which includes other nitrate-
reducing SOB such as, Arcobacter nitrofigilis, Campylobacter sp. and Sulfurospirillum
deleyianum (personal communication, Gerrit Voordouw). Voordouw et al. [18] using PCR-
amplified 16S rRNA genes, were the first to report the presence of Arcobacter and
Campylobacter genotypes, as well as, the sulfide-oxidizer, Thiomicrospira denitrificans in
oil field brines. However, CVO and FWKO B are the only known pure isolates cultured
from oil field brines.  No known sulfide-oxidizing bacteria have been isolated from West
Texas brines.

Results

Characterization

Sulfide-oxidizing activity in brines from the CV field is believed to be the result of
autotrophic SOB since the addition of nitrate and inorganic phosphate alone promotes
activity. However, sulfide-oxidizing activity in produced brines collected from several
different stratigraphic formations from WT oil fields required the addition of organic acids
and yeast extract suggesting oxidation by heterotrophic SOB [19]. Concentrations of
sulfide in excess of 5 mM and 14 mM have been completely oxidized by adding nitrate in
brine enrichments from the CV field and WT fields, respectively. Furthermore, sulfide-
oxidizing activity has been observed over a temperature range from 5o C to 40o C for CV
brines and from 40o C to 50o C for WT brines. Activity in brines with a salinity as high as
10 %(wt/wt) has also been demonstrated in either CV or WT brines.  Sulfide oxidation
rates in excess of 100 mg L-1 d-1 in batch enrichments of WT brine, and in continuously-
fed porous bioreactors inoculated with CV brine have been reported [9]. Stoichiometric
conversion of sulfide to elemental sulfur occurs in CV brine enrichments according to the
equation [9]:

5 HS
-
  + 2 NO3

-
  + 7 H+ → 5 So  + N2  + 6 H2O

Stoichiometry of sulfide oxidation has not been determined for WT brines but elemental
sulfur and calcite have been detected as substantial end products.

The following model for the anoxic cycling of sulfur in these shallow oilfield reservoirs
is proposed which involves the cycling of sulfide through elemental sulfur by either
autotrophic or heterotrophic sulfide-oxidizers (Fig. 1). Sulfide is regenerated by the
activity of sulfur reducing bacteria whose activity has been observed in CV brine
(unpublished results).
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Fig. 1.  Sulfate-containing fresh water co-mingles with stratal waters located near hydrocarbon-containing
deposits as a result of water injection or aquifer recharge. Sulfide is formed by SRB metabolizing water-
soluble organics, hydrocarbons or hydrogen which is then oxidized to elemental sulfur by anaerobic or
microaerophilic sulfide-oxidizers (e.g., strain CVO) when exposed to either nitrate or oxygen. Oxidants are
introduced into the injected water or are transported from surface sources by the recharge waters. Anaerobic
sulfide-oxidizers can be autotrophs or heterotrophs. Calcite (CaCO3) is a by-product of sulfide oxidation
presumably due to an increase in pH of the brine resulting from denitrification in these calcium-containing
carbonate brines. The cycle is completed by the reduction of elemental sulfur to sulfide by unidentified sulfur
reducers.

Discussion

Application

Recently, Jenneman et al. [11] demonstrated in a field test performed at the CV field that
injection of nitrate and phosphate for 50 days into two injectors resulted in a 42 to 100%
reduction in soluble sulfide and a 50 to 60% reduction in sulfide at two adjacent producing
wells. Analysis of SOB and SRB populations at injectors and producers using most-
probable-number analysis and reverse sample genome probing of whole communities in
both injected and produced brines, revealed no significant increases in SRB and a large
increase in SOB, especially the SOB isolate, CVO [17]. This demonstrated that the
injection of inexpensive, low toxicity chemicals could selectively stimulate a desired
microbial activity resulting in the reduction of an undesirable product, sulfide.



Microbial Ecology of Oil Fields

Likewise, Hitzman and Dennis [6] demonstrated that the addition of low concentrations
of inorganic nutrients such as nitrate and nitrite to several producing wells in these WT
reservoirs resulted in over a 90% drop in wellhead H2S levels for more than 30 days. This
reduction in H2S was attributed to competition between indigenous nitrate-reducing
bacteria (NRB) (e.g., sulfide-oxidizers) and SRB populations for organic acids in the brine,
although changes in SRB and NRB were not reported. Again, this demonstrates how the
introduction of inexpensive nutrients can selectively alter the reservoir ecology in a
beneficial way and suggests a potential role for indigenous SOB.

Acknowledgments

I would like to acknowledge G. Voordouw and A. Telang at the University of Calgary for
the many technical contributions and insightful discussions made in this area of
microbiology. Also, the assistance of G. Bala and co-workers at the Idaho National
Engineering and Environmental Laboratory, Idaho Fall, ID in conducting field-testing is
acknowledged. Finally, I would like to thank Phillips Petroleum Company for their support
and permission to publish this manuscript.

References

1. Bastin ES (1926) The presence of sulfate-reducing bacteria in oilfield waters. Science
63:21-24.

2. Carlson W, Bennett EO, Rowe JA (1961) Microbial flora in a number of oilfield water-
injection systems. Soc Petrol Eng J 1:71-80.

3. Gevertz G, Jenneman GE, Zimmerman S, Stevens J (1995) Microbial oxidation of
produced water from the Bakken sands, In: Proceedings of the 5th International
Conference on Microbial Enhanced Oil Recovery and Related Biotechnology for
Solving Environmental Problems, Richardson, TX, pp. 295-309.

4. Ginsberg-Karagicheva TL (1926) Microbiological investigations on the sulfur salts in
waters off Apsheron. Azerb Petrol Econ 6-7:30-55.

5. Ginsberg-Karagicheva TL (1933) Microflora of oil waters and oil-bearing formations
and biochemical processes caused by it. Bull Am Assoc Petrol Geologists 17:52-65.

6. Hitzman DO, Dennis DM (1997) New technology for prevention of sour oil and gas.
In: Proceedings SPE/DOE Exploration and Production Environmental Conference,
Dallas, TX, pp.

7. Hutchinson M, Johnstone KI, White D (1967) The taxonomy of anaerobic Thiobacilli.
J Gen Microbiol 47:17-23.

8. Ivanov MV (1968) Microbiological processes in the formation of sulfur deposits.
Kuznetsov SI (ed.) Israel Program for Scientific Translations, Jerusalem, pp. 298.

9. Jenneman GE, Gevertz D, Wright M (1996) Sulfide bioscavenging of soured produced
water by natural microbial populations. In: Proceedings of the 3rd International
Petroleum Environmental Conference, Albuquerque, NM, pp. 693-701.

10. Jenneman GE, McInerney MJ, Knapp RM (1986a) Effect of nitrate on biogenic sulfide
production. Appl Environ Microbiol 51:1205-1211.

11. Jenneman GE, Moffitt PD, Bala GA, Webb RH (1997) Field demonstration of sulfide
removal in reservoir brine by bacteria indigenous to a Canadian reservoir. In:
Proceedings of the SPE Annual Technical Conference and Exhibition, San Antonio,
TX, pp.189-198.



Microbial Ecology of Oil Fields

12. Jenneman GE, Montgomery AD, McInerney MJ (1986b) Method for detection of
microorganisms that produce gaseous nitrogen oxides.  Appl Environ Microbiol 51:
776-780.

13. McInerney MJ, Bhupathiraju VK, Sublette KL (1992) Evaluation of a microbial
method to reduce hydrogen sulfide levels in a porous rock biofilm. J Indust Microbiol
11:53-58.

14. McInerney MJ, Sublette KL, Bhupathiraju VK, JD Coates, RM Knapp (1993) Causes
and control of microbially induced souring. Develop Petrol Sci 39:363-371.

15. Morris EA, Kenny TM, Pope DH (1995) Field and laboratory tests on nitrate treatment
for potential use in natural gas operations. In: Proceedings of the SPE/DOE
Exploration and Production Environmental Conference, Houston, TX, pp. 469-473.

16. Reinsel MA, Sears JT, Stewart PS, McInerney MJ (1996) Control of microbial souring
by nitrate, nitrite or glutaraldehyde injection in a sandstone column. J Indust Microbiol
17:128-136.

17. Telang A J, Ebert S, Foght JM, Westlake DWS, Jenneman GE, Gevertz D, Voordouw
G  (1997) Effect of nitrate injection on the microbial community in an oil field as
monitored by reverse genome probing. Appl Environ Microbiol 63:1785-1793.

18. Voordouw G, Armstrong SM, Reimer MF, Fouts B, Telang AJ, Shen Y, Gevertz D
(1996) Characterization of 16S rRNA genes from oil field microbial communities
indicates the presence of a variety of sulfate-reducing, fermentative, and sulfide-
oxidizing bacteria. Appl Environ Microbiol 62:1623-1629.

19. Wright M, Jenneman GE, Gevertz D (1997) Effect of nitrate on sulfide-bioscavenging
by indigenous bacteria in produced brines from West Texas oil fields. In: Proceedings
of the 4th International Petroleum Environmental Conference: Environmental Issues
and Solutions in Exploration, Production, and Refining, San Antonio, TX (on CD-
Rom).


