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Abstract 

Microbial activity in oil and gas environments can pose significant challenges for 

petroleum production. One of the most well-characterized problems is the anaerobic corrosion of 

carbon steel infrastructure involving sulfate reducing bacteria (SRB). Several mechanisms have 

been proposed for microbially influenced corrosion (MIC) by SRB. However there remains a 

lack of knowledge regarding MIC caused by other microorganisms. In recent years, improved 

genomic technologies are allowing for the characterization of diversity of microbial communities 

in field samples. These molecular techniques show that while SRB form a fraction of the 

community associated with corrosion failures, many other microorganisms are also present. In 

this dissertation these genomic methods were used to characterize several different 

environmental samples. From these data, MIC mechanisms were hypothesized and tested in 

laboratory studies. This led to a new biocorrosion model under anaerobic conditions where 

hydrogenotrophic acetogens (Acetobacterium), hydrogenotrophic methanogens (family 

Methanobacteriaceae) and acetotrophic methanogens (Methanosaeta) are growing together. In 

following experiments, we found that carbon steel was preferentially used over oil organics as an 

electron donor for communities containing methanogenic and acetogenic microorganisms. This 

community-based MIC model was expanded upon in subsequent experiments where enhanced 

activity of hydrogenotrophic organisms was seen in the presence of sulfide and carbon steel. In 

another environment, bisulfite-disproportionating bacteria (Desulfocapsa) were linked to 

corrosive sulfur formation in water pipelines. Finally the genomics approach was used to identify 

several sulfur-cycling microorganisms that were potentially associated with MIC in seawater 

environments. Through this work, a better understanding of how microbial communities are 

impacting MIC in different steel-containing environments has been gained. This work has also 
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shown how corrosion mitigation strategies can impact microbial growth. This knowledge can be 

used to develop monitoring and mitigation schemes to limit MIC associated failures, which 

would be of great benefit from safety, economic and environmental points of view.  
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Chapter One: Introduction  

1.1 Project rationale and historical context 

The beginning of the modern petroleum industry can be traced back to 1859, in 

Pennsylvania, United States, when a well was drilled for the sole purpose of obtaining oil (Owen, 

1975). Within the next 30 years, the production of hydrocarbons became widespread. During this 

same period of time, the resulting use of petroleum products became globally common and this 

necessitated a search for suitable transportation means to move the oil (Owen, 1975). The first 

methods of transportation included the use of wagons, barges and railroads (Association of Oil 

Pipelines, 2016). But eventually, iron pipelines were built and used to transport oil from 

production wells to nearby refineries.  

In the 1860s, carbon steel replaced iron as the metal used for pipeline construction due to 

its economic benefit (Oberndorfer et al., 2004; Ahmad, 2006). Overall, steel pipelines provide 

reliable, economical and efficient transportation of petroleum and petroleum products when 

compared to other methods such as tanker trucks and railroads. They also require less energy 

input and are safer to use. Canada alone has over 830 000 km of pipelines, including those used 

for transmission, gathering and distribution of oil and gas (Canadian Energy Pipeline 

Association, 2016).  

With the advent of steel pipelines, pipeline regulations have become stricter, but pipeline 

failures do still occur. Alberta has over 415 152 km of pipeline under the jurisdiction of the 

Alberta Energy Regulator (AER) (AER, 2013). The AER estimates that 86% of these are made 

of steel and are therefore vulnerable to corrosion (AER, 2013). In Alberta, 59% of all pipeline 

failures between 1990-2012 were due to some form of corrosion, whether it be on the internal or 

external pipeline walls. Of the corrosion leaks experienced in the oil and gas industry, 
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approximately 20% are estimated to involve some form of biological activity, called microbially 

influenced corrosion (MIC). A link between microorganisms and corrosion was established just 

over a century ago (Gaines, 1910). Since then, many mechanisms for biocorrosion have been 

identified. However, these have been largely based on research done using culture-based 

methods where only a small fraction of microorganisms are targeted. With the genomics tools 

that are now available, the potential exists to uncover and better understand how entire microbial 

communities may be involved in MIC mechanisms.  

 

1.2 Research objectives 

The overall goal of my doctoral research was to better characterize the diversity of 

microorganisms involved in MIC of carbon steel infrastructure and to gain a better understanding 

of MIC mechanisms. This research was divided into the following objectives in order to achieve 

this goal: 

I. Characterize field samples from pipelines that have experienced corrosion problems. 

Data collection from samples would allow for the determination of microbial community 

diversity and mineralogical and chemical characteristics. 

II. Develop a hypothesis for a MIC model that takes into account the significant microbial 

players and key environmental factors uncovered in I. 

III. Perform microcosm experiments in the laboratory to replicate the field conditions 

determined in I, where the MIC model hypothesized in II is tested. 

IV. Compare results of the MIC model to the field samples to determine if the MIC 

mechanism model is valid. 
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1.3 Organization of thesis 

This thesis begins with a state of the art literature review, Chapter 2, which provides the 

necessary background information required to understand the research presented in the 

subsequent chapters. Successive chapters also contain introductory material specific to the 

material covered therein.  

Overall, the thesis consists of manuscripts (Chapters 3 and 4) and traditional-style thesis 

chapters (5, 6, 7 and 8). All of the research presented in this thesis has been done by myself 

and/or in collaboration with many colleagues. A brief description of the content for each chapter 

follows. 

Chapter 3 is a manuscript that was published in Frontiers in Microbiology in 2014 and 

describes the role of hydrogenotrophic acetogenic bacteria in corrosion. Dr. Hyung Soo Park, 

who helped to design the study, collected data and analysed data is a co-first author on this work. 

Dr. Thomas Jack, adjunct professor at the University of Calgary, and Dr. Gerrit Voordouw, my 

supervisor, helped with data interpretation and manuscript preparation. 

Chapter 4 is a second manuscript that was published in Frontiers in Microbiology in 

2016.  This manuscript discusses the role of hydrogenotrophic methanogens in corrosion. Dr. 

Hyung Soo Park helped to design the study and helped to collect data. Dr. Bart Lomans, a 

collaborator at Shell Global Solutions International, and Dr. Gerrit Voordouw contributed to data 

interpretation and manuscript preparation. Dr. Chuma Okoro (Federal University, Nigeria) Seun 

Smith (Shell Petroleum Development Company of Nigeria) and Leo Chiejina (Shell Nigeria 

Exploration and Petroleum Company), collaborators from Nigeria all helped in obtaining 

samples and provided sample context. Supplementary material for this manuscript is provided in 

Appendix A. 
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Chapter 5 describes the effect of sodium bisulfite, a commonly used oxygen scavenger, 

on microbial growth. A book chapter, found in Appendix B, makes reference to the pyrotag 

sequencing data presented in this thesis chapter: 

Park, H. S., J. Mand, T. R. Jack and G. Voordouw. 2014. Next generation sequencing 

approach to understand pipeline biocorrosion. Molecular Methods and Applications in 

Microbiology. Edited by Torben, L. Skovus, Casey Hubert and Sean M. Caffrey. Horizon 

Scientific Press.  

The remainder of the data presented in this chapter have not been published. 

Chapter 6 discusses the importance of using biofilm samples to understand MIC 

mechanisms. Specifically, this chapter examines the relationship between biofilm-associated 

hydrogenotrophic microorganisms and iron sulfide precipitates and how this impacts MIC. 

Chapter 7 describes a study that offers insight into biocorrosion in North Sea production 

sites. Preliminary findings were published in two conference proceedings. The first focused on 

samples from an oil-producing platform: 

Mand, J., H. S. Park, T. R. Jack and G. Voordouw. 2014. Use of molecular methods 

(pyrosequencing) for evaluating MIC potential in water systems for oil production in the 

North Sea. SPE International Oilfield Corrosion Conference and Exhibition, Aberdeen, 

UK, May 12-13, 2014. 

The second focused on samples from an oil terminal: 

Mand, J., G. Voordouw, H. Hoffmann and M. Horne. 2016. Linking sulfur cycling and 

MIC in offshore water transporting pipelines. NACE International Corrosion Conference 

and Expo, Vancouver, BC, March 6-10, 2016.  
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This chapter contains experiments that were done following publication of these papers. This 

chapter will be reformatted and prepared for publication in the coming months. Supplementary 

material for this chapter can be found in Appendix C. 

Chapter 8 describes a series of tests that were done to determine if sodium nitroprusside, 

a new biocide used to inhibit sulfate-reducing bacterial activity, is corrosive towards carbon 

steel.  

Chapter 9 summarizes the research presented in this thesis, how the main findings 

contribute to the field of MIC research and presents potential directions for future studies.  
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Chapter Two: Literature Review  

2.1 Corrosion 

Carbon steel is the most widely used material for infrastructure in the oil and gas industry 

(Oberndorfer et al., 2004). The downside however, is that carbon steel has a high iron content 

(≥98% Fe0) which makes it susceptible to corrosion (Ahmad, 2006). Corrosion, an expected and 

largely inevitable phenomenon, is defined as the deterioration of a material due to a chemical or 

electrochemical reaction with its environment. It is an unavoidable process that affects most 

metal infrastructure including bridges, buildings, transportation vessels, holding tanks and 

pipelines. 

 

2.2 Costs of corrosion 

Corrosion leads to huge economic losses, costing developed countries between an 

estimated 2 and 3% of their gross domestic product (GDP) each year (Koch et al., 2001). 

Worldwide, the cost of corrosion in 2013 was a staggering $2.5 trillion USD, or 3.4 % of the 

global GDP (Koch et al., 2016). This value is probably an underestimate because this sum only 

includes what are called direct costs of corrosion. This includes the materials and equipment 

required for construction along with expenditures involved in digging up and 

maintaining/repairing/replacing corroded structures. It does not include the indirect costs 

associated with corrosion, which include the expenses needed for legal costs, or the personal 

injuries that may result from failed equipment. Indirect costs also include the expenses required 

for corrosion management, which vary according to the industry but may include purchasing 

redundant equipment or engineering corrosion allowance into structures.  In the case of 

pipelines, pipeline protection in the form of coating application alone costs $5.5 billion USD per 
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year (Newman, 2016). Indirect corrosion costs also include the enormous environmental 

damages that may result from leaks along with the loss of public support. 

 

2.2.1 Corrosion electrochemistry 

To make steel, iron oxides (hematite, Fe2O3) are mined and then heated and alloyed with 

different elements to obtain different gradients of steel. Carbon steel is an alloy of iron along 

with primarily carbon (Ahmad, 2006). Carbon is used in the alloy because it is cost effective and 

has high tensile strength. After steel is formed, the alloy reverts to iron oxides (when oxygen is 

present) through the corrosion process, and therefore completes its life cycle (Ahmad, 2006).  

Every corrosion scenario requires an anode, a cathode, an electrolyte and a conductor. 

When steel is immersed in an aqueous solution, iron dissolves to give ferrous iron and electrons 

(Jones, 1996). Thus the anodic reaction is: 

Fe2+ + 2e- ! Fe0  Eo=0.469 V   [1]. 

An electrolyte, and in most cases this is water, is needed to allow for the movement of ions. The 

surface of the metal acts as a conductor, and this allows for electrons to move from the anode 

towards the cathode. Lastly, a counter cathodic reaction is required, and in the presence of 

oxygen this may be one of (Jones, 1996):  

   ½ O2 + H2O + 2e- ! 2OH-  Eo=0.40 V   [2], or 

½ O2 + 2H+ + 2e- ! H2O  Eo=0.815 V   [3]. 

Reaction [2] is dominant when the metal is in neutral or basic solution, whereas [3] occurs in 

acidic solution. When oxygen is available as an electron acceptor, corrosion will proceed quickly 

and leads to the formation of iron oxides as corrosion products. If these iron oxides are evenly 

distributed across the entire surface of the metal, this will actually slow down further corrosion 
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from occurring since the electrolyte can no longer reach the metal and this process is called 

passivation. If however the iron oxide distribution is patchy, concentration cells can form, which 

will enhance corrosion.  

However, when oxygen is limited, under anaerobic conditions, or during cathodic 

protection of a metal surface by impressed current, hydrogen equivalents or atomic hydrogen 

(H.) are formed at the cathode:  

   2e- + 2H+ ! 2H.  Eo=-0.414V   [4]. 

If this occurs in an acidic environment, hydrogen (H2) evolution off of the pipeline surface is 

seen. This is very damaging because to sustain hydrogen production, iron would be continuously 

lost, as shown by equation [1]. Conversely, under neutral pH, some H. is allowed to build up on 

the surface of the steel and since hydrogen gas is not formed, corrosion is limited.  

All metals and alloys have a different tendency to give up electrons, measured as the 

potential (E), and therefore a different propensity to corrode. Those that will not corrode are 

called noble metals (such as gold or platinum), and will have an E more positive than that of 

hydrogen. Those that are more likely to corrode are called active metals and have a more 

negative E. The reduction potential of a metal differs according to the environment being 

considered, and this is often summarized in a galvanic series.  

Whether aerobic or anaerobic, all reactions shown in [1] through [4] generate a current. 

The anodic current (IA) and cathodic current (IC) are dependent on the metal and current flow can 

be used to calculate the rate of corrosion. The current flow allows for a shift in potential (E) of 

the metal, which is called polarization, and this creates a concentration cell. A concentration cell 

occurs because there is a concentration difference in the electrolyte between the anode and 

cathode. For example, concentration cells are formed if the metal is composed of different 
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elements, if there is a difference in oxygen concentration between the anode and cathode or if a 

corrosion product film, such as the iron oxide film mentioned above, has formed on only a select 

section of the metal.   

For a specific metal, the most stable form of the element with respect to its environment 

can be predicted using a Pourbaix diagram, which predicts the thermodynamic stability of a 

metal, by plotting pH against potential (E). The Pourbaix diagram for iron is depicted in Figure 

2-1, which shows that across all pH values, if the potential of the iron remains low enough, 

corrosion will not occur (gray area). Similarly, at certain pH values and certain potentials, iron 

oxides in the form of hematite (Fe2O3) or magnetite (Fe3O4) may form, depicted by orange and 

black sections respectively, which will passivate the iron surface so corrosion cannot proceed. 

But at certain stages, where iron is oxidized but stable corrosion products do not form, the iron is 

vulnerable to corrosion (white areas). This diagram, as shown, is for corrosion in the presence of 

water. There are however many factors, physical, chemical and biological, which are able to 

influence the corrosion of iron and are described in subsequent sections. 
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Figure 2-1 Pourbaix diagram for an iron and water system.  
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2.2.2 Types of corrosion 

There are many different mechanisms by which corrosion proceeds, briefly summarized 

in Table 2-1. Throughout this dissertation, two types of corrosion morphology will be discussed. 

The first is uniform corrosion where metal loss across a metal surface is even and is also called 

general attack corrosion. This type of corrosion is normally accepted because the rate at which 

the metal will wear down over the lifetime of a structure can be predicted. Therefore, it is 

possible to take uniform corrosion into account when a structure is built to ensure it lasts for the 

length of time required. This is called corrosion allowance and although it is an extra 

expenditure, it is a relatively easy way to prevent failures. An example of general attack 

corrosion is the placement of a uniform piece of metal into an acidic solution (Jones, 1996).  

The second type of corrosion morphology is localized corrosion, which includes crevice 

corrosion, mentioned in Table 2-1, and pitting corrosion. Localized corrosion happens when and 

where the local chemistry changes from the metal at large and corrosion is initiated at a local 

spot. Pits on a metal surface come in many different forms and can range in size from shallow to 

very deep. Most pits are quite small and are therefore difficult to detect. Pitting corrosion 

generally happens at a faster rate than uniform corrosion. This makes pitting corrosion 

challenging to predict, which makes it more difficult to build into the corrosion allowance of a 

structure. It is therefore the most dangerous type of corrosion. In the case of steel pipelines, 

many leaks occur due to the localized loss of metal. 
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Table 2-1 Types of corrosion 

Type of Corrosion Definition 

Erosion 
Mechanical abrasion of the metal surface (Examples: by 

sand or CO2) 

Environmentally assisted cracking 
Metal cracks due to physical and metal stress (Examples: 

stress corrosion cracking or hydrogen induced cracking) 

Crevice 

Concentration cell where anode is inside a crevice that is 

caused by the metal being in close proximity to another 

surface 

Underdeposit 
Concentration cell where anode is underneath a deposit 

(Examples: corrosion scale, biofilm, sand particles etc.) 

Fretting 
Two surfaces contact each other and metal at the interface 

is lost 

Galvanic 

Two metals, each with different potential, contact each 

other in the same electrolyte solution; more active metal 

becomes the anode 

Dealloying 
The concentration of one element (part of an alloy) is 

selectively lost through corrosion 

Intergranular 
Loss or segregation of element at the grain boundaries 

within an alloy 
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2.3 Microorganisms within hydrocarbon resource environments 

Microorganisms are found in many environments. This includes environments where life is 

not always expected. For example, microorganisms have been found to grow under 

circumstances of extreme temperatures (up to 113°C), pressures, pH levels and salinities (Stetter, 

1999; Rothschild, 2001). Under all of these stresses, the microbial communities that exist are 

diverse and capable of using a variety of metabolic pathways to contribute to nutrient cycling on 

earth. This extends to hydrocarbon resource environments, where microorganisms are found 

throughout oil and gas reservoirs and infrastructure including pipelines (Magot et al., 2000; 

Voordouw, 2011; Li et al., 2016). Here, microorganisms face many extreme stresses, such as 

high temperatures within reservoirs, high pressures underneath the earth surface and within 

pipelines, and high salinity due to the brines encountered in petroleum production. However, 

these environments also have an abundance of organic substrates, from very simple organic acids 

to very complex hydrocarbons with nitrogen/sulfur/oxygen heteroatoms. All of these factors 

probably lead to the high diversity of organisms associated with oil- and gas- containing 

environments.  

 

2.3.1 MIC mechanisms 

Limiting oxygen ingress is key to limiting chemical corrosion damage, as oxygen is a key 

terminal electron acceptor, as shown by equations [2] and [3]. However, it is now well known 

that an anaerobic environment presents new challenges, because there are microorganisms well 

adapted to microaerobic and anoxic conditions, some which will be overviewed here. 

Microorganisms do not corrode metals through a novel electrochemical mechanism; instead they 
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accelerate existing mechanisms. They are able to influence the corrosion of carbon steel in many 

different ways; all grouped under the term microbially influenced corrosion (MIC). 

MIC can be further divided into two types. Chemical microbially influenced corrosion 

(CMIC) is where microorganisms act on the steel indirectly through the metabolites they use 

and/or produce (Enning and Garrelfs, 2014). Historically, most MIC studies have focused on 

CMIC mechanisms. Microbial presence and microbial metabolites contribute to the formation of 

concentration cells, and therefore lead to corrosion. The second type of MIC is electric 

microbially influenced corrosion (EMIC), which is the ability of a microorganism to use iron 

directly, potentially through direct electron uptake from the metal (Dinh et al., 2004; Enning et 

al., 2012; Enning and Garrelfs, 2014). This is a relatively newly discovered form of MIC, with 

more and more researchers trying to isolate microorganisms capable of EMIC. MIC almost 

always leads to pitting corrosion of the steel surface, which as mentioned above, is the most 

difficult to monitor and therefore is the most unpredictable, damaging and hard to mitigate form 

of corrosion. 

 

2.3.2 Sulfate reducing bacteria (SRB) 

The most studied and the most frequent MIC scenarios involve the sulfate reducing 

bacteria (SRB). SRB respire aqueous sulfate to form sulfide and are found in many different 

environments worldwide. SRB are anaerobic microorganisms and require a redox potential 

between -300 and -400 mV, relative to a standard hydrogen electrode (SHE) to reduce sulfate. 

Generally, sulfate acts as the terminal electron acceptor for electrons flowing from organic 

carbon (acetate is shown) or molecular hydrogen: 

SO4
2- + C2H3O2

- ! HS- + 2HCO3
-   [5] 
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SO4
2- + 4H2 + H+ ! HS- + 4H2O   [6], 

through the respiratory chain. This electron flow is coupled to the generation of a proton motive 

force that drives ATP synthesis. SRB are important worldwide and are estimated to catalyze up 

to 50% of carbon mineralization in marine sediments globally (Jørgensen, 1982).  

SRB can be prevalent in petroleum reservoirs, where they cause the generation of sulfide, 

a process referred to as souring (Gieg et al., 2011). Souring is unwanted because hydrogen 

sulfide (H2S) is toxic to humans, even in very low concentrations. Sulfide is also considered 

corrosive, which will be discussed in further detail.  

The first instance where iron corrosion was linked with SRB was in 1910 (Gaines, 1910). 

Since then, many different mechanisms for how these bacteria may be involved in corrosion 

have been proposed. Von Wolzogen Kühr and Van der Vlugt proposed the classical mechanism 

for SRB induced corrosion, called the cathodic depolarization theory (CDT) (Von Wolzogen 

Kühr and Van der Vlugt, 1934). Anaerobically, reactions shown in equations [1] and [4], 

representing general corrosion, would occur naturally, but it was suggested that SRB use the 

hydrogen, formed in [4] as a source of reducing equivalents to reduce aqueous sulfate to form 

sulfide, as shown in [6] (Von Wolzogen Kühr and Van der Vlugt, 1934; Cord-Ruwisch and 

Widdel, 1986; Hamilton, 2003). This microbial activity would pull both reactions [1] and [4] 

towards completion because the hydrogen formed in [4] would be used continually by the 

bacteria. Subsequent studies have also suggested that a relationship exists between the 

hydrogenase enzyme activity of an actively growing SRB culture and the associated general 

corrosion rates of iron (Caffrey et al., 2008). This is a form of CMIC because the bacteria use 

hydrogen but not iron directly as an electron donor for sulfate reduction (Booth and Wormwell, 

1961). However, after the CDT was proposed, hydrogenase-negative strains of SRB were also 
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isolated and shown to exacerbate corrosion. It has been suggested that these SRB are using 

EMIC to gain electrons from the iron directly, without the intermediary formation of H2, to 

reduce aqueous sulfate, leading to decreased steel integrity: 

4Fe0 +SO4
2- + 3HCO3

- + 5H+ ! FeS + 3FeCO3 + 4H2O  [7] 

 (Dinh et al., 2004; Enning et al., 2012).  

More than simply using steel as electron donor to reduce sulfate, SRB are also implicated 

in corrosion because of the sulfide they produce. Sulfide is highly soluble but is also extremely 

reactive and easily precipitates as ferrous sulfide onto the surface of steel pipelines: 

   4Fe2+ + S2- + 6OH- ! FeS + 3Fe(OH)2   [8]. 

If iron sulfides cover the entire surface of the metal, this can lead to passivation of the metal and 

hence stop corrosion from proceeding. This is because the excess sulfide production takes the 

potential down to a region of stability. However, when the precipitation of sulfide is localized, it 

can lead to anodic depolarization of the steel surface (Spruit and Wanklyn, 1951; Wanklyn and 

Spruit, 1952; King and Miller, 1977; Hamilton, 1985). This is because the iron sulfide deposits 

are cathodic with respect to the steel and form a concentration cell. Now electrons are required to 

move from the anodic steel to the iron sulfide deposits. Bacteria, such as SRB, can now enhance 

corrosion by taking reducing power from the iron sulfides that are coupled to steel and lead to 

further corrosion (Ferris et al., 1992). Also, the small size of the iron sulfide particles means that 

they have a greater overall surface area, and the increased cathode to anode surface area ratio 

requires more electrons to be shuttled from the anode (King and Miller, 1971; Lee et al., 1995). 

This results in a higher corrosion rate, because reaction [1] occurs at a faster rate. Lastly, sulfide 

is also known to impede the joining of 2 hydrogen atoms (H.) to form H2 on the metal surface, 

shown in [4]. Instead, the sulfide forces the hydrogen atoms to enter the steel, which can either 
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lead to hydrogen embrittlement of steel or can lead to the formation of blisters if hydrogen (H2) 

is formed inside the metal. Therefore sulfide production leads to a form of CMIC, which is 

dependent on SRB metabolites.  

Many SRB also use sulfite, thiosulfate, or elemental sulfur as electron acceptors (Rabus 

et al., 2013). All of these compounds are also reduced to sulfide, and therefore MIC is a 

possibility under these circumstances as well. A more detailed discussion of sulfidogenic 

organisms growing on sulfite can be found in Chapter 5. 

Lastly, there have also been reports of SRB causing corrosion due to other metabolite 

production. For example, the SRB Desulfovibrio fructosovorans was shown to decrease the pH 

in its own vicinity depending on electron donor or electron acceptor availability and therefore 

caused corrosion, much like the acid producing bacteria (APB) discussed below (Daumas et al., 

1993). 

 

2.3.3 Methanogenic archaea 

A second group of microorganisms associated with steel corrosion is the methanogenic 

archaea. These organisms, which are found in oil fields, use a limited number of simple 

compounds, including hydrogen and carbon dioxide to produce methane (CH4):  

4H2 + CO2 ! CH4 + 2H2O   ΔG°’= -139 kJ/mol   [9]. 

When methanogens were first associated with corrosion, they were thought to use iron in a 

similar manner to SRB.  In the first study linking the two, it was thought that through cathodic 

depolarization, methanogens (such as Methanosarcina barkeri among others) were able to 

accelerate iron dissolution by using hydrogen formed at the cathode as an electron source to 

reduce CO2 (Daniels et al., 1987):  
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8H+ + 4Fe0 + CO2 ! CH4 + 4Fe2+ + 2H2O   ΔG°’ = -136 kJ/mol   [10]. 

As methane gas evolves, there is a constant need for methanogens to obtain hydrogen from Fe0 

or to use Fe0 directly and therefore corrosion proceeds. Hydrogenotrophic methanogenic activity, 

equation [9], in which microorganisms obtain reducing equivalents (H2) from the metal to reduce 

carbon dioxide to form methane, with associated steel corrosion has been characterized in many 

scenarios and will be discussed in more detail in Chapters 3 and 4 (Zhang et al., 2003; Mori et 

al., 2010; Park et al., 2013; Mand et al., 2014a). Methanogens have also been associated with 

corrosion of other metals such as aluminum, cobalt, manganese and copper, all through the 

suggested use of cathodically produced H2 (Lorowitz et al., 1992). 

Methanogens are also capable of EMIC and strains capable of direct electron uptake from 

Fe0 have been isolated. These use iron as the sole source of electrons without a (H2) intermediate 

(Dinh et al., 2004; Uchiyama et al., 2010). EMIC strains Methanobacterium related IM1 and 

Methanococcus maripaludis strain KA1 produced methane at a rate much faster than that of the 

H2 evolution off the steel surface (Dinh et al., 2004; Uchiyama et al., 2010). The methanogen M. 

maripaludis strain Mic1c10 has also been associated with high corrosion rates but this was not 

coupled to methane production (Mori et al., 2010).  

 However, there are other mechanisms by which methanogens may be corrosive. 

Methanogens that grow on iron as sole electron source have been shown to have a slightly lower 

pH optimum compared to when the same organisms are grown on H2/CO2, which has been 

interpreted to mean that the lower pH values could contribute to corrosion (Boopathy and 

Daniels, 1991). In other cases, a thermophilic methanogen has been shown to grow in syntrophy 

with a Thermococcus strain that produces organic acids from breaking down complex organic 

matter. This can contribute to corrosion because as these organic acids adsorb onto the metal and 
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catalyze abiotic iron dissolution and release of H2 (Davidova et al., 2012). In such cases, the 

methanogens would be indirectly associated with corrosion. 

Other types of methanogens in oil fields and potentially involved in MIC are the 

acetotrophic methanogens. These organisms make use of acetate as a carbon and energy source, 

converting it to methane and CO2. These methanogens can form syntrophic relationships with 

steel-corroding organisms and may be indirectly involved in corrosion as discussed further in 

Chapter 3 (Zhang et al., 2003; Mand et al., 2014a).  

 

2.3.4 Acid producing bacteria (APB) 

Historically also associated with biocorrosion are the acid producing bacteria (APB) 

(Ferris et al., 1992; Summer et al., 2014; Geissler et al., 2015). APB are able to convert 

carbohydrates, hydrocarbons and H2 and CO2 into organic acids through fermentation. Fungi can 

contribute to MIC in the same fashion as APB, as they produce organic acids when fermenting 

organic matter as well (Videla and Characklis, 1992). Recently, it has also been noted that 

hydrogenotrophic, acetogenic bacteria, are able to play a role in biocorrosion by using hydrogen 

to reduce carbon dioxide to form acetate and these will be discussed in detail in Chapter 3 

(Schiel-Bengelsdorf and Dürre, 2012; Mand et al., 2014a; Kato et al., 2015). Hydrogenotrophic 

acetogens and other APB play an important role in pipeline MIC because biologically produced 

organic acids can be corrosive towards steel, even when produced in modest concentrations 

(Nizhegorodov et al., 2008). Furthermore, the organic acids may be readily used as carbon 

sources by many other types of organisms. For example, acetate produced by one microorganism 

could be used to sustain a wide variety of organisms downstream inside a pipeline. In a MIC 
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scenario, both the SRB and the hydrogenotrophic methanogens discussed above would be able to 

use acetate as a source of carbon for growth. 

 

2.3.5 Iron associated bacteria 

Iron (III) reducing bacteria (IRB) are also present within petroleum reservoirs and are 

important in organic matter cycling (Greene et al., 1997). These bacteria catalyze dissimilatory 

ferric iron (Fe3+) reduction to form ferrous iron (Fe2+), coupled to the oxidation of organics (Lee 

and Newman, 2003). If steel is exposed to oxygen, an iron (III) oxide film will form on the 

surface. If this film is continuous, it is protective against further corrosion, because the steel 

surface is no longer accessible. Most studies of IRB and corrosion have been done using 

Shewanella putrefaciens and it has been shown that S. putrefaciens is able to break down this 

protective film by reducing the insoluble ferric oxides to soluble ferrous iron (Fe2+). Therefore, 

the IRB expose the steel surface to the electrolyte solution, so that corrosion may proceed (Little 

et al., 1998; Herrera and Videla, 2009). In certain situations, however, IRB may actually 

decrease corrosion because the release of ferrous ions (Fe2+) would remove oxygen by chemical 

reaction and thereby decrease further corrosion caused by oxygen (Dubiel et al., 2002; Kip and 

van Veen, 2014). 

Iron oxidizing bacteria (IOB) have also been implicated in MIC (McBeth et al., 2011; 

Lee et al., 2013; Little et al., 2014). These are bacteria capable of oxidizing Fe2+ to Fe3+, and this 

metabolism would allow the anodic reaction [1] to continue and hence corrosion would occur. 

Recently, members of the Zetaproteobacteria, which are IOB, were enriched on coupons 

incubated in sediments in both a brackish water stream and in a coastal marine bay, in the 

presence of SRB (McBeth and Emerson, 2016). This is similar to previous observations of IOB 
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in the same habitats as SRB, where it was assumed that corrosion occurred due to SRB activity, 

but the concentration cells set up by IOB allowed for the SRB to thrive (Videla and Characklis, 

1992). Many IOB are associated with tubercle formation, which means they form a deposit of 

corrosion product composed of iron oxides such as amorphous ferric oxides or ferric hydroxides, 

which overlies a corrosion pit (Ray et al., 2010; Lee et al., 2013; Usher et al., 2014). Underneath 

the tubercles are localized regions of metal loss, or a pit, in which organisms may be thriving. 

Since IOB are efficient at scavenging oxygen, this would allow for the growth of anaerobic SRB 

within the anoxic, tubercle environment they have created. Furthermore, the deposition of iron 

hydroxides on the metal surface would also set up a corrosion concentration cell where the area 

underneath the deposit acts as the anode and the larger surface area of the metal acts as the 

cathode (Ray et al., 2010; Lee et al., 2013). 

It is also possible that IOB and IRB work together to influence corrosion. These bacteria 

coexist in complementary relationships and contribute to the biogeochemical iron cycle on earth. 

They have been found to coexist inside corrosion products on submerged metal structures in 

marine environments (Dang et al., 2011). Furthermore, studies have shown that cocultures of an 

IOB (one of 3 Mariprofundus species) and IRB (one of either Geothermobacter or Shewanella 

species) led to higher carbon steel corrosion rates than either monoculture alone (Lee et al., 

2013). 

 

2.3.6 Other microbes and MIC 

The addition of nitrate to water injected petroleum reservoirs is implemented to abate 

souring (Hubert and Voordouw, 2007; Little et al., 2007; Agrawal et al., 2012). The injected 

nitrate stimulates the nitrate-reducing bacteria (NRB), which can completely reduce nitrate to 
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form nitrogen (N2). NRB can compete with SRB for oil organics (Gittel et al., 2009). There are 

also some NRB that incompletely reduce nitrate to form nitrite, which inhibits SRB activity 

because nitrite binds to the dissimilatory sulfite reductase enzyme of SRB, inhibiting reduction 

of sulfite to sulfide (Haveman et al., 2004). Nitrite is chemically corrosive as it oxidizes iron to 

form ammonium. In fact, the injection of nitrate in above ground facilities has been correlated to 

an increase in corrosion rates in the field in laboratory trials (Kielemoes et al., 2000; Hubert et 

al., 2005; Vik et al., 2007). Nitrite also contributes to corrosion because it reacts with SRB-

produced sulfide to produce elemental sulfur (Nemati et al., 2001; Myhr et al., 2002; Kjellerup et 

al., 2005): 

4HS- + 2NO2
- + 7H+ ! NH4

+ + 4S0 + ½ N2O + 3½ H2O   [11]. 

Hence NRB may contribute to corrosion through a CMIC mechanism, because the produced 

sulfur is corrosive. Recently, the NRB Prolixibacter sp. strain MIC1-1 was proposed to grow 

through direct electron uptake from iron when growing on nitrate, contributing to corrosion 

through an EMIC mechanism (Iino et al., 2015). 

There are also many examples of microbial activity affecting the corrosion of metals 

other than steel. Examples include fungi (Aspergillus), found to accelerate corrosion of 

aluminum (Dai et al., 2016) and various diatoms and bacteria that have been associated with 

copper corrosion (Walker et al., 1994). Cocultures of SRB and Pseudomonas have also been 

implicated in stainless steel corrosion (Steele et al., 1994). Microorganisms also contribute to 

corrosion of more than just metals. Many sulfur-oxidizing bacteria have been found to produce 

sulfate, which when present as sulfuric acid, is corrosive towards concrete (Cheng et al., 2016). 

Specifically, the genera Thiobacillus and Acidiphilum are involved in concrete corrosion through 

acid production (Peccia et al., 2000; Hernandez et al., 2002).  
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2.4 Microbial communities in biocorrosion 

Sites affected by biocorrosion rarely have only a single species of microorganism present 

and it is therefore important to characterize the consortium of microorganisms catalyzing MIC 

(Zhu et al., 2003; López et al., 2006). Modelling MIC of pipelines as resulting from a culture of a 

single organism is likely not accurate. In fact, examination of MIC sites often reveals that 

biofilms have been formed on the metal surfaces. These consist of microbial cells surrounded by 

an extracellular polymeric substance (Costerton et al., 1995; Hall-Stoodley et al., 2004; Harrison 

et al., 2005). Inside a pipeline, these biofilms may also contain oil organics and inorganic scale 

formed from corrosion products, similar to the composition of corrosion tubercles. This build up 

inside of pipelines is often removed by a process called pigging, to decrease clogging and to 

remove the threat of under deposit pitting corrosion. 

All biofilms contribute to corrosion to some extent, as they change the interface between 

the metal and electrolyte solution (Videla and Herrera, 2005). The consortia of organisms 

forming the organic fraction of the biofilm can play synergistic roles in corrosion. These 

consortia are usually quite diverse. The inorganic fraction of a biofilm is important because in 

addition to being inherently corrosive, it allows for bacteria to attach to the metal. For example, 

it has been noted that in liquid cultures with excess iron present, SRB cells concentrate 

themselves in the iron sulfide precipitate or within tubercles, instead of remaining planktonic 

(Booth and Wormwell, 1961; Gomez-Smith et al., 2015). Biofilms are dynamic and vary with 

time and space within a pipeline. For example, previous work has shown that there appears to be 

a succession of different communities along the length of a pipeline (Park et al., 2014). If 

corrosion is localized, then this promotes a non-uniform distribution of microorganisms attached 

to metal surfaces (Videla and Characklis, 1992). This is important because this uneven 



 

 24 

distribution leads to the formation of concentration cells on the metal surface in the form of 

oxygen gradients, pH gradients and ion concentrations (Videla and Herrera, 2005).   

The implications for MIC research are that the planktonic cells found in water samples 

often differ from the sessile biofilm cells found on metal surfaces (Wrangham and Summer, 

2013; Cote et al., 2014). Therefore, monitoring planktonic communities instead of biofilm 

samples within pipelines may actually lead to ineffective mitigation strategies (Eckert, 2015). 

Moreover, MIC studies need to assess the heterogeneity that exists within microbial communities 

in biofilms in order to accurately understand MIC processes. 

 

2.5 Tools for MIC research 

2.5.1 General corrosion tools 

There is a variety of methods used to monitor and assess corrosion within pipelines, 

including online inspection tools used in the field. However, since MIC is caused by a variety of 

mechanisms, these online tools cannot be used to accurately monitor MIC at all times (Eckert, 

2015). Tools used to assess microbial corrosion in the laboratory were used throughout this 

dissertation. Chemical analyses involved the use of gas chromatography to measure gases (CH4, 

CO2, O2), liquid chromatography to measure volatile fatty acids (acetate, lactate) and ion species 

(sulfate, nitrate, nitrite) and colorimetric approaches to measure sulfide, ammonium, ferrous or 

ferric iron.  

 To visualize microbial biofilms, atomic force microscopy and scanning electron 

microscopy (SEM) have been used (Steele et al., 1994). When SEM is combined with energy 

dispersive x-ray spectrography (EDX), corrosion scale composition can be identified. Corrosion 
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product mineralogy can also be analyzed using X-ray diffraction (XRD). Both tools are valuable 

as corrosion scale formation can be used to interpret the role of microorganisms. 

Since most forms of corrosion occur due to electron flow within the material, these can 

be difficult to measure, but there are a variety of corrosion measurement tools available (Beale et 

al., 2016). For the research in this thesis, corrosion rates were measured by metal weight loss, 

which gives the general corrosion rate. This is a cumulative method and does not allow 

measurement of corrosion rates in ‘real-time.’ After corrosion rates are measured, the mechanism 

of corrosion can be determined by assessing localized pitting corrosion, by visual examination 

and by using manual pit gauges to measure pit depth. The second method of measuring corrosion 

rates was to use electrochemical testing in the form of linear polarization resistance (LPR). LPR 

gives an instantaneous corrosion rate, which again measures general corrosion rates, but can 

show a tendency towards pitting corrosion. 

 

2.5.2 Microbial monitoring 

Traditional monitoring of microorganisms involved in biocorrosion involves incubation 

of field samples in defined media, suitable for select microorganisms. The most popular 

microorganisms to track using culturing methods are the SRB and APB (Ferris et al., 1992; 

Summer et al., 2014; Geissler et al., 2015). SRB bottle tests involve incubating samples in 

medium containing lactate and sulfate, in the presence of an iron nail. If SRB are active, the 

sulfide that is produced will precipitate with the iron. Since iron sulfides are black in colour, 

growth is easily determined. APB are enriched in a glucose-containing medium, with the 

addition of phenol red as a pH indicator. The activity of APB produces acids from glucose 

fermentation and this decreases the pH, turning the medium yellow. In addition to SRB and 
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APB, there are other types of microbes that are targeted in similar tests, using appropriate media. 

However, all of these cultivation-based approaches only target a small fraction of the 

microorganisms present. It is known that the vast majority (approximately 99%) of 

microorganisms cannot be cultured using these approaches so these tests provide only limited 

information on the community as a whole (Hugenholtz et al., 1998; Vartoukian et al., 2010). To 

combat this, many recent MIC studies use an ‘-omics’ approach including (meta) genomics, 

transcriptomics, proteomics and metabolomics (Beale et al., 2016).  

 

2.5.3 Next-generation sequencing 

Next-generation sequencing (NGS) technologies are used to study the microbial ecology 

of many different environments, including hydrocarbon resource environments. NGS is a high 

throughput method involving the large scale sequencing of DNA extracted from environmental 

samples. This massively parallel technique is made more feasible due to the ever decreasing 

costs of DNA sequencing per reaction. The prokaryotic 16S rRNA gene is universally present in 

all prokaryotes and is often the target of NGS studies. It is ~1500 basepairs in length, contains 9 

variable regions within and these regions can be used to phylogenetically identify different 

microorganisms.  

Both the 454 Roche platform and the Illumina platform use a sequencing by synthesis 

approach (Bennett, 2004; Margulies et al., 2005). For 454 pyrosequencing, DNA fragments are 

ligated with specific adapters, which are then added to agarose beads containing the 

complementary sequence to the adapters. Subsequently the now attached DNA fragments are 

PCR amplified to obtain ~1 million copies, each attached to a single bead, in its own well in a 

picotiter plate. Alternating deoxynucleotide triphosphates (dNTPs: A, G, C or T) are then washed 
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over the entire plate to allow incorporation by DNA polymerase. Nucleotide addition releases 

pyrophosphate, which subsequently reacts with adenosine 5’ phosphosulfate (APS) to form 

adenosine triphosphate (ATP), which is catalyzed by the enzyme ATP sulfurylase. Subsequently, 

the luciferase enzyme catalyzes the generation of light from luciferin in the presence of ATP and 

the light is recorded to identify nucleotide incorporation, and eventually, the DNA sequence. In 

the case of Illumina sequencing, the generation of a library allows DNA fragments to become 

ligated with adapters. Once this library is loaded into flow cells, the DNA is captured onto a 

lawn of complementary oligonucleotides, where each DNA fragment is amplified. Subsequently, 

fluorescently labelled deoxyribonucleotide triphosphates are incorporated by DNA polymerase 

into a DNA template strand. As each nucleotide is added, fluorophore excitation identifies the 

specific nucleotide and the light reactions are recorded to obtain a DNA sequence.  

For both methods the resulting 16S rDNA sequences are quality controlled and then 

assembled into OTUs, which are aligned to a reference library and are analyzed to obtain 

phylogenetic classifications. NGS has proven to be a valuable tool for identifying 

microorganisms associated with corrosion failures and helping elucidate MIC mechanisms. 

 

2.6 Research focus 

Corrosion of any metal changes with changing environmental conditions. This is also true 

in the case of MIC of steel. This makes corrosion difficult to predict and prevent. The end goal of 

MIC research is to mitigate the corrosion threat, to extend the lifetime of existing steel 

infrastructure, to minimize the risk of oil and gas leaks from pipelines and to, ultimately, increase 

human safety.  
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While early MIC research focused largely on the role of SRB, more and more studies are 

now showing that MIC occurs through the actions of many different microorganisms. 

Researchers have elucidated several mechanisms that contribute to MIC of pipelines and have 

established that microorganisms are growing in communities in the real environment. 

Nevertheless, there remains a lot of research still required to learn more about how microbial 

communities are contributing to MIC. The aim of this thesis is thus to identify the 

microorganisms involved in MIC under different circumstances, to investigate their metabolite 

relationships, to quantify their impact on MIC of carbon steel (Chapters 3-7) and to discuss 

potential control solutions for MIC (Chapter 8). It is hoped that this research will contribute to a 

better understanding and control of MIC.  
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Preface 

Chapter 3 describes the role of acetogenic bacteria in MIC of carbon steel. This chapter 

shows how the role of these bacteria may be two-fold. Firstly, acetogenic bacteria are 

hydrogenotrophic and thus are able to use steel as electron donor to reduce carbon dioxide to 

form methane. This may lead to metal loss and therefore corrosion. Secondly, these bacteria are 

able to promote additional microbial growth within pipelines by providing acetate, a widely used 

and easily incorporated carbon source for many different microorganisms. Here we show the 

syntrophic growth of acetogenic bacteria with acetotrophic methanogens and with sulfate-

reducing bacteria. The results presented in this chapter provide support for the use of microbial 

community determination by 16S rRNA gene pyrotag sequencing, because this is the first time 

that these bacteria have been associated with MIC of carbon steel. This chapter also shows the 

syntrophic nature by which MIC may progress, an idea that is expanded on in further chapters 

(Chapters 4-7).  
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3.1 Abstract 

Microbially-influenced corrosion (MIC) of iron (Fe0) by sulfate reducing bacteria (SRB) 

has been studied extensively. Through a mechanism that is still poorly understood, electrons or 

hydrogen (H2) molecules are removed from the metal surface and used as electron donor for 

sulfate reduction. The resulting ferrous ions precipitate in part with the sulfide produced, forming 

characteristic black iron sulfide. Hydrogenotrophic methanogens can also contribute to MIC. 

Incubation of pipeline water samples, containing bicarbonate and some sulfate, in serum bottles 

with steel coupons and a headspace of 10% (vol/vol) CO2 and 90% N2, indicated formation of 

acetate and methane. Incubation of these samples in serum bottles, containing medium with 

coupons and bicarbonate but no sulfate, also indicated that formation of acetate preceded the 

formation of methane. Microbial community analyses of these enrichments indicated the 

presence of Acetobacterium, as well as of hydrogenotrophic and acetotrophic methanogens. The 

formation of acetate by homoacetogens, such as Acetobacterium woodii from H2 (or Fe0) and 

CO2, is potentially important, because acetate is a required carbon source for many SRB growing 

with H2 and sulfate. A consortium of the SRB Desulfovibrio vulgaris Hildenborough and A. 

woodii was able to grow in defined medium with H2, CO2 and sulfate, because A. woodii 

provides the acetate, needed by D. vulgaris under these conditions. Likewise, general corrosion 

rates of metal coupons incubated with D. vulgaris in the presence of acetate or in the presence of 

A. woodii were higher than in the absence of acetate or A. woodii, respectively. An extended 

MIC model capturing these results is presented. 
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3.2 Introduction 

Corrosion failures occur in water-transporting pipelines, when the anodic dissolution of 

iron (Fe0 ! Fe2+ + 2e-) is coupled to the cathodic reduction of oxygen (2H+ + ½O2 + 2e- ! 

H2O). Pipelines are generally subject to high corrosion rates, if oxygen is readily available as an 

electron acceptor. To limit corrosion, water transported through these pipelines is degassed and 

is kept anaerobic through the addition of chemical oxygen scavengers such as sodium bisulfite 

(SBS). Protons are reduced at the cathode (2H+ + 2e- ! H2), instead of oxygen, under the 

resulting anaerobic conditions. This generally results in much lower corrosion rates, e.g. with 

linear polarization resistance (LPR) abiotic carbon steel corrosion rates of 0.26 and 0.11 mm/yr 

were observed under aerobic and anaerobic conditions, respectively, in a defined medium 

(Caffrey et al., 2008).  

  Hydrogenotrophic microorganisms consume cathodic hydrogen in a process that may 

contribute to microbially influenced corrosion (MIC). Sulfate-reducing bacteria (SRB), using 

cathodic hydrogen to reduce sulfate to sulfide, are often associated with MIC. A mechanism in 

which corrosive SRB remove electrons directly from the iron surface, has been proposed recently 

(Dinh et al., 2004; Enning et al., 2012). The resulting sulfide precipitates as characteristic, black 

iron sulfide, whereas the excess ferrous iron forms precipitates as iron carbonate, when 

bicarbonate is present (4Fe0 + 5H+ + 3HCO3
- + SO4

2- ! FeS + 3FeCO3 + 4H2O).  

In the absence of sulfate, hydrogenotrophic methanogens can contribute to MIC by 

catalyzing 4Fe0 + 5H+ + 5HCO3
- ! CH4 + 4FeCO3 + 3H2O (Dinh et al., 2004; Uchiyama et al., 

2010). Methanogenesis with associated MIC was also demonstrated in a pipeline system, which 

transports brackish water (~ 5 g/L of NaCl) from the Grand Rapids and McMurray (GM) 

formations (Figure 3-1) for use in bitumen production by steam assisted gravity drainage 
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(SAGD), as shown by Park et al. (2011a). This water lacked sulfate, but contained high 

concentrations of bicarbonate. SBS was injected in this system to decrease corrosion rates. 

Interestingly, injection of SBS led to a drastic change in microbial community composition, 

which was dominated by Desulfocapsa (class Deltaproteobacteria) downstream from the SBS 

injection point (Park et al., 2011a). Desulfocapsa derives energy for growth from the 

disproportionation of bisulfite into sulfate and sulfide (Finster et al., 2013) and this organism 

clearly took advantage of a situation where low concentrations of bisulfite are provided 

continuously.  

During further studies of MIC-associated methanogenesis at this SAGD water 

distribution system we found that concentrations of acetate of up to 1 mM were also produced, 

suggesting involvement of hydrogenotrophic acetogens, catalyzing the reaction: 4Fe0 + 6HCO3
- 

+ 5H+ ! CH3COO- + 4FeCO3 + 4H2O. These microorganisms normally produce acetate from 

hydrogen and carbon dioxide (Straub et al., 2014; Hu et al., 2013). We obtained another set of 

samples from a fresh water well from the same SAGD site (Figure 3-1: PW7). Water samples 

from this well had low concentrations of NaCl (0-200 ppm) and sulfate (0-64 ppm) and high 

concentrations of bicarbonate (500 ppm), as indicated in Table 3-1. These were used to further 

explore the possible production of acetate from steel as a novel MIC reaction. 
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Figure 3-1 Schematic diagram of the water pipeline system from the SAGD site. Samples 

were collected at various points. Water was drawn up (PW7), taken to a water treatment 

facility (P0866) and treated with sodium bisulfite (P0866S and P0848S). A corrosion failure 

led to the collection of a pipe sample (PW8-PAS), which was transported with associated 

water (PW8-PAW). A water sample was also taken at this point (PW8). 
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3.3 Materials and methods 

3.3.1 Field samples 

Field samples were acquired from the utility water system at a SAGD site in northern 

Alberta. Water samples (2 L) were shipped in 1 L Nalgene (VWR International, Edmonton, AB) 

bottles filled to the brim to exclude oxygen. Sample PW7 was a freshwater sample from near the 

well-bore region with a temperature of 11°C. Sample P0866, was immediately upstream of the 

water treatment facility, where SBS was injected and was between 20-25°C.  Samples P0866S 

and P0848S were taken downstream from this facility (Figure 3-1). All samples were stored in a 

Coy (Grass Lake, MI) anaerobic hood with an atmosphere of 90% N2 and 10% CO2 (N2-CO2, 

Praxair, Calgary, AB). A pipe segment representing a corrosion failure was also obtained, along 

with water sample PW8 from this site (Figure 3-1). The pipe segment was shipped in a bucket, 

together with pipe-associated water (PW8-PAW). Pipeline associated solids (PW8-PAS) were 

obtained by scraping the pipe segment in the anaerobic hood and suspending the scrapings in 0.2 

µm filtered PW8-PAW, representing 10% of the internal volume of the pipe segment, as 

described elsewhere (Park et al., 2011a). Upon arrival, 1 L of each water sample was filtered 

using a 0.2 µm Millipore nylon membrane (VWR International, Edmonton, AB) to collect 

biomass. This was immediately frozen at -80°C for use in DNA extraction. 

While some water chemistry data were provided with the samples (bicarbonate, sodium), 

their chemical composition was characterized further. Sulfide concentrations were assessed 

colorimetrically using N, N-dimethyl-p-phenylenediamine (Trüper and Schlegel, 1964; Park et 

al., 2011a). Ammonium concentrations were assayed using the indophenol method and the pH of 

the samples was measured using a Thermo Scientific Inc. Orion 370 model pH meter (VWR 

International, Mississauga, ON). To measure acetate concentrations, a high-performance liquid 
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chromatograph (HPLC) from Waters (Mississauga, ON), model 515, equipped with a Waters 

2487 model UV detector set at 220 nm and an organic acid column (250 x 4.6 mm, Alltech 

Prevail, Guelph, ON) eluted with 25 mM KH2PO4 of pH 2.5 at a flow rate of 0.8 mL/minute ,was 

used. Samples (1 mL) were centrifuged at 13,300 rpm for 5 minutes, 300 µL of the resulting 

supernatant was acidified using 20 µL of 1 M H3PO4. Sulfate concentrations were monitored 

using a Waters 600 model HPLC equipped with a Waters 432 conductivity detector and an IC-

PAK anion column (150 x 4.6 mm, Waters) eluted with 24% (vol/vol) acetonitrile, 2% butanol 

and 2% borate-gluconate concentrate at a flow rate of 2 mL/minute. Following centrifugation 

100 µL of the sample supernatant was added to 400 µL of the acetonitrile solution.  

Two carbon steel coupons (American Society for Testing and Materials, ASTM a366, 

containing 0.015% carbon, 5 x 1 x 0.1 cm) were incubated with 50 mL of each water sample in a 

120 mL serum bottle. The coupons were cleaned according to National Association of Corrosion 

Engineers (NACE) protocol RP0775-2005. The coupons were polished with 400 grit sandpaper, 

washed in a dibutylthiourea solution for 2 minutes, followed by a saturated bicarbonate solution 

for 2 minutes. The coupons were briefly rinsed in deionized water and then acetone and quickly 

dried in a stream of air. The coupons were weighed three times using an analytical balance and 

the average weight was recorded as the starting weight. The serum bottles were sealed with a 

headspace containing N2-CO2. During incubation, headspace methane and aqueous acetate 

concentrations were monitored. For methane measurements, 0.2 mL of the headspace was 

sampled periodically using a syringe that had been flushed with N2-CO2 and injected into a 

Hewlett-Packard (Mississauga, ON) model 5890 gas chromatograph at 150°C, equipped with a 

flame-ionizing detector set to 200°C and a stainless steel column (0.049 x 5.49 cm, Porapak R 

80/100, Supelco, Oakville, ON). Following incubation, surface deposits were removed from each 
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coupon using a non-scratching wipe. The coupons were cleaned according to the NACE protocol 

and again weighed three times. The weight loss (ΔW) was converted into a general corrosion rate 

(CR, mm/year) by the equation: CR = 87600 x ΔW/A x T x D where A is the coupon surface 

area (cm2), T is the incubation time (hours) and D is steel density (7.85 g/cm3), as described 

previously (Park et al., 2011a). 

 

3.3.2 Field sample enrichments 

Two carbon steel coupons (ASTM a366) were incubated in 50 mL of anaerobic Coleville 

synthetic brine (CSB-K) medium (Callbeck et al., 2013) in sealed 120 mL serum bottle 

microcosms with N2-CO2. Each microcosm was anaerobically inoculated with 2.5 mL of each 

field sample (5% inoculum of field sample). As a control, two corrosion coupons were incubated 

anaerobically with 50 mL of medium only. The incubation periods lasted between 8-16 weeks at 

32°C, under constant shaking at 100 rpm. During this time, concentrations of methane were 

measured using gas chromatography and concentrations of acetate were measured using HPLC. 

For incubations with PW8, PW8-PAW or PW8-PAS only corrosion rates were determined from 

metal weight loss. For incubations involving samples PW7, P0866, P0866S and P0848S, 

biomass was also collected from each microcosm. The metal coupons were removed from the 

microcosm and washed with CSB-K medium to remove any unattached material. The coupons 

were gently scraped with a blade and the resulting biomass was considered representative of the 

biofilm population. The coupons were then cleaned according to the NACE protocol, and general 

corrosion rates were determined.  
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3.3.3 DNA Isolation from the field samples and enrichments 

Biomass, collected from each field sample and from the biofilm fractions, was used for 

DNA extraction. DNA was extracted, using a bead-beating procedure outlined by the 

manufacturer of the FastDNA® Spin Kit for Soil (MP Biomedicals, Santa Ana, CA). DNA was 

eluted using 10 mM Tris-Cl pH 8.5 (Buffer EB from the QIAquick kit, Qiagen, Toronto, ON). 

The concentration of DNA extracted from each sample was quantified using the Qubit 

Fluorometer, and Quant-iT™ dsDNA HS Assay Kit (Invitrogen, Burlington, ON). 

 

3.3.4 Community analysis by pyrosequencing 

PCR amplification of 16S rRNA genes from isolated community DNA was performed 

using primers 926Fw (AAACTYAAAKGAATTGRCGG) and 1392R 

(ACGGGCGGTGTGTRC) using the Taq Polymerase I Kit (Qiagen, Toronto, ON). PCR was for 

5 minutes at 95°C, followed by 20 cycles of 30 seconds at 95°C, 45 seconds at 55°C, and 90 

seconds at 72°C and finally 7 minutes at 72°C. A second PCR step used FLX titanium amplicon 

primers 454_RA_X and 454T_FwB for an additional 10 cycles. These have the sequences for 

primers 926Fw and 1392R at their 3’ ends. Primer 454T_RA_X has a 25 nucleotide A-adaptor 

(CGTATCGCCTCCCTCGCGCCATCAG) and a 10 nucleotide multiplex identifier barcode 

sequence X. Primer 454T_FwB has a 25 nucleotide B-adaptor sequence 

(CTATGCGCCTTGCCAGCCCGCTCAG). The resulting 16S rRNA PCR amplicons were 

purified and sent for pyrosequencing to the Genome Quebec and McGill University Innovation 

Centre (Montreal, QC). Pyrosequencing was done using a Genome Sequencer FLX Instrument, 

using a GS FLX Titanium Series Kit XLR70 (Roche Diagnostics Corporation, Laval, QC). 
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Pyrosequencing and bioinformatic analysis of the sequences obtained have all been described 

elsewhere (Park et al., 2011a; Soh et al., 2013). 

 

3.3.5 Analysis of pure cultures of an SRB and an acetogen 

Desulfovibrio vulgaris Hildenborough and Acetobacterium woodii (DSM 1030) were 

used as model SRB and acetogen strains, respectively and were grown in Widdel-Pfennig (WP) 

medium with 10 mM sulfate and 30 mM NaHCO3 (Caffrey et al., 2007). Microcosms were 

inoculated with a culture of A. woodii, a culture of D. vulgaris, a co-culture of both strains, or no 

inoculum.  A fifth microcosm containing a culture of D. vulgaris was amended with 3 mM 

acetate. Incubations were in 160 mL serum bottles containing 40 mL of medium and a headspace 

of 80% H2 and 20% CO2. Growth was measured by determining the optical density at 600 nm 

using a Shimadzu model 1800 UV spectrophotometer (Mandel, Guelph, ON) and by monitoring 

concentrations of acetate, sulfate and sulfide.  

To test corrosivities of these cultures, two carbon steel corrosion coupons (ASTM a366) 

were added to each of the microcosms. The headspace of these microcosms was either 80% H2 

and 20% CO2, 16% H2 and 84% CO2 or N2-CO2, as indicated. Concentrations of acetate and 

sulfate were measured during incubation. Following incubation, the coupons were cleaned as per 

NACE protocol, metal weight loss was determined and this was converted into general corrosion 

rates. 
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3.4 Results 

3.4.1 Methane and acetate production from steel coupons 

The samples obtained from the water gathering system for a SAGD facility are indicated 

in Figure 3-1. Relative to samples obtained previously from the GM formations (Park et al., 

2011a), these had lower concentrations of NaCl (0-200 ppm, compared to 4000-6000 ppm for 

GM) and higher concentrations of sulfate (0-64 ppm, as compared to 0-2 ppm for GM). Both sets 

of samples had high bicarbonate concentrations (520 ppm, as compared to 400-1600 ppm for 

GM). Sulfide (0-1.5 ppm), ammonium (not shown) and acetate (0-19 ppm) were present in low 

concentrations (Table 3-1). Ferrous iron was low, except in the pipe-associated solids sample 

(Table 3-1: PW8-PAS), which had 1546 ppm, indicative of corrosion (Park et al., 2011a). 

Incubation of samples P0866, P0866S and P0848S with carbon steel coupons and a headspace of 

N2-CO2 for 70 days gave formation of 2.3, 1.0, or 2.6 mM headspace methane, respectively 

(Figure 3-2A). No significant methane was formed in incubations with sample PW7 or the water-

only control. Weight loss corrosion rates were higher (p < 0.00032) for incubations with samples 

P0866, P0866S and P0848S (Figure 3-2B: average 0.018 ± 0.0040 mm/yr, n=6) than with sample 

PW7 or the water-only control (Figure 3-2B: average 0.0060 ± 0.00091 mm/yr, n=4). The 

formation of acetate was evaluated in a separate experiment indicating formation of 0.45 to 3.2 

mM acetate in the aqueous phase of these incubations, whereas no acetate was formed in the 

water-only control (Figure 3-2C). Neither methane nor acetate were formed in the absence of 

steel coupons (results not shown). 
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Table 3-1 Water chemistry of samples obtained for this study. All concentrations are in 

ppm (mg/L). 

Sample pH Sulfate Sulfide Ferrous Iron Acetate Bicarbonate
1
 Sodium1 

PW7 7.59 0 0.5 4.64 0 530 81 

P0866 7.51 64.2 0.36 0 0 510 60 

P0866S 7.32 5.08 0.03 5.3 0 520 100 

P0848S 7.47 5.95 0.03 3.3 0 530 230 

PW8 6.73 34.87 0 2.33 12.15 ND2 ND2 

PW8-PAW 6.89 26.52 0 5.65 6.17 ND2 ND2 

PW8-PAS 6.71 62.36 1.52 1546 18.66 ND2 ND2 

1Data provided by company 2Not determined 
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Figure 3-2 Methane production (A) was monitored as field samples were incubated in the 

presence of carbon steel coupons and the associated corrosion rates (B) were determined 

using metal weight loss. Acetate production (C) was monitored in an independent 

incubation of these field samples in the presence of carbon steel coupons. Data represent 

results from separate incubations with two coupons each. 
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In a variation of this experiment, serum bottles with 70 mL CSB-K medium, containing 

carbon steel coupons, 30 mM of bicarbonate and a headspace of N2-CO2 were inoculated with 

3.5 ml of field sample.  Acetate and methane were monitored as a function of time, and weight 

loss corrosion was determined at the end of the experiment. Production of up to 0.6 mM acetate 

was seen for all samples. This appeared to precede production of methane and go through a 

maximum (Figure 3-3A). Production of 1.9 to 3.0 mM headspace methane was observed with all 

samples, except P0866 (Figure 3-3B). The biofilms present on the coupons were isolated prior to 

processing of the coupons for measuring weight loss corrosion. The corrosion rates observed for 

incubations with samples PW7, P0866S and P0848S (average 0.0068 ± 0.0012 mm/year, n=6) 

were higher (p < 0.00076) than those with P0866 and the medium control (average 0.0035 ± 

0.00031 mm/year, n=4), as shown in Figure 3-3C. Hence, although both acetate and methane 

were formed as part of the corrosion process, the formation of headspace methane appeared to be 

correlated with the corrosion rate, i.e. P0866S, the sample with the highest corrosion rate (0.0083 

mm/yr) also had the highest headspace methane concentration (3.0 mM). 
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Figure 3-3 Field samples were incubated in CSB-K medium with carbon steel coupons. 

Acetate (A) and methane (B) concentrations were monitored during incubation. Corrosion 

rates (C) were determined from metal weight loss. Data represent results from separate 

incubations with two coupons each. 
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Similar results were obtained with samples PW8, PW8-PAW and PW8-PAS, the latter 

representing pipe-associated solids suspended in microfiltered pipe-associated water (PW8-

PAW). Incubation of metal coupons in these samples gave up to 0.38 mM acetate in the aqueous 

phase and 1 to 2 mM headspace methane (Figure 3-4A, B). The highest concentrations of acetate 

and methane were produced in incubations with PW8-PAS, which also had the highest corrosion 

rate (p <  0.0026) at 0.020 mm/yr (Figure 3-4C).  When these field samples were inoculated in 

CSB-K medium, production of up to 1.2 mM acetate was seen to precede production of up to 2 

mM of headspace methane (Figure 3-5A, B). Acetate and methane production were observed in 

incubations with PW8, PW8-PAW and PW8-PAS, which had higher corrosion rates (p < 0.12) 

(average 0.0099 ± 0.0049 mm/yr, n=12) than the uninoculated control (0.0058 ± 0.00042 mm/yr, 

n=4) (Figure 3-5C). 
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Figure 3-4 Field samples (PW8, PW8-PAW, PW8-PAS) were incubated with carbon steel 

coupons. Acetate (A) and methane (B) concentrations were monitored during incubation. 

Corrosion rates (C) were determined from metal weight loss. Data represent average 

results from two separate incubations with two coupons each. 
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Figure 3-5 Field samples were incubated in CSB-K medium with carbon steel coupons. 

Acetate (A) and methane (B) concentrations were monitored during incubation. Corrosion 

rates (C) were determined from metal weight loss. Data represent average results from two 

separate incubations with two coupons each. 
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3.4.2 Microbial community composition 

Pyrosequencing of 16S rRNA amplicons for all seven field samples and for four coupon 

enrichment biofilms, gave 1357 to 6417 quality controlled reads for each sample (Table 3-2). 

The compositions of the microbial communities derived from these results are compared in 

Figure 3-6. Although the water samples were all from a single pipeline system, it is evident that 

the microbial communities in water samples retrieved along the flow path were distinct. The 

community of PW7 near the fresh water producing well differed from those of PW8 and P0866, 

both further downstream and all of these were distinct from the communities at P0866S and 

P0848S downstream from the SBS injection point (Figure 3-1, Figure 3-6). Microbial 

communities of PW8-PAS and PW8-PAW formed a separate branch in the dendrogram together 

with that of PW8. Communities in coupon enrichment biofilms differed significantly from those 

in field samples (Figure 3-6). Microbial communities formed following incubation with P0866, 

P0866S and P0848S were very similar, whereas PW7 (Biofilm) was distinct from this cluster 

(Figure 3-6). 

 

 

 

 

 

 

 

 



 

 49 

Table 3-2 Distribution of taxa (%) over high-quality reads. Taxa were ranked according to their overall abundance in the 16S 

rRNA amplicons for the samples. Data are for field samples (water) and the communities growing on steel coupons (biofilm) in 

incubations of field samples in medium with bicarbonate, but without sulfate. Only taxa with an average abundance in excess 

of 0.25% are shown. 

  Fraction (%) of taxa for each sample 
 

  
PW7 
V12_433 

P0866 
V12_434 

P0866S 
V12_460 

P0848S 
V20_797 

PW8 
V22_924 

PW8_PAW 
V22_925 

PW8_PAS 
V22_926 

PW7 
(Biofilm) 
V15_602 

P0866 
(Biofilm) 
V15_607 

P0866S 
(Biofilm) 
V15_608 

P0848S 
(Biofilm) 
V15_609 

Fraction 
(%) of 
all reads Number of high quality reads 4016 7093 6417 1357 4343 4403 4520 2427 2205 5474 3877 

Taxon 
           Family Methanobacteriaceae 0.00 1.41 0.00 0.59 6.86 0.18 8.72 0.21 71.47 87.07 79.80 23.30 

Genus Desulfocapsa 2.62 0.41 95.76 95.28 7.07 1.23 14.74 0.82 0.27 0.02 0.05 19.84 
Genus Methanosaeta 0.97 0.17 0.00 0.00 14.46 16.53 18.30 17.14 7.08 0.06 2.71 7.04 
Genus Pseudomonas 0.62 0.03 0.05 0.00 0.09 0.20 0.07 52.82 9.57 3.16 8.92 6.87 
Genus Acidovorax 61.70 0.01 0.20 0.00 2.49 0.61 0.04 0.04 0.14 0.04 0.08 5.94 
Family Rhodocyclaceae 0.37 48.23 0.02 0.44 0.62 0.34 0.53 0.04 0.00 0.00 0.00 4.60 
Genus Dietzia 0.00 0.00 0.00 0.00 0.00 25.91 0.09 0.00 0.00 0.00 0.00 2.36 
Genus Desulfurivibrio 0.08 23.52 0.03 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 2.15 
Genus Acetobacterium 0.08 0.01 0.00 0.00 0.55 0.25 5.58 2.93 0.05 4.86 4.02 1.67 
Genus Desulfovibrio 0.92 4.41 0.03 1.11 0.12 0.09 9.69 0.25 0.23 0.02 0.08 1.54 
Genus Methanothermobacter 0.00 0.11 0.00 0.07 8.73 6.93 0.11 0.00 0.00 0.00 0.00 1.45 
Genus Castellaniella 0.00 0.00 0.00 0.00 8.13 4.09 2.35 0.00 0.00 0.00 0.00 1.32 
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Genus Methanoculleus 0.05 0.00 0.02 0.00 3.36 4.77 3.94 0.95 0.64 0.24 0.13 1.28 

Genus Desulfosporosinus 0.15 0.00 0.00 0.00 0.18 0.11 13.45 0.00 0.00 0.00 0.00 1.26 
Genus Desulfobulbus 0.87 0.55 0.13 0.00 4.81 1.20 2.68 0.41 0.14 0.00 0.03 0.98 

Genus Methanobacterium 0.03 0.10 0.00 0.00 0.85 1.23 1.17 4.29 0.27 2.25 0.05 0.93 
Genus Geobacter 8.47 0.00 0.00 0.00 0.05 0.02 0.00 0.00 0.00 0.02 0.00 0.78 

Genus Methanocalculus 1.12 0.06 0.09 0.00 1.75 1.98 2.08 0.87 0.27 0.02 0.21 0.77 

Genus Marinobacterium 0.30 0.00 0.02 0.00 0.60 0.89 1.02 2.56 1.59 0.00 0.59 0.69 
Genus Desulfomicrobium 0.10 5.43 0.08 0.00 0.14 0.07 1.02 0.12 0.09 0.00 0.00 0.64 

Phylum Firmicutes 0.25 2.33 0.02 0.00 0.65 0.80 0.55 0.21 0.18 0.00 0.03 0.45 
Family Rhodocyclaceae 0.05 1.04 0.03 0.07 0.02 0.09 3.23 0.04 0.09 0.06 0.05 0.43 

Genus Methanolinea 0.10 0.03 0.00 0.07 0.94 1.75 1.13 0.25 0.14 0.06 0.08 0.41 

Genus Comamonadaceae 3.36 0.06 0.03 0.15 0.23 0.02 0.16 0.25 0.05 0.00 0.00 0.39 
Genus Marinobacter 0.32 0.00 0.03 0.00 0.14 0.09 0.07 1.85 1.27 0.00 0.52 0.39 

Phylum Crenarchaeota 0.27 0.00 0.00 0.07 2.37 1.48 0.00 0.00 0.00 0.00 0.00 0.38 
Genus Citricoccus 0.00 0.00 0.00 0.00 0.00 3.93 0.00 0.00 0.00 0.00 0.00 0.36 

Genus Nitrospira 0.00 0.00 0.00 0.00 3.20 0.50 0.00 0.00 0.00 0.00 0.00 0.34 
Kingdom Bacteria 0.90 0.69 0.13 0.00 0.71 0.50 0.22 0.21 0.09 0.00 0.00 0.31 

Genus Gallionella 1.52 0.00 0.05 0.00 1.50 0.18 0.00 0.00 0.00 0.00 0.00 0.30 

Genus Planococcus 0.00 0.00 0.00 0.00 0.14 3.04 0.00 0.00 0.00 0.00 0.00 0.29 
Genus Methanolobus 0.20 0.00 0.00 0.00 0.67 0.64 1.00 0.37 0.05 0.00 0.00 0.27 

Sum 85.41 88.59 96.70 97.86 71.43 79.65 91.95 86.61 93.65 97.84 97.34 89.73 
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Figure 3-6 Tree generated using UPGMA algorithm with distance between communities 

calculated using thetaYC coefficient in the Mothur software package. Tree was visualized 

with Mega. All field samples formed a tree separate from all enrichment samples. Water 

field samples were distinct from pipeline-associated samples. 

 

 

 

 

 

 

 

 



 

 52 

The microbial community of water sample PW7 was dominated by Betaproteobacteria of 

the genus Acidovorax (Table 3-2: 61.70%). This taxon had decreased to 2.49% of the community 

in water sample PW8, which also harbored significant fractions of methanogens of the class 

Methanobacteriaceae (16.44%), the genera Methanosaeta (14.46%) and Methanoculleus 

(3.94%), as well as of Deltaproteobacteria of the genera Desulfocapsa (7.07%) and 

Desulfobulbus (4.81%). The pipeline solids at this location, PW8-PAS, also harbored high 

fractions of Deltaproteobacteria/Desulfovibrio (9.69%), of Firmicutes/Acetobacterium (5.58%) 

and of Firmicutes/Desulfosporosinus (13.45%).  Many of these taxa use hydrogen (and possibly 

Fe0) as electron donor for the reduction of CO2 to methane or to acetate (Acetobacterium) or for 

the reduction of sulfate to sulfide (Desulfobulbus, Desulfosporosinus, Desulfovibrio). The water 

associated with the pipe sample (PW8_PAW) had a high fraction of Dietzia (25.91%), which has 

been associated with hydrocarbon degradation (Bihari et al., 2011). The community composition 

of water sample P0866, taken further downstream, had high fractions of 

Betaproteobacteria/Rhodocyclaceae (48.23%), capable of nitrate reduction and of 

Deltaproteobacteria of the genera Desulfurivibrio (23.52%), Desulfovibrio (4.41%) and 

Desulfomicrobium (5.43%).  Treatment with SBS gave rise to communities dominated by 

Desulfocapsa in water samples P0866S (95.76%) and P0848S (95.28%), which grows by 

disproportionation of bisulfite to sulfate and sulfide, as discussed elsewhere (Park et al., 2011a). 

Hence, a succession of communities is present along the water flow path, with a very strong shift 

being observed by the addition of SBS. It is interesting that the microbial communities in the 

water samples, obtained from the water-transporting pipeline studied here, appeared to change so 

rapidly as a function of distance (Figure 3-6). This would seem to be at odds with the fact that 

the transport time of water from PW7 to P0848S is less than one day. These large changes in 
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community composition may indicate that most biomass grows on the pipe walls as biofilms, is 

sloughed off at a high rate and appears to dominate the microbial community compositions seen. 

This explains why Desulfocapsa becomes a major community component immediately 

downstream from the SBS injection point (Table 3-2, Figure 3-1). The planktonic population 

would not be able to adjust in such a short time, but if the Desulfocapsa exists as a biofilm, it 

may continuously be swept into the flowing water.  

Incubation of field samples with CSB-K medium, which contains CO2 and bicarbonate 

but lacks sulfate, in the presence of metal coupons led to their colonization by 

Methanobacteriaceae, which were present at 71.75, 89.31 and 79.86% in incubations with 

P0866, P0866S and P0848. In the incubation with PW7, only 4.49% of the reads were of the 

class Methanobacteriaceae. The latter biofilm had a high fraction of the acetotrophic 

methanogen Methanosaeta (17.17%), as well as of Pseudomonas (52.82%). Compared to the 

field samples, the biofilm communities also showed an increased presence of the acetogen 

Acetobacterium (Table 3-2). The colonization of carbon steel coupons by methanogens and 

acetogens (Table 3-2) can explain the production of acetate and methane observed in these 

incubations (Figure 3-3). 

 

3.4.3 Growth and corrosion by a pure culture consortium of an SRB and an acetogen 

SRB of the genus Desulfovibrio or Desulfomicrobium need acetate as a carbon source 

when deriving energy for growth from reduction of sulfate with H2 or Fe0 (Badziong et al., 1979; 

Dinh et al., 2004; Caffrey et al., 2007; Enning et al., 2012). When acetate is absent or limiting, 

this can in principle be provided by acetogens from H2 (or Fe0) and CO2. In order to test this 

hypothesis we studied the growth of the model SRB Desulfovibrio vulgaris Hildenborough and 
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the model acetogen Acetobacterium woodii in WP medium, containing bicarbonate and sulfate 

and a headspace of 80% H2 and 20% CO2. A monoculture of A. woodii grew poorly in this 

medium as judged by turbidity (Figure 3-7A) and produced up to 1.6 mM acetate after 10 days 

(Figure 3-7B). A monoculture of D. vulgaris did not grow (Figure 3-7A), did not have detectable 

acetate (Figure 3-7B) and reduced only 2 mM sulfate to sulfide (Figure 3-7C, D). Addition of 3 

mM acetate to the monoculture of D. vulgaris gave strong growth, sulfate reduction and sulfide 

production, while using 1.5 mM of added acetate. Following a lag phase of 2 days needed for the 

production of 1.3 mM acetate (Figure 3-7B), the co-culture of D. vulgaris and A. woodii 

exhibited similar growth, sulfate reduction and sulfide production as the monoculture of D. 

vulgaris with added acetate. No sulfate reduction or acetate production was seen in the 

inoculum-free control.  Hence, A. woodii can provide the acetate needed by D. vulgaris for 

growth under chemolithotrophic conditions. 
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Figure 3-7 Growth physiology of D. vulgaris (Dv) and A. woodii (Aw) monocultures and a 

co-culture in closed serum bottles under an atmosphere of 80% H2, 20% CO2. Cell density 

(A), acetate concentrations (B), sulfate concentrations (C) and sulfide concentrations (D). 

Data represent results from separate incubations without coupons present. 
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When carbon steel coupons were added to serum bottles, containing WP medium with 

sulfate and bicarbonate and a headspace of N2-CO2 and inoculated with D. vulgaris, D. vulgaris 

and 3 mM acetate, A. woodii, D. vulgaris and A. woodii, or no inoculum, similar corrosion rates 

of 0.0039 to 0.0055 mm/yr were observed in all incubations (Figure 3-8C). This indicates that 

Fe0 alone is not a good electron donor for sulfate or carbon dioxide reduction by these two type 

cultures. In order to determine whether Fe0 can be used as an electron donor co-metabolically 

with H2, the experiment was repeated with a headspace of 80% (vol/vol) H2 and 20% CO2 

(excess H2 for reduction of 10 mM sulfate) or 16% H2 and 84% CO2 (insufficient H2 for 

reduction of 10 mM sulfate). The highest corrosion rates were observed with limiting H2 for 

incubations with D. vulgaris and 3 mM acetate (0.0113 mm/yr) or with the coculture of D. 

vulgaris and A. woodii (0.0104 mm/yr), as shown in Figure 3-8B.  These were higher (p < 

0.000068) than the corrosion rates observed for incubations with D. vulgaris alone without added 

acetate, with A. woodii alone or with the uninoculated control (average 0.0074 ± 0.0015 mm/yr, 

n=12). In the presence of excess H2 lower corrosion rates, between 0.0054 and 0.0059 mm/yr, 

were observed for all incubations except for the co-culture, which was somewhat higher (0.0076 

mm/yr), as shown in Figure 3-8A. Overall, these results indicate that the co-culture of D. 

vulgaris and A. woodii can co-metabolically corrode carbon steel at a rate comparable to that 

when acetate is provided directly to the D. vulgaris culture. 
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Figure 3-8 Corrosion rates of carbon steel coupons incubated in closed serum bottles with 

monocultures and a coculture of A. woodii (Aw) and D. vulgaris (Dv) an atmosphere of 

either (A) 90% N2, 10% (B) 16% H2, 84% CO2 or (C) 80% H2, 20% CO2. Control bottles 

had no inoculum. Data represent average results from two separate incubations with two 

coupons each.
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3.5 Discussion 

The role of acetic acid and CO2 in the anaerobic corrosion of steel has been studied 

extensively. The presence of acetic acid is generally considered corrosive even at moderate 

concentrations (100 ppm). Although this may be credited to a pH-effect, since protons are 

consumed in cathodic corrosion reactions, it appears that acetate, the predominant form at higher 

pH, is also corrosive (George et al., 2004; Hedges and McVeigh, 1999; Liu et al., 2008). The 

potential role of microorganisms in the acetate-CO2 corrosion landscape has been reviewed by 

(Suflita et al., 2008). Anaerobic consortia produce acetic acid and CO2 by fermentation of 

carbohydrates or of oil hydrocarbons (Callbeck et al., 2013; Suflita et al., 2008). Acetogenic 

bacteria, such as A. woodii, can also produce acetic acid from H2 and CO2, using the Wood-

Ljungdahl pathway to synthesize acetyl-CoA (Leang et al., 2013; Schiel-Bengelsdorf and Dürre, 

2012).  

As shown here, anaerobic consortia in samples from a SAGD water gathering system 

were able to produce methane, but also acetate in the presence of steel coupons (Figure 3-2, 

Figure 3-3, Figure 3-4, Figure 3-5). The production of methane using iron as an electron donor 

for reduction of CO2 is well known. Highly corrosive methanogens, which like highly corrosive 

SRB may be able to extract electrons directly from the steel surface, have been isolated (Daniels 

et al., 1987; Dinh et al., 2004; Uchiyama et al., 2010). However, the production of acetate from 

iron has not previously been demonstrated, although the possibility has been discussed (Phelps, 

1991; Suflita et al., 2008). Acetate production was shown when coupons were incubated directly 

with field samples (Figure 3-2, Figure 3-4) and when coupons were incubated with CSB-K 

medium inoculated with the same field samples. The concentration of acetate formed in the 

aqueous phase tended to be less than that of methane in the headspace. Acetate formation 
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appeared to precede methane formation (Figure 3-3). The presence of significant fractions of the 

acetotrophic methanogen Methanosaeta in the coupon-attached biofilms (Table 3-2) suggests 

that the acetate formed by acetogens may subsequently be converted into methane and CO2.  

These features are captured in the extended MIC model shown in Figure 3-9. We have 

shown the uptake of reducing equivalents (H+ + e-) as dihydrogen (H2), realizing that direct 

uptake of electrons is another mechanism that has been proposed (Dinh et al., 2004; Enning et 

al., 2012). Accordingly, hydrogenotrophic acetogens, methanogens or SRB could all contribute 

directly to corrosion by using metallic iron as an electron donor. The combined action of 

hydrogenotrophic acetogens and acetotrophic methanogens would be the same as that of 

hydrogenotrophic methanogens alone. In the coupon-attached biofilms for P0866, P0866S and 

P0848S, the hydrogenotrophic Methanobacteriaceae predominated (Table 3-2: 71.75-89.31%), 

whereas the PW7 biofilm had a high fraction of Acetobacterium (2.93%) and of the acetotrophic 

Methanosaeta (17.17%). 
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Figure 3-9 Hydrogenotrophic microorganisms potentially contributing to MIC. Note that 

the acetate formed by acetogenic bacteria can be used as a carbon source by the SRB. 

Although the uptake of dihydrogen (H2) is suggested here, direct uptake of electrons from 

the steel surface by SRB and methanogens has also been suggested (Dinh et al., 2004; 

Enning et al., 2012). 
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We should point out that an acetogen pure culture, capable of deriving energy for growth 

from corroding iron has not yet been isolated. The suggested involvement of acetogens in 

corrosion thus rests on the following observations: (i) acetate production from steel upon 

incubation with environmental samples (Figure 3-2, Figure 3-3, Figure 3-4, Figure 3-5), (ii) the 

presence of acetate at the pipeline surface (Table 3-1: 19 ppm in PW8-PAS, higher than in the 

other field samples) and (iii) the high fraction of Acetobacterium at the pipeline surface 

compared to the other field samples (Table 3-2: 5.56% in PW8-PAS, but only 0-0.55% for the 

other samples). Except for the P0866 enrichment biofilm, the fraction of Acetobacterium was 

also high in the biofilm samples (Table 3-2: 2.93-4.86%). Acetate production by acetogens and 

the potential downstream effects on MIC are shown in Figure 3-9.  

In water-transporting pipelines lacking organic carbon, the environmental role of 

corrosive acetogens may be to provide critical organic metabolites required. The acetate 

produced by acetogens through steel corrosion is used as an energy substrate by acetotrophic 

methanogens in present field samples. It may also be used as a carbon source by 

hydrogenotrophic methanogens, just as for hydrogenotrophic SRB. Incompletely-oxidizing SRB, 

those which oxidize lactate to acetate and CO2, are incapable of growth with only CO2 as the 

carbon source (Badziong et al., 1979; Rabus et al., 2013). These SRB form pyruvate from acetate 

and CO2 in the presence of ATP and H2 as the first step in their carbon metabolism under these 

conditions. The extended MIC scheme (Figure 3-9) indicates that the formation of acetate from 

CO2 by acetogens using the reducing power of iron allows these incompletely-oxidizing SRB to 

grow. Consequently a pipeline transporting water with little or no organic carbon, but containing 

bicarbonate and sulfate would still be subject to SRB-mediated corrosion, as acetate is generated 

at the pipeline surface. In the presence of H2 and CO2 the acetogen A. woodii can readily supply 
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the acetate needed for the incompletely-oxidizing SRB D. vulgaris to grow on H2 and sulfate in 

the absence of added acetate (Figure 3-7).  The consortium of A. woodii and D. vulgaris is 

somewhat more corrosive than either strain alone (Figure 3-8). Corrosion by D. vulgaris is co-

metabolic, requiring the presence of some H2, while sulfate is present in excess (Figure 3-8B). 

The type culture A. woodii was found to be unable to produce acetate when incubated with iron 

coupons in an N2-CO2 atmosphere, under conditions used in Figure 3-8C. The differences may 

be more significant if, in addition to a highly corrosive Desulfovibrio ferrophilus strain IS5 

(Enning et al., 2012), a highly corrosive acetogen were to be used in these studies. Future work 

should be directed towards the isolation of highly corrosive acetogens. 
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Preface 

Chapter 4 discusses the role of methanogenic archaea in corrosion. This chapter focuses 

mainly on an oil field in Nigeria where pyrotag sequencing of samples showed the abundance of 

methanogenic organisms. These were especially abundant in pigging solid samples. This chapter 

demonstrates a correlation between methane production and weight loss corrosion rates of field 

sample incubations. It builds upon the results described in Chapter 3 because acetogenic bacteria 

were identified again. The presence of acetogenic bacteria along with acetate production was 

seen. This chapter also reveals that biofilm samples, such as pigging solid samples from 

pipelines, may be better indicators of MIC risk than aqueous samples. This concept is also 

discussed later, in Chapter 6.  
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4.1 Abstract 

Microbially influenced corrosion (MIC) in oil field pipeline systems can be attributed to 

many different types of hydrogenotrophic microorganisms including sulfate reducers, 

methanogens and acetogens. Samples from a low temperature oil reservoir in Nigeria were 

analyzed using DNA pyrotag sequencing. The microbial community compositions of these 

samples revealed an abundance of anaerobic methanogenic archaea. Activity of methanogens 

was demonstrated by incubating samples anaerobically in a basal salts medium, in the presence 

of carbon steel and carbon dioxide. Methane formation was measured in all enrichments and 

correlated with metal weight loss. Methanogens were prominently represented in pipeline solids 

samples, scraped from the inside of a pipeline, comprising over 85% of all pyrosequencing reads. 

Methane production was only witnessed when carbon steel beads were added to these pipeline 

solids samples, indicating that no methane was formed as a result of degradation of the oil 

organics present in these samples. These results were compared to those obtained for samples 

taken from a low temperature oil field in Canada, which had been incubated with oil, either in 

the presence or in the absence of carbon steel. Again, methanogens present in these samples 

catalyzed methane production only when carbon steel was present. Moreover, acetate production 

was also found in these enrichments only in the presence of carbon steel. From these studies it 

appears that carbon steel, not oil organics, was the predominant electron donor for acetate 

production and methane formation in these low temperature oil fields, indicating that the 

methanogens and acetogens found may contribute significantly to MIC. 
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4.2 Introduction 

Oil production is one of the most important factors contributing to the economic growth of 

Nigeria (Ogwumike and Ogunleye, 2008). According to the Organization of the Petroleum 

Exporting Countries (OPEC), the oil and gas sector accounts for close to 35% of the gross 

domestic product of Nigeria (OPEC Annual Statistical Bulletin, 2015). The majority of the 

development of this resource occurs in the Niger delta area in southwestern Nigeria.  

Microbial activity in oil reservoirs is common and can impact oil and gas production. In 

fact, some problems associated with hydrocarbon recovery can be attributed to microbial activity 

(Voordouw, 2011). In particular, microorganisms may be responsible for different mechanisms 

that lead to pipeline corrosion failures. Pipeline corrosion can have serious economical 

implications including production shutdown and the need for infrastructure replacement (Jones, 

1996). Corrosion linked to the activity of microorganisms is termed microbially-influenced 

corrosion (MIC) and is often caused by hydrogenotrophic microorganisms. These include the 

sulfate-reducing bacteria (SRB), which are able to reduce sulfate to sulfide. It has long been 

proposed that these bacteria use the hydrogen formed on the surface of pipeline metal to reduce 

sulfate (Von Wolzogen Kühr and Van der Vlugt, 1934). More recently, SRB that are able to 

directly use iron as electron donor for sulfate reduction have been discovered (Enning et al., 

2012). Furthermore, SRB cause increased sulfide levels in petroleum product, known as souring 

(Gieg et al., 2011). The microbially produced sulfide can precipitate with iron as iron sulfides; 

semiconductive minerals that play a role in steel corrosion (Enning et al., 2012). In addition to 

SRB, methanogenic archaea and acetogenic bacteria have also been reported to be capable of 

steel corrosion. Hydrogenotrophic methanogens and acetogens are able to use hydrogen on the 

surface of steel pipelines to reduce bicarbonate to either methane or acetate, respectively 
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(Daniels et al., 1987; Mori et al., 2010; Mand et al., 2014a). Recently, strains capable of using 

the steel directly as an electron donor have also been isolated (Dinh et al., 2004; Uchiyama et al., 

2010; Kato et al., 2015; Siegert et al., 2015). Consortia involving these microorganisms have 

been implicated in MIC in numerous environments (Zhang et al., 2003; Davidova et al., 2012; 

Usher et al., 2014, 2015).  

The production facility we studied was the Obigbo oil field, a site recently used for MIC 

studies (Okoro et al., 2014). The Obigbo reservoirs are injected with low-sulfate groundwater for 

pressure support to stimulate oil production. The production fluids from this site are then 

transported to the Bonny Oil and Gas Terminal (BOGT) for export. The Obigbo reservoir 

temperature is close to 40°C and concentrations of sulfate in formation water have historically 

been low (0-7 ppm) (Okoro et al., 2014). As a consequence of the low availability of sulfate from 

both the injection as well as the formation water, neither souring, nor MIC caused by SRB is 

considered a severe threat. Hence this field does not employ nitrate injection as a means to 

control SRB activity. Instead, previous research has demonstrated that methanogenic archaea are 

not only present, but active within the Obigbo reservoir and production facilities (Okoro et al., 

2014). The role these microorganisms are playing remained unspecified, since in addition to the 

growth using carbon steel, these methanogens may also be able to produce methane through the 

syntrophic breakdown of oil organics within the field (Widdel and Rabus, 2001; Gieg et al., 

2014). Syntrophy involves the breakdown of hydrocarbons by fermentative microorganisms to 

form compounds such as formate, acetate or hydrogen (Sieber et al., 2012). Subsequently, these 

compounds are used by methanogenic archaea to produce methane (Sieber et al., 2012; Gieg et 

al., 2014). The interactions between different groups of microorganisms ensures that the 
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concentration of small intermediary compounds remains low, and therefore syntrophy is a 

mutually beneficial manner of growth (Morris et al., 2013).  

As part of regular maintenance at this field, pipelines are mechanically cleaned using 

brushes and pigs to rid the carbon steel surfaces of sludge, scale and deposits that may have 

formed (Videla, 2002). These scrapings, or pipeline pigging samples, consist of formation sands, 

organic hydrocarbons, inorganic minerals, corrosion products such as iron sulfides and also 

microbial biofilms. This resulting scale/wax/debris can therefore be a valuable sample; often 

overlooked in favour of easy to obtain water samples, to determine corrosion products, corrosion 

risks and corrosion mechanisms by microorganisms (Wrangham and Summer, 2013). A previous 

microbial study of the Obigbo field indicated that biological activity exists in such deposits and it 

is important to understand how these solids scraped from pipeline walls, may be enhancing MIC 

(Okoro et al., 2014).  

In our study, we obtained both water samples and pipeline pigging solids samples from 

the Obigbo field. The objective was to determine the potential for biocorrosion in these samples 

and further understand how hydrogen-using acetogens and methanogens may be playing a role in 

MIC. 

 

4.3 Materials and methods 

4.3.1 Sampling procedure 

The production site that we have studied, the Obigbo oil field, is located onshore in the 

Niger delta region, near the city of Port Harcourt (Onwusiri et al., 2003). Sampling from the 

Obigbo field was done in 2013 and samples were shipped at ambient temperature to the 

University of Calgary, Calgary, AB, Canada for chemical and molecular analyses. Water 
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samples were collected in 1 L bottles (Nalgene, Rochester, NY), filled to the brim and tightly 

capped to exclude oxygen ingress. In total, five water samples and two solids samples were 

collected. Sampling points are indicated in Figure 4-1. Of these samples, two were produced 

waters (PW) (1_PW, 2_PW), sampled from the surface facilities. A third sample was injection 

water (IW), the ground water sample injected into the reservoir for pressure maintenance 

(3_IW).  A water sample associated with pigging operations, after the pig run, (4_PigWater) was 

also sampled, along with a sample of the water that is exported to the Bonny Oil and Gas 

Terminal (BOGT), 5_Crude.  The pipeline solids (PS) samples were collected in plastic bags and 

were labeled 6_PS and 7_PS. Both of these were the solids resulting from a pigging operation 

and were in pipelines transporting product to the BOGT. Upon arrival at the laboratory, samples 

were stored in an anaerobic hood (Coy Laboratory Products, Grass Lake, MI) containing an 

atmosphere of 90% (vol/vol) N2, 10% (vol/vol) CO2 (N2-CO2), (Praxair, Calgary, AB) at room 

temperature. 
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Figure 4-1 Schematic diagram of the Obigbo oil field in Nigeria. Samples received in 2013 

are shown in yellow. 1_PW and 2_PW are produced waters, 3_IW is an injection water, 

4_PigWater is water associated with a pigging operation and 5_Crude is an oil and water 

mixture that is exported to an oil and gas terminal. 6_PS and 7_PS are pipeline pigging 

solids. Samples received from sampling in 2011 are indicated in blue. 2N2, 2N5 and 2N6 

are production waters, 2N3 is an injection water and 2N1 is an oil and water mixture 

exported to an oil and gas terminal. PPL1 and PPL2 are pipeline pigging solids. 
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4.3.2 Chemical analyses 

Chemical components in water, solids and oil samples may serve as indicators of 

corrosion or as a gauge for potential corrosion risk. Upon arrival at the University of Calgary, 

subsamples were taken and stored at -20°C, and were used for chemical analyses. Water samples 

were analyzed as sampled. Solids samples (5 g) were mixed with 10 mL MilliQ (Millipore, 

Etobicoke, ON) water, vortexed at high speed for 10 minutes and allowed to settle. The resulting 

supernatant was used for colorimetric assays; 1.5 mL of the supernatant was centrifuged at 

13,300 rpm for 5 minutes; the supernatant was filtered through a 0.45 µm nylon filter (Millipore, 

Etobicoke, ON) and the filtrate was used for all liquid chromatography measurements.  

Sulfide and ferrous iron concentrations were assessed using colorimetric assays (Trüper 

and Schlegel, 1964; Park et al., 2011a). Ammonium concentrations were assayed using the 

indophenol method (American Public Health Association, 1992). The pH was measured using a 

pH meter (Orion VERSA STAR, Thermo Scientific, Beverly, MA). Conductivity was measured 

with a commercial probe and converted into molar equivalents of NaCl (Orion Conductivity 

Probe, Thermo Scientific, Beverly, MA). 

Other chemical analyses were performed as previously described (Mand et al., 2014a). 

To measure acetate concentrations, a Waters 515 model (Milford, MA) high-performance liquid 

chromatograph (HPLC) equipped with a Waters 2487 model UV detector set at 220 nm and an 

organic acid column (250 mm x 4.6 mm, Alltech Prevail) eluted with 25 mM KH2PO4 (pH of 

2.5) were used. Samples (1 mL of each water sample, 1 mL of each filtrate for pigging solids 

samples) were centrifuged at 13,300 rpm for 5 minutes and 300 µL of the supernatant was 

acidified using 20 µL of 1 M H3PO4. 50 µL of this solution was injected and eluted at a flow rate 

of 1 mL/minute. Sulfate concentrations were monitored using a Waters 600 model HPLC 
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equipped with a Waters 432 conductivity detector and an IC-PAK anion column (150 mm x 4.6 

mm, Waters) eluted with 24% (v/v) acetonitrile, 2% butanol and 2% borate-gluconate 

concentrate. Following centrifugation 100 µL of the sample supernatant was added to 400 µL of 

the acetonitrile solution; 50 µL was injected into the HPLC and eluted at 2 mL/minute. 

The presence of oil organics in pipeline solids samples was estimated by extraction with 

dichloromethane (DCM) and analysis using a gas chromatograph equipped with a mass 

spectrometer (GC-MS) (7890A GC system, 5975C detector, Agilent, Santa Clara, CA) (Gieg et 

al., 2008; Agrawal et al., 2012). DCM (10 mL) was added to 1 g of pipeline solids sample 6_PS. 

This was thoroughly mixed by vortexing at high speed to ensure that oil organics dissolved into 

the organic phase. Subsequently, the organic phase was dried over sodium sulfate and was 

concentrated to 1 mL under a headspace of N2. 1 µL of this was injected as previously described 

(Agrawal et al., 2012). 

 

4.3.3 Methanogenic incubations in synthetic oil field brine 

Microbial methanogenesis was monitored in sterile 120 mL serum bottles. Coleville 

synthetic brine K (CSBK) medium (50 mL) (Callbeck et al., 2013), was dispensed into each 

bottle under a headspace of N2-CO2. CSBK medium contains (in g/L): NaCl (1.5), KH2PO4 

(0.05), NH4Cl (0.32), CaCl2!2H2O (0.21), (MgCl2!5H2O (0.54) and KCl (0.1). After autoclaving 

under N2-CO2, a 30 mL solution of 1 M NaHCO3 was added, along with 1 mL of trace elements 

(Widdel and Bak, 1992), and 1 mL of a 1 M solution of Na2S. The pH was adjusted to be 

between 7.2-7.4. Each Obigbo field water sample (2.5 mL) was added, amounting to a 5% 

inoculum. Each solids sample (2 grams) (as sampled) was added for the pigging sample 

incubations. Each incubation was done with and without carbon steel coupons (5 x 0.5 x 0.1 cm, 
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American Society for Testing and Materials, ASTM, a366 containing 0.015% carbon) present, at 

30°C with agitation at 100 rpm. Coupons were cleaned according to a National Association of 

Corrosion Engineers (NACE) standard protocol, and weighed thrice before incubation (NACE, 

2013). Methane was measured as previously described, where 0.2 mL of the headspace was 

sampled periodically using a syringe that had been pre-flushed with N2-CO2 and injected into a 

gas chromatograph (Hewlett-Packard Model 5890) at 150°C, equipped with a flame-ionization 

detector (FID) set to 200°C and a stainless steel column (0.049 cm x 5.49 cm, Porapak) (Mand et 

al., 2014a). Following 8 weeks of incubation, coupons were again cleaned according to protocol, 

weighed thrice and the calculated weight loss was used to determine general corrosion rates 

(Park et al., 2011a; NACE, 2013). 

 

4.3.4 Pipeline pigging solids incubation experiments 

Pipeline solids samples were incubated anaerobically both in the presence and absence of 

carbon steel beads. The field sample was a powdery solid, with no aqueous phase when received. 

It was mixed with equal volumes of anaerobic, sterile MilliQ water before incubation. Close to 1 

g of sample was mixed with 2.04 g of steel beads (Carbon steel precision ball, diameter 3/32 ± 

0.001 inches, weight 0.055 g, Grainger, Richmond Hill, ON). These beads were sanded with 400 

grit sandpaper and cleaned according to standard protocol and weighed thrice before incubation 

(NACE, 2013). Samples were incubated in 25 mL Balch tubes, under an atmosphere of N2-CO2, 

at 30°C with agitation at 100 rpm. Methane was measured periodically by sampling 0.2 mL of 

the headspace using a syringe pre-flushed with anaerobic gas (N2-CO2) and injection into a GC-

FID, as described above. Following incubation, the beads were cleaned according to standard 

protocol and corrosion rates were determined from metal weight loss.  One replicate, 



 

 74 

representing each condition, was used for DNA extraction and subsequent pyrotag sequencing, 

as described below. 

 

4.3.5 Microbial community analysis by pyrosequencing 

Immediately upon arrival in the laboratory, each liquid field sample (300 mL) was 

filtered through a 0.2 µm membrane filter to collect biomass. These filters were frozen at -80°C 

for use in DNA extraction. At the same time, 1 gram of each solids sample was also frozen at -

80°C. Genomic DNA was isolated using a bead-beating procedure, as outlined by manufacturer 

instructions (FastDNA Spin Kit for Soil, MP Biomedicals, Santa Ana, CA). DNA was eluted in 

75 µL of 10 mM Tris-Cl pH 8.5 buffer and quantified with the Invitogen Qubit fluorometer, 

using the Quant-iT dsDNA HS Assay Kit (Invitrogen, Burlington, ON). The V6-V8 regions of 

the 16S rRNA genes were amplified using a two-step PCR amplification using the TopTaq PCR 

Kit (Qiagen, Toronto, ON), as described earlier (Park et al., 2011a). The first step (30 cycles) 

was done using 16S rRNA primers 926F (AAACTYAAAKGAATTGRCGG) and 1392R 

(ACGGGCGG TGTGTRC). These primers are suitable for the amplification of both bacterial 

and archaeal DNA. The second amplification step (10 cycles) used the first PCR product as a 

template and was done using FLX titanium amplicon primers 454_RA_X (primer 926F with a 

25-nucleotide A-adaptor sequence: CGTATCGCCTCCCTCGCGCCATCAG and a 10 

nucleotide multiplex identifier barcode sequence) and 454T_FwB (primer 1392R with a 25-

nucleotide B-adaptor sequence: CTATGCGCCTT GCCAGCCCGCTCAG). The final 16S rRNA 

PCR amplicons were confirmed using agarose gel electrophoresis and subsequently purified 

using the QIAquick PCR Purification Kit (Qiagen, Toronto, ON). After measuring final 

concentrations of each PCR product using the Invitogen Qubit fluorometer again, amplicons 
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were sent to Genome Quebec and McGill University Innovation Centre (Montreal, QC) for 16S 

rRNA pyrosequencing.  

Analyses of data were done with the Phoenix2 software package, where data were 

subjected to stringent quality control (QC) checks (Soh et al., 2013). This included matching 

primer sequences, matching adaptor sequences, and removing chimeric sequences. Phoenix2 

used a cutoff quality score for each sequence of 27 and a minimum length of each sequence of 

200 base pairs (Kunin et al., 2010; Schloss et al., 2011). The remaining QC sequences were 

clustered into operational taxonomic units (OTUs) using average neighbor clustering at a 

distance of 5%. OTUs that contained less than 0.01% of total QC reads were filtered out. Each 

remaining OTU was subsequently assigned to a taxon by comparison with the non-redundant 

16S rRNA small subunit SILVA database, release 108, using RDP classifier (SSU ref NR 108; 

http://www.arb-silva.de/no_cache/ download/archive/release_108/Exports). A tree dendrogram 

was formed using the unweighted pair group method algorithm (UPGMA), where distances 

between communities was calculated using the Bray-Curtis coefficient in the Mothur software 

package (Schloss et al., 2009). The tree dendrogram was visualized using the MEGA4.2.2 

program (Tamura et al., 2011). 

 

4.3.6 Culture-based microbial enumeration 

The number of lactate-utilizing SRB and glucose-fermenting acid-producing bacteria 

(APB) present in all samples were assayed by inoculating commercial medium for SRB and APB 

growth (DALYNN, Calgary, AB) in a single inoculation series. Each field water sample (1 mL), 

or 1 mL of each pipeline solids sample mixture (0.5 mL sterile anaerobic MilliQ water and 0.5 

grams solids sample) was added to 9 mL of medium and mixed well. A sample from this tube (1 
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mL) was added to another tube containing 9 mL of medium until a dilution series up to 10-10 for 

each sample was achieved. The culturable population was estimated from the highest dilution 

showing growth after 30 days of incubation at 30°C. Growth for SRB was estimated from black 

precipitate formation in vials, due to iron sulfide formation. Growth of APB was estimated from 

a color change caused by the phenol red indicator in the medium, due to a change in pH caused 

by glucose fermentation to acidic products. 

 

4.3.7 Comparison with a sample from a Canadian oilfield 

Corrosion testing was also done using a produced water sample from a low-temperature 

(30°C) Canadian oil field. Serum bottles (120 mL) containing 50 mL of CSBK medium, as 

described above, and a headspace (70 mL) of N2-CO2 were used. These were inoculated with a 

produced water sample and an oil sample from the Medicine Hat Glauconitic C (MHGC) field, 

in Medicine Hat, AB, Canada (Voordouw et al., 2009). Serum bottles were amended and 

inoculated with: 1 mL oil only, 1 mL oil and 2.5 mL produced water (M_PW) or 2.5 mL M_PW 

only. Bottles containing the combination of oil and M_PW and bottles containing M_PW only 

were also incubated in the presence of carbon steel coupons (5 x 1 x 0.1 cm, ASTM a366 

containing 0.015% carbon), prepared as described above (NACE, 2013). The headspace was 

sampled periodically to measure methane. Samples of the aqueous phase were also taken over 

time to measure acetate concentrations. Following the 6 week incubation at 30°C with agitation 

at 100 rpm, coupons were removed and cleaned and corrosion rates were determined using the 

metal weight loss method, as described above. 
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4.3.8 Accession numbers 

All samples were assigned a sample code for pyrotag sequencing, found in Tables S1 and 

S2. The sequences from the raw reads are available from the Sequence Read Archive from the 

National Center for Biotechnological Information (NCBI), (under the following accession 

numbers): V30_1349 (SRR1508449), V30_1350 (SRR1508450), V30_1351 (SRR1508451), 

V30_1352 (SRR1508452), V30_1353 (SRR1508453), V30_1354 (SRR1508454), V39_1847 

(SRR2189969) and V39_1850 (SRR2189970). 

 

4.4 Results 

4.4.1 Sample characteristics 

All chemical analyses of the field samples are summarized in Table 4-1. The pH of all 

Obigbo samples was between 6.85 and 8.32. The molar equivalents of NaCl in these samples 

ranged from 1-220 mM. Sulfate levels were low in all water samples, but there was 8.9 and 11.6 

mM found in the 6_PS and 7_PS pigging solids extracts, respectively. It is possible that this 

sulfate may be resulting from sulfide oxidation. A similar trend was seen for sulfide 

concentrations and ferrous iron concentrations. Almost no sulfide was present in the water 

samples, but 2.7-3.1 mM was found in the pigging solids extracts, as aqueous dissolved sulfide. 

The lack of sulfide in water samples may be due to oxidation during sampling or transport. 

Ferrous iron was not detected in water samples, but 160-690 µM was found in the pigging solids 

extracts. All samples contained very small amounts of ammonium (0-80 µM), acetate (0-1650 

µM) and propionate (0-200 µM). 
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Table 4-1 Chemical characteristics of the low temperature (40°C) Obigbo oil field water 

and pigging solids samples. 

Sample pH NaCl 
(mM) 

Sulfate 
(mM) 

Sulfide 
(mM) 

Ferrous 
Iron (µM) 

Acetate 
(µM) 

Propionate 
(µM) 

1_PW 8.13 174 0.09 0.02 0 0 0 

2_PW 8.01 157 0 0.03 0 450 0 

3_IW 7.66 1 0.036 0.02 0 0 0 

4_PigWater 7.78 220 0 0.01 0 1650 0 

5_Crude 8.32 199 0.005 0.02 0 0 0 

6_PS 6.93 28 8.87 3.14 160 30 120 

7_PS 6.85 32 11.57 2.71 690 40 200 
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4.4.2 Microbial community composition 

A comprehensive microbial community composition was obtained using DNA 

sequencing technology. DNA was not successfully isolated from the 3_IW sample. This may 

have been caused by the low concentration of biomass in this water, as DNA isolation was also 

unsuccessful from this sample during 2011 sampling (Okoro et al., 2014). For the remaining 

field samples, a total of 6941 quality reads were obtained following 454-pyrotaq sequencing 

(Table A-1, Appendix A). From this, it was seen that Archaea dominated the samples and the 

majority of these were methanogens (Figure 4-2). The pipeline pigging solids samples in 

particular harbored many methanogens. For example, the genus Methanobacterium formed 

between 33.0-33.3% of the total reads obtained for the two solids samples. Methanobacterium 

was also found in the pigging water sample, 4_PigWater, but in a smaller fraction (3.6%). 

Additionally, the genus Methanosaeta was abundant in the pigging solids samples, comprising 

24.9-30.8% of all reads for these two samples. Other groups of methanogens such as the genus 

Methanolobus formed small portions of the population throughout all samples (4.6-18.7%). 

Noticeably, the genus Methanocalculus was more abundant in some water samples (4_PigWater: 

9.0%) than in the pipeline solids samples (6_PS: 0.63%; 7_PS: 0.83%).  

The produced waters from this field had other genera as the main community components 

(Figure 4-2). In the 1_PW sample, the genus Azovibrio formed 27.4% of the reads. The 2_PW 

sample was instead dominated by the genera Marinobacter (39.6%) and Petrobacter (36.3%), 

while Thauera were predominant in the 5_Crude sample (11.6%). All four of these genera are 

potential nitrate-reducing bacteria and are capable of hydrocarbon degradation. Small fractions 

of the field sample populations may belong to hydrocarbon degrading SRB as well. For instance, 

the genus Desulfotigum was found in 0.16-0.76% of the reads from the produced water and 
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pigging solids samples. The genus Acetobacterium was also found in a small fraction (0.79-

2.4%) of the reads for these samples. Cultured relatives of this organism are capable of 

metabolizing a variety of substrates and interestingly can convert CO2 and H2 into acetate using 

the acetyl-coenzyme A pathway (Schiel-Bengelsdorf and Dürre, 2012). 

As mentioned, the Obigbo field has been previously sampled for microbial activity 

testing and microbial community composition analysis (Okoro et al., 2014). Sample sites and 

sample descriptions from this 2011 sampling trip can be found in Figure 4-1 and Table A-3 

(Appendix A). The microbial communities present in the current field samples were compared 

with the previous study (Figure 4-3). The produced water samples from this study did not cluster 

with similar samples from the previous study, which is an indication that the microbial 

communities have changed over time at this site. Furthermore, the produced water samples 

(1_PW and 2_PW), which were taken from different parts of the production system, did not 

cluster together, possibly indicating that fluid processing during production leads to shifts in 

microbial populations. Also, the 4 solids samples, although taken from a different location each 

year, did not cluster together, demonstrating a change in the microbial community composition 

of pipeline biofilm associated microorganisms. 

Culture-based incubations that target only certain culturable microorganisms are often 

used to correlate with corrosion in the oil field systems. The numbers of lactate-oxidizing SRB 

and glucose-fermenting APB in each sample were estimated using a culturing assay, which is 

often used by pipeline operators in oil fields to assess microbial growth. APB were found in all 

Obigbo samples and ranged from 105 to 107 cells/mL (or g) of sample. SRB in the pipeline 

pigging solids samples (108 cells/g) were higher than in the water samples (101-105 cells/mL). 
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The low counts of APB (105) and SRB (101) in the 3_IW sample indicate low biomass 

concentrations, as was the case for this same sample during previous studies (Okoro et al., 2014). 
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Figure 4-2 Predominant genera identified in the Obigbo field samples, as determined by 

454 pyrotag sequencing. Only those with a representation of 0.5% or higher in produced 

water 1_PW (A), produced water 2_PW (B), pigging sample water 4_PigWater (C), crude 

oil sample 5_Crude (D), pipeline pigging sample 6_PS (E) and pigging sample 7_PS (F) are 

shown. 
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Figure 4-3 Tree dendrogram showing the relationships between Obigbo field samples used 

in the present study (1_PW,  2_PW, 4_PigWater, 5_Crude, 6_PS and 7_PS) and those used 

in a previous study (2N1, 2N2, 2N4, 2N5, 2N6, PPL1 and PPL2) (Okoro et al., 2014). 
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4.4.3 Obigbo field sample incubations under methanogenic conditions 

To test whether the different groups of hydrocarbon degrading organisms present in the 

field samples (Figure 4-2) were active and potentially involved in MIC, samples were incubated 

in a basal salts medium under an atmosphere of N2 and CO2, where in addition to the CO2 in the 

atmosphere, the hydrocarbons associated with the field samples could serve as carbon and energy 

sources. Incubation without the addition of carbon steel coupons yielded very low methane 

production (Figure 4-4A). Less than 12 µM methane was produced in each water sample 

enrichment. A maximum 126 ± 4.8 µM and 293 ± 183 µM methane was produced for pipeline 

solids samples 6_PS and 7_PS, respectively, but these values are very low compared to parallel 

incubations where steel coupons were present.  

When the field samples were incubated with steel coupons, methane production could be 

correlated with corrosion rates (Figure 4-4B). A Pearson product-moment correlation coefficient 

was calculated to assess the relationship between methane production and corrosion rates. There 

was a positive correlation between the two variables (r=0.95, n=8, p=0.71). The lowest methane 

concentration produced was in the incubation with the injection water sample (326 ± 55 µM) and 

this also showed the lowest corrosion rate (0.0037 ± 0.0013 mm/year). Conversely, the highest 

methane production was seen for incubations involving the pipeline pigging samples (6_PS: 

1419 ± 26 µM and 7_PS: 1284 ± 24 µM). These incubations also showed the highest corrosion 

rates (6_PS: 0.0154 ± 0.0009 mm/yr and 7_PS: 0.0139 ± 0.0007 mm/yr). The control incubations 

containing medium only, with coupons showed no methane production and a very low corrosion 

rate (0.0039 ± 0.0011 mm/yr), similar to the injection water sample. 
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Figure 4-4 Methane production over an 8 week incubation of Obigbo field samples in a 

synthetic oil field brine (CSBK) medium in the absence of carbon steel coupons (A). 

Maximum methane production and associated metal weight loss corrosion rates for the 

incubation of field samples in CSBK medium in the presence of carbon steel coupons (B). 

Data represent results from two separate incubations containing two coupons each. 
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Further incubations were done using the pipeline pigging sample under methanogenic 

conditions. When the pigging solids sample, 6_PS, was incubated with carbon steel beads, up to 

438 ± 18 µM methane was produced after 95 days of incubation (Figure 4-5A). In contrast, when 

the sample was incubated without any beads present, methane production was negligible. The 

corrosion rate obtained following this incubation was only 0.0021 ± 0.0001 mm/year, which is 

similar to the abiotic control (0.0039 ± 0.0010 mm/year) (Figure 4-5B). Acetate was not 

measured during these incubations, as very little aqueous phase was available for sampling. 
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Figure 4-5 Incubation of pigging solids sample 6_PS in the presence and absence of carbon 

steel beads. Methane production was monitored over time (A). Corrosion rates were 

determined following incubation (B). Data are averages of three different incubations for 

each condition. 
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Following the incubation period, 454-pyrotag sequencing was used to assess the 

community that emerged during this enrichment (Table A-2, Appendix A). Of the reads obtained 

for the 6_PS incubation containing carbon steel beads, 55.98% were assigned to the order 

Clostridiales, which only formed 1.97% of the original 6_PS sample. This includes the genus 

Acetobacterium, which is known for the ability to make acetate from bicarbonate and steel 

(Mand et al., 2014a; Kato et al., 2015).  The fraction of the order Methanosarcinales, which 

contains the acetotrophic genus Methanosaeta, remained relatively high (19.75%) after 

incubation with steel, compared to the original field sample (50.75%). 

 

4.4.4 MHGC field sample incubations under methanogenic conditions 

To further understand the potential MIC scenarios seen with Obigbo incubations, samples 

from a different field were also used. A produced water sample from the MHGC field (M_PW) 

containing a methanogenic population (Methanoculleus, 70.2%) was used. This sample also 

contained the acetotrophic methanogen (Methanosaeta, 2.6%) and acetogenic bacteria 

(Acetobacterium, 0.13%). M_PW was incubated with and without oil, in the presence and in the 

absence of carbon steel coupons, using CSBK medium. When the M_PW sample (inoculum) 

was incubated by itself in medium, neither acetate nor methane was produced. These negative 

results were mirrored in the incubation of MHGC oil by itself in CSBK medium, without 

M_PW. Furthermore, when the M_PW and the MHGC oil were incubated together in CSBK 

medium, no microbial activity was witnessed. Acetate formation was only seen when a carbon 

steel coupon was added to the M_PW incubation (maximum production of 309 ± 5 µM) and 

when a carbon steel coupon was added to the produced water/oil incubation (maximum 

production of 192 ± 30 µM) (Figure 4-6A). Acetate production appeared to start earlier than 
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methane production. Methane production was also only seen in incubations containing carbon 

steel. Methane production appeared to reach a plateau after 3 weeks of incubation, where a 

maximum of 1250 ± 141 µM was seen in the incubation of M_PW, oil and steel and a maximum 

of 1588 ± 427 µM was seen in the incubation of M_PW and steel (Figure 4-6B). Based on the 

concentrations of produced methane and acetate (Figure 4-6A, B) and assuming that iron was the 

reductant to make these from CO2, we calculate a theoretical corrosion rate of 0.028 mm/year in 

the absence of oil which is in good agreement with the experimental value (0.0196 ± 0.0016 

mm/year) (Figure 4-6C). In the presence of oil we calculate a theoretical corrosion rate of 0.021 

mm/year, which is higher than the measured 0.0088 ± 0.0005 mm/year (Figure 4-6C). 
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Figure 4-6 A produced water sample from the MHGC field was incubated in a synthetic oil 

field brine  (CSBK) medium with oil, with a metal coupon, with oil and a coupon, or by 

itself. Acetate (A) and methane (B) production were measured over time. Corrosion rates 

(C), as indicated were measured following incubation. Data represent the values from two 

different incubations for each condition. 
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4.5 Discussion 

4.5.1 Microbial communities and potential for biocorrosion 

A previous study showed that the Obigbo oil field was dominated by methanogenic 

archaea, however it remained unclear how these may be thriving (Okoro et al., 2014). Our results 

confirm the presence of methanogens, specifically the genus Methanobacterium, an organism 

catalyzing methanogenesis using either hydrogen and bicarbonate or formate (4H2 + HCO3
- + H+ 

" CH4 + 3H2O or 4HCO2
- + H2O + H+ " CH4 + 3HCO3

-) and also the genus Methanosaeta, 

which uses acetate to form methane (CH3COO- + H+ " CO2 + CH4). There are several roles 

these microorganisms may play in MIC. Electrons from steel (iron) and protons from water form 

hydrogen on steel surfaces and the hydrogenotrophic methanogens use this hydrogen for their 

metabolism and thereby accelerate steel corrosion (Daniels et al., 1987). Other methanogens play 

a role in corrosion because of their ability to use electrons from iron directly to reduce 

bicarbonate (Dinh et al., 2004). Lastly, methanogens are able to use metabolic products produced 

by other, potentially corrosive organisms, such as the SRB (Zhang et al., 2003) or the acetogenic 

bacteria (Mand et al., 2014a) seen in previous studies and thereby may contribute indirectly to 

MIC.  

In incubations containing carbon steel coupons, methane production could be correlated 

to metal weight loss corrosion rates. There was a positive correlation between the maximum 

concentration of methane produced and corrosion rates measured for the 7 field samples and one 

abiotic control. Therefore, methane production was probably a result of using the iron, either 

through hydrogen production on the surface of the steel or as a direct electron donor to reduce 

bicarbonate and form methane.  
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Another potentially corrosive taxon in the microbial community of the Obigbo samples 

included the genus Desulfotigum, found in 0.16-0.76% of the population of the produced water 

and pigging solids samples. This toluene-degrading SRB was found in highest proportion in the 

sample associated with crude oil (5_Crude), where toluene may be abundant (Ommedal and 

Torsvik, 2007). In addition to producing sulfide, it can contribute to corrosion by degrading oil 

organics into potentially corrosive organic acids, similar to another report of SRB producing 

potentially corrosive organic acids (Lyles et al., 2014). There were many other bacterial genera 

capable of hydrocarbon degradation present in the samples as well. These include Thauera and 

Petrobacter, capable of producing organic acids as metabolic intermediates (Biegert et al., 1996; 

Salinas et al., 2004). Even modest concentrations of some organic acids, such as acetic acid, may 

be corrosive towards carbon steel (Liu et al., 2008), and in this way, these organisms may 

contribute to metal weight loss and therefore MIC at the Obigbo site. Furthermore, simple 

intermediates formed by these microorganisms could serve as metabolites for methanogenesis, in 

a process known as syntrophy (Gieg et al., 2014). 

We were able to show that despite the presence of microorganisms known to catalyze 

syntrophic hydrocarbon degradation, the presence of methanogenic archaea and the availability 

of easy to degrade oil components in field samples, insignificant methane production was seen. 

This shows that methane production resulting from the syntrophic biodegradation of 

hydrocarbons was not occurring. 

 

4.5.2 Pipeline pigging solids samples 

The two pipeline pigging solids samples (6_PS and 7_PS) were quite similar to one 

another. This was first noted in the sample chemistry. The solids samples contained the highest 
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levels of sulfate potentially due to sulfide oxidation, which could lead to SRB growth, the 

highest concentrations of sulfide, a potential indicator of SRB activity and the highest 

concentrations of ferrous iron, a potential indicator of steel corrosion (Table 4-1). 

The microbial communities of the two pipeline solids samples also harbored many of the 

same microorganisms (Figure 4-2E, F and Figure 4-3). These were, in turn, quite different from 

the remaining water samples, including the pigging run water sample, 4_PigWater (Figure 4-2C). 

This may be an indication that the abundance and types of microorganisms found in the pipeline 

solids and potentially involved in corrosion are different from that in the planktonic population 

found in the pipeline fluid water samples.  

When the community data were further examined, it was interesting to witness that 

between 70.8-93.5% of the microbial community of the water samples was classified as 

Bacteria, while the pigging samples were dominated by Archaea (79.5-85.6%). Therefore, the 

biofilm populations associated with pipeline surfaces, contained the highest proportion of 

methanogenic Archaea (Figure 4-2).  

Microorganisms may predominantly live in biofilms on pipeline surfaces, instead of as 

planktonic free-flowing cells for a variety of reasons. A biofilm is a multifaceted structure, 

formed of different microbial cells embedded in a complex extracellular polymeric substance 

(EPS), and may be the preferred way for microbial growth in some natural environments 

(Costerton et al., 1995; Hall-Stoodley et al., 2004; Harrison et al., 2005). The cells within a 

biofilm are less vulnerable to eradication by chemical means or biopredation than free-swimming 

cells because they are protected by the EPS matrix and corrosion product matrix (Beech and 

Sunner, 2004). For example, when culture-based microbial enumerations were done, the highest 

counts of SRB and APB were found in the pigging solids samples, possibly because these cells 
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were protected from chemical (e.g. biociding) and mechanical (e.g. pigging) processes. Living in 

this matrix is also beneficial for microbial cells because it serves to trap nutrients that may 

otherwise be lost in a fast-flowing pipeline. Evidence for this is suggested in the chemical data, 

which shows a higher concentration of ions, potential microbial nutrients, in the solids samples 

than the water samples (Table 4-1). In conclusion, it appears that pigging solids samples were 

more indicative than water samples for biocorrosion potential. In addition to taking aqueous 

samples when testing for microbes in the oil and gas industry, solids should also be sampled to 

obtain comprehensive microbial community data (Cote et al., 2014). 

 

4.5.3 Comparison with a Canadian low-temperature oil field  

The MHGC field is a low temperature oil reservoir located near Medicine Hat, AB, 

Canada (Voordouw et al., 2009; Agrawal et al., 2012). The reservoir temperature is only 30°C, 

somewhat lower than the Obigbo field (40°C), but both are conducive to microbial growth. The 

MHGC field uses water flooding to produce oil, and the injection water contains a small amount 

(average 0.8 mM) of sulfate. Contrary to the Obigbo field, this field is flooded with nitrate to 

curb negative SRB activity (Voordouw et al., 2009; Agrawal et al., 2012). 454 pyrotag 

sequencing has shown that the majority of the microbial populations found in produced waters 

are methanogenic Archaea (Callbeck et al., 2013), similar to the Obigbo field. 

Incubations of Obigbo pipeline pigging solids showed methane production in the 

presence of steel and a community composition enriched in hydrogenotrophic methanogens, 

acetogenic bacteria (Acetobacterium) and acetotrophic methanogens (Methanosaeta). These 

incubations were unable to uncover the role of acetate-producing organisms in MIC. When a 

produced water sample from the MHGC field was used to repeat the experiment, we were able to 
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show methane and acetate production due to the presence of carbon steel coupons. Pyrotag 

sequencing of these samples revealed the same, potentially corrosive acetogenic bacteria 

(Acetobacterium) and acetotrophic methanogens (Methanosaeta). Since these same organisms 

were also found in the Obigbo pigging solids samples, these results suggested a role for these 

microorganisms in MIC at the Obigbo site.   

While we have previously shown in pure culture studies that the acetate requirement of 

corrosive SRB may be fulfilled by corrosive acetogens (Mand et al., 2014a), similar syntrophic 

roles may also be played in methanogenic consortia. In the present study it appears that in 

addition to corrosive hydrogenotrophic methanogens, corrosive acetogens may also produce 

acetate, which can then lead to acetotrophic methane production. The acetate may also serve as a 

carbon source for hydrogenotrophic methanogenesis. 

 

4.6 Conclusions 

While many studies into biocorrosion continue to focus on microorganisms traditionally 

associated with MIC such as the SRB, we have shown here that oil field samples may contain an 

abundance of methanogenic archaea and hydrogenotrophic acetogens, which may also be active 

in steel corrosion. We were able to show that these groups were most active when incubated in 

the presence of carbon steel, indicating that the steel was preferred as the electron donor over oil 

organics by the methanogenic and acetogenic consortia present in these samples. Furthermore, 

we have also shown here, through genomic studies, that the microbial populations of pipeline 

solids samples may not be the same as the microbial population of liquid samples. In this study, 

it appears that the microbial communities most closely associated with pipeline surface biofilms 

were potentially more active in MIC than planktonic microorganisms associated with the water 
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samples. This work emphasizes the need to obtain representative field samples in order to obtain 

accurate and useful MIC data.  
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Chapter Five: The effect of bisulfite addition on biocorrosion  

5.1 Introduction 

5.1.1 Sulfite/bisulfite 

Sulfite/bisulfite is a commonly used chemical with many different applications, ranging 

from its role as a preservative in the food industry to oxygen scavenger in the pulp and paper 

industry. This agent, existing either as a sodium salt or as an ammonium salt, is commonly added 

to treat water and works by reacting instantly with oxygen to produce sulfate: 

2HSO3
- + O2 " 2SO4

2- + 2H+. 

The scavenging of oxygen leads to a decrease in corrosion and for this reason, this chemical is 

widely used in the petroleum industry, where it limits corrosion caused by oxygen in steel 

pipelines and in steel tanks (Braga, 1987).  

 

5.1.2 Bisulfite use at a SAGD site 

In one particular example bisulfite injection was used in water gathering pipelines at an 

industrial site in northern Alberta, Canada. The site is used for stream-assisted gravity drainage 

(SAGD). SAGD is a thermal in situ production process to produce bitumen from the Athabasca 

oil sands in Canada (Heidari et al., 2009). For this process, steam is injected into the subsurface 

to heat up and reduce the viscosity of the bitumen to make it easier to move (Butler, 2013). 

Therefore water-transporting pipelines are necessary infrastructure at this site because they allow 

for the generation of steam. In addition, the water-transporting lines provide water necessary for 

use at the facilities, so corrosion management in these pipelines is essential.  

This SAGD site has experienced many corrosion failures and studies to assess MIC risk 

were done using field samples. By using 16S rRNA gene pyrosequencing, it was shown that the 



 

 98 

addition of bisulfite into the water drastically changed the microbial community within the 

pipelines (Park et al., 2011a; Park et al., 2011b). These studies also showed that despite the 

original water source being low in sulfate concentrations, downstream of bisulfite injection, 

sulfur-containing deposits were found in abundance. Particularly, iron sulfides and elemental 

sulfur deposits, both which are corrosive, were found within the pipeline scale downstream of 

bisulfite addition (Park et al., 2011a). While it is possible that oxygen ingress into this system 

may have led to sulfur formation, it was more likely that organisms capable of growing on 

sulfite, and producing elemental sulfur and sulfide, were responsible for these deposits and hence 

were involved in MIC of these pipelines (Park et al., 2011a; Park et al., 2011b).  

 

5.2 Objective 

 This chapter discusses further work done with similar samples. The samples 

characterized in this chapter are from the same SAGD site, but are from a different pipeline that 

sources freshwater from underground instead of the brackish water that the work of Park et al. 

focused on (2011a).  

 The freshwater sourcing pipeline system has low concentrations of sulfate, low organic 

carbon and high concentrations of bicarbonate. This water chemistry allowed for the growth of 

many different types of organisms associated with MIC. These include the SRB, methanogenic 

archaea, and acetogenic bacteria, which were previously discussed in Chapter 3 (Mand et al., 

2014a). Another interesting discovery from these samples was that the microbial communities 

along the length of the pipeline system differed greatly from one location to the next. The 

hypothesis was that the variation could have been the result of changing physico-chemical 

conditions, including the injection of sulfite, which will be investigated in this chapter. 
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Furthermore, this work will try to establish a correlation between microbial sulfite metabolism 

and the production of elemental sulfur deposits. 

 

5.3 Methods 

5.3.1 Sample descriptions and sampling procedure 

The water samples obtained from the SAGD site, previously discussed in Chapter 3, were 

also used for this study. Briefly, 4 water samples were taken along a water gathering system 

where water is sourced from underground and then taken through a water treatment facility 

where it is treated before use. PW7 was a water sample taken from the source water well. P-0866 

was a water sample immediately upstream of the water treatment facility. P-0866S was a water 

sample immediately downstream of the water treatment facility, where sodium bisulfite is added 

to the water. Lastly, P-0848S was a water sample further downstream from the piping system. A 

simplified schematic of the water pipeline system is shown in Figure 5-1. 

 

5.3.2 Community analysis 

The methods used for microbial community determination and analysis of these samples 

have been described in Chapter 3. 

 

5.3.3 Incubation of field samples  

To test the ability of organisms within the field samples to use sulfite, they were 

incubated in Coleville Synthetic Brine K (CSBK) medium, Table 5-1 (Callbeck et al., 2013). 

CSBK medium (50 mL) was added to 120 mL serum bottles under a headspace of  (vol/vol) 90% 

N2 and (vol/vol) 10% CO2. A solution of 1 M sodium sulfite was prepared anaerobically and 
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kept in the dark. This was added to each serum bottle to achieve a final concentration of 10 mM 

sulfite in each. Either PW7 (upstream of sulfite injection) or P-0866S (downstream of sulfite 

injection) field samples (5 mL) were added to the bottles, amounting to a 10% inoculum. Two 

carbon steel coupons, prepared as described below, were added to each bottle. Bottles were 

incubated at 30°C, shaking at 100 rpm, in the dark.  
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Figure 5-1 Schematic of the water pipeline system from the SAGD site.  Water samples, 

collected at 4 different points indicated by a circle, are labelled.  PW7 is near the source 

well and P-0866 is upstream of the water treatment facility. P-0866S and P-048S are both 

downstream of the water treatment facility, where treatment with sodium bisulfite occurs.  
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Table 5-1 Minimal salts medium, Coleville Synthetic Brine K (CSBK), used for the 

cultivation of microbial communities. The pH of the medium was adjusted to 7.2-7.4.  

Compound (g/L deionized water) 

NaCl 1.5 

KH2PO4 0.05 

NH4Cl 0.32 

CaCl2•2H2O 0.21 

MgCl2•5H2O 0.54 

KCl 0.1 

1 M NaHCO3 30 mL 

Trace Elements Solution1 1 mL 

Tungstate/Selenite Solution2 1 mL 

1 M Na2S 1 mL 

1The trace elements solution (Widdel and Bak, 1992) contains (g/L deionized water): Na2EDTA 

(5.2), FeSO4•7H2O (2.1), H3BO3 (0.03), MnCl2•4H2O (0.1 g), CoCl2•6H2O (0.19 g), 

NiCl2•6H2O (0.024 g), CuSO4•5H2O (0.003 g), ZnCl2 (0.068 g) and Na2MoO4•H2O (0.036 g). 

After adjusting the pH to 6.5, the solution was autoclaved and cooled before addition to CSBK 

medium.  

2The Tungstate/Selenite solution contained (mg/L deionized water): NaOH (400), 

Na2Se2O3•5H2O (6) and Na2WO4•H2O (8). After mixing, this solution was autoclaved and 

cooled before addition to CSBK medium. 
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5.3.4 Analytical methods 

Aqueous anion species, including sulfate and sulfite, were monitored using a Waters 600 

model high performance liquid chromatograph (HPLC) equipped with a Waters 432 conductivity 

detector and an IC-PAK anion column (150 × 4.6 mm, Waters) eluted with 24% (vol/vol) 

acetonitrile, 2% butanol, and 2% borate-gluconate concentrate (Mand et al., 2014a). Samples 

were centrifuged for 5 minutes at maximum speed. Sample supernatant (100 µL) was added to 

400 µL of the acetonitrile solution and vortexed. This solution (50 µL) was injected into the 

HPLC and eluted at one of 1.5, 1.8 or 2 mL/min. Anion species were identified and quantified 

using 1 M stock solutions of each sulfate and sulfite. Analysis was done as soon as the sample 

was taken to minimize exposure of sulfite to oxygen. 

Sulfide concentrations were assessed colorimetrically using the methylene blue method 

(Fogo and Popowsky, 1949; Trüper and Schlegel, 1964; Cline, 1969). Aqueous samples were 

taken from incubations using a syringe flushed with (vol/vol) 90% N2 and 10% CO2, and put into 

1.5 mL microfuge tubes and capped as soon as possible. These were centrifuged for 30 seconds 

at maximum speed. Immediately, 30 µL of the supernatant was added to 200 µL of a zinc acetate 

solution (24 g Zn(CH3COO)2
.H2O and 1 mL of 20% (w/w) CH3COOH per 1 L deionized water). 

To this, 600 µL of water were added, followed by 200 µL of a N, N-dimethyl-p-

phenylenediamine solution (2 g N, N-dimethyl-p-phenylenediamine and 200 mL concentrated 

H2SO4 per 1 L deionized water) and finally 10 µL of an iron alum solution (10 g 

NH4Fe(SO4)2
.12H2O and 2 mL concentrated H2SO4 per 100 mL deionized water). Tubes were 

vortexed and incubated at room temperature for 15 minutes. Following, the absorbance of each 

tube was read at 670 nm using a spectrophotometer. Aqueous sulfide was quantified by creating 

a standard curve using a prepared 1 M anaerobic stock solution of sodium sulfide nonahydrate. 
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Elemental sulfur was analyzed using HPLC (Johnston and Voordouw, 2012). Syringes 

pre-flushed with (vol/vol) 90% N2, 10% CO2 were used to anaerobically sample 0.5 mL of the 

aqueous phase from incubations. This was immediately mixed with 200 µL perchloroethylene 

and 50 µL 10% nitric acid. This solution was mixed by placing on a rotating wheel for 15 

minutes, then centrifuged at maximum speed for one minute. The perchloroethylene layer  (100 

µL) was added to 300 µL HPLC-grade methanol. This mixture (20 µL) was injected into a C18 

reverse phase column (250 x 4.6 mm) at 1 mL/min for 15 minutes and eluted with 0.2 µm 

filtered 95% methanol with the UV detector set to 254 nm. Standards were prepared by 

recrystallizing sulfur flour in perchloroethylene and dissolving the sulfur crystals in 

perchloroethylene to achieve the desired concentrations. 

 

5.3.5 Weight loss corrosion testing 

Corrosion rates were calculated from determined metal weight loss. For all studies, 

carbon steel coupons were used (American Society for Testing and Materials, ASTM a366, 

containing 0.015% carbon). The coupons (5×1×0.1cm) were cleaned according to National 

Association of Corrosion Engineers (NACE) protocol RP0775-2005. The coupons were polished 

with 400 grit sandpaper, washed in a dibutylthiourea solution (10.6 g/L 37% HCl) for 2 min, 

followed by a saturated bicarbonate solution (51.5 g NaHCO3/500 mL water) for 2 min. The 

coupons were briefly rinsed in deionized water and then acetone and quickly dried in a stream of 

air. The coupons were weighed three times using an analytical balance and the average weight 

was recorded as the starting weight. After incubation, the coupons were taken out and wiped 

clean with a non-scratching wipe. Coupons were again cleaned according to the NACE protocol 

and finally weighed three times. The weight loss (ΔW) was converted into a general corrosion 
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rate (CR, mm/year) by the following equation: CR = (87600 × ΔW)/(A × T × D) where A is the 

coupon surface area (cm2), T is the incubation time (hours), D is steel density (7.85 g/cm3) and 

87600 is the constant used to covert corrosion rates from mm/hour to mm/year. Weight loss 

occurring during the cleaning procedure was taken into account when calculating corrosion rates. 

 

5.3.6 XRD analysis of coupon scale 

During the incubation period, the surface of the coupons became covered in scale. 

Following incubation, the scale was gently scraped off using an autoclaved razor blade, kept 

anaerobic in a glove bag (90% N2, 10% CO2) and sent to DNX Inc., Calgary, AB, Canada for 

analysis. The crystalline component of the scale was analyzed using x-ray diffraction (XRD) 

using a Rigaku Miniflex instrument and iron K-alpha radiation. The diffraction pattern for each 

scale sample was compared to previously obtained patterns for standards. The fraction (wt/wt %) 

of each component is reported.   

 

5.4 Results 

5.4.1 Community analysis by 454 pyrotag sequencing 

The microbial community composition of the four different water samples was first 

discussed in Chapter 3 and is summarized in Figure 5-2. While the 4 samples were taken along 

the length of one piping system, the microbial communities within differed greatly. The roles of 

acetogenic bacteria and methanogenic bacteria in MIC in these field samples were described in 

detail in Chapter 3. This chapter will focus on the distribution of and roles in MIC played by 

members of the class Deltaproteobacteria. Of the Deltaproteobacteria, the genus Desulfurivibrio 

is found in a large proportion (23.52%) in the P-0866 sample, but is also found in small fractions 
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(0.03-0.08%) in the other samples.  The genus Desulfovibrio is found in 0.03-4.41% of the reads 

across all samples. The genus Desulfomicrobium is found in 0.08-5.43% of the reads in these 

samples. The genus Desulfocapsa only formed a very small fraction, 2.584% and 0.19%, 

respectively, of the community in the PW7 and P-0866 samples. However in the P-0866S and P-

0848S samples, downstream of the bisulfite addition, the genus Desulfocapsa was assigned to 

94.97% and 94.73% of pyrosequencing reads, respectively (Figure 5-2). 

 

5.4.2 Enrichments on sulfite 

Incubation of PW7 and P-0866S with sulfite and carbon steel coupons in CSBK medium 

resulted in the formation of iron sulfides, as evidenced by black precipitate formation (Figure 

5-3). This was seen in abiotic controls as well, however to a lesser extent. Sulfite metabolism 

was seen when PW7 and P-0866S were incubated with carbon steel coupons over a 60 day 

period (Figure 5-4). There was an 82.6% decrease in sulfite concentrations in PW7 incubation 

and a 62.2% decrease in the P-0866S incubation. In the abiotic controls, by comparison, the 

concentrations of sulfite decreased by 14.2%. As potential end products, concentrations of 

aqueous sulfide, sulfate and sulfur were measured. There was sulfide production seen in all 

incubations and the highest concentration was 0.137 ± 0.045 mM, after 49 days of incubation 

with PW7 (Figure 5-5A). Aqueous sulfide concentrations in all incubations decreased to near 

undetectable levels near the end of the incubation period (Figure 5-5A).  A maximum of 0.715 ± 

0.289 mg/L elemental sulfur was produced in the incubation with PW7 at day 14. In contrast, the 

concentration of elemental sulfur measured in P-0866S (0.142 ± 0.03 mg/L) was similar to that 

found in the abiotic control (0.0695 ± 0.0627 mg/L) (Figure 5-5B). Sulfate production was also 
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measured and it appeared to be produced in the samples, however trends were not discernable 

(Figure 5-5C).  

After the incubation, the coupon scale was analysed using XRD (Table 5-2). In 

incubations with field samples and in the control, the majority of the crystalline fraction of the 

scale was formed of siderite (65-85%). There was also vivianite seen in these incubations (4-

35%). Only the incubation containing PW7 contained iron carbonate hydroxide (15-25%). No 

iron sulfides were found. Weight loss corrosion rates for these incubations ranged between 0.011 

± 0.0011 mm/yr (PW7) to 0.013 ± 0.003 mm/yr (P-0866S), and were not significantly different 

from the abiotic control (0.0108 ± 0.0003 mm/yr) (Figure 5-6). 
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Figure 5-2 Microbial communities found in water samples before bisulfite addition (PW7, 

P-0866) and in samples after bisulfite addition (P-0866S, P-0848S), as determined by 454 

pyrosequencing. Only the 10 taxa found in greatest overall average abundance across all 

samples are shown.    
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Figure 5-3 Serum bottles containing CSBK medium, 10 mM sulfite and carbon steel 

coupons were inoculated with PW7 water sample, P-0866S water sample or with CSBK as 

an abiotic control. The formation of iron sulfide, evidenced by black precipitation, was seen 

in all cases. 

 

Figure 5-4 Sulfite concentrations over a 60 day incubation of field samples in CSBK 

medium in the presence of carbon steel coupons. Data represent the average results from 

two separate incubations. Error bars represent the standard deviation. 
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Figure 5-5 Sulfide (A), sulfur (B) and sulfate (C) concentrations for incubations of field 

samples in CSBK medium in the presence of carbon steel coupons. Data represent the 

average results from two separate incubations. Error bars represent the standard 

deviation. 
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Table 5-2 Composition of scale found on surfaces of coupons incubated in CSBK medium 

with sulfite, as determined by XRD analysis. All data are presented as a fraction (wt/wt %). 

Component Chemical Formula PW7 P-0866S Control 

Siderite FeCO3 70-80 65-75 75-85 

Iron carbonate hydroxide Fe2(OH)2CO3 15-25 --- --- 

Vivianite Fe3(PO4)2(H2O)8 4-8 25-35 10-20 

Unidentified --- --- --- 4-8 

 

 

Figure 5-6 General weight loss corrosion rates of carbon steel coupons incubated in CSBK 

medium containing sulfite, with either field sample PW7 or P-0866S. Incubation was for 60 

days at 30°C with shaking at 100 rpm. Each value is the mean of 2 replicates, each 

containing two coupons and error bars indicate the standard deviation. 
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5.5 Discussion 

5.5.1 Shift in microbial community composition 

Similar to the results of Park et al., (2011a), it is evident that bisulfite addition does 

influence the microbial community within the water-transporting pipeline systems of this SAGD 

site. This is comparable to work done on oilfields in Canada and in the Netherlands, where 

ammonium bisulfite injection also led to a microbial community change (Jack et al., 1994; van 

der Kraan et al., 2010). In the former case, bisulfite was correlated to an increase in culturable 

glucose-fermenting APB and lactate-utilizing SRB numbers while in the later case, the 

community shifted so that it was composed of thermophilic SRB of the genus 

Thermodesulfovibrio (Jack et al., 1994; van der Kraan et al., 2010). In the case presented here, 

the addition of sodium bisulfite led to microbial populations heavily dominated by organisms of 

the genus Desulfocapsa (Figure 5-2).  

Desulfocapsa are anaerobic, gram negative, autotrophic organisms of the class 

Deltaproteobacteria. They are able to grow chemolithotrophically through the disproportionation 

of inorganic sulfur compounds such as sulfur (S0), sulfite (SO3
2-) and thiosulfate (S2O3

2-) (Bak 

and Cypionka, 1987). Disproportionation is an inorganic fermentation where the sulfur-

containing compound acts as both electron donor and electron acceptor for energy generation 

and therefore microbial growth. When growing on sulfite, Desulfocapsa isolates have been 

shown to form sulfide and sulfate (Janssen et al., 1996; Finster et al., 1998): 

4SO3
2- + H+ " HS- + 3SO4

2- (ΔG = -58.9 kJ/mol). 

However it is also thermodynamically possible that these organisms disproportionate the sulfite 

to form elemental sulfur and sulfate: 

3SO3
2- + 2H+ " S0 + 2SO4

2- + H2O (ΔG = -62.3 kJ/mol). 
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This is an important consideration, as the formation of elemental sulfur is corrosive towards 

carbon steel infrastructure (Boden and Maldonado-Zagal, 1982; Schmitt, 1991).  

 

5.5.2 Microbial enrichment on sulfite 

The microcosm experiments were able to show that the microorganisms, identified using 

pyrotag sequencing, are able to grow on sulfite. While a stoichiometric conversion of sulfite to 

form elemental sulfur and sulfate was not seen, the formation of sulfur in the PW7 incubation, 

relative to the abiotic control was evident (Figure 5-4, Figure 5-5B). Therefore it would appear 

that sulfite disproportionation to form elemental sulfur and sulfate is a possibility. However, 

given the weight loss corrosion rates observed, it also appears that the formation of sulfur did not 

have an effect on steel corrosion as expected, since the corrosion rate of the PW7 incubation was 

similar to that of the abiotic control (Figure 5-6). This may be due to the steel coupon being 

passivated by iron sufides prior to the formation of sulfur. It is apparent from looking at the 

serum bottles (Figure 5-3) that iron sulfide production was abundant, so it is possible that 

reaction of the sulfide with the metal surface (passivation) did not allow for reaction of sulfur 

with the metal (Hemmingsen et al., 1992). The sulfur that was quantified (Figure 5-5B) was 

present in the liquid portions of the microcosms, and no crystalline sulfur was detected on the 

coupons using XRD (Table 5-2).  

While the majority of the solid products identified on the coupons were iron containing 

compounds, and therefore indicative of corrosion, they were not the iron sulfides that were 

expected (Table 5-2). Instead, the scale was composed of iron carbonates (siderite) or iron 

phosphates (vivianite) (Table 5-2). These were likely formed by precipitation of iron with 

components of the medium, since CSBK medium contains phosphate and was buffered using 
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bicarbonate (Table 5-1). Further enrichments of these organisms should be performed using field 

samples only instead of using a synthetic medium to combat precipitation of iron phosphates. 

Although iron sulfides were visible and elemental sulfur was quantified, precipitates of these 

compounds may have been amorphous in structure and therefore not detected by XRD. Future 

experiments should make use of other techniques such as electron-dispersive x-ray spectroscopy 

to identify potentially amorphous deposits. 

Sulfate was seen in the incubations early on, before a significant loss of sulfite or 

production of sulfur was seen. Therefore it is likely that the sulfate measured was a result of 

chemical sulfite oxidation. At day 15, sulfate concentrations in PW7 and P-0866S were close to 

0, and this is when sulfite degradation began. As sulfite is very quick to react with oxygen, future 

experiments should take care to measure sulfate together with sulfite.  

In this system, other MIC mechanisms could also be at play. The metabolic activity of 

Desulfocapsa may allow for growth of other MIC microorganisms. Sulfate, whether it be 

produced through chemical reaction of sulfite with oxygen or through the biological 

disproportionation of sulfite, could be used by SRB of the genera Desulfovibrio and 

Desulfomicrobium, found in this system (Figure 5-2). As well, the pipeline system also contains 

the genus Desulfurivibrio (Figure 5-2), an organism capable of dissimilatory elemental sulfur 

reduction to form sulfide. It is possible that in this system Desulfurivibrio is growing on sulfur, 

produced by Desulfocapsa. 

 

5.6 Conclusions and future research 

The injection of bisulfite into a water-transporting pipeline encouraged a microbial 

population that was able to ferment the bisulfite into sulfide and into elemental sulfur. 
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Desulfocapsa, a sulfite-disproportionating microorganism, became a major component of the 

microbial community in the system. Promoting the activity of Desulfocapsa has the potential to 

cause MIC problems downstream through the deposition of this elemental sulfur onto exposed 

steel surfaces and through the growth of other MIC-associated organisms. Therefore the 

recommendation made by Park et al. (2011a) holds true, and bisulfite should be dosed in 

accordance with measured oxygen concentrations in a given system and a bisulfite residual in the 

system should be avoided. Future experiments would test if SRB and sulfur-reducing organisms 

are active future downstream in the system and if this succession of microbial populations can be 

shown in laboratory experiments. It would also be of interest to isolate Desulfocapsa from this 

pipeline system to determine if this organism is capable of performing both types of sulfite 

dismutation (to sulfide and sulfate as well as to sulfur and sulfate) and to quantify conclusively 

the effect this has on corrosion. 
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Chapter Six: Microorganisms in pigging samples enhance MIC in the presence of sulfide 

6.1 Introduction 

MIC studies of pipelines tend to focus on easy-to-obtain aqueous samples (Jensen et al., 

2012). Water samples or oil-water mixture samples are often used to determine MIC occurring in 

individual pipelines. Furthermore, these liquid samples are also used for kill tests to determine 

the optimal dosage for biocides, as discussed also in Chapter 8, in order to stop MIC. However, 

MIC is likely influenced more by the organisms associated with pipeline solids; those that are 

growing in a sessile manner as biofilms (López et al., 2006; Jensen et al., 2012; Lenhart et al., 

2014). These biofilms, like those found in other environments, are generally more resistant to 

eradication (Harrison et al., 2005; Stewart, 2015). This may be why, despite the implementation 

of regimented use of chemicals such as biocides to constrain MIC, the problem still occurs. 

 

6.1.1 Pigging samples 

Pipeline surfaces, whether coated or metal, are quickly covered in surface deposits during 

pipeline use. Although surface deposits and microbial biofilms can play a role in pipeline coating 

breakdown (Reese et al., 2016), for this chapter, only surface deposits on metal will be discussed. 

As liquid, whether it is oil, water or a mixture, flows through a pipeline deposits may form a 

layer on the pipeline wall. These deposits can be defined as inorganic particles covered in an 

organic film (Jenneman et al., 2010). The inorganic particles can include proppant, formation 

sands or corrosion products such as iron sulfides. The organic fraction may consist of oil 

hydrocarbons, depending on the fluid transported by the pipeline, corrosion inhibitor chemicals 

and biofilms. These particles adhere strongly to each other and to the pipeline wall. Overall, 

these deposits are a thick, sticky, greasy, and generally malodorous substance.  
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The buildup of surface deposits causes serious problems because if the layer gets thick 

enough, it can plug the flow path. Since these particles adhere strongly to the surface, they are 

also difficult to clean. Finally, these deposits also play a role in corrosion. While a thin layer of 

organic solids on metal is generally protective against corrosion, thicker layers have the opposite 

effect. In particular, it is possible that the biofilms within the deposits may be involved in MIC. 

These deposits are regularly scraped off the pipeline surfaces using a pipeline inspection gage 

(PIG), through a process known as pigging. Pigging samples are therefore a great source of 

biofilm and can offer clues towards MIC mechanisms (Cote et al., 2014). This chapter will focus 

on deposits that were predominantly a mixture of microbial biomass and different iron sulfides. 

 

6.1.2 Methanogenic archaea and sulfide  

Sulfide production by SRB has many detrimental roles for petroleum production, 

discussed in Chapter 2. Sulfide increase in petroleum is a process known as souring, which can 

cause a loss in product values. Sulfide also causes problems related to safety, reservoir plugging 

and acts as a corrosive agent (Dowling et al., 1992; Gieg et al., 2011). Hydrogen sulfide is highly 

soluble in both water (H2S, HS-, S2-) and oil (H2S only) but can also occur in a gas phase (H2S). 

It is likely that under anaerobic conditions, hydrogen sulfide is removed by reacting with iron. 

Consequently, the corresponding anodic reaction, would have to accelerate, leading to the 

formation of solid iron sulfide (Little et al., 1992): 

H2S + Fe0 " FeS + H2   ΔG = -81.04 kJ/mole Fe0    [1]. 

The iron sulfides may be in the form of mackinawite (FeS), which is formed when the 

biologically-produced sulfide reacts with iron (Fe0) as shown in [1] (Herrera and Videla, 2009). 

Other forms of iron sulfide such as greigite (Fe3S4), pyrrhotite (Fe(1-x)S, where x= 0-0.2) or pyrite 
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(FeS2) may also be present (Herrera and Videla, 2009). Iron sulfide precipitate can actually 

decrease corrosion rates when it forms a uniform, continuous patina that covers the steel surface 

and acts as a passivating layer. This is because this solid coating prevents ferrous ions from 

leaving the surface of the metal, effectively limiting ferrous ion dissolution and therefore 

controlling corrosion.  

However, if the entire metal surface is not covered evenly, or if the iron sulfide coating 

breaks over time, iron sulfide formation will accelerate corrosion, through various mechanisms. 

Additional concentration corrosion cells will develop between the iron sulfide coating and the 

bare metal, leading to enhanced corrosion because iron sulfides can act as semiconductors.  

(Booth, 1964; Mara and Williams, 1972). Moreover, under anaerobic conditions, reaction of 

hydrogen sulfide with iron (Fe0) could lead to enhanced hydrogenotrophic microbial activity. 

Whereas high concentrations of aqueous sulfide are toxic towards many microorganisms, as iron 

sulfide precipitates out of solution, hydrogenotrophic organisms could potentially use the 

released hydrogen, seen in equation [1] for their metabolism. This is a potential MIC scenario 

that could occur in an oilfield system where field samples show a high risk of corrosion and 

contain high concentrations of sulfide, but culture-based testing and pyrosequencing surveys 

show an absence of the SRB that would have been expected. In such a situation, it is possible 

that instead of MIC caused by SRB, hydrogenotrophic methanogens present in the samples use 

the liberated hydrogen, shown in equation [1], to reduce carbon dioxide and produce methane 

and be involved in MIC. Equally possible, hydrogenotrophic acetogens could use the hydrogen, 

formed in equation [1], to produce acetate and contribute to corrosion. There is additional work 

required to show that in unique situations, SRB need not be present in order for sulfide to be 

indirectly involved in corrosion. 
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6.2 Objective 

The purpose of experiments described in this chapter was to test the metabolic activity of 

microorganisms found within pipeline associated biofilm samples and the ability of these 

organisms to influence corrosion mechanisms, particularly in the presence of sulfide.  

 

6.3 Methods 

6.3.1 Pigging sample PNG16 

Samples from an oilfield in Papua New Guinea (PNG) were taken in September 2013 and 

arrived at the University of Calgary in December 2013. One of these samples (PNG16) was a 

pigging solid sample from a water reinjection pipeline. This sample had both aqueous and solid 

fractions. The aqueous fraction had a pH of 6.8 and no sulfate was detected. The solid fraction of 

the sample was black in colour, presumably due to the presence of iron sulfides. Using a 

culturing method, the oil company found that SRB were present in this sample.  

 

6.3.2 Incubation of pigging sample 

Initial incubations of this sample were done to assess hydrogenotrophic methanogenic and 

acetogenic activity. The aqueous field sample (20 mL) was added to a 50 mL serum bottle under 

a headspace of (vol/vol) 90% N2 and 10% CO2. To this incubation, 5 carbon steel beads (each 

with a diameter of 3/32 inch, weighing 55 ± 0.2 mg), cleaned and pre-weighed as described 

previously in Chapter 5, were also added (Voordouw et al., 2016). The bottles were incubated at 

room temperature with shaking at 150 rpm. Acetate and methane concentrations were measured. 

A second incubation was done under similar conditions, but with a headspace of 80% (vol/vol) 
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H2, 20% CO2 and no carbon steel beads. Likewise, acetate and methane concentrations were 

measured. 

To test the role of iron sulfide in hydrogenotrophic microbial growth, all incubations were 

done in CSBK medium, described in Chapter 5, under an anaerobic headspace containing 90% 

N2 (vol/vol) and 10% CO2. To 15 mL of medium, in a 50 mL serum bottle, approximately 1 

gram of the pigging solid sample was added. The sample weight was not exact because the solid 

was firm and unbreakable. Five carbon steel beads (each with a diameter of 3/32 inch, weighing 

55 ± 0.2 mg), cleaned and pre-weighed as described previously in Chapter 5, were also added to 

each of the incubations (Voordouw et al., 2016). For a set of incubations, different 

concentrations (0, 0.25, 0.5, 1, 2, 4 and 8 mM) of sodium sulfide nonahydrate were added. The 

sodium sulfide nonahydrate solution was prepared anaerobically and kept in the dark at 4°C until 

use. Bottles were incubated at 30°C, with shaking at 100 rpm. Addition of sulfide to the serum 

bottles changed the colour of the carbon steel beads from silver to black. To another set of 

incubations, different concentrations (0, 0.25, 0.5, 1, 4, 8 and 16 mM) of iron sulfides were 

added. The iron sulfides were prepared anaerobically by adding a 1 M sodium sulfide 

nonahydrate solution to a 1 M ferrous chloride solution. The solution was filtered, dried 

overnight and kept anaerobic until use. Iron sulfides were black in colour and assumed to be 

mackinawite (FeS) for calculation purposes. Bottles were incubated at 30°C, with shaking at 100 

rpm. Following incubation, weight loss corrosion rates were measured. 
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6.3.3 Analytical methods 

6.3.3.1 Organic Acids 

To measure organic acid (acetate, lactate, propionate and butyrate) concentrations, an 

HPLC from Waters, model 515, equipped with a Waters 2487 model UV detector set at 220 nm 

and an organic acid column (250 × 4.6 mm, Alltech Prevail) eluted with 25 mM KH2PO4 of pH 

of 2.5 was used. Samples (1 mL) were centrifuged at 13300 rpm for 5 minutes, 300 µL of the 

resulting supernatant was acidified using 20 µL of 1 M H3PO4. 50 µL of this solution was 

injected into the HPLC and eluted at a flow rate of 0.8 mL/min. Organic acids were identified 

and quantified using 1 M stock solutions of each.  

 

6.3.3.2 Methane Measurements 

Methane gas was measured using a gas chromatograph (GC). 0.2 mL of the headspace of 

each incubation was sampled periodically using a syringe that had been flushed with (vol/vol) 

90% N2, 10% CO2 and injected into a Hewlett-Packard model 5890 GC at 150°C, equipped with 

a flame-ionizing detector set to 200°C and a stainless steel column (0.049 × 5.49 cm, Porapak R 

80/100, Supelco) held isothermally at 100°C. Methane was quantified by comparing peak area 

values with standards containing known methane concentrations.  

 

6.3.4 Next generation sequencing 

6.3.4.1 DNA isolation 

Liquid samples for genomic DNA isolation were filtered through a 0.2 µm nylon filter to 

collect biomass and the filters were frozen at -80°C. Solid samples were also frozen at -80°C. 

Genomic DNA was isolated using a bead-beating procedure, following the procedure laid out by 
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the manufacturer of the FastDNA Spin Kit for Soil (MP Biomedicals). DNA was eluted in 75 µL 

of 10 mM Tris-Cl pH 8.5 buffer. DNA concentrations were quantified using the Qubit 

Fluorometer and Quant-iT dsDNA HS Assay Kit (Invitrogen). 

 

6.3.4.2 Polymerase chain reaction 

Polymerase chain reactions (PCR) were done in 50 µL aliquots. All PCR were done using 

the TopTaq DNA Polymerase kit (Qiagen), and involved 5 µL of PCR buffer (10x, containing 

Tris.Cl, KCl, (NH4)2SO4 and 15 mM MgCl2), 10 µL of Q buffer (5x), 4 µL  MgCl2 (25 mM), 1 

µL deoxynucleotide triphosphates (dNTPs) (2.5µM), between 0.5-1 µL of each primer (see 

Section 6.3.4.5) (20 pM), 0.25 µL of TopTaq DNA polymerase (5units/ µL) and topped up to 50 

µL total volume using water. PCRs were typically 25 cycles or 10 cycles. 

 

6.3.4.3 Gel electrophoresis 

Gel electrophoresis was used to check the presence and purity of PCR amplicons. Each 

DNA sample (2 µL) was mixed with 2 µL of gel loading dye (2x) and mixed. This was loaded 

into each well in a 1.5% agarose gel. Once loaded, the gel was run at 90 V for 30 min. Gels were 

visualized by staining gel with 2 µL of ethidium bromide (10 mg/mL) or by adding 3 µL of 

SYBR safe DNA gel stain (10 000x in DMSO). Gels were imaged using a UV illuminator. 

 

6.3.4.4 Purification of PCR products 

PCR products were cleaned and purified using the QIAquick PCR Purification kit 

(Qiagen), following manufacturer protocol. Amplicons were eluted in 30 µL of buffer (10 mM 

Tris-Cl, 1 mM EDTA, pH 8).  
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6.3.4.5 Community Analysis by 454 Pyrosequencing 

The V6-V8 regions of the 16S rRNA genes were amplified using a two-step PCR 

amplification, as described above. The first step (30 cycles) was done using 16S rRNA primers 

926F (AAACTYAAAKGAATTGRCGG) and 1392R (ACGGGCGG TGTGTRC). These 

primers are suitable for the amplification of both bacterial and archaeal DNA. The second 

amplification step (10 cycles) used the first PCR product as a template and was done using FLX 

titanium amplicon primers 454_RA_X (primer 926F with a 25-nucleotide A-adaptor sequence: 

CGTATCGCCTCCCTCGCGCCATCAG and a 10 nucleotide multiplex identifier barcode 

sequence) and 454T_FwB (primer 1392R with a 25-nucleotide B-adaptor sequence: 

CTATGCGCCTT GCCAGCCCGCTCAG). The final 16S rRNA PCR amplicons were 

confirmed using agarose gel electrophoresis and subsequently purified and quantified. 

Amplicons were sent to Genome Quebec and McGill University Innovation Centre (Montreal, 

QC) for 16S rRNA pyrosequencing.  

Analyses of data were done with the Phoenix2 software package, where data were 

subjected to stringent quality control (QC) checks (Soh et al., 2013). This included matching 

primer sequences, matching adaptor sequences, and removing chimeric sequences. Phoenix2 

used a cut off quality score of 27 for each sequence and a minimum length of each sequence of 

200 base pairs (Kunin et al., 2010; Schloss et al., 2011). The remaining QC sequences were 

clustered into operational taxonomic units (OTUs) using average neighbour clustering at a 

distance of 5%. OTUs that contained less than 0.01% of total QC reads were filtered out. Each 

remaining OTU was subsequently assigned to a taxon by comparison with the non-redundant 

16S rRNA small subunit SILVA database, release 108, using RDP classifier (SSU ref NR 108; 

http://www.arb-silva.de/no_cache/ download/archive/release_108/Exports). A tree dendrogram 
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was formed using the unweighted pair group method algorithm (UPGMA), where distances 

between communities was calculated using the Bray-Curtis coefficient in the Mothur software 

package (Schloss et al., 2009). The tree dendrogram was visualized using the MEGA4.2.2 

program (Tamura et al., 2011). 

 

6.4 Results 

The sulfide concentration in the aqueous fraction of the field sample was 0.02 mM and the 

aqueous acetate concentration was 0.29 mM. The community composition of the sample was 

analyzed using 454 pyrotag sequencing and this revealed a community containing 

hydrogenotrophic organisms (Table 6-1). In particular, the community contained 

Methanohalophilus (7.5%), Desulfovibrio (3.2%), Methanolobus (2.8%) and Acetobacterium 

(2.1%). Overall, the sample was dominated by the genus Pseudomonas, which comprised 42.2% 

of all reads and the genus Escherichia, which covered 7.7% of all pyrotag reads. When this field 

sample was incubated anaerobically (90% N2, 10% CO2) with carbon steel, methane production 

was seen. However, when this sample was incubated with a headspace containing 80% (vol/vol) 

H2, 20% CO2 and no carbon steel beads, no methane production was seen. Instead, the 

production of 10.5 mM acetate was quantified. The initial pyrotag sequencing survey and the 

incubations showed that the sample had potential for both methanogenic and acetogenic 

microbial activity (Table 6-1: Methanolobus, Methanohalophilus and Acetobacterium, 

respectively).  

When the PNG16 field sample was incubated with different concentrations of aqueous 

sulfide and carbon steel, acetate was formed in all incubations (Figure 6-2). Acetate (0.46 mM) 

was seen in the incubation containing steel but no sulfide. The maximum concentration of 
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acetate (1.49 mM) was seen in the incubation where 8 mM sulfide was added. These values were 

all increased compared to the original sample that was incubated without any steel, where 0.33 

mM acetate was quantified at the end of the incubation. Methane production was only seen when 

4 mM sulfide was added (Figure 6-1). Corrosion rates were measured from metal weight loss. 

The lowest corrosion rate (0.001 mm/year) was seen when no sulfide was added and the highest 

corrosion rate (0.029 mm/year) was seen when 4 mM sulfide was added (Figure 6-3).  

The microbial communities within the incubations containing 0 mM sulfide and 4 mM 

sulfide were compared to the community of the control (no sulfide, no carbon steel) (Figure 6-4). 

Only 0.69% and 1.14% of pyrosequencing reads belonged to the genus Methanocalculus in the 

control incubation and the 0 mM sulfide incubation, respectively. The population in the 

incubation with 4 mM sulfide, by contrast, contained 17.31% Methanocalculus. The genus 

Methanolobus was found in a relatively large proportion (9.32-29.79%) of all three incubations, 

as was the genus Desulfovibrio (5.18-9.28%). The proportion of reads belonging to the genus 

Acetobacterium was higher in the 0 mM sulfide incubation (37.27%) than in either the 4 mM 

sulfide incubation (4.19%) or the control incubation (5.61%). 

In the set of incubations containing solid iron sulfide, methane production was only seen 

when 16 mM FeS was added to the system (Table 6-2). The highest concentrations of acetate 

were seen in incubations with 8 mM iron sulfide (0.78 mM) and 16 mM iron sulfide (1.05 mM) 

(Table 6-2). Corrosion rates for these incubations were very low and ranged from 0.0007 

mm/year to 0.0062 mm/year (Table 6-2). 

 

 

 



 

 126 

Table 6-1 Microbial communities found in pigging sample (PNG16) from a water 

transporting pipeline were analyzed by pyrosequencing. All taxa are resolved to the genus 

level, except where indicated. Only the taxa found in greatest overall abundance are shown.  

Taxon Fraction (%) of Total Reads 

Pseudomonas 42.2 

Escherichia 7.7 

Methanohalophilus 7.5 

Achromobacter 5.1 

Stenotrophomonas 3.5 

Class Xanthomonadaceae 3.4 

Desulfovibrio 3.2 

Methanolobus 2.8 

Thermoanaerovibrio 2.5 

Soehngenia 2.4 

Acetobacterium 2.1 

Other 17.6 
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Figure 6-1 Methane production as a result of PNG16 incubation with carbon steel beads 

and different concentrations of sodium sulfide (0, 0.25, 0.5, 1, 2, 4 and 8 mM). Incubations 

were done in CSBK medium under a headspace of 90% N2 (vol/vol), 10% CO2. Each value 

is the mean of 2 replicates and error bars indicate the standard error of the mean. 

 

Figure 6-2 Acetate production as a result of sample PNG16 incubation with carbon steel 

beads and different concentrations of sodium sulfide (0, 0.25, 0.5, 1, 2, 4 and 8 mM). 

Incubations were done in CSBK medium under a headspace of 90% N2 (vol/vol), 10% CO2. 

Each value is the mean of 2 replicates and error bars indicate the standard error of the 

mean. 
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Figure 6-3 Weight loss corrosion rates of carbon steel beads that were incubated with 

pigging solid sample PNG16 in CSBK medium, under a headspace of 90% N2 (vol/vol), 

10% CO2 and different concentrations of sodium sulfide. Each value is the average of 2 

replicates, each containing 5 beads and error bars represent the standard error of the 

mean.  
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Figure 6-4 Microbial communities determined by 454 pyrotag sequencing when pigging 

sample (PNG16) from a water transporting pipeline was incubated in CSBK medium with 

4 mM sulfide and carbon steel beads (A), no sulfide and carbon steel beads (B) or no sulfide 

and no carbon steel beads (C). Only the 6 taxa found in greatest overall abundance are 

shown. 
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Table 6-2 Pigging sample PNG16 was incubated in CSBK medium with different 

concentrations of iron sulfide (FeS), in the presence of 5 carbon steel beads. Final methane 

and acetate concentrations are presented, along with weight loss corrosion rates. 

Iron Sulfide 
(mM) 

Final Methane  
(µM) 

Final Acetate  
(mM) 

Corrosion Rate  
(mm/year) 

0 9.37 0.12 0.0009 

0.25 5.32 0.13 0.0011 

0.5 8.31 0.25 0.0033 

1 4.84 0.05 0.0004 

2 3.97 0.10 0.0061 

8 9.05 0.78 0.0007 

16 731.94 1.05 0.0062 
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6.5 Discussion 

6.5.1 Microbial growth in the presence of iron sulfide 

With an increasing addition of sulfide (between 0-4 mM sulfide), an increase in corrosion 

rates was seen (r=0.92, n=6) (Figure 6-3). This correlation may be simply due to the chemical 

corrosivity of sulfide. However, the microbial activity seen when sulfide was added (Figure 6-1, 

Figure 6-2) could be by the production of hydrogen as a result of the reaction of sulfide with iron 

[1]. According to the mechanism proposed by King and Miller for SRB corrosion, as iron sulfide 

is deposited on the surface of a metal, the iron sulfide becomes the new cathode with respect to 

the corrosion cell (King and Miller, 1971, 1977). Since FeS deposits are now the cathode, 

electrons must go from the anodic site, which is the metal (Fe0), to the iron sulfides. Protons (H+) 

from the electrolyte would then be reduced with these electrons and form hydrogen (H2). In this 

mechanism, King and Miller proposed that the SRB would benefit from the resulting H2, for use 

as an electron donor. Researchers, who have found a correlation between iron sulfide in soil 

samples where SRB are present and measured corrosion rates, have attributed the pattern to this 

mechanism (Jack, 2002). This could hold true for this study as well, if sulfate had been added, in 

which case the SRB identified using culturing and molecular methods may have used the H2. 

Instead, this study has shown that in the absence of added sulfate, hydrogenotrophic 

methanogenic archaea can also take advantage of this H2 and use it to reduce carbon dioxide to 

methane.  

 

6.5.2 Microbial activity inside a pipeline 

In this experiment, abiotic sulfide was added to the serum bottle systems. However inside 

a pipeline the sulfide may be produced by SRB and have downstream effects. In the pigging 
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sample PNG16, the microbial community was diverse and contained all three of 

hydrogenotrophic, sulfide-producing SRB, hydrogenotrophic methanogens and 

hydrogenotrophic acetogens (Table 6-1). Therefore, in such a system, the SRB could produce 

sulfide, which may react with iron to form iron sulfide (Figure 6-5). This would result in 

hydrogen formation, as depicted in Figure 6-5. This hydrogen could be used by methanogens, 

shown in Figure 6-5, such as the genus Methanocalculus that was enriched in this study (Zhang 

et al., 2003).  

 

 

Figure 6-5 MIC mechanism involving methanogenic archaea in the presence of sulfide. 

Sulfate-reducing bacteria (SRB) use a variety of substrates (acetate is shown) as electron 

donor to reduce sulfate and produce sulfide (HS-). This sulfide precipitates with ferrous 

iron (from the dissolution of iron, Fe0, in steel) to give iron sulfide (FeS) precipitates. This 

reaction releases hydrogen (H2) that can now be used by hydrogenotrophic organisms 

(methanogens are shown). 
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Incubation of the PNG16 sample with a high concentration of sulfide (16 mM) inhibited 

methanogenic activity but allowed acetogenic activity instead. Therefore it is possible that in this 

case, the methanogen in Figure 6-5 is replaced by an acetogenic bacterium. This is entirely 

conceivable, given that the original community contained the hydrogenotrophic acetogen, 

Acetobacterium (Table 6-1).   

 

6.5.3 Biofilms in MIC research 

Biofilms inside pipelines are similar to those in other environments where they consist of 

cells adhering on to a surface, surrounded by an extracellular polymeric substance (EPS). In a 

pipeline, the EPS matrix likely also contains components that play a role in electron transfer 

between the biofilm components and the microbial cells (Little and Ray, 2002; Hamilton, 2003). 

While it has been shown that the usual method of using planktonic samples to represent biofilm 

microorganisms is good for a closed system (Lenhart et al., 2014), biofilm samples should be 

obtained for MIC research, whenever possible. For this study we found that a pigging solids 

sample harbours microorganisms that are associated with MIC and which are likely present as 

biofilms. SRB, methanogens and acetogens were all found in this sample, showing that these 

organisms were present and active. Therefore, biofilm samples can be used to understand MIC 

mechanisms and for optimizing biocide dosage for inhibiting MIC (Jensen et al., 2012).  

 

6.6 Future studies 

When the microbial population of the original field sample was assessed, 7.7% of 

pyrosequencing reads were assigned to the genus Escherichia (Table 6-1), which is generally not 

considered indigenous to oil reservoirs. The large representation of this bacterium may be caused 
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by contamination of the sample. The experiment should be repeated using field samples that 

have been correctly sampled and handled. Furthermore, although this sample did show activity, 

the experiment should also be repeated with a sample that shows a higher propensity to produce 

methane and/or acetate, to better gauge the effects of sulfide addition. 

The experiments where solid iron sulfide was added to aqueous medium can be improved. 

Upon visual inspection during the incubation period, the iron sulfide particles did not contact the 

carbon steel beads in all cases. It is possible that in such instances, the iron sulfide had little to no 

effect on the MIC activity in these incubations, which may explain the very low weight loss 

corrosion rates that were measured.  

Lastly, although using pigging solid samples from a pipeline is a step in the right direction 

towards accurately elucidating MIC mechanisms, biofilms are very heterogeneous. Therefore in 

the case of pigging samples where a large portion of a pipeline is scraped and the scrapings are 

collected together, one is still limited to doing a bulk analysis of the pipeline system. Thus it is 

still difficult to pinpoint the microbial community associated with a pipeline failure. Therefore 

MIC studies using biofilm samples should be combined with other forms of corrosion 

monitoring, such as inline pipeline inspection tools, for best corrosion management practices. 
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Chapter Seven: The effect of microbial sulfur cycling on corrosion  

7.1 Introduction 

7.1.1 Biogeochemical sulfur cycle 

Sulfur cycling is an important biogeochemical cycle in many environments. It involves 

the transformation of sulfur through eight possible valence steps; from its most reduced form at -

2 to its most oxidized form at +6 (Figure 7-1). The oxidation and reduction reactions of the 

inorganic sulfur cycle, like other biogeochemical cycles, is driven in a large part by 

microorganisms (Aneja et al., 1982; Lomans et al., 2002; Madigan and Martinko, 2006). Due to 

this role of microorganisms, the sulfur cycle is also linked with carbon, nitrogen and iron cycling 

(Lomans et al., 2002; Madigan and Martinko, 2006; Middelburg, 2011). 

The sulfur cycle has both an oxidative side and a reductive side. Sulfate and elemental 

sulfur, on the reductive side, are used for assimilatory and dissimilatory purposes (Figure 7-1). 

The most notable example is SRB that reduce sulfate to sulfide within marine environments 

(Jørgensen, 1982; Muyzer and Stams, 2008). On the oxidative side, reduced sulfur compounds, 

such as sulfide or elemental sulfur, serve as electron donors for anaerobic photolithotrophic 

growth and chemolithotrophic growth, under aerobic and anaerobic conditions (Figure 7-1). This 

chapter will discuss both sides of this cycle and how it plays a role in corrosion, through the 

production of corrosive intermediates or through the production of intermediates capable of 

interacting with metals to form corrosion products. 
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Figure 7-1 Sulfur cycle mediated by microbial activity. 

 

 

1.1.1 Corrosivity in seawater environments 

Since the ocean is a large reservoir abundant in aqueous sulfate and sedimentary sulfate-

containing minerals such as gypsum (CaSO4•2H2O), metal sulfides and elemental sulfur, the 

sulfur cycle is very important in this environment. Seawater has a complex chemical composition 

so there are many different factors that play a role in sulfur cycling and the phenomenon of 

corrosion. Seawater is generally classified as being corrosive and this is partly due to its 

abundance of electrolytes, as the average salinity of seawater is 3.5%. This means that the high 

conductivity affects the passivating oxide layers that form on metal surfaces submerged in 
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seawater. Chloride ions can easily disrupt protective oxide layers on steel and initiate pitting 

corrosion (Isaacs, 1989). Additionally, the high concentration of sulfate (28 mM) in seawater can 

be used by SRB for growth (Enning and Garrelfs, 2014). Lastly, the presence of dissolved 

oxygen in seawater allows for corrosion concentrations cells to form on metal surfaces.  

 

7.1.3 Background  

The link between sulfur cycling and corrosion was studied using field samples that arrived 

in two batches. The first sampling site was a floating, production, storage and offloading (FPSO) 

unit being operated by conventional produced water reinjection (PWRI), to produce oil and gas 

in the North Sea. In this production process a mixture of petroleum and water is produced from 

an oilfield located beneath the seafloor. This mixture is separated and the water is reinjected into 

the oil reservoir along with extra water and this process is called PWRI. To ensure there is 

sufficient water pressure to produce oil, the FPSO uses seawater and has the ability to inject 55 

000 barrels (159 L/barrel) of water per day (Mand et al., 2014b). Therefore there is a lot of 

sulfate-containing water being injected and the site has previously had high corrosion rates and 

high numbers of SRB have been found during routine monitoring.  

From this site, produced water (PW) and PWRI samples (1.4 L each) were sampled in 

November 19, 2012 in to plastic bottles filled to the brim to exclude air (Figure 7-2). Two 

pigging solid samples (PIG1 and PIG2), sampled from a low velocity, water-transporting 

pipeline were shipped at the same time, in plastic bottles under a N2 atmosphere (Figure 7-2). 

Once these arrived the samples were subjected to chemical and microbial analysis. 

The sulfate concentration in the PWRI sample was 26.8 mM, which is greater than that of 

the PW sample (1.74 mM) (Mand et al., 2014b). These values suggested that microbial sulfate 
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reduction was occurring within the reservoir. The PW sample also contained organic acids such 

as acetate (240 ppm) and propionate (30 ppm), which could be used as electron donors for SRB 

growth. The two pigging solid samples showed relatively high counts of lactate-utilizing SRB 

(104-108 cells/g solid), which implies that these samples had a higher potential for SRB mediated 

biocorrosion than the water samples, which had lower counts (101-102 cells/mL) (Mand et al., 

2014b). 

The corrosion rates of the PW and PWRI samples were measured using linear polarization 

resistance (LPR) (Appendix C, Figure C-1). LPR corrosion rates were not measured for the PIG1 

and PIG2 samples, as these were solid/sludge samples. Corrosion rates for the PW (0.46 ± 0.16 

mm/year) and PWRI (0.30 ± 0.04 mm/year) samples were not significantly different than that of 

0.5 M NaCl control (0.415 mm/year), which suggested that the field samples were as chemically 

corrosive as seawater. This test did not offer clues towards corrosivity caused by microbial 

activity.   

 Corrosion rates were then determined using the weight loss method, where coupons were 

incubated with field samples for 2 months under conditions of potential microbial growth. The 

corrosion rates obtained following this method were significantly lower (0.0025-0.0045 

mm/year) than the LPR derived corrosion rates. Furthermore, they were not different from the 

corrosion rate of the abiotic control (0.003 mm/yr). Both corrosion tests suggest that the 

corrosion damage witnessed in the field is not easily replicable with laboratory testing (Mand et 

al., 2014b).  

 454 pyrosequencing of these samples revealed several groups of microorganisms that 

could be associated with MIC. The SRB that were identified using culture-based testing were 

also identified using this DNA-based method, where an abundance of the genus Desulfovibrio 
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was seen. This SRB is a lactate- and/or H2- oxidizer. Other SRB such as the genus Desulfobacter 

were also identified. Desulfobacter are different because these SRB require acetate as an electron 

donor, which is found in these samples. Also found in the PWRI sample were the genera 

Arcobacter, Sulfurimonas and Sulfurospirillum, which are sulfide-oxidizing bacteria. Lastly, an 

abundance of the organism Desulfuromonas was identified in the samples. This group of 

microbes is capable of sulfur reduction often with acetate as the electron donor (Vandieken et al., 

2006). Consequently, it was hypothesized that when anaerobic sulfide-containing PW (where 

SRB are abundant and active) is mixed with poorly deoxygenated seawater for PWRI, this leads 

to the stimulation of sulfide-oxidizing bacteria, which form elemental sulfur. The sulfur is then 

reduced to sulfide by sulfur-reducing bacteria. This sulfur cycling forms corrosive sulfide and 

sulfur compounds and may be contributing to corrosion at this oil and gas production site (Fang 

et al., 2008, 2011).  
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Figure 7-2 Simplified field diagram of a floating production storage and offloading (FPSO) 

vessel that enables produced water reinjection (PWRI). The samples received are shown in 

colour and these include a produced water (PW) sample, a PW reinjection (PWRI) sample, 

and two pigging solid samples, labeled PIG1 and PIG2 from a water-transporting pipeline. 
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7.1.4 Objective 

In 2014, a second set of samples was received. The samples were taken from an onshore 

storage terminal for crude oil. This terminal is located on the Cromarty Firth, Scotland, and 

receives produced oil and water from the offshore Beatrice field via pipelines and from third 

parties via tankers. The produced fluids have already been separated into oil and water offshore. 

The water is brought to this facility so it can be cleaned and discharged back into the ocean. 

There is a significant quantity of water present at this site as a result of the low production rates 

and because of the need to ensure continuous flow within the pipelines and this has led to a high 

MIC threat.  

The goal for these samples was to analyze the potential for biocorrosion. This included 

analysis of ions and organic acids, corrosion rate determinations, assessment of microbial 

activity and microbial community characterization. 

 

7.2 Methods 

7.2.1 Sample collection 

Water from the onshore oil terminal was sampled in sterile bottles, filled to the brim to 

exclude oxygen. One sample was taken from where water was brought onshore via a pipeline 

and was labelled Pipeline Inlet. Two samples were taken where the water was processed and 

were labelled Dehydrator Outlet and Ballast Tank. One sample was taken from a large settling 

basin where water is kept before it is discharged and this was labelled Pumpout Lagoon (Figure 

7-3). Temperatures of the water samples were taken upon sampling and these ranged between 

13-22°C and therefore samples were shipped at ambient temperature (Table 7-2). The four 

samples arrived at the University of Calgary on June 5, 2014. All samples were held in an 



 

 142 

anaerobic hood with an atmosphere of (vol/vol) 90% N2 and 10% CO2. Water chemistry of the 

samples was determined and previously reported (Table 7-2) (Mand et al., 2016).  

 

 

 

  

Figure 7-3 Simplified field diagram of the onshore oil terminal for oil and water separation. 

Samples are shown in colour and are labelled Pipeline Inlet, Dehydrator, Ballast Tank and 

Pumpout Lagoon. Figure from Mand et al., 2016. 
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7.2.2 Weight loss corrosion testing of field samples 

Each water sample (15 mL) was added to 50 mL serum bottles under a headspace of 

(vol/vol) 90% N2, 10% CO2. These were incubated at 32°C at 100 rpm for 7.5 weeks in the 

presence of a carbon steel coupon (1x2x0.1 cm), prepared as described in Chapter 5. Following 

the same protocol, weight loss corrosion rates were measured at the end of the incubation period.  

 

7.2.3 Microbial activity testing 

Artificial sea water (ASW) medium (15 mL), Table 7-1, without sulfate was amended 

with appropriate electron donors and electron acceptors and subsequently inoculated with 0.75 

mL of each of the different water samples (5% inoculum) and incubated at 30°C for 6 weeks. 

SRB activity (CH3COO- + SO4
2- + 2H+ " 2CO2 + HS- + 2H2O) was measured in tubes 

containing 10 mM acetate and 10 mM sulfate. Activity of oxygen-reducing sulfide oxidizing 

bacteria (ORSOB) (2H+ + O2 + 2HS-" 2S0 + 2H2O) was assessed in tubes containing 10 mM 

sulfide and a headspace containing 10 mM oxygen. Nitrate-reducing, sulfide-oxidizing bacteria 

(NRSOB) were enriched (NO3
- + HS- + H+ " NO2

- + S0 + H2O) in medium containing 10 mM 

sulfide and 10 mM nitrate. To evaluate the presence of sulfur-reducing bacteria (S0RB), ASW 

was amended with 3 mM VFA (a mixture of acetate, propionate and butyrate) and elemental 

sulfur crystals (0.13% wt/vol). With acetate as the energy source, this reaction would be as 

follows: 2H2O + 4S0 + CH3COO- " 2CO2 + 4HS- + 3H+. To measure the activity of sulfur-

oxidizing bacteria (S0OB) activity (H2O + S0 + 1½O2 " SO4
2- + 2H+), elemental sulfur crystals 

(0.13% wt/vol) were added along with 10 mM oxygen to the headspace. Finally, to measure the 

activity of sulfur disproportionating bacteria (SDB), only elemental sulfur (0.13% wt/vol) was 

added to ASW (4S0 + 4H2O " 3HS- + SO4
2- + 5H+).  
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Table 7-1 Artificial seawater (ASW) medium using for the cultivation of microbial 

communities. pH of medium was adjusted to 7.2-7.4. 

Compound (g/L deionized water) 

NaCl 24 

MgCl2•6H2O 11 

Na2SO4 4 

CaCl2•6H2O 2 

KCl 0.1 

H3BO3 0.03 

NaF 0.003 

NH4Cl 0.002 

Na3PO4 0.001 

Trace Elements solution1 1 mL 

1 M NaHCO3
2 30 mL 

1 Trace Elements solution, described in Chapter 5, was added to medium after autoclaving. 

2 This solution was also added to medium after autoclaving. 
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7.2.4 Microbial activity testing with carbon steel 

To assess microbial activity in the presence of carbon steel, incubations described above 

were repeated with the addition of steel coupons. Anaerobic ASW without sulfate (15 mL) was 

dispensed into 25 mL Balch tubes, each containing one carbon steel coupon (1x2x0.1 cm), 

prepared as described in Chapter 5. These were amended with appropriate medium components, 

as described above. These tubes were inoculated with 0.75 mL of each field sample (5% 

inoculum) and incubated at 30°C for 6 weeks on a rocker. These were sampled periodically using 

a syringe pre-flushed with N2-CO2, and used for chemical analyses. Following incubation, 

weight loss corrosion rates were measured, as described in Chapter 5. 

 

7.2.5 Sulfur cycling and corrosion 

To mimic all sulfur cycling reactions in a single system, 18 Balch tubes (25 mL) were 

filled with 15 mL ASW medium, without sulfate under an atmosphere of (vol/vol) 90% N2 and 

10% CO2, with one carbon steel coupon each (Table 7-1).  The tubes were then amended with 10 

mM sulfate and 10 mM acetate. These were subsequently inoculated with 0.75 mL of a mixture 

of all 4 water samples from the onshore terminal site (5% inoculum). These tubes were incubated 

in the dark at 30°C, on a rocker. The tubes were periodically sampled and sulfur cycling was 

mimicked (Figure 7-4). When complete sulfate reduction had occurred, and therefore the tubes 

contained ~10 mM sulfide, 10 mM oxygen was added to the headspace of 12 tubes (to enrich 

ORSOB), 3 of the tubes were exposed to light (to enrich green sulfur bacteria (GSB)) and 3 tubes 

were left alone. Of the 12 tubes that were subjected to sulfide oxidation, 10 mM additional 

oxygen was added to 3 (to enrich S0OB), 10 mM acetate was added to 3 (to stimulate S0RB) and 

6 were not amended (to stimulate SDB). All tubes were periodically sampled to measure electron 
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donor, electron acceptor concentrations or dismutation product. There were two additional tubes 

that acted as abiotic controls for each step. At the end of the experiment, weight loss corrosion 

rates were measured as described in Chapter 5. Tubes were also sampled to isolate biomass to 

measure microbial community changes using 16S rRNA amplicon sequencing using the Illumina 

MiSeq, described below. 

 

 

Figure 7-4 Schematic showing the methods for the sulfur cycling experiment. All 

incubations originally enriched for SRB under anaerobic conditions. Different substrates 

were added at different time intervals to enrich for different sulfur cycle organisms.  

 

7.2.6 Analytical methods 

Gaseous oxygen concentrations were measured using an Agilent 7890A gas 

chromatograph (GC) equipped with a thermal conductivity detector and a HP-Plot/Q capillary 
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column (30 m x 0.3 mm x 0.25 µm). Headspace (100 µL) was sampled from incubations and 

injected into the GC, with the oven set to 80°C, the inlet set at 250°C and the detector set to 

200°C. Helium was used as the carrier gas/mobile phase and each run lasted 5 min. Oxygen was 

identified and quantified by analyzing known concentrations of oxygen standards. 

Sulfate concentrations were measured as described in Chapter 5. The same method was 

used for nitrate and nitrite concentrations, but these were detected with a UV detector. Acetate 

was measured as described in Chapter 6. Sulfide was detected using a colourimetric assay and 

sulfur was detected using liquid chromatography, both described in Chapter 5.  

 

7.2.7 Community analysis by 454 pyrosequencing and Illumina sequencing 

Field samples (200 mL) were filtered through a 0.2 µm filter to isolate biomass upon 

arrival in Calgary for use in molecular work. The DNA extraction protocol used was described in 

Chapter 6. 454 pyrosequencing was performed as described in Chapter 6. 

Samples (3 mL) from each incubation from the sulfur cycle experiment was centrifuged 

at maximum speed to isolate biomass. No changes were made to the DNA extraction protocol. 

As with the 454 pyrosequencing platform, the V6-V8 regions of the 16S rRNA genes were 

amplified using a two-step PCR amplification for Illumina sequencing. The first PCR step (25 

cycles) is done using a forward primer with an overhang adapter (5’-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-[926 Fw primer sequence]-3’) and a 

reverse primer with an overhang adapter 

(5’GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-[1392 R primer sequence]-3’). 

Sequencing of amplicons requires overhang adapter sequences that are compatible with the 

Illumina index and sequencing adapters. The second step PCR amplification (8 cycles) attaches 
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dual-index barcodes and Illumina sequencing adapters using the Nextera XT Index Kit. All PCR 

amplification steps were done using the ThermoScientific Mastermix, which contains 0.05 units 

of Taq DNA polymerase per uL reaction buffer, 4 mM MgCl2 and 0.4 mM of each dNTP. PCR 

amplification was as follows: denaturation at 95°C for 5 minutes, followed by 25 cycles with an 

initial step at 95° for 45 seconds, an annealing step at 55°C for 2 minutes and an elongation step 

at 72°C for 2 minutes, and then a final extension step at 72°C for 10 minutes. Once PCR 

products were confirmed, the second amplification was done. 

 Final 16S rRNA PCR amplicons were confirmed using agarose gel electrophoresis, 

purified using the Zymo Research Select-A-Size DNA Clean and Concentrate Kit and quantified. 

Amplicon DNA was normalized to 2 ng/µL and sequenced using the MiSeq sequencer with the 

Miseq Reagent Kit V3. 

After sequencing, the paired end reads were merged using Paired-End reAd mergeR 

(PEAR) (Zhang et al., 2014). Reads were subsequently analyzed using MetaAmp Version 1.3 

(http://ebg.ucalgary.ca/metaamp/). This pipeline ensures that the read pairs overlap by a 

minimum of 50 basepairs and allows for one mismatch within this overlap region. The reads 

undergo a quality control step where any reads that do not match the primer sequence are 

removed, reads that contain more than one nucleotide error are removed, and the amplicons are 

normalized by trimming them to 400 basepairs each. The OTUs, based on a 3% cut off, are 

assigned a taxonomic classification by comparison to the SILVA database, version 123. 
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7.3 Results 

7.3.1 Sample chemistry 

The chemical makeup of the tested samples has been discussed previously (Mand et al., 

2016), and is also summarized in Table 7-2. The samples had high conductivity levels (46.2-55.7 

mS/cm), which match that of seawater and had high sulfate concentrations (12.9-21.4 mM). 

These samples also had measurable concentrations of dissolved sulfide (0.0066-0.5872 mM) 

(Table 7-2). There was some organic carbon in the form of acetate in the samples (0.03-0.11 

mM). Small amounts of elemental sulfur were also detected (1.75-2 mg/L) (Table 7-2). 

 

7.3.2 Weight loss corrosion rates 

Corrosion rates obtained when using the weight loss method for the Pipeline Inlet (0.004 

± 0.0 mm/year) and Dehydrator Outlet (0.002 ± 0.0001 mm/year) samples were not significantly 

different from the abiotic control (0.003 ± 0.0005 mm/year) (Figure 7-5). Corrosion rates for the 

Ballast Tank (0.019 ± 0.013mm/year) and Pumpout Lagoon (0.018 ± 0.012 mm/year) samples 

were higher (Figure 7-5). 
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Table 7-2 Chemical characteristics of field samples. 
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Figure 7-5 General weight loss corrosion rates of carbon steel coupons incubated in field 

samples. Incubation time was 7.5 weeks at 30°C with shaking at 100 rpm. Each value is the 

mean of 2 replicates and error bars represent the standard error of the mean.  
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7.3.3 Microbial community composition of field samples 

The microbial communities of the samples, as received in the laboratory, are shown in 

Figure 7-6. Of a total 19274 reads resolved to the class level, Epsilonproteobacteria (8.48-

41.49%), Deltaproteobacteria (12.36-45.03%) and Gammaproteobacteria (13.32-48.96%) 

dominated these samples. The Epsilonproteobacteria class contains many microaerophilic 

bacteria capable of oxidizing sulfide to elemental sulfur and elemental sulfur to sulfate or both 

(Finster et al., 1997). Epsilsonproteobacteria have been associated with corrosion product 

formation on carbon steel coupons submersed in marine sediments (Lanneluc et al., 2015). 

Specifically associated with corrosion crust formation is the genus Sulfurimonas of the 

Epsilonproteobacteria (Lanneluc et al., 2015). This genus was found in 6.68% of all reads in the 

present samples (Appendix C, Table C-1). Other Epsilonproteobacteria associated with 

corrosion product formation belong to the genus Sulfurospirillum of the Campylobacteraceae 

family (Lanneluc et al., 2015). Although Sulfurospirillum only represented 0.02% of the total 

reads in these samples, other genera of the Campylobacteraceae family 

(Campylobacteraceae_Arcobacter) formed a considerable fraction (12.45%) of the total reads 

(Appendix C, Table C-1). Members of the Arcobacter genus are also able to oxidize elemental 

sulfur, sulfide and thiosulfate to sulfate aerobically (Inagaki et al., 2003; Sikorski et al., 2010). 

Other bacteria capable of sulfide and elemental sulfur oxidation belong to the class 

Gammaproteobacteria. For example, the genus Thiomicrospira, which formed a substantial 

fraction of the population (6.81% of total reads, Appendix C, Table C-1) is capable of sulfide 

oxidation (Brinkhoff and Muyzer, 1997; Watsuji et al., 2016).  

In the class Deltaproteobacteria members of the order Desulfuromonadales are important 

in the anaerobic reduction of elemental sulfur to sulfide (Pjevac et al., 2014). A specific genus 
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capable of elemental sulfur reduction is Desulfuromusa (Liesack and Finster, 1994). 

Desulfuromusa formed 8.54% of the Pumpout Lagoon population and 2.77% of the Ballast Tank 

population (Appendix C, Table C-1). In the Pipeline Inlet and Dehydrator Outlet sample 

populations, the genus Desulfuromonas was quite prominent. These bacteria formed 40.18% and 

16.21% of the total populations respectively and are physiologically similar to Desulfuromusa 

because they are also anaerobic elemental sulfur reducers (Pfennig and Biebl, 1976). Other 

members of the class Deltaproteobacteria are SRB. These were expected as sulfate-containing 

seawater is used at this site, and high levels of SRB activity were measured in previous tests 

(Mand et al., 2016). 

 

 

Figure 7-6 Microbial community composition of field samples (Pipeline Inlet, Pumpout 

Lagoon, Dehydrator and Ballast Tank) as determined by 454 pyrosequencing. Taxa are 

resolved to the class level and represented as a fraction of the total good-quality reads. 
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7.3.4 Microbial activity tests 

Incubation of each of the 4 field samples in various media showed growth, as assessed by 

electron donor and/or electron acceptor depletion. Sulfate reduction, sulfur reduction, sulfide 

oxidation, sulfur oxidation and sulfur disproportionation were all shown to occur. The results for 

each of these activity measurements can be found in Appendix C, Figures C-2 – C-7. 

Since all of the water samples have a similar community composition profile (Figure 7-6) 

and showed similar activity, the sample that showed the fastest growth for each reaction was 

used for the second activity test. The second activity test was done in the presence of a carbon 

steel coupon. For the ORSOB enrichment, oxygen and sulfide decreased almost immediately in 

both the biotic and control incubations (Figure 7-7A, B).  Sulfur was formed in both of these 

incubations as a result of chemical sulfide oxidation with oxygen (Figure 7-7C). Consequently, 

the weight loss corrosion rates between the biotic and control incubations were similar (Figure 

7-7D).  

This incubation was therefore not accurate in differentiating corrosion caused by 

microbial growth from chemical corrosion. Thus the enrichment of sulfide-oxidizing bacteria 

was repeated using nitrate as electron acceptor (NRSOB). In this incubation nitrate was reduced 

and was compared to the abiotic control where nitrate concentration remained constant (Figure 

7-8A). However sulfide concentration decreased in both incubations due to sulfide reaction with 

steel. As a result, sulfur was formed in both incubations but the concentration was higher in the 

biotic incubation compared to the abiotic control (Figure 7-8C). This resulted in a higher 

corrosion rate for the NRSOB incubation than the abiotic control (Figure 7-8D). 

In the S0RB enrichments, incubations were amended with sulfur crystals. Since these do 

not dissolve in water they could not be sampled accurately and therefore sulfur was not measured 
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during the incubation. Instead VFA concentrations were measured. The initial concentration of 

acetate was 3 mM and this was completely depleted in the biotic incubation (Figure 7-9A). 

Concentrations of propionate and butyrate also decreased but to a lesser extent (Figure 7-9B, C). 

Sulfide was produced in both incubations, however there was more sulfide produced in the biotic 

incubation compared to the control (Figure 7-9D). Corrosion rates for the abiotic incubation were 

greater than for the biotic incubation (Figure 7-9E). 

For S0OB, oxygen decreased in both the biotic and control incubations (Figure 7-10A). 

Sulfide was produced in the biotic incubation (Figure 7-10B), and sulfate production was also 

seen (Figure 7-10C). The biotic incubation had a higher corrosion rate than the abiotic control 

(Figure 7-10D). 

The enrichments for SDB contained only sulfur crystals and thus sulfur depletion was not 

measured. Sulfide production was seen in both biotic and abiotic incubations (Figure 7-11A). 

The corrosion rates between the biotic incubation and the abiotic control were not significantly 

different (Figure 7-11B).  

Lastly, it was observed that many of the tubes, when left alone for a few weeks, 

developed a green colour. When these were sequenced, more than 93% of the pyrosequencing 

reads aligned with the genus Prosthecochloris. These “green-appendaged organisms,” are green-

sulfur bacteria (GSB), capable of photosynthetic growth using sulfide (Kumar et al., 2009). To 

test the activity of these organisms, fresh ASW was amended with sulfide only and inoculated 

with field sample and kept in the light. A control incubation was kept in the dark. Sulfide loss 

(Figure 7-12A) was seen in the incubations exposed to light, which corresponded to sulfur 

production (Figure 7-12B). Hence it was determined that these field samples also had active 

GSB. 
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Figure 7-7 ASW (15 mL) containing 10 mM sulfide was inoculated with 0.75 mL of a field 

sample and incubated to grow oxygen-reducing, sulfide-oxidizing bacteria (ORSOB). The 

headspace of the incubation contained 10 mM oxygen. Sulfide (A) and oxygen (B) loss 

corresponded to sulfur (C) formation. Weight loss corrosion rates (D) were measured. Each 

value is the average of 3 replicates and error bars represent the standard error of the 

mean.  
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Figure 7-8 ASW (15 mL) amended with 10 mM sulfide and 10 mM nitrate was inoculated 

with 0.75 mL of a field sample and incubated to enrich for nitrate-reducing, sulfide-

oxidizing bacteria (NRSOB). Nitrate (A) and sulfide (B) loss corresponded to sulfur (C) 

formation. Weight loss corrosion rates (D) were measured. Each value is the average of 3 

replicates and error bars represent the standard error of the mean 
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Figure 7-9 ASW (15 mL) containing 3 mM each acetate, propionate and butyrate and 

0.13% wt/vol sulfur crystals was inoculated with 0.75 mL of a field sample and incubated 

to enrich for sulfur-reducing bacteria (S0RB). Acetate (A) propionate (B) and butyrate (C) 

and sulfide (D) and weight loss corrosion rates (E) were measured. Each value is the 

average of 3 replicates and error bars represent the standard error of the mean. 
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Figure 7-10 ASW (15 mL) amended with 0.13% wt/vol sulfur crystals was inoculated with 

0.75 mL of a field sample and incubated to grow sulfur-oxidizing bacteria (S0OB). The 

headspace of the incubation contained 10 mM oxygen. Oxygen (A) loss corresponded to 

sulfide (B) and sulfate (C) production. Weight loss corrosion rates (D) were measured. 

Each value is the average of 3 replicates and error bars represent the standard error of the 

mean. 
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Figure 7-11 ASW (15 mL) containing 0.13% wt/vol sulfur crystals was inoculated with 0.75 

mL of a field sample and incubated to enrich for sulfur-disproportionating bacteria (SDB). 

Sulfide production (A) was measured. Following incubation weight loss corrosion rates (B) 

were determined. Each value is the average of 3 replicates and error bars represent the 

standard error of the mean. 
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Figure 7-12 ASW (15 mL) containing 10 mM sulfide was inoculated with 0.75 mL of a field 

sample and incubated in the light to enrich for green sulfur bacteria (GSB). Sulfide loss (A) 

when incubated in the light, led to sulfur production (B) in the light and a green colour (C), 

compared to the incubation in the dark where the sulfide concentration remained more 

constant, no sulfur was produced and no growth was seen.  
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7.3.5 Sulfur cycling and MIC experiment 

From the results of the 454 pyrosequencing survey of the field samples and from the 

activity tests, it was determined that sulfur-cycle related microorganisms were present and active 

in the presence and in the absence of carbon steel. However, it was difficult from the activity 

tests to differentiate corrosion caused by microorganisms from corrosion caused by corrosive 

electron donor/acceptor amendments to the medium.  

A sulfur cycle mediated by microbial activity was hypothesized to occur at this field site 

(Figure 7-13). Therefore an additional experiment was done to show microbial sulfur cycling and 

link this to MIC. In these incubations, all 6 metabolisms (SRB, ORSOB, GSB, S0RB, S0OB and 

SDB) were investigated according to the flow chart presented in Figure 7-4. At the end of the 

incubation, weight loss corrosion rates were measured (Figure 7-14). In all incubations, except 

the ORSOB, corrosion rates were higher for the biotic incubation compared to the abiotic control 

( Figure 7-14). The ORSOB abiotic control likely had a higher corrosion rate than the biotic 

incubation because the addition of oxygen into the bottle led to the formation of concentration 

corrosion cells (Ahmad, 2006).  
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Figure 7-13 Microbial mediated sulfur cycle reactions hypothesized from the microbial 

community composition of field samples. The intermediary production of elemental sulfur 

(S0) and sulfide (HS-) are corrosive towards carbon steel infrastructure. 
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 Figure 7-14 Upon completion of the sulfur cycling experiment, weight loss corrosion rates 

were measured. Incubations inoculated with field samples are shown in colour, abiotic 

controls are shown in grey. All biotic values are the average of 3 replicates, while all abiotic 

values are the average of 2 replicates. Error bars represent the standard error of the mean. 
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The microbial community composition in each of these incubations was determined using 

Illumina sequencing (Appendix C, Table C-2). Since the water samples had been in the 

anaerobic hood and were mixed together prior to starting the experiment, the initial biomass was 

also sampled for community analysis. We found that the composition of the samples had 

changed significantly when compared to Figure 7-6. The mixture of field samples was composed 

of Prosthecochloris (67.74%), Chlorobium (14.32%), Thalassopira (6.87%) and Desulfovibrio 

(1.17%). In the SRB incubation, the majority (54.34%) of the community was composed of the 

genus Desulfobacter.  In the GSB incubation, the genera Thermus (50.72%), Anoxybacillus 

(11.28%) and Pseudomonas (3.37%) were found. Thermus (24.27%), Desulfocurvus (9.79%), 

Desulfobacter (7.02%) and Desulfovibrio (6.81%) were identified in the ORSOB incubation.  

Thermus was also the dominant genus in the S0OB enrichment, comprising 49.47% of all reads. 

This incubation also contained Anoxybacillus (12.99%), the family Peptococcacaeae (3.53%) 

and Thauera (3.23%). In the S0RB incubation, 22.49% of the reads belonged to the 

Coriobacteriaceae family, 11.27% to the genus Desulfovibro, 10.77% for the genus 

Methanobacterium and 8.08% for the genus Desulfocurvus. Lastly, in the SDB incubation, we 

found Methanobacterium (36.94%), Desulfobacter (9.70%) and Desulfovibrio (7.18%).  

 

7.4 Discussion  

7.4.1 Community composition 

Culture based determination of glucose-fermenting APB and lactate-utilizing SRB 

numbers were very low (101-104 APB/mL or 101-102 SRB/mL) in the field samples (Table 7-1) 

(Mand et al., 2016). This culture-based microbial testing, combined with weight loss corrosion 

rate testing (Figure 7-5) would imply that the field samples were not very corrosive. However, 
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the presence of elemental sulfur in three of four samples along with sulfide, indicates potential 

for a corrosive environment (Table 7-2). Furthermore, when the microbial community 

composition of the samples was analyzed, the samples showed a great potential for MIC.  

 

7.4.2 Microbial communities involved in sulfur cycling 

In particular, Deltaproteobacteria including the SRB (genera Desulfobacter, 

Desulfovibrio) were identified. SRB are known to be corrosive through a variety of mechanisms, 

discussed in Chapter 2. During this study, SRB-induced corrosion seemed to occur through the 

production of sulfide, which is a CMIC mechanism seen in marine environments (Enning and 

Garrelfs, 2014; Stipanicev et al., 2014). This is evident from  Figure 7-14A, where the SRB 

incubation contained ~10 mM sulfide and was more corrosive than the abiotic incubation that 

contained no sulfide. The field samples also contained S0RB of the genera Desulfuromusa and 

Desulfuromonas, which can also cause corrosion through a CMIC mechanism by reducing 

elemental sulfur to sulfide. Evidence of this is seen in  Figure 7-14E, where the S0RB incubation 

showed the presence of sulfide and a higher corrosion rate than the abiotic incubation. 

Some members of the Deltaproteobacteria, such as the Desulfovibrio, can also act as SDB 

which produce sulfate and sulfide as end products (Finster, 2008). Disproportionation of sulfur 

compounds accompanied with growth is not well-characterized and to date only a few isolates 

are known (Poser et al., 2013). Normally, to grow SDB the sulfide that is produced needs to be 

scavenged in order to keep the reaction favourable (Poser et al., 2013). For example, in marine 

environments, disproportionating microbes may lead to enhanced pyrite formation rates (Finster, 

2008).  In the present study this was achieved through the addition of a carbon steel coupon, 

which precipitated the sulfide as iron sulfide as evidenced by black deposit formation. Therefore, 
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the primary mechanism through which the SDB influence corrosion is also CMIC. However, the 

disproportionation of sulfur to sulfate can also lead to the subsequent growth of SRB 

downstream as well, similar to the discussion in Chapter 5.  

 Epsilonproteobacteria of the genera Sulfurimonas and Arcobacter were present in these 

samples. Bacteria of the class Epsilonproteobacteria are generally microaerophilic and have the 

ability to oxidize sulfide to sulfur or all the way to sulfate, using oxygen or nitrate as electron 

acceptors. Gammaproteobacteria, such as the genus Thiomicrospira also found in these samples, 

are able to oxidize sulfide to form sulfur/sulfate or oxidize sulfur to sulfate. The importance of 

sulfide oxidation by uncultured Gammaproteobacteria, in combination with inorganic carbon 

fixation, in sulfur cycling in marine habitats has only been shown recently (Lenk et al., 2011).  

The probability of whether sulfur or sulfate will form is dictated by the ratio between electron 

acceptor and electron donor (Table 7-3) (Lin et al., 2008). These field samples did not contain 

any nitrate and it is unlikely that nitrate addition would occur at this field site. Therefore, it was 

assumed that these organisms were using oxygen under field conditions. While sulfides are 

corrosive, the production of elemental sulfur is generally more corrosive towards steel (Johnston 

and Voordouw, 2012). Therefore the MIC mechanism exhibited by these organisms is also 

CMIC.   

Although they were in low abundance in the original samples, GSB were very active and 

were enriched during the sulfur cycling experiment. GSB are anaerobic, photolithotrophic 

organisms found in marine environments (Madigan and Martinko, 2006; Triadó-Margarit et al., 

2010). GSB are capable of using sulfide and sulfur as electron donors in photosynthesis (Koenig 

et al., 2005). Using carbon dioxide as a carbon source, sulfide is first turned into elemental 

sulfur, which gets deposited as extracellular granules (Madigan and Martinko, 2006). The GSB 
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cells later take up the sulfur granules and oxidize them to sulfate. Although these organisms 

cannot grow without light and therefore are not capable of growing inside pipelines, they could 

nevertheless play a role in MIC in an air- and light- exposed lagoon system and have been 

associated with corrosive biofilm formation in marine environments (Zhang and Fang, 2001). 

The granules of sulfur that are deposited extracellularly are corrosive and thus when water is 

transported from lagoons via pipelines, the sulfur may deposit onto steel surfaces.  

The genus Thermus was enriched during many stages (GSB, ORSOB, S0OB) of the sulfur 

cycling experiment (Appendix C, Table C-2). Members of the Deinococcus-Thermus phylum, of 

which Thermus is a genus, have been associated with corrosion of water tanks and have also 

been associated with hydrocarbon degradation leading to MIC in the past (Suflita et al., 2012; 

Lin et al., 2013). The genus Thermus is a known iron-reducing bacterium, and has been 

associated specifically with MIC of steel (Herrera and Videla, 2009). However, bacteria 

belonging to the genus Thermus are much more metabolically diverse and are able to use a 

variety of electron acceptors, including oxygen, ferric iron and elemental sulfur, all of which 

were present in this study (Kieft et al., 1999; Balkwill et al., 2004). During the GSB phase of the 

sulfur cycling experiment, Thermus could use sulfur produced by GSB, since the community 

analysis was done at the end of the experiment. During the ORSOB and S0OB phases, the 

addition of oxygen into the incubations probably led to the formation of iron oxides on the metal 

surface. In this case, Thermus may contribute to corrosion via a CMIC mechanism, where the 

passivating iron oxide layer is degraded by reduction of ferric iron to ferrous iron (Herrera and 

Videla, 2009). 
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Table 7-3 Different sulfide-oxidation reactions depending on the nitrate to sulfide (N/S) 

ratio cause the formation of either sulfur or sulfate. Adapted from Lin et al., 2008. 

Sulfide Oxidation Reaction N/S Ratio 

HS- + 4 NO3
- → SO4

2- + 4 NO2
- + H+ 4 

HS- + 1.6 NO3
- + 0.6 H+ → SO4

2- + 0.8 N2 + 0.8 H2O 1.6 

HS- + NO3
- + H+ → S0 + NO2

- + H2O 1 

HS- + 0.4 NO3
- + 1.4 H+ → S0 + 0.2 N2 + 1.2 H2O 0.4 

 

The family Coriobacteriaceae was enriched in the S0RB phase of the sulfur cycling 

experiment. Coriobacteriaceae are of the phylum Actinobacteria, which have been associated 

with tubercle formation in water pipelines, corrosion of wastewater pipelines corrosion of steel in 

soil (Chen et al., 2013; Beale et al., 2016; Machuca et al., 2016). Lastly, methanogens of the 

genus Methanobacterium were enriched for in the S0RB and SDB phases and may be influencing 

corrosion through a CMIC mechanism, similar to that which was discussed in Chapter 4. 

 

7.4.3 Corrosion in the field 

All microbially mediated sulfur cycle-related reactions that were inferred from 

pyrosequencing results could be demonstrated in laboratory studies. Furthermore, some of these 

reactions were also demonstrated to form a sulfur cycle related to corrosion where oxygen 

ingress was simulated (Figure 7-13,  Figure 7-14). The intermediary formation of corrosive 

metabolites such as sulfide and elemental sulfur due to oxygen ingress has important 

implications for MIC management in an oil field and has recently been reviewed (Mand et al., 
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2017). In the field, when PW containing sulfide and sulfidogenic organisms (SRB/S0RB/SDB) is 

mixed with deaerated seawater, containing some residual oxygen, additional sulfur cycle 

organisms (ORSOB, S0OB) are also stimulated. This can lead to the formation of elemental 

sulfur either chemically (2H2S + O2 " 2S0 + 2H2O) or biologically, where sulfur-oxidizing 

bacteria act as catalyst (Drønen et al., 2014). Sulfur precipitation onto steel can lead to severe 

corrosion of carbon steel through a variety of proposed mechanisms (MacDonald et al., 1978; 

Boden and Maldonado-Zagal, 1982; Vik et al., 2007; Fang et al., 2011; Sun et al., 2011; Jiang et 

al., 2012). Microbially-produced sulfide can also be oxidized to sulfate through microbial action, 

which allows for further SRB activity downstream, and may indirectly cause further corrosion. 

 

7.5 Conclusions 

While sulfide can be oxidized chemically to form elemental sulfur, this can also be 

achieved through microbial oxidation of sulfide through the action of ORSOB. The sulfur 

formed is then reduced back to sulfide by the action of S0RB. Both ORSOB and S0RB were 

major community components in samples obtained from this field. This study has identified 

several microbial populations, through the use of molecular methods, able to play key roles in 

sulfur cycling. These communities are likely thriving in the environment because of sulfate 

introduction through seawater use and continued exposure of sulfide-containing water to oxygen 

(Mand et al., 2014b). The activity of these potentially harmful microorganisms may be leading to 

enhanced MIC threat at this site. 

  



 

 170 

Chapter Eight: Use of nitroprusside to control MIC  

8.1 Introduction 

8.1.1 Chemical control of biocorrosion  

The end goal for understanding the mechanisms of MIC is to be able to mitigate or 

prevent the corrosion threat. This can be achieved in pipelines by using physical and/or chemical 

methods. Physically preventing contact between microorganisms and metal surfaces can be 

attained through the use of pipeline liners or by coating the pipeline surfaces with paint, coal tar, 

or coatings based on fusion bonded epoxy, polypropylene or polyurethane (Woolf and Chem, 

1976; Newman, 2016). Physical cleaning methods include the use of cleaning brushes or pigs to 

manually remove biofilms from pipeline surfaces (Roche et al., 1996; Videla, 2002). However 

pigging is not always possible due to the narrow width of some pipelines, and it can be 

economically prohibitive.  

Chemical treatments used to limit biofouling and MIC include the use of corrosion 

inhibitors and the use of biocides. Corrosion inhibitors are useful and are effective if applied 

appropriately, however if surface coverage by the inhibitor film is not complete or becomes worn 

out, localized corrosion cells may be formed and lead to enhanced pitting corrosion (Sanyal, 

1981; Little et al., 2007). Biocides work by reducing microbial growth and microbial activity or 

alter the environment so that microbial growth is limited (Videla, 2002). Although the 

mechanisms by which biocides work are varied, many of the biocides commonly used in oil 

fields can be divided in two broad types. The first is oxidizing biocides (such as chlorine, 

bromine and ozone) and the second is non-oxidizing biocides (including glutaraldehyde, 

carbamates, guanides and isothiozolines) (Little et al., 2007). Concerns with respect to biocide 
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use include environmental toxicity, the economical costs associated with their use and biocide-

resistant bacterial population proliferation.  

 In response to such concerns, alternative “green” biocides are being researched. For 

example, nitrate is used to alter the metabolic profile of oilfield systems. Nitrate injection 

enriches nitrate-reducing bacteria, which compete for oil organics with SRB, increase the redox 

potential of the system so SRB growth is no longer favoured and produce inhibitory compounds 

(nitrite) for the dissimilatory sulfite reductase enzyme of SRB (Hubert et al., 2003, 2004, 2005; 

Lambo et al., 2008; Agrawal et al., 2012). However, this approach does not eliminate microbial 

activity, so research into new biocides is ongoing and important.  

 

8.1.2 Previous uses of nitroprusside 

Sodium nitroprusside (Na2[Fe(CN)5NO]) is an inorganic compound that has long been 

used in the medical field. In aqueous solution, this compound decomposes to produce nitric 

oxide (NO). Primarily, this compound is used to treat hypertension because the nitroprusside acts 

as a vasodilator that decreases blood pressure as a result of the NO group donation by the 

molecule (Johnson, 1928; Allain et al., 2011). The quick NO donation makes it both effective 

and fast-acting (Haeusler, 1975; Koslyk et al., 2015).  

There have been a few uses of nitroprusside in microbiology as well. The effect of 

nitroprusside on microbial growth has been documented in numerous laboratory studies of 

biofilms. Biofilm formation involves a number of key events, one of which is a dispersal event, 

which allows for a subpopulation of biofilm cells to leave the biofilm and colonize a new surface 

in order to propagate the biofilm (Harrison et al., 2005). The dispersal stage of biofilm formation 

is controlled by a variety of triggers including cell-to-cell signalling, nutrient concentrations, 
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oxygen concentrations and NO concentrations (Barraud et al., 2015). Previous studies have 

found that nitroprusside donates NO and this key signalling molecule allows the dispersion of 

biofilms formed by Pseudomonas aeruginosa (Barraud et al., 2006, 2009; Barnes et al., 2013). It 

is important to note that the concentrations used for such studies were below inhibitory 

concentrations, as NO in large concentrations is also known to be toxic by nitrosylation (NO 

group addition) or nitration (NO2 group addition) to nucleic acids and proteins (Ridnour et al., 

2004). 

Recent experiments in our laboratory have shown the effectiveness of nitroprusside in 

inhibiting SRB (Fida, unpublished). It appears that this chemical is more effective and 

economical than other regularly used biocides in the petroleum industry (Fida, unpublished). 

However, to endorse sodium nitroprusside use for oil and gas production sites, it is important to 

show that the chemical will not enhance chemical corrosion of carbon steel infrastructure. To 

this end, corrosion testing of this chemical was performed. 

 

8.2 Methods 

8.2.1 Preparation of sodium nitroprusside solution 

Solid sodium nitroprusside was dissolved in anaerobic water under a stream of (vol/vol) 

90% N2 and 10% CO2. The solution was kept anaerobic and in the dark until use.  Nitroprusside 

addition to incubations was done anaerobically. A fresh stock solution was made before each 

experiment was done. 
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8.2.2 Chemical corrosivity of sodium nitroprusside 

To quantify chemical corrosion of steel by sodium nitroprusside, 20 mL of CSBK 

medium, prepared as described in Chapter 5, (pH 7.02, without sulfide) containing 2 mM sulfate 

and 3 mM volatile fatty acids (VFA: 3 mM each of acetate, propionate and butyrate) was added 

to 50 mL serum bottles. The headspace (30 mL) of these bottles was (vol/vol) 90% N2 and 10% 

CO2. One carbon steel coupon (1x2x0.1 cm) was added to each serum bottle. These bottles were 

subsequently amended with sodium nitroprusside (0, 0.1, 0.5, 1, 1.5 and 2 mM), incubated at 

30°C, on a rocker, for one month in the dark. Weight loss corrosion rates were measured, as 

described in Chapter 5, following this incubation. 

 

8.2.3 Corrosivity of sodium nitroprusside in a sour system 

Since nitroprusside appears to inhibit SRB (unpublished), understanding how its 

application in a sour system will affect carbon steel corrosion is necessary. 400 mL of CSBK 

medium (containing 2 mM sulfate and 3 mM each acetate, propionate and butyrate) was 

inoculated with 20 mL (5% (vol/vol)) of a SRB enrichment. After complete sulfate reduction, 20 

mL of the spent medium (containing approximately 2 mM sulfide) was added to 50 mL serum 

bottles under a headspace of (vol/vol) 90% N2 and 10% CO2. Carbon steel coupons and 

nitroprusside were added as described above. Incubations lasted one month, at 30°C, on a rocker 

in the dark. Following this, weight loss corrosion rates were measured.  

 

8.2.4 Corrosivity of nitroprusside after reaction with sulfide 

When nitroprusside is added to solutions containing aqueous sulfide, the subsequent 

reactions cause many colour changes. These reactions may affect corrosion rates, so these 
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conditions were replicated in microcosm experiments. Here, nitroprusside was allowed to react 

with sulfide before it comes into contact with steel. 0.5 mM nitroprusside was added to 20 mL of 

a sour SRB culture (as described above), containing approximately 2 mM sulfide. Coupons were 

added to this mixture either immediately, 1 hour after incubation or 24 hours after incubation of 

these solutions. The total incubation time for each condition was one month and corrosion rates 

were measured as described previously. 

 

8.2.5 Thiocyanate and corrosion by nitroprusside 

In addition to a nitroso group, the nitroprusside molecule has five cyanide ligands bound 

to a ferrous centre (Manoharan and Hamilton, 1963). As the molecule decomposes, cyanide is 

released. Cyanide in biological systems is converted to thiocyanate in the presence of sulfide 

(Filipovic et al., 2013). It has been suggested that thiocyanate may be able to form a continuous 

patina on steel surfaces and serve as protection against corrosion (Anejjar et al., 2014). 

Experiments were done to see if thiocyanate was able to form a protective film on steel coupons 

and thus decrease chemical corrosion by nitroprusside. 2 mM thiocyanate was added to 20 mL 

CSBK medium in 50 mL bottles in the presence of a carbon steel coupon. Subsequently, 2 mM 

thiocyanate was added to CSBK medium in the presence of 2 mM nitroprusside and finally 2 

mM thiocyanate was added to CSBK medium containing 2 mM sulfide. Incubations were done 

as above and weight loss corrosion rates were measured. 

 

8.2.6 Nitroprusside corrosivity may be caused by nitrite formation 

The addition of nitroprusside to SRB cultures showed the formation of nitrite (NO2
-), a 

potential reaction product of nitroprusside. Nitrite is chemically corrosive towards carbon steel 
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so the possibility that nitroprusside corrosion may be caused by nitrite formation required 

investigation. Carbon steel coupons were added to 20 mL of CSBK medium containing 0.5 mM 

nitroprusside, 0.5 mM nitrite and 0.5 mM nitrate. Incubations were done as described above and 

weight loss corrosion rates were measured. 

 

8.3 Results 

With increasing concentrations of nitroprusside, increasing general corrosion rates were 

measured in abiotic incubations (Figure 8-1). A Pearson product-moment correlation coefficient 

was calculated to assess the relationship between nitroprusside concentrations and weight loss 

corrosion rates. There was a positive correlation between the two variables (r=0.96, n=18, 

p<0.0001). Furthermore, enhanced pitting corrosion of the carbon steel was seen with increased 

nitroprusside concentrations (Figure 8-2). While pitting corrosion was not deep enough to 

measure using a manual pit gauge, the pits were apparent when coupons were visually examined. 

When corrosion rates were measured in medium containing biologically-produced 

sulfide, corrosion rates did not increase linearly with nitroprusside concentration (Figure 8-4). 

The highest corrosion rate was seen with 2 mM sulfide and no nitroprusside. As more 

nitroprusside was added to the solution, corrosion rates decreased to a minimum of 0.002 ± 

00022 mm/year when 1 mM nitroprusside was added (Figure 8-4). Beyond this concentration, 

higher concentrations of nitroprusside led to higher corrosion rates (Figure 8-4). 
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Figure 8-1 General weight loss corrosion rates of carbon steel coupons exposed to 

nitroprusside (0-2 mM) in 20 mL of CSBK medium, under anaerobic conditions. 

Incubations lasted 4 weeks at 30°C on a rocker. Each value is the mean of three replicates 

and error bars indicate the standard error of the mean. 
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Figure 8-2 Coupons following incubation with different concentrations of nitroprusside 

(NP). Pits are evident on the metal surface when coupons are incubated in 1.5 and 2 mM 

nitroprusside.   
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Figure 8-3 Serum bottles, containing 2 mM sulfide and one carbon steel coupon each, 

photographed after nitroprusside addition (concentrations in mM are noted).  Bottles on 

day 0 (A), at the mid-point, day 14 (B) and at the end of incubation, day 28 (C).  
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Nitroprusside (0.5 mM) was added to a solution containing 2 mM biologically produced 

sulfide. When a coupon was added immediately, corrosion rates were very similar to those when 

a coupon was added one hour after the nitroprusside addition (Figure 8-5). However, when a 

coupon was introduced 24 hours after nitroprusside was added to the solution, corrosion rates 

were higher (0.007 ± 0.0016 mm/year).  

Potassium thiocyanate (2 mM) was added to CSBK medium and a sour culture (2 mM) in 

the presence and absence of nitroprusside. When there was no sulfide present, thiocyanate in the 

presence of nitroprusside gave a higher corrosion rate (0.005 ± 0.0002 mm/year) than 

thiocyanate alone (0.002 ± 0.0007 mm/year) (Figure 8-6). However, in the presence of 2 mM 

sulfide, the addition of thiocyanate gave a higher corrosion rate (0.0086 ± 0.0002 mm/year) than 

when nitroprusside and thiocyanate were added together (0.0021 ± 0.0004 mm/year) (Figure 

8-6). Visually, there was no protective film formed on the carbon steel coupon surfaces when 

they were incubated with thiocyanate. Also, the addition of thiocyanate before the addition of 

nitroprusside did not decrease corrosion rates so thiocyanate was unable to protect the steel 

surface from the corrosive effects of nitroprusside (Figure 8-6). 

When coupons were added to nitroprusside solutions, distinct white deposits were seen 

on the metal surface (Figure 8-7). After the incubation period, coupons were cleaned and 

underneath the white deposits, pitting corrosion was seen. This observation is very similar to 

what is found when incubating carbon steel with a low concentration of nitrite (Jones, 1997). 

Furthermore, when incubating nitroprusside anaerobically in microcosms with and without 

microorganisms, nitrite was found to accumulate as a reaction product (unpublished). Corrosion 

rates when carbon steel is in the presence of 0.5 mM nitroprusside (0.005 ± 0.0002 mm/year) 
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were higher than in the presence of 0.5 mM nitrite (0.0035 ± 0.0004 mm/year) and in the 

presence of the 0.5 mM nitrate (0.0027 ± 0.0004 mm/year), used as a control (Figure 8-8). 

 

 

 

 

 

 

 

Figure 8-4 General weight loss corrosion rates of carbon steel coupons exposed to 

nitroprusside (0-2 mM) in an abiotic system without sulfide (grey bars) and exposed to 

nitroprusside (0-2 mM) in a biotic system with 2 mM sulfide (black bars). Each value is the 

mean of three replicates and error bars indicate the standard error of the mean. 
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Figure 8-5 Nitroprusside (0.5 mM) was added to 2 mM sulfide. Following that, coupons 

were introduced after 0, 1 or 24 hours. Mean weight loss corrosion rates of three replicates 

are shown and error bars indicate the standard error of the mean. 

 

Figure 8-6 Corrosion rates when CSBK medium was amended with 2 mM thiocyanate or 2 

mM thiocyanate and 0.5 mM nitroprusside (white bars). This is compared to corrosion 

rates when a solution containing 2 mM sulfide was amended with 2 mM thiocyanate or 

2mM thiocyanate and 0.5 mM nitroprusside (grey bars). Each value is the mean of three 

replicates and error bars indicate the standard error of the mean. 
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Figure 8-7 Incubation with 0.5 mM nitrate (left) and incubation with 0.5 mM nitrite (right). 

Arrow points towards white deposits seen on metal surface, similar to those found on the 

metal surface incubated with nitroprusside. 

 

Figure 8-8 Weight loss corrosion rates of carbon steel coupons exposed to 20 mL of CSBK 

medium containing 0.5 mM nitroprusside (NP) (grey), 0.5 mM nitrite (black) and 0.5 mM 

nitrate (white). Each value is the mean of three replicates and error bars indicate the 

standard error of the mean. 
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8.4 Discussion 

8.4.1 Chemical corrosivity of nitroprusside 

Sodium nitroprusside is chemically corrosive towards carbon steel coupons (Figure 8-1). 

However, this is not an unusual characteristic of biocides, as oxidizing biocides, commonly used 

in industry, are corrosive towards carbon steel (Tuthill et al., 1998; Singh et al., 2006). 

Furthermore, many commercially available non-oxidizing biocides are also considered corrosive 

as some are acidic in nature (glutaraldehyde and THPS) (Smith et al., 2009; Keasler et al., 2010). 

In all cases, the proper use of any biocide is able to impede microbial activity and this is enough 

to offset the negative corrosive side effects of the chemical. 

 

8.4.2 Corrosivity of nitroprusside in the presence of sulfide 

When carbon steel was incubated in 2 mM sulfide, increased corrosion was expected, 

compared to carbon steel exposed to CSBK without any sulfide present (Figure 8-4, Figure 8-1). 

However as increasing concentrations of nitroprusside were added to the system, the corrosion 

rates in the biotic sour systems were lower than those obtained for the abiotic systems without 

sulfide (0.5, 1, 1.5 and 2 mM nitroprusside) (Figure 8-4). Therefore, while nitroprusside may be 

chemically corrosive to carbon steel, it appears to effectively react with biologically produced 

sulfides, which can actually lead to decreased corrosion rates.  

Colour changes when nitroprusside is added to a sour system further support that there is 

a reaction between the two compounds (Figure 8-3). The NO group of nitroprusside reacts 

rapidly with hydrogen sulfide to form [(CN)5FeN(O)SH]3- (Filipovic et al., 2013). This 

compound can react with sulfide again to release hydrogen disulfide (Filipovic et al., 2013). This 

disulfide molecule can join with other sulfide chains to form a polysulfide chain. Solutions 
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where nitroprusside and sulfide are mixed may be less corrosive than solutions containing only 

sulfide because the reaction between the two compounds results in decreased nitroprusside 

available to react with the steel and therefore a lower chance of sulfide-induced corrosion. This 

may explain the lower corrosion rates witnessed when 0.5 and 1 mM nitroprusside was added to 

2 mM sulfide (Figure 8-4). Therefore this chemical may be well suited to use in sour systems, 

where microorganisms are actively producing sulfide. 

 

8.4.3 Nitroprusside corrosivity due to breakdown products 

However, Figure 8-4 shows that adding too much nitroprusside (1.5 and 2 mM) to sulfide 

is no longer effective at controlling corrosion. The enhanced corrosion may be due to the 

formation of polysulfides as the nitroprusside reacts over time. Polysulfides are highly corrosive 

and evidence of this is generally in the form of severe pitting on metal surfaces. One possible 

mechanism for this is that the polysulfide reacts with iron to form elemental sulfur and the 

deposition of the sulfur on the metal surface leads to galvanic corrosion (MacDonald et al., 1978; 

Fang et al., 2011; Jiang et al., 2012).  

Another reaction product of nitroprusside is nitrite, which is also corrosive. Although 

nitrite can be used as a corrosion inhibitor, it is only effective when nitrite concentrations are 

high enough to raise the potential of the metal to passivate it by forming Fe2O3 (Lee et al., 2012). 

If nitrite concentrations are low, such as those in the present study, the steel is not fully 

passivated and rapid localized corrosion is the result (Jones, 1997; Lee et al., 2012). Incubation 

of coupons with nitrite appears to form similar deposits as the incubation of coupons with 

nitroprusside (Figure 8-7). The experiment done to test the reaction of nitroprusside over time 

showed a higher general weight loss corrosion rate when the coupon was introduced at 24 hours 
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(Figure 8-5). It is therefore possible that the decomposition of this compound over time leads to 

the production of corrosive byproducts. It should be noted, however, that visual observations 

showed that there was less pitting corrosion following steel coupon exposure at 1 hour and at 24 

hours post nitroprusside addition. 

 

8.5 Conclusions 

Sodium nitroprusside is chemically corrosive to carbon steel and results in pitting 

corrosion of metal surfaces. Based on my observations, this pitting corrosion may be caused by 

the accumulation of nitrite, a potential reaction product of nitroprusside. When nitroprusside was 

added to a sour system, there was an immediate reaction with sulfide. Results presented here 

indicate that this reaction leads to a decrease in corrosion, so long as the concentration of 

nitroprusside is not excessive. Therefore, this compound may not be suitable for proactive use to 

inhibit microbial activity due to an increased corrosion threat but may be promising in inhibiting 

biocorrosion caused by actively growing SRB.  

 

8.5.1 Future outlook 

The corrosion experiments done here were using planktonic SRB cultures only. However, 

biofilms are generally more resistant to antibiotic and biocide remedies when compared to 

planktonic cultures (Costerton et al., 1995). Furthermore, it is well known that the use of any 

single antimicrobial treatment for a prolonged period of time results in resistance-development in 

the microorganisms involved. Studies to test the synergy between chemicals and other 

conventional biocides in oil reservoir simulations have also been successful (Xue and Voordouw, 

2015). In terms of nitroprusside, it has been shown that its use as a NO donor, used to disperse 
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biofilms also increases the susceptibility of the biofilm to other antimicrobial activities (Barraud 

et al., 2015). Therefore, it is possible that using nitroprusside in an oil field environment may 

allow better synergy with other biocides, when used to combat SRB biofilms within reservoirs 

and when used to eliminate biofilms involved in MIC. 

The use of sodium nitroprusside as a biocide is promising according to the preliminary 

tests that have been done so far. Aside from corrosion testing, nitroprusside is desirable, since it 

readily decomposes. Toxicity effects are therefore not long lasting, making it an alternative 

“green” biocide as it is approved by the World Health Organization as an essential medicine 

(World Health Organization, 2015).  
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Chapter Nine: Conclusions 

9.1 Summary 

The focus of this dissertation was to investigate mechanisms of carbon steel MIC in different 

field samples. The main objectives to guide this work were; i) characterization of field samples 

from oil and gas sites experiencing a corrosion threat, including the identification of 

microorganisms present in the samples, ii) development of a hypothetical MIC model, iii) 

replication of the field conditions during laboratory studies to test the MIC model, and iv) 

validation of the MIC model by comparison of the results obtained from laboratory experiments 

to corrosion damage seen under field conditions. These objectives were pursued using a variety 

of analytical and molecular biology techniques. The methods and resulting conclusions are 

summarized below. 

 

9.1.1 Summary of methods for MIC 

One of the most challenging problems in petroleum microbiology is to be able to assess 

MIC threat based on information gained from field samples. Most previous biocorrosion research 

has focused on the use of culture-based microbiology methods to identify significant numbers of 

certain MIC-associated populations (e.g. SRB and APB). This was in fact the standard for MIC 

monitoring according to the National Association of Corrosion Engineers (NACE) until 2012 

(NACE, 2013). But we know now that these classical methods only capture less than 1% of the 

total microorganisms present within any given environment (Hugenholtz et al., 1998; Vartoukian 

et al., 2010). The media used for culture-based monitoring is suitable for specific metabolic 

groups. For example, medium containing lactate and sulfate is used for SRB growth and medium 

containing glucose as a carbon source is used to assess APB growth. However, the media are not 
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species specific and research has shown that different species influence MIC in different ways 

(Enning et al., 2012). This means that proper identification of MIC-associated environmental 

systems was not occurring. Furthermore, since this early research only focused on a few well-

characterized groups of organisms, the ecological factors that promote MIC remained unknown. 

This is why this dissertation aimed to use a culture-independent approach to be able to evaluate 

the whole community of microorganisms within environmental samples.  

The culture-independent NGS methods, however, are not without their own problems. 

With the DNA sequencing based method used in this dissertation, at best what is gained is 

insight into what the community is metabolically capable of. However, there is no way to know 

whether the DNA that has been collected is from living cells or if it is from dead, dormant or 

persistor cells (Luna et al., 2002). Therefore it is not possible to glean the extent to which the 

associated microbial cells may be metabolically active. Additionally, much like culturing 

methods, NGS methods only give a snapshot of the MIC-associated environment at the time at 

which it was sampled. It is difficult to tell if the bacteria that have been identified were all 

present at the same time or if there had been a sequential time series of their arrival.  

However, it is possible to take this microbial community composition snapshot and 

combine it with data derived from chemical methods used to assess sample and environmental 

parameters, as was done in this thesis. When this is done, replication of field conditions in the 

laboratory can be attempted. This allows for the understanding of specific microorganism-metal 

interactions within an individual electrolyte, so a better MIC mechanism can be hypothesized 

(Little and Lee, 2014).  
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9.1.2 Summary of key findings and directions for future research 

The data presented in Chapter 3 link hydrogenotrophic acetogenic bacteria with MIC of 

carbon steel. This is because these bacteria have the ability to use steel as an electron donor and 

because they produce a carbon source that is widely used by other microorganisms (Mand et al., 

2014b). However this conclusion was made without having isolated pure cultures of these MIC-

associated acetogenic organisms. Since then, researchers have isolated Sporomusa sp. GT1, 

which is an acetogenic bacterium capable of causing high corrosion rates of iron through an 

EMIC mechanism (Kato et al., 2015). Further experiments could be done to grow this corrosive 

strain of acetogenic bacteria with previously isolated EMIC SRB (Desulfovibrio ferrophilus or 

Desulfopila corrodens; Enning et al., 2012) to see if the same type of syntrophic mechanism that 

was demonstrated between A. woodii and D. vulgaris Hildenborough in Chapter 3 could be 

repeated. If would be of interest to measure corrosion rates obtained in such a coculture and 

compare it to the corrosion rates of each strain by itself. Additionally, while Kato et al. (2015) 

isolated the corrosive acetogenic culture from a rice paddy field inoculum, efforts could be made 

to isolate other cultures capable of acetate formation through an EMIC use of steel from an oil 

and gas field sample to shed light on their occurrence within this environment. 

The overall abundance of hydrogenotrophic organisms within oil and gas environments 

was concluded from analyzing the diversity present in samples from two different oil fields 

(Chapters 4 and 6). These chapters show that in anaerobic environments without the presence of 

sulfate, organisms other than SRB may be involved in MIC and there were two different types of 

mechanisms postulated. The first is MIC through use of hydrogen formed on the surface of the 

steel, which is preferred as an electron source over oil organics in the study in Chapter 4. The 

second is the possibility that these organisms are able to take advantage of the chemical reaction 
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of sulfide precipitation with iron as this reaction releases hydrogen (H2) that these organisms are 

able to use (Chapter 6). Isolation of members of these communities and studies in isolation and 

in coculture would provide a better understanding of their MIC mechanisms. 

In chapter 7, community analysis of field samples revealed organisms associated with 

sulfur cycling in marine environments. This chapter highlights the importance of looking at 

whole communities to understand MIC. If only culture-based methods to enumerate SRB had 

been done, the numbers would have been sufficient to conclude that MIC was associated with 

these SRB. Instead, NGS methods revealed many other organisms associated with sulfur 

metabolism. In some cases, these bacteria (sulfur-reducing bacteria and sulfur-disproportionating 

bacteria) are sufidogenic and thus could be involved in MIC through the same mechanism as 

SRB, but traditional culture-based testing would not have identified them. Further experiments in 

this area should focus on quantifying the amount of corrosion damage that is caused by MIC and 

the sum of corrosion damage sustained by oxygen ingress into the system causing chemical 

corrosion. 

The end goal for MIC research is to be able to minimize corrosion threat due to microbial 

activity. This topic was brought up in Chapters 5 and 8. Sodium bisulfite is a very common 

oxygen scavenger used in industry to limit corrosion caused by oxygen. Although the work 

presented in this dissertation is not the first time that bisulfite has been linked to microbial 

growth, (Park et al., 2011a) it does demonstrate elemental sulfur formation due to microbial 

activity. Efforts to isolate these organisms could prove interesting. Chapter 8 discusses the use of 

a novel biocide, sodium nitroprusside, to inhibit sulfide production by SRB. As shown in 

Chapter 8, proper dosage of this chemical inhibits corrosion caused by sulfide. Corrosion testing 

was only done in the presence of a planktonically-grown SRB culture. Future experiments should 
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include testing of sodium nitroprusside on SRB grown as a biofilm on steel to test its ability to 

inhibit SRB MIC inside a pipeline. Although sodium nitroprusside is proposed as a biocide to 

inhibit SRB activity and SRB MIC, it should be tested in the presence of other bacteria as well. 

In such a case, it is likely to inhibit microbial growth but if there is no sulfide present for it to 

react with, it may lead to enhanced corrosion rates and this would be important to know.  

The goal throughout the experiments presented in this dissertation was to replicate field 

conditions to understand MIC mechanisms. This was not achieved in all studies because in many 

cases the corrosion rates that were measured were not fast enough to cause a MIC failure in the 

field. Future experiments to better replicate field conditions may include studying MIC under 

flowing conditions; similar to those experienced within a flowing pipeline. This may achieve 

corrosion rates that mimick field corrosion damage. Studying microbial activities within a 

dynamic system would also allow for the study of community succession within a pipeline, and 

for the study of biofilm formation on steel, both concepts that appear important, as demonstrated 

throughout this thesis. 

 

9.1.3 Concluding remarks 

MIC of metals is by no means a new challenge as it was first suspected of occurring more 

than 100 years ago (Gaines, 1910). It is also not a new problem for the oil and gas industry, 

where MIC has been historically associated with SRB. Although it is being employed to a 

limited extent in the oil and gas industry, the use of NGS tools (454 pyrosequencing and 

Illumina) would serve the industry well by screening field samples for microorganisms involved 

in MIC. As this dissertation highlights, MIC is influenced by microbial communities and how 

these communities interact with metal and electrolyte. Hence, if NGS was regular practice, 
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microbial communities could be correlated with chemical (electrolyte and metal) data from the 

failure site. For example, this thesis work has identified several different types of 

microorganisms involved in different forms of MIC. If such a database was available, 

correlations could be made between the presence of certain microorganisms, to microbial activity 

and to the type of MIC mechanism seen. Subsequently, the data could be used for predictive 

models for MIC. If the occurrence of MIC of steel could be predicted, appropriate measures 

could be taken to mitigate MIC threat. It is hoped that this dissertation has provided a better 

understanding of MIC, which can be built upon in future studies, to guide the development of 

MIC predictive models.  
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Appendix A: Supplementary data for Chapter 4: Microbial methane production associated with carbon steel corrosion in a 
Nigerian oil field 

 

Table A-1 Phylogenetic classification of pyrotags for the Obigbo field samples. Taxa were assigned only to high quality reads 

and are ranked according to overall abundance across all samples. Only taxa appearing in greater than 0.1% of the total reads 

are shown here. 

Sample Name 

1_
PW

 

2_
PW

 

4_
Pi

gW
at

er
 

5_
C

ru
de

 

6_
PS

 

7_
PS

 

Total 
Number 
of Reads 

Fraction 
(%) of 
Total 
Reads 

Sample Code V30_1349 V30_1350 V30_1351 V30_1352 V30_1353 V30_1354 

Number of Quality Reads 1203 1374 1360 528 1269 1207 
Taxon (Phylum_Class_Order_Family_Genus) 

      Methanobacteria_Methanobacteriales_Methanobacteriaceae_ 
Methanobacterium 0.33 0.00 3.60 0.00 33.02 33.31 874 12.59 
Methanomicrobia_Methanosarcinales_Methanosarcinaceae_Methanolobus 6.32 6.41 4.63 28.22 18.68 18.56 837 12.06 
Betaproteobacteria_Hydrogenophilales_Hydrogenophilaceae_Petrobacter 14.05 36.32 5.37 7.20 0.00 0.17 781 11.25 
Methanomicrobia_Methanosarcinales_Methanosaetaceae_Methanosaeta 0.00 0.00 0.88 0.00 30.81 24.86 703 10.13 
Gammaproteobacteria_Alteromonadales_Alteromonadaceae_Marinobacter 0.00 39.59 0.00 0.00 0.16 0.25 549 7.91 
Betaproteobacteria_Rhodocyclales_Rhodocyclaceae_Azovibrio 27.35 0.00 0.88 0.19 0.00 0.17 344 4.96 
Gammaproteobacteria_Enterobacteriales_Enterobacteriaceae_Enterobacter 0.08 0.00 12.50 0.00 0.00 0.00 171 2.46 
Kingdom Bacteria 2.91 0.29 8.82 0.19 0.24 0.25 166 2.39 
Methanomicrobia_Methanomicrobiales_Methanocalculus 0.00 0.00 8.97 0.00 0.63 0.83 140 2.02 
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Halobacteria_Halobacteriales_Deep_Sea_Hydrothermal_ 
Vent_Gp_6(DHVEG-6) 0.25 0.07 9.34 0.00 0.00 0.00 131 1.89 
Alphaproteobacteria_Rhodospirillales_Rhodospirillaceae_Tistrella 0.00 0.07 8.38 0.19 0.00 0.08 117 1.69 
Betaproteobacteria_Rhodocyclales_Rhodocyclaceae_Thauera 1.00 0.00 0.22 11.55 1.02 1.82 111 1.60 
Betaproteobacteria_Rhodocyclales_Rhodocyclaceae_Azospira 7.56 0.00 1.25 0.00 0.00 0.00 108 1.56 
Gammaproteobacteria_Oceanospirillales_Oceanospirillaceae_ 
Marinobacterium 1.91 0.00 3.75 2.46 0.71 0.41 101 1.46 
Anaerolineae_Anaerolineales_Anaerolineaceae_uncultured 0.17 0.00 0.66 0.19 3.70 3.15 97 1.40 
Phylum Bacteroidetes 0.08 2.40 2.13 1.89 0.00 0.00 73 1.05 
Spirochaetes_Spirochaetales_Spirochaetaceae_Spirochaeta 2.91 0.00 2.65 0.19 0.00 0.00 72 1.04 
Clostridia_Clostridiales_Family_XI_Incertae_Sedis 1.66 0.07 2.94 0.76 0.32 0.25 72 1.04 
Clostridia_Clostridiales_Eubacteriaceae_Acetobacterium 1.00 0.00 2.35 1.33 0.79 0.91 72 1.04 
Spirochaetes 1.66 0.00 1.99 2.84 0.16 0.17 66 0.95 
Betaproteobacteria_Burkholderiales_Comamonadaceae_Brachymonas 5.15 0.00 0.00 0.00 0.00 0.08 63 0.91 
Phylum Proteobacteria 0.00 4.15 0.00 0.38 0.08 0.08 61 0.88 
Gammaproteobacteria_Pseudomonadales_Pseudomonadaceae_ 
Pseudomonas 0.33 0.00 2.21 3.41 0.24 0.33 59 0.85 
Candidate Division WS6 0.00 0.00 2.21 0.19 0.08 2.15 58 0.84 
Betaproteobacteria_Rhodocyclales_Rhodocyclaceae_uncultured 4.66 0.00 0.07 0.00 0.00 0.00 57 0.82 
Phylum Bacteroidetes_VC2.1 1.16 0.00 0.07 6.63 0.00 0.00 50 0.72 
Deltaproteobacteria_Desulfobacterales_Desulfobacteraceae_Desulfotignum 0.75 0.00 0.00 6.63 0.24 0.25 50 0.72 
Betaproteobacteria_Burkholderiales_Alcaligenaceae 2.49 0.00 0.00 0.00 0.39 0.99 47 0.68 
Betaproteobacteria_Rhodocyclales_Rhodocyclaceae 1.83 0.00 0.29 2.65 0.16 0.08 43 0.62 
Sphingobacteria_Sphingobacteriales_WCHB1-69 1.16 0.00 0.88 2.46 0.24 0.00 42 0.61 
Mollicutes_Acholeplasmatales_Acholeplasmataceae_Acholeplasma 1.91 0.00 0.52 0.95 0.00 0.00 35 0.50 
Alphaproteobacteria_Rhizobiales_Hyphomicrobiaceae_Xanthobacter 0.00 0.00 0.00 0.00 0.79 1.66 30 0.43 
Clostridia_Clostridiales_Lachnospiraceae_uncultured 0.58 0.00 0.96 1.71 0.00 0.00 29 0.42 
Clostridia_Clostridiales_Family_XI_Incertae_Sedis_Sedimentibacter 0.25 0.00 1.32 0.19 0.16 0.41 29 0.42 
Synergistia_Synergistales_Synergistaceae_Thermanaerovibrio 0.50 0.07 0.96 0.00 0.16 0.41 27 0.39 
Bacteroidia_Bacteroidales_Marinilabiaceae_Anaerophaga 0.00 1.82 0.00 0.00 0.00 0.00 25 0.36 
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Deferribacteres_Deferribacterales_Deferribacteraceae 0.00 1.60 0.00 0.38 0.00 0.08 25 0.36 
Betaproteobacteria 0.42 0.44 0.00 1.71 0.08 0.17 23 0.33 
Methanomicrobia_Methanosarcinales 0.00 0.00 0.00 0.00 1.10 0.75 23 0.33 
Gammaproteobacteria 0.00 1.38 0.07 0.57 0.00 0.00 23 0.33 
Clostridia_Clostridiales 0.17 0.00 0.81 0.38 0.24 0.33 22 0.32 
Betaproteobacteria_Hydrogenophilales_Hydrogenophilaceae 0.50 0.80 0.00 0.57 0.00 0.00 20 0.29 
Bacteroidia_Bacteroidales_Rikenellaceae_vadinBC27 1.08 0.00 0.15 0.76 0.00 0.00 19 0.27 
Deltaproteobacteria_Desulfobacterales_Desulfobacteraceae 0.00 1.24 0.00 0.00 0.00 0.08 18 0.26 
Deltaproteobacteria_Desulfobacterales_Desulfobulbaceae_Desulfobulbus 0.00 0.00 0.37 0.38 0.24 0.66 18 0.26 
Alphaproteobacteria_Rhodospirillales_Oleomonas 0.00 0.00 0.00 0.00 0.32 1.08 17 0.24 
Phylum Firmicutes 0.58 0.00 0.44 0.38 0.00 0.08 16 0.23 
Bacteroidia_Bacteroidales_Porphyromonadaceae_Proteiniphilum 0.17 0.22 0.52 0.19 0.08 0.00 14 0.20 
Lentisphaeria_Victivallales_Victivallaceae_uncultured 1.08 0.00 0.00 0.00 0.00 0.00 13 0.19 
Alphaproteobacteria_Rhodobacterales_Rhodobacteraceae 0.00 0.00 0.74 0.19 0.08 0.08 13 0.19 
Gammaproteobacteria_Oceanospirillales_Halomonadaceae_Halomonas 0.00 0.80 0.15 0.00 0.00 0.00 13 0.19 
Actinobacteria_ Coriobacteriales_Coriobacterineae_Coriobacteriaceae 0.00 0.00 0.15 0.00 0.47 0.33 12 0.17 
Lentisphaeria_WCHB1-25 0.33 0.00 0.52 0.00 0.00 0.00 11 0.16 
Sphingobacteria_Sphingobacteriales_SB-1 0.33 0.00 0.22 0.19 0.00 0.17 10 0.14 
Betaproteobacteria_Rhodocyclales_Rhodocyclaceae_Dechloromonas 0.50 0.00 0.22 0.00 0.00 0.00 9 0.13 
Methanomicrobia_Methanomicrobiales_Methanolinea 0.17 0.00 0.44 0.00 0.00 0.08 9 0.13 
Methanomicrobia_Methanomicrobiales_Methanomicrobiaceae_ 
Methanoculleus 0.17 0.00 0.29 0.00 0.24 0.00 9 0.13 
Thermoplasmata_WCHA1-57 0.17 0.00 0.44 0.00 0.08 0.00 9 0.13 
Methanomicrobia_Methanosarcinales_Methanosarcinaceae_ 
Methanomethylovorans 0.08 0.00 0.44 0.00 0.08 0.08 9 0.13 
Deferribacteres_Deferribacterales_Deferribacteraceae_Calditerrivibrio 0.08 0.00 0.37 0.38 0.08 0.00 9 0.13 
Candidate Division OP9 0.00 0.00 0.07 0.00 0.47 0.17 9 0.13 
Clostridia_Clostridiales_Family_XII_Incertae_Sedis_Fusibacter 0.08 0.00 0.15 0.76 0.00 0.08 8 0.12 
Gammaproteobacteria_Oceanospirillales_Halomonadaceae 0.08 0.44 0.00 0.19 0.00 0.00 8 0.12 
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Gammaproteobacteria_Pseudomonadales_Pseudomonadaceae 0.08 0.00 0.00 1.33 0.00 0.00 8 0.12 
Methanobacteria_Methanobacteriales_Methanobacteriaceae_uncultured 0.00 0.00 0.00 0.00 0.24 0.41 8 0.12 
Betaproteobacteria_Burkholderiales_Comamonadaceae 0.58 0.00 0.00 0.00 0.00 0.00 7 0.10 
Spirochaetes_SHA-4 0.42 0.00 0.00 0.19 0.08 0.00 7 0.10 
Deltaproteobacteria_Desulfuromonadales_Desulfuromonadaceae_ 
Desulfuromonas 0.08 0.00 0.07 0.19 0.16 0.17 7 0.10 
Clostridia_Clostridiales_Family_XI_Incertae_Sedis_Tissierella 0.00 0.00 0.07 1.14 0.00 0.00 7 0.10 
Clostridia_Clostridiales_Ruminococcaceae_Fastidiosipila 0.00 0.00 0.00 0.38 0.16 0.25 7 0.10 
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Table A-2 Phylogenetic classification of pyrotags for the 6_PS incubation. Taxa were assigned only to high quality reads and 

are ranked according to overall abundance across all samples. Only taxa appearing in greater than 0.1% of the total reads are 

shown here.  

Sample Description 
Original 6_PS 

Sample 

6_PS 
Incubation 
With Steel 

6_PS 
Incubation 

Without Steel 
Total 

Number of 
Reads 

Fraction of 
Total Reads 

(%) 
Sample Code 

1.795.V30_13
53 

2.853.V39_18
47 

2.853.V39_18
50 

Number of Quality Reads 1269 886 876 
Taxon  

     Methanomicrobia_Methanosarcinales_Methanosaetaceae_Methanosaeta 30.65 19.75 3.31 593 19.56 
Clostridia_Clostridiales_Peptococcaceae_Desulfotomaculum 0.00 41.76 18.84 535 17.65 
Methanobacteria_Methanobacteriales_Methanobacteriaceae_Methanobacterium 33.10 0.00 3.54 451 14.88 
Methanomicrobia_Methanosarcinales_Methanosarcinaceae_Methanolobus 18.60 0.00 0.00 236 7.79 
Alphaproteobacteria_Rhizobiales_Hyphomicrobiaceae_Xanthobacter 0.79 0.00 23.63 217 7.16 
Deferribacteres_Deferribacterales_Deferribacteraceae 0.08 8.24 4.00 109 3.60 
Clostridia_Clostridiales_Eubacteriaceae_Acetobacterium 0.71 8.58 0.57 90 2.97 
Anaerolineae_Anaerolineales_Anaerolineaceae_uncultured 3.70 0.56 4.11 88 2.90 
Thermotogae_Thermotogales_Thermotogaceae_Kosmotoga 0.24 0.34 4.91 49 1.62 
Gammaproteobacteria_Pseudomonadales_Pseudomonadaceae_Pseudomonas 0.24 0.90 2.40 32 1.06 
Synergistia_Synergistales_Synergistaceae 0.00 2.60 0.80 30 0.99 
Clostridia_Clostridiales_Clostridiaceae_Clostridium 0.00 2.48 0.80 29 0.96 
Thermotogae_Thermotogales_Thermotogaceae_Thermosipho 0.00 1.69 1.03 24 0.79 
Epsilonproteobacteria_Campylobacterales_Campylobacteraceae_Arcobacter 0.00 2.26 0.00 20 0.66 
Candidate Division OP9 0.47 0.00 1.60 20 0.66 
Methanobacteria_Methanobacteriales_Methanobacteriaceae_uncultured 0.24 0.90 0.91 19 0.63 
Clostridia_Clostridiales_Family_XI_Incertae_Sedis_Sedimentibacter 0.16 1.24 0.34 16 0.53 
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Alphaproteobacteria_Rhodobacterales_Rhodobacteraceae_Roseobacter_clade 0.08 0.23 1.48 16 0.53 
Methanomicrobia_Methanosarcinales 1.26 0.00 0.00 16 0.53 
Actinobacteria_ Coriobacteriales_Coriobacterineae_Coriobacteriaceae_Eggerthella 0.47 0.00 1.14 16 0.53 
Betaproteobacteria_Rhodocyclales_Rhodocyclaceae_Thauera 1.02 0.00 0.34 16 0.53 
Deltaproteobacteria_Desulfuromonadales_Desulfuromonadaceae 0.16 0.00 1.60 16 0.53 
Alphaproteobacteria_Rhodospirillales_Oleomonas 0.32 0.00 1.26 15 0.49 
Sphingobacteria_Sphingobacteriales_WCHB1-69 0.24 0.00 1.14 13 0.43 
Spirochaetes_Spirochaetales_Spirochaetaceae_uncultured 0.00 0.00 1.48 13 0.43 
Phylum Firmicutes 0.00 0.34 1.03 12 0.40 
Synergistia_Synergistales_Synergistaceae_Aminobacterium 0.00 0.79 0.46 11 0.36 
Clostridia_Clostridiales 0.32 0.68 0.11 11 0.36 
Kingdom Bacteria 0.32 0.56 0.23 11 0.36 
Clostridia_Clostridiales_Family_XI_Incertae_Sedis 0.32 0.11 0.57 10 0.33 
Methanomicrobia_Methanomicrobiales_Methanocalculus 0.63 0.00 0.23 10 0.33 
Deltaproteobacteria_Desulfovibrionales_Desulfovibrionaceae_Desulfovibrio 0.08 0.34 0.57 9 0.30 
Gammaproteobacteria_1013-28-CG33 0.00 0.00 1.03 9 0.30 
Gammaproteobacteria_Oceanospirillales_Oceanospirillaceae_Marinobacterium 0.71 0.00 0.00 9 0.30 
Clostridia_Clostridiales_Family_XI_Incertae_Sedis_Tissierella 0.00 0.34 0.57 8 0.26 
Betaproteobacteria_Burkholderiales_Alcaligenaceae_Achromobacter 0.39 0.00 0.34 8 0.26 
Deltaproteobacteria_Desulfobacterales_Desulfobulbaceae_Desulfobulbus 0.24 0.00 0.57 8 0.26 
Gammaproteobacteria_Alteromonadales_Shewanellaceae_Shewanella 0.00 0.00 0.91 8 0.26 
Actinobacteria_ Coriobacteriales_Coriobacterineae_Coriobacteriaceae 0.00 0.23 0.57 7 0.23 
Clostridia_Clostridiales_Family_XII_Incertae_Sedis_Clostridiaceae_Acidaminobacter 0.00 0.00 0.80 7 0.23 
Clostridia_Clostridiales_Peptococcaceae_Pelotomaculum 0.00 0.00 0.80 7 0.23 
Clostridia_Thermoanerobacterales_Thermoanaerobacteraceae_Moorella 0.00 0.68 0.00 6 0.20 
Synergistia_Synergistales_Synergistaceae_Thermanaerovibrio 0.16 0.45 0.00 6 0.20 
Bacteroidia_Bacteroidales_Porphyromonadaceae 0.16 0.11 0.34 6 0.20 
Thermoplasmata_WCHA1-57 0.08 0.00 0.57 6 0.20 
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Caldisericia_Caldisericales_WCHB1-02 0.00 0.00 0.69 6 0.20 
Anaerolineae_Anaerolineales_Anaerolineaceae 0.32 0.00 0.23 6 0.20 
Anaerolineae_Anaerolineales_Anaerolineaceae_Leptolinea 0.00 0.00 0.69 6 0.20 
Clostridia_Clostridiales_Family_XI_Incertae_Sedis_Tepidimicrobium 0.00 0.23 0.34 5 0.16 
Caldilineae_Caldilineales_Caldilineaceae_uncultured 0.16 0.00 0.34 5 0.16 
Deltaproteobacteria_Desulfobacterales_Desulfobulbaceae 0.00 0.00 0.57 5 0.16 
Deltaproteobacteria_Syntrophobacterales_Syntrophaceae_Desulfobacca 0.00 0.00 0.57 5 0.16 
Gammaproteobacteria_Xanthomonadales_Xanthomonadaceae 0.00 0.00 0.57 5 0.16 
Gammaproteobacteria_Enterobacteriales_Enterobacteriaceae_Escherichia 0.00 0.45 0.00 4 0.13 
Sphingobacteria_Sphingobacteriales_vadinHA17 0.00 0.23 0.23 4 0.13 
Methanomicrobia_Methanomicrobiales_Methanomicrobiaceae_Methanofollis 0.00 0.11 0.34 4 0.13 
Sphingobacteria_Sphingobacteriales 0.00 0.11 0.34 4 0.13 
Alphaproteobacteria_Rhizobiales_Brucellaceae_Ochrobactrum 0.16 0.11 0.11 4 0.13 
Actinobacteria_Actinobacteridae_Actinomycetales 0.00 0.34 0.00 3 0.10 
Methanobacteria_Methanobacteriales_Methanobacteriaceae 0.16 0.11 0.00 3 0.10 
Methanomicrobia_Methanomicrobiales_Methanomicrobiaceae_Methanoculleus 0.16 0.11 0.00 3 0.10 
Clostridia_Clostridiales_Ruminococcaceae_Fastidiosipila 0.08 0.11 0.11 3 0.10 
Candidate Division OP8 0.00 0.00 0.34 3 0.10 
Anaerolineae_Anaerolineales_Anaerolineaceae_Bellilinea 0.00 0.00 0.34 3 0.10 
Anaerolineae_Anaerolineales_Anaerolineaceae_Longilinea 0.00 0.00 0.34 3 0.10 
Betaproteobacteria_Hydrogenophilales_Hydrogenophilaceae_Petrobacter 0.00 0.00 0.34 3 0.10 
Deltaproteobacteria_Desulfobacterales_Desulfobacteraceae_Desulfotignum 0.24 0.00 0.00 3 0.10 
Deltaproteobacteria_Syntrophobacterales_Syntrophaceae_Syntrophus 0.00 0.00 0.34 3 0.10 
Deltaproteobacteria_Syntrophobacterales_Syntrophobacteraceae_Desulforhabdus 0.00 0.00 0.34 3 0.10 
Gammaproteobacteria_Chromatiales_Halothiobacillaceae_Halothiobacillus 0.24 0.00 0.00 3 0.10 
Spirochaetes 0.24 0.00 0.00 3 0.10 
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Table A-1 Samples and sample descriptions from 2011 sampling study from Obigbo 

production facilities (as referred to in Figure 4-1 and Figure 4-4). 

Sample Sample Description 

2N3 Groundwater (IW) 

(V11_395) 2N1 Produced water from delivery line 

(V11_396) 2N2 Produced water from HP separator 

(V11_399) 2N6 Produced water from inlet T1401 

(V11_398) 2N5 Produced water from bulk discharge header 

(V11_397) 2N4 Produced water from sludge tank 1201B 

(V17_677) PPL1 Pipeline solids from water transporting pipeline 

(V17_678) PPL2 Pipeline solids from oil transporting pipeline 
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Abstract 

Use of pyrotag sequencing to determine microbial community compositions associated 

with corrosion in a pipeline system handling brackish water has shown that different populations 

are present in different parts of a single pipeline and treatment system. Possible factors 

influencing the composition of the microbial population include the source of water, flow, time 

of sampling, mode of growth (planktonic or sessile) and addition of treatment chemicals. 

Detailed examination of the populations indicated that methanogenic organisms may be 

responsible for MIC in the upstream water gathering system but downstream of the injection 

point for sodium bisulfite (an oxygen scavenger) Deltaproteobacteria are more likely the cause 

of MIC. The mechanism of attack is not necessarily restricted to the widely recognized action of 

SRB but may also be due to elemental sulfur formed by Desulfocapsa through the 

disproportionation of bisulfite. These novel insights could not have been obtained through the 

traditional assay methods currently used in the management of MIC and indicate the promise of 

molecular methods in future MIC investigations. 

 

Introduction 

Microbially influenced corrosion (MIC) is a significant issue in industrial systems where 

water is present and conditions allow biological activity. The current state-of-the-art in managing 

MIC represents the culmination of years of experience using traditional tools. Control of the 

problem depends on selection of operating conditions that minimize the chance or rate of 

microbial damage, cleaning protocols that remove deposits and water from the system, addition 

of biocides that reduce microbial numbers and timely targeted repairs when significant metal loss 

is detected by non-destructive inspection techniques. MIC sites are identified using three criteria; 
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enhanced numbers of potentially damaging microorganisms such as sulfate reducing bacteria 

(SRB) are present, evidence that these organisms are or have been active, and corrosion damage 

consistent with the relevant MIC mechanism. Historically microbial numbers have been assessed 

by methods such as the most probable number technique (MPN) in which an aliquot of field 

sample is diluted into a selective growth medium. The extent of growth obtained as a function of 

dilution is then used to estimate the number of viable cells present in the original sample. Current 

activity is assessed through assays for metabolites such as organic acids or for specific enzymes 

such as hydrogenase. In some cases persistent deposits such as iron sulfide formed as a corrosion 

product in an MIC scenario involving SRB can provide evidence of past activity. In the present 

state-of-the-art, characterization of MIC sites involves numerous assays each assessing the 

presence of a particular kind of microorganism or activity. Overall this approach is embedded in 

past experience and offers little opportunity to discover new MIC organisms or processes. 

 

Molecular methods 

Molecular methods have been discussed elsewhere in this publication and will not be 

reviewed here. All are based on the analysis and interpretation of genetic sequences of nucleic 

acids (DNA or RNA) extracted from samples of interest – in this case from solid and liquid 

samples taken from corrosion sites. Unlike the MPN test, this approach does not require growth 

of the microorganisms. This provides an immediate advantage over traditional culture-dependent 

techniques such as MPN assays. Because effective growth media have been developed for a 

small fraction of the microbial diversity present in the environment, available culture dependent 

techniques can only detect a limited number of the organisms present (Kellenberger, 2001). 

Because each assay requires a different growth medium significant effort is needed to obtain just 
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a partial picture of the target microbial community.  Molecular methods can provide a far more 

complete picture of the microbial community in a single run. 

The culture independent approach in the case study discussed here is based on comparison 

of 16S rRNA gene sequences determined for DNA extracted from field samples with those 

known for specific bacteria and archaea (Bintrim et al., 1997; Hugenholtz et al., 1998).  

Metagenomics can in principle provide a microbial community profile, functional gene 

composition, genomic linkages between function and phylogeny for uncultured organisms and 

evolutionary profiles of community function and structure (Wilmes and Bond, 2006). In practice 

a lack of reference information often precludes identification of microorganisms present in 

corrosion related samples at the species or even genus level. Presumably this situation will 

improve as longer sequencing reads from next generation platforms, more extensive databases 

and better bioinformatic tools become available.     

Sequence analysis in the present case study was done by pyrosequencing (Margulies et al., 

2005) using commercially available technology (GS FLX Titanium, 454 Life Sciences). Rapid 

advances in sequencing technology and bioinformatics have made this approach practical for use 

in the analysis of MIC field samples by reducing the cost and turn-around times for sequencing 

and improving the quality of the information obtained. In its present form the technology cannot 

be used in the field. Samples must be collected carefully and speedily submitted to a suitable 

laboratory in a manner that avoids contamination and minimizes exposure of the samples to 

potentially deleterious factors such as air oxidation in the case of anaerobic corrosion samples. 

While microbes traditionally associated with MIC problems in the field such as SRB can be 

identified the role and importance of most of the organisms detected through metagenomic 

analysis is simply not yet known. 
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Investigation of MIC 

Linking specific organisms to corrosion must be done by laboratory experiments in which 

metabolic processes or products inferred from genomic analysis are shown to affect the rate or 

extent of damage seen. A variety of methods are used to determine corrosion rates in lab and 

field (Jones, 1996; Zintel et al., 2001; Walker, 2010). These include electrochemical techniques 

such as linear polarization resistance (LPR). Corrosion rates are determined by measuring the 

applied current required to polarize a steel electrode to a small potential difference (+/- 20 mV) 

from its freely corroding potential in a specific environment. A wide range of systems are 

available commercially. LPR provides ‘instantaneous corrosion rates’ that can be used to follow 

the impact of microbial growth and activity or of treatment chemicals such as biocides on the 

corrosion process. Long term corrosion rates and the ultimate extent of damage can be assessed 

by measuring the metal lost and damage seen on test coupons (weight loss coupons) inserted into 

a system or experiment for a known period of time. Both LPR and weight loss coupons are used 

extensively in lab and field. Advantages and disadvantages of each method are summarized in 

Table B-1. In the field the location of LPR probes or corrosion coupons is a critical issue. The 

monitoring locations chosen must represent the entire operating system adequately but access to 

appropriate locations is not always possible. In practice these methods are often complemented 

by the use of non-destructive techniques based on ultrasonic probes or magnetic flux tools that 

can measure the thinning of the pipe wall at specific locations. Because microbial activity is but 

one factor in determining the rate and extent of corrosion in an operating system the usual aim is 

to understand the influence of the microbial community present in what may be a complex 

overall scenario.  
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Table B-1 Corrosion monitoring methods 

Method Comment 

LPR 

Pro 
• Fast measurement of corrosion rates can be used to track the effect of 

changes such as biocide addition or microbial growth 
• Numerous probes can be mounted in test systems for lengthy periods 
• Measurements can be automated and computer controlled 

Con 
• Rates are expressed as general corrosion rates with little information on 

pitting 
• Rates may not agree quantitatively with rates from weight loss coupons  
• Water must be present for electrochemical measurements 

Weight 

loss 

coupons 

Pro 

• The extent and nature of metal loss (including pit growth) can be inspected 
• Average corrosion rates can be calculated over a period of exposure 
• Surface deposits including biofilm, corrosion products, scale can be 

analyzed 
• Weight loss coupons can be used in any environment  

Con • Tedious to use 
• Insertion and removal of coupons can be disruptive  

 

 

The following case study illustrates the kinds of insights that can be gained by application 

of molecular methods to samples associated with internal corrosion in steel pipelines.  

 

Case Study 

 Figure B-1 provides a schematic illustration of the industrial system that was the target 

for application of molecular methods (Park et al., 2011). The system consists of a pipeline 

network that delivers brackish water from the Grand Rapids and McMurray geological 

formations to a water treatment facility in Northern Alberta, Canada. This facility supplies water 

to produce steam for the thermal recovery of bitumen from deep oil sands deposits. The system 

suffered a surprising number of leaks due to internal corrosion, particularly after McMurray 



 

 221 

formation water was introduced into the system. Molecular methods were applied in an attempt 

to assess the role MIC might play.  

Water samples from locations E1, E2, and E3 and three sections of failed pipe (616P, 

821TP and 821LP) were provided by the facility operator from locations indicated in Figure B-1. 

Water samples were collected near the source wells for Grand Rapids formation water (E1) and 

McMurray formation water (E2). Co-mingled water was sampled just upstream of the water 

treatment facility (E3). As shown in Figure B-1 samples were obtained both upstream and 

downstream of the point where sodium bisulfite (SBS) was added as an oxygen scavenger. In all 

cases samples were shipped quickly to the lab in sealed containers completely filled with water 

to exclude air. Upon arrival, an aliquot (1 L) of each water sample was immediately filtered 

through a 0.2 µm sterile Millipore filter in a Coy anaerobic hood (90% N2, 10% CO2). The filters 

with collected solids, including biomass, were stored at -80oC for extraction of DNA. 

 

 

Figure B-1 Schematic diagram of the brackish water gathering system showing sampling 

points and the point where sodium bisulfite is added as an oxygen scavenger. 

E1 – Grand Rapids 
formation water 

E2 – McMurray 
formation water  

E3 – Mixed water   Degassing 
and filtration  

 
Water Treatment Facility 

821TP 

821LP 

616P 

Sodium bisulfite 
addition 
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 Pipe-associated solids (PAS) were removed by scraping the internal pipe surface with a 

sterile spatula in the anaerobic hood and re-suspended in 0.2 µm filtered pipe-associated water 

(PAW) that had been shipped with each pipe specimen. Details of the procedures used for the 

extraction and analysis of DNA have been published in some detail previously (Park et al., 

2011). A brief summary follows.  

 Genomic DNA was isolated using a procedure based on Marmur (1961).  Samples were 

thawed, resuspended in 280 µl of 0.15 M NaCl and 0.1 M EDTA (pH 8) and treated with 

lysozyme. All samples, except PAW-821LP and PAS-616P, were lysed by treatment with 25% 

SDS and three freeze-thaw cycles (at -70° C and 68° C). Samples, PAW-821LP and PAS-616P, 

were lysed by bead-beating in a FastPrep Instrument for 60 s at a speed setting of 6.0 in 2 mL 

lysing matrix E tubes (MP BIO). All samples then underwent treatment with DNase-free RNase 

and proteinase K (Roche Diagnostics, GmbH), phenol extraction, precipitation with two volumes 

of 2.5 M sodium acetate in 95% ethanol, washing with 70% ethanol and drying. The DNA was 

then dissolved in 10 mM Tris-Cl, pH 8.5 (buffer EB from the Qiagen QIAquick Kit, Qiagen) for 

two-step PCR amplification. The first step was performed with 16S primers 926Fw 

(AAACTYAAAKGAATTGRCGG) and 1392R (ACGGGCGGTGTGTRC). The PCR mixture 

contained 20 pmol/µL each of forward and reverse primers in 2 µL, 25 µL of 2 x PCR master 

mix, 21 µL of nuclease-free water and 2 µL of DNA template (10-100 ng). PCR was for 3 min at 

95°C, followed by 25 cycles of 30 s at 95°C, 45 s at 55°C and 1.5 min at 72°C, and then 10 min 

at 72°C. The second PCR (10 cycles) was performed with 100 ng of PCR product and the FLX 

titanium amplicon primers 454T_RA_X and 454T_FwB, which have the sequences for 16S 

primers 926Fw and 1392R as their 3’-ends. Primer 454T_RA_X has a 25 nucleotide A-adaptor 

(CGTATCGCCTCCCTCGCGCCATCAG) and a 10 nucleotide multiplex identifier barcode 



 

 223 

sequence X, whereas primer 454T_FwB has a 25 nucleotide B-adaptor sequence 

(CTATGCGCCTTGCCAGCCCGCTCAG). Amplicons were sent for pyrosequencing (16S 

profiling) using a Genome Sequencer FLX Instrument (Roche Diagnostics Corporation). 

Pyrosequencing data obtained were analyzed using Phoenix Pipeline software (University of 

Calgary) as described elsewhere (Park et al., 2011). High quality sequences clustered into OTU’s 

(Operational Taxonomic Units) at 3% distance by using the complete linkage algorithm in 

Mothur (Schloss et al., 2009) were compared against the non-redundant SSU Ref data set of 

SILVA102 (Pruesse et al., 2007) using the Tera-BLAST algorithm on a TimeLogic Decypher 

system (Active Motif, Inc.). The Newick Format of the sample relation tree generated from Fast 

UniFrac was visualized using Dendroscope (Huson et al. 2007). 

 Figure B-2 shows pipe sections cut out of the system at 616P, 821TP and 821LP.  X-ray 

diffraction analysis (Park et al., 2011) showed that surface deposits on the pipe wall upstream 

from the SBS addition point near source well 616P had a high fraction of iron carbonates 

(FeCO3, 85-95%; Fe2(OH)2CO3, 4-8%), some sand (SiO2, 4-8%) and traces of metallic iron. The 

presence of sand and metallic iron is consistent with an erosion corrosion process, i.e. sand 

abrasion of the iron surface. Neither sulfur (S8) nor the iron sulfide mackinawite (FeS) was 

observed; however, these were significant components of the scale downstream from the SBS 

injection point (20-30% and 10-20%, respectively) along with iron carbonate (FeCO3, 55-65%). 

The presence of iron sulfide is consistent with the dark colour of the deposits seen on the internal 

pipe surface, Figure B-2. Based on visual inspection and these deposit analyses it is evident that 

different corrosion processes occur upstream and downstream of the SBS injection point. 

Molecular methods allowed the nature of the microbial communities present in these locations to 

be investigated.  
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Figure B-2 Deposits on the internal surface of cut out pipe from (A) 616P, (B) 821LP and 

(C) 821TP. 

 

Figure B-3 shows the composition of the planktonic microbial community in a combined 

water sample (E1, E2, E3) and in the sessile communities colonizing deposits on the internal 

surface of the pipe.  Gammaproteobacteria dominate the planktonic community while 

Deltaprotobacteria and methanogenic archaea are major constituents in sessile populations. 

Differences are also seen in the sessile communities upstream (PAS-616P) and downstream 

(PAS-821LP or PAS-821TP) of the SBS injection point. Downstream of the SBS injection point 

Deltaproteobacteria are more prevalent.  Sessile populations downstream of the SBS injection 

point also differ depending on water flow. The prevalence of methanogens is much reduced in a 

line pipe with intermittent flow interspersed with periods of stagnation (821LP) compared to one 

with continuous flow (821TP).  

LPR measurements done under anaerobic conditions using unprotected steel coupons 

allowed the various field samples to be ranked in terms of ‘corrosivity’. The highest corrosion 

rates (ca. 0.3 mm/year) were seen for pipe associated samples, PAS-821LP and PAS-821-TP, 

taken downstream of the SBS addition point. In contrast McMurray formation water from the 
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source well (E2), combined water (E3) and the upstream pipe associated sample (PAS616) 

showed relatively modest corrosion rates (ca. 0.04 mm/year). The Grand Rapids formation water 

from the source well (E1) was not corrosive. 

 

Figure B-3 Stacked-bar representation of microbial community composition at the phylum 

level for water and PAS samples. The percentage fraction (%) of reads for each phylum is 

indicated. (A) Water-combined (B) PAS-616 (C) PAS-821LP (D) PAS-821TP 

 

The relatedness of the microbial community compositions is shown in a dendrogram, 

Figure B-4. In Figure B-4, water samples collected at E1, E2 and E3 are presented separately for 

sampling dates 1, 2 and 3. The sample labelled as E2-3, for example, is a water sample taken at 

E2 on sampling date 3. Samples E1-1, E2-1 and E3-1 were combined to provide the water-

combined sample shown in Figure B-3.  
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In Figure B-4 sessile samples (PAS-616P, PAS821LP and PAS-821TP) cluster separately 

from planktonic samples taken at E1, E2 and E3 as expected. Two additional water samples, 

PAW-821TP and PAW-821LP, shown in Figure B-4 were received with the corresponding cut 

out pipe sections. Pipe associated water (PAW-821TP) from a line under continuous flow 

clusters with the upstream water samples (E1, E2, E3) whereas pipe associated water (PAW-

821LP) obtained from a pipe-section with only occasional flow clusters with the associated 

sessile community composition (PAS-821LP). Presumably the planktonic community comes to 

resemble the sessile community during stagnant periods. It can be seen that the water borne 

planktonic populations vary considerably over time and that the microbial community in water 

from the McMurray formation (E2) dominates the planktonic population seen in the comingled 

water (E3). 

 

Figure B-4 Dendrogram showing the relatedness of microbial community compositions. 

 

In the single water piping system shown in Figure B-1, the source of the water, flow 

(continuous or intermittent), time, the addition of treatment chemicals such as SBS and growth 
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mode (sessile or planktonic) all affect the microbial community found at a particular location. 

Relating these changes to the corrosion seen in various parts of the system requires a more 

detailed inspection of the organisms present in relevant sessile communities.   

Methanobacteria constituted 54% of the sessile population found in deposits taken from 

the internal surface of upstream line pipe (616P). Members of this class are hydrogenotrophic 

methanogens that use hydrogen to reduce CO2 to methane and water. The brackish water coming 

from underground is very low in sulfate but rich in CO2. Daniels et al. (1987) demonstrated that 

the oxidation of iron can act as a source of electrons in the metabolic reduction of CO2 to CH4 

(eqn 1) by supporting the formation of hydrogen, H2, Figure B-5. 

4Fe + 8H+ + CO2 ! 4Fe2+ + CH4 + 2H2O  (eqn 1) 

 

 

Figure B-5 MIC mechanisms for  (A) SRB and (B) methanogens. 

 

The relevance of this mechanism to corrosion in the target system was tested by 

incubating steel corrosion coupons in brackish water samples anaerobically under a headspace of 

CO2 and N2. Oxidation of the steel was accompanied by production of methane in all cases, 

Figure B-6. Although the corrosion rates seen in the lab were modest, the corrosion products 
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seen in the field, FeCO3 and Fe2(OH)2CO3, are consistent with the mechanism shown in Figure 

B-5B.  

 

 

Figure B-6 (A) Average weight loss and (B) methane production for unprotected steel 

coupons incubated in brackish water samples from E1, E2, E3. 

 

Iron (II) carbonate is a common anaerobic corrosion product in bicarbonate solutions. 

Precipitation of FeCO3 will be promoted in this case by the upward shift of pH associated with 

hydrogen formation on the steel surface, Figure B-5B. Recent work on MIC in offshore oilfield 

systems has recognized the potential importance of methanogens and provided a predictive 
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model for metal loss on this basis (Sørensen et al., 2012). Historically these organisms have not 

been routinely assessed in the investigation of potential MIC sites. Where oxygen enters the 

system, bisulfite will be oxidized to sulfate downstream of the SBS injection point. This might 

be expected to support the growth of SRB - traditionally regarded as the main biocorrosion agent 

in anaerobic environments. In traditional mechanisms hydrogenase positive SRB accelerate 

metal oxidation by consuming molecular hydrogen formed on the surface of the steel (Von 

Wohlzogen Kühr and Van Der Vlugt, 1934) or on iron sulfide corrosion products (King and 

Miller, 1971) as shown in Figure B-5A. More recently SRB have been shown to reduce sulfate 

faster than these traditional mechanisms for obtaining molecular hydrogen would allow, 

suggesting there are other mechanisms for MIC as well (Dinh et al., 2004; Enning et al., 2012). 

The overall reaction can be written as (eqn 2). 

4Fe + 8H+ +SO4
2- ! 4Fe2+ + S2- + 4H2O (eqn 2) 

Where carbonate ions are present, iron sulfide and iron carbonate co-precipitate as corrosion 

products. Dark surface deposits found on the pipe surface downstream of the SBS injection point 

contain both iron sulfide and iron carbonate as anticipated; however, elemental sulfur is also 

found as noted previously. Because a residual of SBS is maintained throughout the system 

excess bisulfite is always present. Clearly the situation is more complex than (eqn 2) would 

suggest.  

The injection of SBS into the system has a strong effect on the downstream sessile 

microbial community. Deltaproteobacteria dominate the population.  Desulfomicrobium, an 

SRB that can use cathodic hydrogen to reduce sulfate to sulfide (eqn 2) is a major component; 

however, Desulfocapsa are even more enhanced. In more recent work on a parallel water 

collection and processing system at the same site the proportion of Desulfocapsa in the microbial 
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population upstream and downstream of the SBS injection point jumped from 0.2% to 95% 

(unpublished results). Desulfocapsa can derive energy for growth from the disproportionation of 

bisulfite to sulfide and sulfate; 

4HSO3
- → HS- + 3SO4

2- + 3H+ ; ΔG0’ = -59 kJ/mol of bisulfite (eqn 3) 

Desulfocapsa sulfoexigens is an autotroph, which requires only CO2 as the carbon source (Finster 

et al., 1998). Some SRB including Desulfovibrio sulfodismutans can also catalyze this reaction 

(Borg and Groenen, 2010). The finding of 20-30% sulfur in the scale near 821TP suggests that 

bisulfite may also be disproportionated to sulfur and sulfate; 

3HSO3
- → S0 + 2SO4

2- + H2O + H+; ΔG0’ = -62 kJ/mol of bisulfite (eqn 4) 

This is a novel and potentially important observation. The appearance and fate of sulfur is very 

important in operating systems for two reasons; sulfur itself can be extremely corrosive 

(Dowling, 1992; Sun et al., 2012) and sulfur is often taken to be an indication that oxygen is 

entering an otherwise anaerobic system. Ironically the latter assumption might well lead to a 

decision to increase the level of SBS injected, triggering a further increase in sulfur production 

(eqn 4). The relevance of this possible reaction is currently under further investigation and the 

system operator is considering the use of oxygen probes to set SBS levels in the target system. 

Desulfurivibrio, which was found in PAS-821TP at 0.3% of the reads, can reduce sulfur and 

polysulfides to sulfide with H2 (potentially derived through the corrosion of steel) as the electron 

donor. 

Based on these observations MIC mechanisms downstream of the SBS injection point 

may well include corrosion due to elemental sulfur formed by Desulfocapsa as well as the 

traditional attack associated with SRB. 
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Appendix C: Supplementary material for Chapter 7: The effect of microbial sulfur cycling 
on corrosion 

 

Figure C-1 Corrosion rates of aqueous field samples PW and PWRI, as measured by LPR. 

0.5 M NaCl was used as a control. Figure modified from Mand et al., 2014, In SPE 

International Oilfield Corrosion Conference and Exhibition, SPE-169638. 

 

Figure C-2 Field samples (1: Pipeline Inlet, 2: Dehydrator, 3: Ballast Tank and 4: Pumpout 

Lagoon) were incubated with 10 mM sulfate and 3 mM each acetate, propionate and 

butyrate to enrich for sulfate reducing bacteria. Incubations lasted for 2 weeks at 30°C 

with shaking at 100 rpm. 
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Figure C-3 Field samples (1: Pipeline Inlet, 2: Dehydrator, 3: Ballast Tank and 4: Pumpout 

Lagoon) were incubated with 10 mM nitrate and 3 mM each acetate, propionate and 

butyrate to enrich for nitrate reducing bacteria. Incubations lasted for 2 weeks at 30°C 

with shaking at 100 rpm. 

0 
2 
4 
6 
8 

10 
12 

0 5 10 15 

N
itr

at
e 

(m
M

) 

Time (Days) 

Sample 1 
Sample 2 
Sample 3 
Sample 4 



 

 235 

 

Figure C-4 Field samples (1: Pipeline Inlet, 2: Dehydrator, 3: Ballast Tank and 4: Pumpout 

Lagoon) were incubated with 10 mM sulfide and 10 mM O2 to enrich for oxygen-reducing, 

sulfide-oxidizing bacteria. Oxygen depletion (A), final sulfur concentrations (B) and final 

sulfate concentrations (C) were measured.  
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Figure C-5 Field samples (1: Pipeline Inlet, 2: Dehydrator, 3: Ballast Tank and 4: Pumpout 

Lagoon) were incubated with 10 mM nitrate (A) and 10 mM sulfide (B) to enrich for 

nitrate-reducing sulfide-oxidizing bacteria. Nitrate  (A), sulfide (B), end sulfate (C) and end 

sulfur (D) concentrations were measured. 
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Figure C-6 Field samples (1: Pipeline Inlet, 2: Dehydrator, 3: Ballast Tank and 4: Pumpout 

Lagoon) were incubated with 0.13% wt/vol sulfur crystals and 3 mM each butyrate (A), 

propionate (B) and acetate (C) to enrich for sulfur-reducing bacteria. Sulfide production 

(D) was measured. 
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Figure C-7 Field samples (1: Pipeline Inlet, 2: Dehydrator, 3: Ballast Tank and 4: Pumpout 

Lagoon) were incubated with 0.13% wt/v sulfur crystals and 10 mM O2 to enrich for 

sulfur-oxidizing bacteria. Sulfate production (A) and oxygen consumption (B) were 

measured. 
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Table C-1 Microbial community composition of field samples (Pipeline Inlet, Pumpout Lagoon, Dehydrator Outlet and Ballast 

Tank) as determined by 454 sequencing. Taxa are represented as a fraction (%) of the total good-quality reads from each 

sample. Only taxa in overall abundance greater than 0.2% (from a total of 31788 reads) are shown. 

Sample Name Pipeline 
Inlet 

Pumpout 
Lagoon 

Dehydrator Ballast 
Tank B 

Fraction 

(%) of 

Total 

Reads 

Sample Code 2.892.V4
3_2136 

2.892.V4
3_2137 

2.892.V43_
2138 

2.892.V43
_2139 

Quality Reads 7704 5141 8537 10406 

Taxon 
    

Bacteria_Proteobacteria_Deltaproteobacteria_Desulfuromonadales_ 
Desulfuromonadaceae_Desulfuromonas 

40.19 1.69 16.21 0.40 14.50 

Bacteria_Proteobacteria_Epsilonproteobacteria_Campylobacterales_ 
Campylobacteraceae_Arcobacter 

36.44 1.13 12.77 0.03 12.45 

Bacteria_Proteobacteria_Gammaproteobacteria_Oceanospirillales_ 
Oceanospirillaceae_Marinobacterium 

8.33 4.14 22.56 0.00 8.75 

Bacteria 0.01 7.12 0.02 20.73 7.95 
Bacteria_Proteobacteria_Gammaproteobacteria_Thiotrichales_ 
Piscirickettsiaceae_Thiomicrospira 

0.86 2.00 8.48 12.22 6.81 

Bacteria_Proteobacteria_Epsilonproteobacteria_Campylobacterales_ 
Helicobacteraceae_Sulfurimonas 

2.95 0.88 8.23 11.04 6.68 

Bacteria_Bacteroidetes_VC2.1 0.00 4.69 0.00 8.50 3.54 
Bacteria_Proteobacteria 0.91 4.07 1.78 5.32 3.10 
Bacteria_Proteobacteria_Deltaproteobacteria_Desulfuromonadales_ 
Desulfuromonadaceae_Desulfuromusa 

0.04 8.54 0.74 2.77 2.49 

Bacteria_Proteobacteria_Gammaproteobacteria_Vibrionales_ 
Vibrionaceae_Vibrio 

2.09 0.39 5.76 0.00 2.12 
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Bacteria_Bacteroidetes 0.00 3.05 0.02 4.72 2.04 
Bacteria_Proteobacteria_Gammaproteobacteria 0.23 4.57 3.03 0.74 1.85 
Bacteria_Lentisphaerae_Lentisphaeria_WCHB1-41 0.00 0.00 0.00 4.36 1.43 
Bacteria_Proteobacteria_Gammaproteobacteria_Alteromonadales_ 
Shewanellaceae_Shewanella 

0.00 0.41 4.99 0.01 1.41 

Bacteria_Bacteroidetes_Sphingobacteria_Sphingobacteriales 0.00 2.86 0.00 2.86 1.40 
Bacteria_Proteobacteria_Deltaproteobacteria_Desulfuromonadales_ 
Desulfuromonadaceae 

3.31 0.53 1.46 0.25 1.36 

Bacteria_Proteobacteria_Alphaproteobacteria_Rhodospirillales_ 
Rhodospirillaceae_Thalassospira 

0.00 0.35 3.83 0.01 1.09 

Bacteria_Proteobacteria_Gammaproteobacteria_Alteromonadales_ 
Alteromonadaceae 

0.00 6.11 0.00 0.01 0.99 

Bacteria_Proteobacteria_Deltaproteobacteria_Desulfuromonadales 0.87 0.74 1.77 0.51 0.97 
Bacteria_Firmicutes_Mollicutes_Acholeplasmatales_ 
Acholeplasmataceae_Acholeplasma 

0.00 0.89 0.00 2.25 0.88 

Bacteria_Proteobacteria_Deltaproteobacteria_Desulfobacterales_ 
Desulfobacteraceae_Desulfobacterium 

0.00 2.18 0.04 0.96 0.68 

Bacteria_Proteobacteria_Gammaproteobacteria_Oceanospirillales 0.61 0.80 1.46 0.00 0.67 
Bacteria_Lentisphaerae_Lentisphaeria_Victivallales_Victivallaceae 0.00 2.80 0.01 0.39 0.59 
Bacteria_Proteobacteria_Gammaproteobacteria_Thiotrichales_ 
Piscirickettsiaceae 

0.13 0.14 0.28 1.32 0.56 

Bacteria_Planctomycetes_Phycisphaerae_vadinBA30 0.00 0.43 0.00 1.49 0.56 
Bacteria_Bacteroidetes_Bacteroidia_Bacteroidales_Marinilabiaceae 0.00 0.33 1.05 0.59 0.53 
Bacteria_Chloroflexi_Anaerolineae_Anaerolineales_Anaerolineaceae 0.00 0.47 0.00 1.32 0.51 
Bacteria_Firmicutes 0.00 0.97 0.01 0.93 0.47 
Bacteria_Bacteroidetes_Sphingobacteria_Sphingobacteriales_WCHB1-69 0.00 2.04 0.00 0.32 0.43 
Bacteria_Firmicutes_RF3 0.00 0.43 0.00 1.11 0.43 
Bacteria_Proteobacteria_Gammaproteobacteria_Chromatiales_ 
Halothiobacillaceae_Halothiobacillus 

0.00 0.21 1.48 0.01 0.43 

Bacteria_Firmicutes_Clostridia_Clostridiales 0.00 0.18 0.02 1.15 0.41 
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Bacteria_Proteobacteria_Gammaproteobacteria_Oceanospirillales_ 
Alcanivoracaceae_Alcanivorax 

0.00 2.51 0.00 0.00 0.41 

Bacteria_Bacteroidetes_Sphingobacteria_Sphingobacteriales_SB-1 0.00 1.67 0.00 0.40 0.40 
Bacteria_Proteobacteria_Gammaproteobacteria_Thiotrichales_ 
Piscirickettsiaceae_Thioalkalimicrobium 

0.00 0.08 0.73 0.56 0.39 

Bacteria_Proteobacteria_Gammaproteobacteria_Alteromonadales_ 
Alteromonadaceae_Teredinibacter 

0.00 2.37 0.00 0.00 0.38 

Bacteria_Proteobacteria_Alphaproteobacteria_Rhodobacterales_ 
Rhodobacteraceae_Donghicola 

0.00 2.30 0.00 0.00 0.37 

Bacteria_Proteobacteria_Epsilonproteobacteria_Campylobacterales 0.97 0.02 0.34 0.08 0.36 
Bacteria_Proteobacteria_Alphaproteobacteria 0.00 1.93 0.12 0.02 0.35 
Bacteria_Proteobacteria_Gammaproteobacteria_Oceanospirillales_ 
Oceanospirillaceae 

0.06 0.70 0.78 0.00 0.34 

Bacteria_Proteobacteria_Gammaproteobacteria_Alteromonadales_ 
Pseudoalteromonadaceae_Pseudoalteromonas 

1.12 0.06 0.21 0.00 0.34 

Bacteria_Hyd24-12 0.00 0.02 0.00 1.00 0.33 
Bacteria_Firmicutes_Clostridia_Clostridiales_Family_XII_Incertae_ 
Sedis_Fusibacter 

0.00 0.00 0.01 0.96 0.32 

Bacteria_Proteobacteria_Deltaproteobacteria_Desulfobacterales_ 
Desulfobacteraceae 

0.00 0.06 0.00 0.86 0.29 

Bacteria_Proteobacteria_Gammaproteobacteria_Oceanospirillales_ 
Oceanospirillaceae_Pseudospirillum_OM182 

0.00 1.71 0.00 0.00 0.28 

Bacteria_Proteobacteria_Alphaproteobacteria_Rhodobacterales_ 
Rhodobacteraceae 

0.01 1.50 0.01 0.03 0.26 

Bacteria_Spirochaetes_Spirochaetes_Spirochaetales_Spirochaetaceae_ 
Spirochaeta 

0.00 0.35 0.00 0.58 0.25 

Bacteria_Proteobacteria_Gammaproteobacteria_Vibrionales_ 
Vibrionaceae 

0.36 0.06 0.54 0.00 0.24 

Bacteria_Proteobacteria_Deltaproteobacteria_Desulfobacterales_ 
Desulfobacteraceae_uncultured 

0.00 0.12 0.00 0.66 0.24 

Archaea_Euryarchaeota_Methanomicrobia_Methanosarcinales_ 0.00 0.18 0.00 0.59 0.22 
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Methanosarcinaceae_Methanolobus 
Bacteria_Proteobacteria_Gammaproteobacteria_Oceanospirillales_ 
Oceanospirillaceae_Oleispira 

0.00 1.32 0.00 0.00 0.21 

Bacteria_Bacteroidetes_Flavobacteria_Flavobacteriales_ 
Flavobacteriaceae 

0.00 1.07 0.00 0.04 0.19 

Bacteria_Firmicutes_Clostridia_Clostridiales_Family_XI_Incertae_ 
Sedis_Sedimentibacter 

0.00 0.08 0.00 0.53 0.19 

Bacteria_Proteobacteria_Gammaproteobacteria_Pseudomonadales_ 
Pseudomonadaceae_Pseudomonas 

0.03 0.66 0.23 0.01 0.18 

Bacteria_Proteobacteria_Alphaproteobacteria_Rhizobiales 0.00 0.99 0.00 0.00 0.16 
Bacteria_Bacteroidetes_Bacteroidia_Bacteroidales 0.00 0.27 0.00 0.35 0.16 
Bacteria_Proteobacteria_Deltaproteobacteria_Desulfovibrionales_ 
Desulfovibrionaceae_Desulfovibrio 

0.00 0.08 0.07 0.35 0.14 

Bacteria_Proteobacteria_Deltaproteobacteria 0.00 0.08 0.04 0.35 0.14 
Bacteria_Bacteroidetes_Flavobacteria_Flavobacteriales_ 
Flavobacteriaceae_Aquimarina 

0.00 0.78 0.00 0.00 0.13 

Eukaryota_Alveolata_Ciliophora_Intramacronucleata 0.00 0.72 0.00 0.00 0.12 
Archaea_Euryarchaeota_Methanomicrobia_Methanosarcinales_ 
Methanosarcinaceae_Methanococcoides 

0.00 0.02 0.00 0.34 0.11 

Bacteria_Lentisphaerae_Lentisphaeria 0.00 0.39 0.00 0.15 0.11 
Bacteria_Proteobacteria_Alphaproteobacteria_Rhodobacterales_ 
Rhodobacteraceae_Pelagibaca 

0.00 0.70 0.00 0.00 0.11 

Bacteria_Proteobacteria_Deltaproteobacteria_Syntrophobacterales_ 
Syntrophaceae_Syntrophus 

0.00 0.02 0.00 0.33 0.11 

Bacteria_Proteobacteria_Gammaproteobacteria_Oceanospirillales_ 
Oceanospirillaceae_Neptunomonas 

0.00 0.66 0.00 0.00 0.11 

Bacteria_Proteobacteria_Alphaproteobacteria_Rhodobacterales_ 
Rhodobacteraceae_Roseobacter_clade 

0.00 0.51 0.08 0.00 0.10 

Bacteria_Proteobacteria_Deltaproteobacteria_Desulfobacterales_ 
Desulfobacteraceae_Desulfotignum 

0.00 0.00 0.00 0.32 0.10 

Bacteria_Lentisphaerae_Lentisphaeria_BS5 0.00 0.00 0.00 0.31 0.10 
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Archaea_Euryarchaeota_Halobacteria_Halobacteriales_Deep_Sea_ 
Hydrothermal_Vent_Gp_6(DHVEG-6) 

0.00 0.18 0.00 0.21 0.10 

Bacteria_Proteobacteria_Gammaproteobacteria_Vibrionales_ 
Vibrionaceae_Listonella 

0.13 0.00 0.22 0.00 0.09 

Bacteria_Proteobacteria_Epsilonproteobacteria_Campylobacterales_ 
Helicobacteraceae 

0.17 0.00 0.05 0.10 0.08 

Bacteria_Bacteroidetes_Flavobacteria_Flavobacteriales 0.00 0.43 0.00 0.03 0.08 
Bacteria_Bacteroidetes_Flavobacteria_Flavobacteriales_ 
Flavobacteriaceae_Polaribacter 

0.00 0.49 0.00 0.00 0.08 

Bacteria_Firmicutes_Clostridia_Clostridiales_Family_XIII_Incertae_ 
Sedis_Anaerovorax 

0.00 0.02 0.00 0.23 0.08 

Bacteria_Firmicutes_Clostridia_Clostridiales_Ruminococcaceae 0.00 0.43 0.01 0.02 0.08 
Bacteria_Firmicutes_Clostridia_Clostridiales_JTB215 0.00 0.02 0.00 0.22 0.08 
Bacteria_Proteobacteria_Gammaproteobacteria_Thiotrichales_ 
Piscirickettsiaceae_Cycloclasticus 

0.00 0.45 0.00 0.00 0.07 

Bacteria_Proteobacteria_Gammaproteobacteria_Thiotrichales_ 
Piscirickettsiaceae_Methylophaga 

0.00 0.43 0.00 0.00 0.07 

Bacteria_Firmicutes_Erysipelotrichi_Erysipelotrichales_ 
Erysipelotrichaceae_Erysipelothrix 

0.00 0.08 0.00 0.16 0.07 

Bacteria_Proteobacteria_Alphaproteobacteria_Rhodospirillales_ 
Rhodospirillaceae 

0.00 0.08 0.20 0.00 0.07 

Bacteria_BD1-5 0.00 0.00 0.00 0.19 0.06 
Bacteria_Candidate_division_WS6 0.00 0.27 0.00 0.06 0.06 
Bacteria_Proteobacteria_Alphaproteobacteria_Rhodobacterales_ 
Rhodobacteraceae_Roseobacter_clade_RGALL_lineage_Phaeobacter 

0.00 0.39 0.00 0.00 0.06 

Bacteria_Bacteroidetes_Sphingobacteria_Sphingobacteriales_BD2-2 0.00 0.04 0.00 0.16 0.06 
Bacteria_Firmicutes_Clostridia_Clostridiales_Lachnospiraceae_ 
Catabacter 

0.01 0.18 0.00 0.09 0.06 

Bacteria_Proteobacteria_Betaproteobacteria_Hydrogenophilales_ 
Hydrogenophilaceae_Petrobacter 

0.00 0.37 0.00 0.00 0.06 

Eukaryota 0.00 0.37 0.00 0.00 0.06 
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Bacteria_Bacteroidetes_Flavobacteria_Flavobacteriales_ 
Cryomorphaceae 

0.00 0.35 0.00 0.00 0.06 

Bacteria_Firmicutes_Clostridia_Clostridiales_Eubacteriaceae_ 
Acetobacterium 

0.00 0.00 0.04 0.13 0.05 

Bacteria_Proteobacteria_Deltaproteobacteria_Desulfarculales_ 
Desulfarculaceae_Desulfarculus 

0.00 0.00 0.00 0.16 0.05 

Bacteria_Proteobacteria_Deltaproteobacteria_Desulfobacterales_ 
Desulfobacteraceae_Desulfobacter 

0.00 0.04 0.00 0.14 0.05 

Bacteria_Proteobacteria_Gammaproteobacteria_Alteromonadales_ 
Alteromonadaceae_Marinobacter 

0.00 0.31 0.01 0.00 0.05 

Bacteria_Bacteroidetes_Sphingobacteria_Sphingobacteriales_ 
WCHB1-32 

0.00 0.00 0.00 0.15 0.05 

Bacteria_Proteobacteria_Deltaproteobacteria_Desulfovibrionales 0.00 0.00 0.02 0.13 0.05 
Bacteria_Proteobacteria_Gammaproteobacteria_Alteromonadales_ 
Alteromonadaceae_BD2-7 

0.00 0.12 0.00 0.09 0.05 

Bacteria_Firmicutes_Clostridia_Clostridiales_Clostridiaceae 0.00 0.00 0.00 0.13 0.04 
Bacteria_Firmicutes_Clostridia_Clostridiales_Family_XII_Incertae_ 
Sedis 

0.00 0.00 0.00 0.13 0.04 

Bacteria_Proteobacteria_Gammaproteobacteria_Alteromonadales 0.00 0.19 0.05 0.00 0.04 
Bacteria_Bacteroidetes_Sphingobacteria_Sphingobacteriales_ 
vadinHA17 

0.00 0.02 0.00 0.12 0.04 

Bacteria_Candidate_division_OP3 0.00 0.04 0.00 0.11 0.04 
Bacteria_Firmicutes_Mollicutes_RF9 0.00 0.04 0.00 0.11 0.04 
Bacteria_Verrucomicrobia_Opitutae 0.00 0.25 0.00 0.00 0.04 
Bacteria_Proteobacteria_Betaproteobacteria_Burkholderiales_ 
Comamonadaceae 

0.00 0.16 0.00 0.04 0.04 

Bacteria_Proteobacteria_Gammaproteobacteria_Alteromonadales_ 
Colwelliaceaea_Colwellia 

0.00 0.23 0.00 0.00 0.04 

Bacteria_Proteobacteria_Gammaproteobacteria_Pseudomonadales_ 
Pseudomonadaceae 

0.00 0.21 0.01 0.00 0.04 

Bacteria_Bacteroidetes_Flavobacteria_Flavobacteriales_ 0.00 0.00 0.00 0.11 0.03 
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Flavobacteriaceae_Flavobacterium 
Bacteria_Chloroflexi_Anaerolineae_Anaerolineales_Anaerolineaceae 0.00 0.00 0.00 0.11 0.03 
Bacteria_Chloroflexi_Anaerolineae_Anaerolineales_Anaerolineaceae_ 
Leptolinea 

0.00 0.00 0.00 0.10 0.03 

Bacteria_Firmicutes_Mollicutes 0.00 0.04 0.00 0.08 0.03 
Bacteria_Proteobacteria_Alphaproteobacteria_Rhodobacterales_ 
Rhodobacteraceae_Roseobacter_clade_RATL_lineage_Ruegeria 

0.00 0.19 0.00 0.00 0.03 

Bacteria_Proteobacteria_Betaproteobacteria 0.00 0.16 0.00 0.02 0.03 
Bacteria_Proteobacteria_Gammaproteobacteria_Xanthomonadales_ 
Xanthomonadaceae_Stenotrophomonas 

0.00 0.18 0.00 0.01 0.03 

Bacteria_Bacteroidetes_Flavobacteria_Flavobacteriales_ 
Flavobacteriaceae_Muricauda 

0.00 0.18 0.00 0.00 0.03 

Bacteria_Proteobacteria_Gammaproteobacteria_Thiotrichales_ 
Thiotrichaceae_Leucothrix 

0.00 0.18 0.00 0.00 0.03 

Bacteria_Synergistetes_Synergistia_Synergistales_Synergistaceae_ 
Thermanaerovibrio 

0.00 0.00 0.00 0.09 0.03 

Bacteria_Thermotogae_Thermotogae_Thermotogales_Thermotogaceae_Kosmot
oga 

0.00 0.02 0.00 0.08 0.03 

Bacteria_Lentisphaerae_Lentisphaeria_ML1228J-2 0.00 0.08 0.00 0.04 0.03 
Bacteria_Proteobacteria_Gammaproteobacteria_Xanthomonadales_ 
Xanthomonadaceae 

0.00 0.16 0.00 0.00 0.03 

Bacteria_Bacteroidetes_Flavobacteria_Flavobacteriales_ 
Flavobacteriaceae_Lutibacter 

0.00 0.14 0.00 0.00 0.02 

Bacteria_Chloroflexi 0.00 0.00 0.00 0.07 0.02 
Bacteria_Firmicutes_Clostridia_Clostridiales_Ruminococcaceae_ 
Fastidiosipila 

0.00 0.02 0.00 0.06 0.02 

Bacteria_Proteobacteria_Deltaproteobacteria_Bdellovibrionales_ 
Bacteriovoraceae_Peredibacter 

0.00 0.02 0.00 0.06 0.02 

Bacteria_Proteobacteria_Deltaproteobacteria_Desulfarculales_ 
Desulfarculaceae_uncultured 

0.00 0.04 0.00 0.05 0.02 

Bacteria_Proteobacteria_Epsilonproteobacteria_Campylobacterales_ 0.00 0.02 0.02 0.04 0.02 



 

 246 

Campylobacteraceae_Sulfurospirillum 
Bacteria_Proteobacteria_Gammaproteobacteria_Oceanospirillales_ 
Oceanospirillaceae_Marinomonas 

0.09 0.00 0.00 0.00 0.02 

Bacteria_Candidate_division_OD1 0.00 0.12 0.00 0.00 0.02 
Bacteria_Firmicutes_Clostridia_Clostridiales_P._palm_C_A_51 0.00 0.06 0.00 0.03 0.02 
Bacteria_Planctomycetes_Phycisphaerae 0.00 0.02 0.00 0.05 0.02 
Bacteria_Proteobacteria_Deltaproteobacteria_Desulfobacterales_ 
Desulfobacteraceae_Desulfosarcina 

0.00 0.00 0.00 0.06 0.02 

Bacteria_Chlorobi_Chlorobia_Chlorobiales_BSV26 0.00 0.04 0.00 0.03 0.02 
Bacteria_Proteobacteria_Alphaproteobacteria_Rickettsiales 0.00 0.10 0.00 0.00 0.02 
Bacteria_Proteobacteria_Deltaproteobacteria_Desulfuromonadales_ 
Desulfuromonadaceae_Pelobacter 

0.00 0.02 0.00 0.04 0.02 

Bacteria_Proteobacteria_Gammaproteobacteria_Chromatiales_ 
Ectothiorhodospiraceae_uncultured 

0.00 0.10 0.00 0.00 0.02 

Bacteria_Synergistetes_Synergistia_Synergistales_Synergistaceae 0.00 0.00 0.00 0.05 0.02 
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Table C-2 Microbial community composition at each stage of the sulfur cycling experiment, as determined Illumina 

sequencing. The following microbial groups were enriched for: Sulfate reducing bacteria (SRB), green sulfur bacteria (GSB), 

oxygen reducing sulfide oxidizing bacteria (ORSOB), sulfur oxidizing bacteria (S0OB), sulfur disproportionating bacteria 

(SDB) and sulfur reducing bacteria (S0RB). The community of the mixed field sample is also included for comparison (Initial). 

Taxa are represented as a fraction (%) of the total good-quality reads from each sample. Only taxa in overall abundance 

greater than 0.1% are shown. 

 Fraction (%) of Total Reads 

Taxonomy SRB GSB ORSOB S0OB SDB S0RB Initial 

BacteriaDeinococcus-ThermusDeinococciThermalesThermaceaeThermus; 11.21 50.72 24.27 49.47 0.00 0.00 0.00 
BacteriaChlorobiChlorobiaChlorobialesChlorobiaceaeProsthecochloris; 3.35 0.49 2.78 0.05 2.59 2.76 67.74 
BacteriaProteobacteriaDeltaproteobacteriaDesulfobacteralesDesulfobacterace
aeDesulfobacter; 

54.34 0.19 7.02 0.10 9.70 4.25 0.05 

ArchaeaEuryarchaeotaMethanobacteriaMethanobacterialesMethanobacteriac
eaeMethanobacterium; 

0.01 0.03 0.02 0.03 36.94 10.77 0.00 

BacteriaFirmicutesBacilliBacillalesBacillaceaeAnoxybacillus; 2.13 11.28 5.01 12.99 0.00 0.00 0.00 
BacteriaProteobacteriaDeltaproteobacteriaDesulfovibrionalesDesulfovibriona
ceaeDesulfovibrio; 

1.52 0.64 6.81 0.19 7.18 11.27 1.17 

BacteriaProteobacteriaDeltaproteobacteriaDesulfovibrionalesDesulfovibriona
ceaeDesulfocurvus; 

2.08 0.16 9.79 0.43 3.57 8.08 0.00 

BacteriaActinobacteriaCoriobacteriiaCoriobacterialesCoriobacteriaceae; 0.01 0.04 0.01 0.08 0.00 22.49 0.00 
BacteriaChlorobiChlorobiaChlorobialesChlorobiaceaeChlorobium; 0.06 0.01 0.03 0.01 0.12 0.03 14.32 
BacteriaProteobacteriaGammaproteobacteriaOceanospirillalesOceanospirilla
ceaeMarinobacterium; 

4.02 0.30 2.29 0.30 6.45 0.12 0.15 

BacteriaProteobacteriaBetaproteobacteriaBurkholderialesComamonadaceaeD 0.02 0.07 0.08 0.06 5.55 4.22 0.05 
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elftia; 
BacteriaFirmicutesClostridiaClostridialesPeptococcaceae; 0.69 3.15 1.62 3.53 0.00 0.00 0.00 
BacteriaActinobacteriaActinobacteriaCorynebacterialesNocardiaceaeRhodoc
occus; 

1.09 0.26 2.98 1.21 1.61 1.05 0.04 

BacteriaProteobacteriaBetaproteobacteriaRhodocyclalesRhodocyclaceaeThau
era; 

0.56 2.79 1.31 3.23 0.06 0.17 0.02 

BacteriaProteobacteriaGammaproteobacteriaPseudomonadalesPseudomonad
aceaePseudomonas; 

0.87 3.37 2.08 1.49 0.06 0.13 0.02 

BacteriaProteobacteriaAlphaproteobacteriaRhodospirillalesRhodospirillaceae
Thalassospira; 

0.15 0.01 0.14 0.04 0.46 0.07 6.87 

BacteriaProteobacteriaDeltaproteobacteriaDesulfobacteralesDesulfobacterace
aeDesulfotignum; 

1.78 0.25 2.30 0.08 1.00 2.04 0.07 

BacteriaThermotogaeThermotogaeThermotogalesThermotogaceaeMesotoga; 0.02 0.08 0.06 0.06 0.59 6.56 0.07 
BacteriaTenericutesMollicutesNB1-n; 4.11 0.17 0.55 0.04 0.65 0.51 0.31 
BacteriaProteobacteriaDeltaproteobacteriaDesulfobacteralesDesulfobulbacea
eDesulfofustis; 

0.84 0.06 0.90 0.19 0.53 3.80 0.00 

BacteriaFirmicutes; 0.45 2.00 1.06 2.21 0.00 0.00 0.00 
BacteriaProteobacteriaGammaproteobacteriaAlteromonadalesShewanellacea
eShewanella; 

0.43 1.85 0.82 2.25 0.00 0.00 0.00 

BacteriaFirmicutesBacilliBacillalesStaphylococcaceaeStaphylococcus; 0.00 0.07 0.02 0.09 2.93 2.04 0.09 
BacteriaSpirochaetaeSpirochaetesSpirochaetalesSpirochaetaceaeSpirochaeta-
2; 

0.78 0.08 1.96 0.09 1.46 0.72 0.15 

BacteriaChloroflexiAnaerolineaeAnaerolinealesAnaerolineaceae; 0.07 0.19 0.99 0.08 1.42 1.45 0.22 
BacteriaFirmicutesClostridiaClostridialesFamily-XITissierella; 0.32 1.24 0.66 1.60 0.28 0.01 0.00 
BacteriaBacteroidetes; 0.04 0.05 3.29 0.00 0.00 0.71 0.00 
BacteriaFirmicutesClostridiaClostridialesFamily-XIIAcidaminobacter; 0.04 0.30 0.16 0.46 1.42 1.53 0.00 
BacteriaBacteroidetesBacteroidiaBacteroidia-Incertae-
SedisProlixibacteraceaeProlixibacter; 

0.07 0.00 0.07 0.00 0.24 3.08 0.13 

BacteriaFirmicutesClostridiaClostridialesEubacteriaceaeAcetobacterium; 0.29 1.17 0.51 1.28 0.00 0.00 0.02 
BacteriaProteobacteriaDeltaproteobacteriaDesulfarculalesDesulfarculaceaeD 0.13 0.05 0.75 0.01 0.84 1.15 0.09 
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esulfarculus; 
BacteriaFirmicutesClostridiaClostridialesClostridiaceae-4Thermotalea; 0.22 1.02 0.51 1.21 0.00 0.00 0.00 
BacteriaBacteroidetesBacteroidiaBacteroidalesMgMjR-022; 0.35 0.07 2.02 0.00 0.39 0.08 0.02 
BacteriaProteobacteriaDeltaproteobacteriaDesulfobacteralesDesulfobacterace
aeDesulfosarcina; 

0.29 0.01 1.80 0.00 0.43 0.21 0.04 

BacteriaBacteroidetesBacteroidetes-VC2.1-Bac22; 0.66 0.00 0.48 0.02 0.91 0.07 0.60 
BacteriaFirmicutesNegativicutesSelenomonadalesAcidaminococcaceaeAcida
minococcus; 

0.21 0.79 0.46 1.03 0.00 0.00 0.00 

BacteriaSpirochaetaeSpirochaetesSpirochaetalesSpirochaetaceaeSphaerochae
ta; 

0.80 0.39 0.47 0.41 0.28 0.07 0.04 

ArchaeaWoesearchaeota-(DHVEG-6); 0.00 0.00 0.00 0.00 0.06 1.09 1.04 
BacteriaProteobacteriaAlphaproteobacteriaRhodospirillalesRhodospirillaceae
Candidatus-Riegeria; 

0.14 0.81 0.28 0.91 0.00 0.00 0.00 

BacteriaActinobacteriaActinobacteriaPropionibacterialesPropionibacteriacea
ePropionibacterium; 

0.11 0.47 0.23 0.47 0.50 0.25 0.00 

BacteriaChloroflexiAnaerolineaeAnaerolinealesAnaerolineaceaePelolinea; 0.04 0.02 0.64 0.07 0.35 0.51 0.16 
BacteriaFirmicutesClostridiaClostridialesPeptococcaceaeDesulfotomaculum; 0.12 0.69 0.28 0.60 0.09 0.00 0.00 
BacteriaBacteroidetesBacteroidiaBacteroidalesPorphyromonadaceaePaludiba
cter; 

0.17 0.53 0.23 0.63 0.00 0.00 0.00 

BacteriaThermotogaeThermotogaeThermotogalesThermotogaceaeSC103; 0.02 0.01 0.03 0.00 1.09 0.41 0.00 
BacteriaBacteroidetesBacteroidiaBacteroidalesPorphyromonadaceaeProteinip
hilum; 

0.15 0.47 0.23 0.65 0.03 0.00 0.02 

BacteriaSynergistetesSynergistiaSynergistalesSynergistaceaeThermovirga; 0.01 0.01 0.01 0.00 1.32 0.17 0.00 
BacteriaCloacimonetesLNR-A2-18; 0.09 0.49 0.32 0.62 0.00 0.00 0.00 
BacteriaChlorobiIgnavibacteriaIgnavibacterialesIgnavibacteriales-Incertae-
SedisMelioribacter; 

0.01 0.02 0.01 0.02 0.04 1.40 0.00 

BacteriaProteobacteriaDeltaproteobacteriaDesulfovibrionalesDesulfomicrobi
aceaeDesulfomicrobium; 

0.14 0.55 0.31 0.25 0.15 0.02 0.00 

BacteriaProteobacteriaAlphaproteobacteriaRhizobialesBrucellaceaeOchrobac
trum; 

0.00 0.00 0.01 0.00 1.04 0.33 0.02 
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BacteriaBacteroidetesBacteroidiaBacteroidia-Incertae-
SedisDraconibacteriaceaeMariniphaga; 

0.00 0.02 0.11 0.00 0.19 1.00 0.00 

BacteriaProteobacteriaDeltaproteobacteriaDesulfuromonadalesGeobacteracea
eGeobacter; 

0.07 0.56 0.19 0.46 0.00 0.00 0.00 

BacteriaBacteroidetesSphingobacteriiaSphingobacterialesWCHB1-69; 0.12 0.43 0.22 0.46 0.03 0.02 0.00 
BacteriaProteobacteriaAlphaproteobacteriaRhodobacteralesRhodobacteracea
eParacocccus; 

0.06 0.41 0.22 0.47 0.08 0.05 0.00 

BacteriaFirmicutesBacilliLactobacillalesStreptococcaceaeStreptococcus; 0.05 0.34 0.27 0.37 0.00 0.21 0.00 
BacteriaProteobacteriaDeltaproteobacteriaDesulfobacteralesDesulfobacterace
aeDesulfatibacillum; 

0.01 0.00 0.87 0.00 0.27 0.07 0.00 

ArchaeaEuryarchaeotaMethanomicrobiaMethanomicrobialesMethanomicrobi
aceaeMethanoculleus; 

0.12 0.47 0.46 0.15 0.00 0.00 0.00 

BacteriaBacteroidetesBacteroidiaBacteroidia-Incertae-
SedisDraconibacteriaceae; 

0.52 0.02 0.14 0.03 0.16 0.27 0.04 

BacteriaFirmicutesClostridiaClostridialesFamily-XISoehngenia; 0.09 0.38 0.19 0.50 0.00 0.00 0.00 
BacteriaFirmicutesClostridiaClostridialesClostridiaceae-4Geosporobacter; 0.07 0.39 0.16 0.53 0.00 0.00 0.00 
BacteriaFirmicutesBacilliLactobacillalesCarnobacteriaceaeTrichococcus; 0.06 0.37 0.18 0.52 0.00 0.00 0.00 
BacteriaProteobacteriaDeltaproteobacteriaDesulfuromonadalesDesulfuromon
adaceaeDesulfuromusa; 

0.01 0.00 0.02 0.00 0.03 0.03 1.04 

BacteriaFirmicutesErysipelotrichiaErysipelotrichalesErysipelotrichaceaeErys
ipelothrix; 

0.06 0.30 0.21 0.46 0.00 0.00 0.00 

BacteriaThermotogaeThermotogaeThermotogalesThermotogaceaeGAL15; 0.10 0.31 0.15 0.42 0.00 0.00 0.00 
BacteriaProteobacteriaGammaproteobacteriaXanthomonadalesXanthomonad
aceaeStenotrophomonas; 

0.00 0.02 0.00 0.04 0.61 0.24 0.00 

BacteriaParcubacteria; 0.03 0.03 0.06 0.00 0.03 0.13 0.60 
BacteriaProteobacteriaBetaproteobacteriaBurkholderialesComamonadaceaeH
ydrogenophaga; 

0.09 0.28 0.08 0.29 0.05 0.01 0.00 

BacteriaProteobacteriaAlphaproteobacteriaSphingomonadalesSphingomonad
aceaeSphingomonas; 

0.01 0.01 0.00 0.02 0.49 0.26 0.00 

EukaryotaOpisthokontaNucletmyceaFungiDikaryaAscomycotaSaccharomyc
otinaSaccharomycetesSaccharomycetalesIncertae-SedisCyberlindnera; 

0.00 0.01 0.00 0.00 0.76 0.00 0.00 
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ArchaeaEuryarchaeotaMethanomicrobiaMethanosarcinalesMethanosaetaceae
Methanosaeta; 

0.11 0.31 0.23 0.08 0.00 0.02 0.00 

Bacteria; 0.20 0.01 0.03 0.00 0.07 0.05 0.38 
BacteriaProteobacteriaAlphaproteobacteriaRhizobialesRhizobiaceaeRhizobiu
m; 

0.04 0.29 0.10 0.23 0.00 0.00 0.04 

BacteriaFirmicutesClostridiaClostridialesPeptococcaceaeDesulfitobacterium; 0.04 0.23 0.18 0.25 0.00 0.00 0.00 
BacteriaProteobacteriaAlphaproteobacteriaRhodobacteralesRhodobacteracea
e; 

0.01 0.08 0.03 0.02 0.19 0.03 0.33 

BacteriaBacteroidetesBacteroidetes-BD2-2; 0.08 0.03 0.50 0.00 0.07 0.00 0.02 
BacteriaTenericutesMollicutesAcholeplasmatalesAcholeplasmataceaeAchole
plasma; 

0.03 0.22 0.11 0.15 0.02 0.00 0.15 

BacteriaBacteroidetesBacteroidiaBacteroidia-Incertae-
SedisDraconibacteriaceaeDraconibacterium; 

0.11 0.04 0.10 0.02 0.18 0.24 0.00 

BacteriaFirmicutesBacilliBacillalesBacillaceaeGeobacillus; 0.04 0.24 0.14 0.25 0.00 0.00 0.00 
ArchaeaEuryarchaeotaMethanomicrobiaMethanosarcinalesMethanosarcinace
aeMethanolobus; 

0.03 0.07 0.11 0.10 0.09 0.27 0.00 

 

 


