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ABSTRACT 

Significance of Microbiology in Porous Hydrocarbon Related Systems 

Nicolas Augsburger 

 

This thesis explores bio-mediated processes in geotechnical and petroleum engineering. 

Worldwide energy consumption is rapidly increasing as the world population and per-

capita consumption rises. The US Energy Information Agency (EIA) predicts that 

hydrocarbons will remain the primary energy source to satisfy the surging energy 

demands in the near future. The three topics described in detail in this document aim to 

link microbiology with geotechnical engineering and the petroleum industry.  

Microorganisms have the potential to exploit residual hydrocarbons in depleted reservoirs 

in a technique known as microbial enhanced oil recovery, MEOR. The potential of 

biosurfactants was analyzed in detail with a literature review. Biosurfactant production is 

the most accepted MEOR technique, and has been successfully implemented in over 700 

field cases. Temperature is the main limiting factor for these techniques. The dissolution 

of carbonates by microorganisms was investigated experimentally. We designed a simple, 

economical, and robust procedure to monitor diffusion through porous media. This 

technique determined the diffusion coefficient of H
+
 in 1.5% agar, 1.122 x 10

-5
 cm

2
 sec

-1
, 

by using bromothymol blue as a pH indicator and image processing. This robust 

technique allows for manipulation of the composition of the agar to identify the effect of 

specific compounds on diffusion.  The Red Sea consists of multiple seeps; the nearby 

sediments are telltales of deeper hydrocarbon systems. Microbial communities associated 

with the sediments function as in-situ sensors that provide information about the presence 
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of carbon sources, metabolites, and the remediation potential. Sediments seeps in the Red 

Sea revealed different levels of bioactivity. The more active seeps, from the southern site 

in the Red Sea, indicated larger pore sizes, higher levels of carbon, and bioactivity with 

both bacteria and archaeal species present.  
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CHAPTER 1 

Introduction 

 

Bioactivity helped determine environmental conditions and shape geological history for 

the last 3.5 billion years. The history and index properties of the particulate media has 

governed the evolution of the geotechnical field since Karl Terzaghi “founded” it in the 

early 1900’s (Mitchell and Santamarina 2005). Historically soil behavior has been 

explained by applying mathematics and physics based understanding to the non-living 

portion of the subsurface. These techniques have successfully explained failures, predict 

future behavior, design infrastructure, and all around advancements in civil engineering.  

Microorganisms played critical roles in the deposition phase of the geological formations 

studied today, particularly carbonate petroleum reservoirs. Microorganisms in porous 

media have a major influence in the pore space itself and control the pH, ionic strength, 

grain-contacts, and even permeability. 

The research discussed herein focuses on the academic-interface between Biology and 

Geotechnical Engineering; stating the benefits of combining both disciplines for more 

sustainable methodologies in the context of petroleum engineering. Chapter 2 is a 

comprehensive review of published laboratory and field studies investigating the 

performance of biosurfactants. Chapter 3 will discuss Microbial Induced Carbonate 

Dissolution, MICD, as a suggestion for an unconventional technique for Microbial 

Enhanced Oil Recovery, MEOR, in carbonate reservoirs. Chapter 4 presents an analysis 

of unique marine sediments in the Red Sea near hydrocarbon seeps. Microbial 
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communities near seeps can potentially act as a “marker” and a reporter for 

biogeochemical constituents of these environments. 

Bio-geochemical processes have, until recently, been largely ignored in soil 

characterization. Including bioactivity, as part of the analysis of near-surface sediments is 

advantageous considering the presence of up to 10
10

 bacterial cells per cm
3
 of marine 

carbonate sands (Wild et al. 2005). Microorganisms are a metabolically diverse group but 

all require a carbon source, an extracellular electron acceptor, and sufficient space in 

order to thrive in an environment (Madigan et al. 2012). In Red Sea sediments where the 

temperature, pressure, and salinity ranges are considered habitable, it is the presence of 

fine sediments that could provide a mechanical limitation for microbial life (Rebata-

Landa and Santamarina 2006). 
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CHAPTER 2 

Biosurfactants and Microbial Enhanced Oil Recovery (MEOR) 

 

 

2.1 INTRODUCTION 

Oil recovery consists of three stages: primary, secondary and tertiary production (Khire 

and Khan, 1994). Primary production is the extraction of oil by drilling a well and 

relieving the fluid pressure on an oil reservoir; this results in oil, water and gas to migrate 

towards the well (Brown, 2010). Water flooding is the main technique used in secondary 

oil recovery. It helps to re-pressurize the reservoir while mobilizing some of the residual 

oil left behind from primary recovery; however it inherently increases the water 

saturation (Khire and Khan 1994). Tertiary oil recovery is the final attempt to recover 

hydrocarbons from a particular reservoir. There are a variety of strategies that are 

currently being used for tertiary recovery: steam flooding, pumping surface-active agents 

(surfactants), gas injection such as CO2 or N2. These minimize the impeding forces on oil 

production by altering the properties of the remaining petroleum (Sen, 2008). However, 

tertiary recovery methodologies can be energy, economically, and environmentally 

expensive (Kharaka and Dorsey 2005).  

The petroleum industry systematically tests the resilience of the environment. Large-scale 

oil spills, such as the Macondo Prospect in the Gulf of Mexico, receive international 

attention however, nearly 20% of oil wells worldwide leak and introduce pollutants into 

the subsurface frequently contaminating groundwater (Ayotamuno et al. 2006, Lopez et 

al. 2008). As environmental awareness and the need for clean drinking water rises 
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globally, the remediation and removal of contaminants from the subsurface is becoming a 

pressing research interest (Viessman et al. 2009).  

This research considers microorganisms as an engineering tool for both remediation and 

tertiary oil recovery. Some microorganisms naturally produce surface-active compounds, 

biosurfactants, in the presence of hydrocarbons to degrade the hydrocarbon as well as 

alter its surface, and interfacial properties (Price 1980; Banat et al, 2000; 1993; 2010; 

Obayori et al, 2009; Mulligan, 2001; Pacwa-Plociniczak et al, 2011; Röling et al, 2003). 

Microbes are used for remediation of the environment in marine oil spills because they 

can break down the Non-Aqueous Phase Liquids, NAPL, pollutants released during the 

spill. This type of bioremediation has been previously used in marine oil spills, however 

it is likely that these techniques could also be applied to the subsurface as a potential tool 

for tertiary oil recovery, a technique known as Microbial Enhanced Oil Recovery, MEOR 

(Pacwa-Plociniczak et al. 2011).  Biosurfactants are used in agriculture, food production, 

chemistry, cosmetics, and pharmaceutical industries because of their performance with 

minimal environmental impact (Pacwa-Polciniczak et al, 2011). Microorganisms can 

provide an effective, inexpensive, and environmentally friendly option to address both 

EOR and petroleum contaminated environments. 

The capillary number relates capillary to viscous forces 𝑁𝐶𝑎𝑝 =
Viscous forces

Capillary forces
=

𝑣𝜇

𝜎𝑐𝑜𝑠𝜃
 (Sen, 2008). Lower interfacial tension (𝜎) decreases the capillary forces and leads 

to a larger capillary number that translates into lower oil saturation in the reservoir, and  

enhanced oil production. There are two other mechanisms by which microorganisms can 

enhance oil recovery: the production of carbon dioxide, methane, and hydrogen gasses, as 
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well as other byproducts and selective plugging by the production of biomass (Khire, 

2010; Sen, 2008).  The secretion of such gases in-situ has a many effects over time. 

Locally, can re-pressurize a pressure-depleted system. Gaseous byproducts, e.g. CO2, 

soluble in oil will reduce the viscosity of the oil; other byproducts such as propionic acid, 

ethanol, butanol, or acetic acid actively dissolve carbonate that can lead to increased 

permeability and porosity (Khire, 2010; Sen, 2008). The viability of bacteria within pores 

displaces oil from the rock surface as bacteria have higher affinity for solids than the oil. 

The secretion of polysaccharides and other biopolymers in combination with the 

accumulation of biomass can selectively clog pores in high-permeability areas, driving 

the flow of water during sweeping towards previously unreachable areas containing oil 

simultaneously preventing the oil from entering these pores during flow (Khire, 2010; 

Sen, 2008). 

 

2.1.1 Biosurfactants review 

All surfactants are amphipathic and consist of polar (hydrophilic) and non-polar 

(hydrophobic) hydroxyl.  

Their amphipathic nature forces them to the interface and orients the molecules according 

to their affinity for each respective substrate, creating a monolayer of surfactant at the 

interface.  

 

Figure 2.1: (Rosen 2004): A representation of the interactions between heptane, water, and how a surfactant 

would orient due to its amphipathic structure to create a monolayer between the immiscible fluids.   
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Once aligned at the interface, the surfactant molecules repel each other and due to this 

spreading, lower the interfacial tension. 

Biosurfactants are a structurally diverse group of surface-active substances produced by 

microorganisms. They can lower the surface tension of water from 72 to 30 mN/m and 

the interfacial tension between water and n-hexadecane from 40 to 1 mN/m (Pacwa-

Polciniczak et al., 2011).  

 

2.1.2 Classification of Biosurfactants 

There are two methodologies to classify biosurfactants; by function and chemical 

structure. In terms of function, biosurfactants are characterized by their effectiveness, 

chemical composition, molecular weight, mode of action, and microbial origin. 

Biosurfactants are also separated into two major groups by their molecular weight that 

can determine function; low molecular weight (glycolipids, phospholipids and 

lipopeptides) and high molecular weight (amphipathic polysaccharides, proteins, 

lipopolysaccharides, and lipoproteins). Due to their smaller size, low molecular weight 

biosurfactants, can be easily transported to an interface making them efficient in lowering 

surface and interfacial tensions whereas high molecular weight biosurfactants are better 

suited to stabilize oil-in-water/ water-in-oil emulsions by making stronger bonds around 

suspended droplets and preventing them to coalesce (Ron and Rosenberg, 2002; Pacwa-

Plociniczak et al. 2011).   

Two other parameters used to quantify the performance of surfactants are efficiency and 

effectiveness. Efficiency refers to the concentration of surfactant required to lower the 
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surface tension by 20 mN/m, C20, and is expressed as the negative log of that 

concentration, pC20 (Rosen, 2004). At a critical concentration the surfactant spreads 

across the entire interface and the molecules begin to combine within the bulk fluid to 

create micelles; this concentration is the critical micelle concentration, CMC.  The 

effectiveness, 𝜋𝐶𝑀𝐶 , of a surfactant is the total surface tension reduction at the CMC. At 

this point the interface is saturated with the surfactant, and therefore does not further alter 

the interfacial tension (Rosen, 2004). They are not always complementary and quite often 

counter each other; different chemical nature is needed for the highest overall 

effectiveness in either category. 

 

Figure 2.2 (Rosen, 2004): Shows the surfactant efficiency, pC, and effectiveness, πCMC ; in a surface 

tension-logC plot.  

 

Classifying biosurfactants by structure, provides major classes of biosurfactants defined 

by their chemical composition, i) glycolipids ii) lipopeptides iii) phospholipids, iv) fatty 

acids and v) polymeric compounds. Each can be optimized for particular environments 

depending on the ultimate goal.   

Glycolipids 

Glycolipids are made up of three chemical components, a carbohydrate connected to a 

long fatty acid chain through a sulfate prosthetic group on the corresponding 
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carbohydrate. The glycolipid can be mono, di, tri, and tetrasaccharide and contain either 

aliphatic or hydroxyl-aliphatic fatty acids. Glycolipid biosurfactants have four subgroups, 

named by the specific carbohydrate group. Trehalolipids have disaccharide trehalose 

sugars, which are linked at C-6 and C-6’ to mycolic acids, the saturation and size of the 

fatty acids depend on the microorganism which synthesized it (Mycobacterium, 

Nocardia, Corynebacterium and Rhodococcus); Rhamnolipids are generally associated 

with Pseudomonas species and contain a single or two rhamnose molecules attached to 

Beta-hydroxydecanoic acid(s) (Sen, 2004); Sophorolipids are made up of dimeric 

sophorose sugars attached to a single, long hydroxyl fatty-acid chain and synthesized 

mostly by yeast. 

 
Figure 2.3 (Banat et al., 2010): Above is the structure of a glycolipid, a monorhamnolipid. 

 

Lipopeptides 

Similar to glycolipids, lipopeptides contain long hydrocarbon chains connected to a 

sulphate group, however instead of a carbohydrate they are bound to peptide chains. 

There are four kinds of lipopeptide biosurfactants in the literature; surfactin, iturin, 

fengycin, and lichenysin. All of them are associated with Bacillus species, the first three 

by Bacillus subtilis and lichenysin by Bacillus licheniformis. Surfactin is the most studied 

group among biosurfactants and are among the most effective with a CMC of 0.017 g/L 

resulting in a reduction of water surface tension from 72 to 27.9 mN/m (Sen and 

Swaminathan, 2005). Further classified as a cyclic lipo-heptapeptide with BETA-hydroxy 

fatty acid as its prosthetic group. Iturin and fengycin are very similar to surfactin 
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biosurfactants with minor deviations in their chemical structures; fengycin has a lipo-

decapeptide, while iturins’ cyclic lipo-heptapeptide is attached to BETA-amino fatty 

acids. Lichenysin, which resembles surfactin, is secreted by a different microorganism 

and is thought to be a better cation chelator and stable over a wider range of pH. 

 

Figure 2.4 (Banat et al., 2010): Structural representation of surfactin, the most studied biosurfactant. 

Fatty Acids 

Fatty acids, because of their amphipathic structure, are inherently surface-active agents 

when secreted extracellularly. In Pseudomonas aeruginosa, such surfactants can reach 

80% of the cellular composition by weight when grown on olive oil. 

Polymeric Biosurfactants 

This includes a large group of surfactants associated with high-molecular weight, high 

viscosity, and display tensile and shear strength. Emulsan, biodispersan, liposan, and 

mannoprotein are all subgroups of this class. A large structure allows the majority to be 

effective in stabilizing different kinds of emulsions or suspensions; e.g steric 

stabilization. 

 

Figure 2.5 (Fracchia et al., 2010): Chemical structure of emulsan, the most studied high molecular weight 

biosurfactant.  
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2.1.3 Biosurfactant genetics 

The importance of genetics and genomics in the field of biosurfactants cannot be 

overstated. It provides an understanding of what stimulates microorganisms to secrete 

these surface-active compounds and under what conditions the mechanism is optimized. 

Quorum sensing is thought to play a vital role in the synthesis of rhamnolipids and 

surfactin. The biosynthetic pathway is therefore dependent on extracellular stimuli and 

autoinducers of pathways regulated by quorum sensing (Satpute et al. 2004). Therefore it 

is the environment controls the production of biosurfactants to some extent. It regulates 

expression of the related genes, which induce intercellular communication through the 

synthesis of diffusible signals and autoinducers (Satpute et al. 2004); illustrated in Figure 

2.6 below.  

 

Figure 2.6 (Satpute et al. 2004): demonstrates schematic of an example of a quorum sensing pathway in 

rhamnolipid producing Pseudomonas.  

 

There is high biodiversity in biosurfactant producing microorganisms, but common 

themes exist. Cytochrome P450 monooxygenase is an enzyme that catalyzes the 



22 
 

oxygenation of hydrocarbons in biodegradation and is also a precursor for glycolipid 

synthesis in yeast and fungi (Satpute et al. 2004).  In many organisms the hydrophilic and 

hydrophobic moieties are synthesized independently, allowing for specialization of either 

component (Satpute et al. 2004). Moreover, there has been evidence of post-synthesis 

modification of bio-surfactants by microorganisms. Enzymatic "post processing" can help 

improve the specific activity for a particular task after the proteins are synthesized.  

  

        B       C 

     

Figure 2.7 (Palme et al. 2004):  Showcase examples of post-transcription in vivo altered synthesized 

biosurfactants. A. Pentasaccharide lipid modification by Nocardia; B. Glycogylerolipids synthesis by 

A 
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Bacillus pumilus followed by enzymatic modification; C. Enzymatic conversion of glycogylerolipds by 

Microbacterium DSM 12583 

 

Figure 2.8: (Graninger et al. 2002): The genetic pathway in the synthesis of rhamnolipids, and the 

necessary enzymes involved in A. thermoaerophilus . (A) is a gene-map in the formation of GDP-D-

glycero-a-D-manno-heptose and dTDP-B-L-rhamnose. (B) schematic pathway of the nucleotide-activated 

precursors for the s-layer glycoprotein of A. thermoaerophilus,  an amphipathic compound. 

             

2.1.4 Microorganisms detrimental to HC reservoirs 

One reason for skepticism in applying microbiological solutions in the petroleum 

industry is because the presence of microorganisms in a reservoir leads to corrosion and 

oil-souring. Sulfate reducing bacteria are thought to be responsible for the bio-corrosion 

of pipelines and wells, souring of in-situ oil, a part in biodegradation of oil, and clogging 

due to sulfide precipitates (Ollivier and Alazard 2010). Because of their detrimental 

effects to oil and gas production, they have been the largest studied group of organisms in 

oil reservoirs. Desulfovibrio is the most commonly isolated genus (from lower 

temperature reservoirs; 30-40 C); they are considered to be incomplete oxidizers of 

alcohols or organic carbon sources (Maggot et al. 2000, Ollivier and Alazard 2010). 

Hotter reservoirs are home to thermophilic sulfate reducing bacteria and some genera 
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isolated include Desulfotomaculum, Thermodesulforhabdus, Thermodesulfobacterium 

and Desulfacinum (Ollivier and Alazard 2010). Desulfotomaculum species are the most 

common SRB in hot reservoirs (70+ C) (Ollivier and Alazard 2010). This indicates they 

can break down more complex hydrocarbons or sugars as well as longer chain fatty acids 

stable in reservoirs 75 C+.  

 

2.1.5 Biosurfactants in biodegradation of HCs 

Hydrocarbons in petroleum reservoirs serve as potential carbon sources for 

microorganisms, and that has its consequences. The long hydrocarbon chains in 

reservoirs are initially fully reduced. Microorganisms indigenous to reservoirs will most 

likely oxidize these hydrocarbons; starting with the shorter, simple hydrocarbon chains 

that are energetically less expensive and therefore more favorable. The process of "eating 

up" the lower molecular weight hydrocarbons and leaving behind heavier, denser, more 

viscous, less desirable oil by microorganisms is referred to as "biodegradation" in the 

petroleum industry (Röling et al. 2003, Head et al. 2003, Doffling et al. 2008).  

Biodegradation of oil has been implemented as a technique for bioremediation of marine 

oil spills, to oxidize the hydrocarbons. This phenomenon occurs at the water-oil interface 

through a series reactions catalyzed by membrane-bound enzymes, oxygenases, and 

deoxygenases which require bacteria to come in direct contact with the oil (Ron and 

Rosenberg, 2002). Hydrocarbons are highly hydrophobic and must first be oxygenated 

before they can be catabolized. Oxygenation occurs both under aerobic or anaerobic 

conditions but at expenses of O2 only in aerobic conditions. There are two classes of 

oxygenases: dioxygenases, which catalyze the incorporation of both atoms of O2 into the 
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molecule, and monooxygenases, which catalyze the incorporation of only one of the two 

oxygen atoms of O2 into an organic compound (Orf and Dolphin 1974). In aliphatic HC 

one of the O2 atoms is incorporated, typically at a terminal C atom by a monooxygenase. 

The end product of the reaction sequence is a fatty acid of the same length as the original 

HC.  

The metabolism of aromatics, some of which contain multiple rings, such as naphthalene 

or bi-phenyls, typically has as initial stage the formation of catechol or a structurally 

related compound via catalysis by oxygenase enzymes. Catechol is cleaved and further 

degraded into compounds that can enter the citric acid cycle, such as succinate, acetyl-

CoA, and pyruvate (Zeyaullah et al. 2009). The degradation of heavier oil can be much 

slower and require specific biochemical reactions. Naphthalene in one study degraded 

three orders of magnitude slower than n-hexadecane or ethylbenzene; the degradation of 

PAH's such as naphthalene tend to be another rate-limiting step (Eberlein et al. 2013). 

Biodegradation is something that happens in almost all petroleum reservoirs at some 

point in its history (Röling et al. 2003). Biodegradation of in situ oil refers to the process 

stimulated by bioactivity, which leads to a decline in oil quality, diminishing the recovery 

factor and value of the oil as API gravity and impurity yields decrease (Wenger et al. 

2002). The primary environmental limiting factor is temperature; biodegradation has not 

been observed higher than 82 C (Doffling et al. 2008, Head et al. 2003, Maggot et al. 

2000). A study concluded that anaerobic degradation occurs in most reservoirs, after 

looking at 77 oil samples (Aitken et al. 2004). Chronologically, degradation of crude oil 

tends to remove saturated hydrocarbons first, leaving behind heavy polar and asphaltene 

components in the residual oil (Wenger et al. 2002). The net result of biodegradation is 
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decreasing oil quality by lowering API gravity while increasing viscosity, sulfur, and 

metal content in the resulting oil (Wenger et al. 2002, Head et al. 2003).  

Depleted reservoirs, with high water cuts, might be able to use biodegradation as a way to 

recover more hydrocarbons. By inoculating the reservoir with the appropriate 

microorganisms, some of the residual oil converted to methane via microbial 

methanogenesis. The approach of this application is to stimulate the already existing 

biota; methanogenesis is exergonic and therefore energetically favored (Siegert et al. 

2013). Proposed mechanisms by Dolfing et al., 2008 provide an alternative, anaerobic 

oxidation of hydrocarbons. The following five mechanisms are summarized in more 

detail in Dolfing et al., 2008:  

A.) Complete oxidation of alkanes to H2 and CO2 in syntrophy with methanogenesis:  

1. 4𝐶16𝐻34 + 128𝐻2𝑂 → 64𝐶𝑂2 + 196𝐻2 

2. 196𝐻2 + 49𝐶𝑂2      → 49𝐶𝐻4 + 98𝐻2𝑂   

3. 𝟒𝑪𝟏𝟔𝑯𝟑𝟒 + 𝟑𝟎𝑯𝟐𝑶 → 𝟏𝟓𝑪𝑶𝟐 + 𝟒𝟗𝑪𝑯𝟒 (1 and 2 summed together) 

B.) There can also be oxidation of alkanes to acetate and H2 linked with acetoclastic 

methanogenesis: 

4. 4𝐶16𝐻34 + 64𝐻2𝑂      →    32𝐶𝐻3𝐶𝑂𝑂− + 32𝐻+ + 68𝐻2  

5. 32𝐶𝐻3𝐶𝑂𝑂− + 32𝐻+ →   32𝐶𝑂2 + 32𝐶𝐻4 

6. 68𝐻2 + 17𝐶𝑂2             →   17𝐶𝐻4 + 34𝐻2𝑂   

𝟒𝑪𝟏𝟔𝑯𝟑𝟒 + 𝟑𝟎𝑯𝟐𝑶    →   𝟏𝟓𝑪𝑶𝟐 + 𝟒𝟗𝑪𝑯𝟒 (4, 5 and 6 summed together) 

C.) Oxidation of alkanes to acetate and H2 is also linked to acetate oxidation and 

methanogenesis from CO2 reduction: 

4𝐶16𝐻34 + 64𝐻2𝑂                         →    32𝐶𝐻3𝐶𝑂𝑂− + 32𝐻+ + 68𝐻2 
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7. 32𝐶𝐻3𝐶𝑂𝑂− + 32𝐻+ + 64𝐻2𝑂 →   32𝐶𝑂2 + 32𝐶𝐻4 

196 𝐻2 + 49𝐶𝑂2             →   49𝐶𝐻4 + 98𝐻2𝑂   

𝟒𝑪𝟏𝟔𝑯𝟑𝟒 + 𝟑𝟎𝑯𝟐𝑶      →   𝟏𝟓𝑪𝑶𝟐 + 𝟒𝟗𝑪𝑯𝟒 (4, 7, and 2 summed together) 

D.) Oxidation of alkanes to acetate linked to acetoclastic methanogenesis: 

8. 4𝐶16𝐻34 + 30𝐻2𝑂 + 34𝐶𝑂2       →  49𝐶𝐻3𝐶𝑂𝑂− +  49𝐻+ 

9. 49𝐶𝐻3𝐶𝑂𝑂− + 49𝐻+ + 64𝐻2𝑂 →   49𝐶𝑂2 + 49𝐶𝐻4 

𝟒𝑪𝟏𝟔𝑯𝟑𝟒 + 𝟑𝟎𝑯𝟐𝑶              →   𝟏𝟓𝑪𝑶𝟐 + 𝟒𝟗𝑪𝑯𝟒 (8 and 9 summed together) 

E.) Oxidation of alkanes to acetone syntrophically related to acetate oxidation and 

methanogenesis from CO2 reduction: 

10. 4𝐶16𝐻34 + 30𝐻2𝑂 + 34𝐶𝑂2       →  49𝐶𝐻3𝐶𝑂𝑂− +  49𝐻+ 

11. 49𝐶𝐻3𝐶𝑂𝑂− + 49𝐻+ + 98𝐻2𝑂 →   98𝐶𝑂2 + 196𝐻2 

12. 196 𝐻2 + 49𝐶𝑂2                             →   49𝐶𝐻4 + 98𝐻2𝑂 

𝑪𝟏𝟔𝑯𝟑𝟒 + 𝟑𝟎𝑯𝟐𝑶                   →   𝟏𝟓𝑪𝑶𝟐 + 𝟒𝟗𝑪𝑯𝟒 (10, 11, and 12 summed 

together) 

The presence of sulfate in the reservoir could hinder methane production because sulfate 

reduction tends to slow the rate of methanogenesis (Siegert et al. 2013). Some of these 

reactions, carried out by methanogenic bacteria and Achaea, suggest that in the right 

system methane could be produced from breaking down longer hydrocarbon chains and 

then possibly extracted from the system. The removal of a product of the reaction, 

methane, from the system would only enhance the degradation and perhaps stimulate the 

degradation of heavier oils and PAHs.         
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2.2 PREVIOUS STUDIES 

Extensive review papers (Portwood 1995; Youssef et al. 2009; and Siegert et al. 2013) 

jointly analyze over 700 published MEOR and biosurfactant related studies in both 

laboratory and field studies; some summarized in Table 2.1. Of the 700+ MEOR trials 

80-90% were considered successful. It is certain that in both field and lab studies, MEOR 

has shown promise. Conditions in reservoirs vary, but MEOR is more suited towards 

ones with high water cut (>75%v/v); low salinity (<10%), low temperature (<65 C); less 

than 25% porosity; and low permeability (<500md) (Portwood 1995; Siegert et al. 2015; 

Hitzman 1983). Regardless of whether the reservoir is a sandstone or limestone.  

 

Biosurfactant type Interest Result Reference 

Multiple by: 

(Pseudomonas sp. LP1) 

Biodegradation, oil 

mobilization 

92.34% degradation of crude 

oil; 95.29% removal of 

diesel 

Obayori et al. 2009 

Multiple by: 

Brevibacterium sp. 

PDM-3 

Biodegradation 
93.92% of PHE; could 

degrade anthracene and FLA 
Reddy et al. 2010 

Sophorolipids 

Biodegradation of 

aliphatic and aromatic 

HC; Iranian light crude 

Increase in soil 

biodegradation reaching 85-

97% 

Kang et al. 2010 

Bacillus subtilis DM-

04; Pseudomonas 

aeruginosa NM + M. 

Biodegradation of 

contaminated soil 

TPH at 84 g/kg of soil to: 

B. sub: 21  g/kg 

P. aerug NM+M: 39 g/kg 

Das and Mukherjee 

2007 

Multiple by: 

Bacillus sp. 

Biodegradation, bio-

separation of oil in 

contaminated soil 

91.67-97.46% TPH removal 
Joseph and Joseph 

2009 

Multiple bio-

emulsifiers; strains 

undefined. 

Biodegradation of bilge 

waste 

N-alkanes > resolved tota 

HC > unsolvent complex 

mixture (85, 75, and 58%) 

Nievas et al. 2008 
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Alasan (emulsifier) by: 

Acinetobacter 

radioresistens KA53 

and Sphingomonas 

paucimobilis EPA505 

Biodegradation and 

solubilization of PAHs, 

PHE, and FLA 

Alasan up to 300μg·mL
-1 

more than doubled FLA 

solubility and increased 

PHE. 

Barkay et al. 1999 

V2-7 bioemulsifier by: 

Halomonas eurihalina 

F2-7 

PAH removal over 96h in 

presence of naphthalene, 

phenanthrene, 

fluoranthene and pyrene 

Final relative concentrations 

(%): 

FLA-56.6; pyrene- 44.5; 

naphthalene-13.6; PHE 15.6. 

Martinez-Checa et 

al. 2007 

Rhamnolipid 

biosurfactants vs. 

synthetic SDS vs. 

saponins (natural 

surfactant) 

Crude oil removal 

efficiency from 

contaminated soils 

Removal: 

SDS - 46% 

Rhamnolipids - 44% 

Saponins - 27% 

Urum et al. 2006 

Sophorolipid vs. 

Tween(80,60,20) & 

Span (208085) 

Soil washing; releasing of 

2-methylnapthalene from 

artificially polluted soil 

Sophorolipids had higher 

efficiency than all except 

Tween 80 

Kang et al. 2010 

Rhamnolipid & 

surfactin vs. Tween 80 

& Triton X-100 

Soil washing; TPH 

removal. 

Biosurfactant vs. synthetic 

Low TPH (3g/kg soil): 
23 & 14% vs. 6 & 4% 

High TPH (9g/kg soil): 
63 & 62% vs. 40 & 35% 

Lai et al. 2009 

Bioemulsans by: 

Gordonia sp. BS29 
Soil washing 

33% removal of crude oil 

from soil; also removed Cu, 

Cd, Pb, Zn, Ni 

Franzetti et al. 2008 

P. aeruginosa strains: 

MTCC7815, 

MTCC7814, 

MTCC7812 and 

MTCC8165 

MEOR 

 Room temp (RT) 

 70°C & 90°C 

7815, 7812, 8165: 

 RT: 49-54% 

 70°C: 52-57% 

 90°C: 58-62% 

Bordoloi and 

Konwar 2008 

Combination of 

Arthrobacter sp. (A02), 

Pseudomonas sp. (P15) 

and Bacillus sp. (B24) 

MEOR in Dagang 

Oilfield, China 

5 of 7  production wells 

showed enhanced recovery; 

8700 t of additional oil. 

Jinfeng et al. 2005 

B. subtilis PT2 & P. 

aeruginosa SP4 vs. 

SDBS, Tween 80 and 

Alfoterra 

MEOR 
Biosurfactants vs. 

Synthetics 

B.sub-62% P. aeru -57% 

and biosurfactants were 

“more efficient” 

Pornsunthorntawee 

et al. 2008 

Bacillus sp. AB-2 

E24 = 80-90 
MEOR 

Sand packed column 

90-100 % Oil recovered 

from san packed column 
Banat 1993 

B. subtillis MTCC 

2423 

E24= 90 
“  ” 

62% Oil recovered from 

sand packed column 

Makkar and 

Cameotra 1997 

B.subtillis MTCC 2423 “  “ 56% Oil recovered from Makkar and 
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E24= 33.3 sand packed column Cameotra 1998 

Serratia marcescens 

E24= 94 
“  “ 

82% Oil recovered from 

sand packed column 

Pruthi and 

Cameotra 1997 

Arthrobacter 

protophorniae 

E24= 60 
“  “ 

90% Oil recovered from 

sand packed column 

Pruthi and 

Cameotra 1997 

Hydrocarbon degrading 

strains of B.subtillis 

MEOR field test, increase 

oil recovery 

43 of the 60 wells showed 

enhanced recovery adding 

up to 10,630m
3
 of 

incremental oil 

Wankui et al. 2006 

Mixed culture of non-

hydrocarbon 

metabolizing strains. 

MEOR field test, increase 

oil recovery. Four percent 

molasses and 6 month 

shut-off time 

Monthly recovery increased 

3.5 m
3
 for three consecutive 

months 

Hitzman 1983 

Mixed culture of non-

hydrocarbon 

metabolizing aerobic 

and anaerobic strains. 

MEOR field test; peat 

biomass, silt extracts with 

aerated water 

Oil recovery was enhanced 

by 28-48 m
3
 per day 

Hitzman 1983 

Mixed culture of non-

hydrocarbon 

metabolizing aerobic 

and anaerobic strains 

MEOR field test; injected 

with molasses solution 

Production rose by 230% for 

seven months  
Lazar 1991 

Bacillus sp. and 

Clostridium sp. 

MEOR field test; injected 

with 4% molasses 

solution 

Production rose by 350%; 

most effective in carbonate 

wells with 15-39 API gravity 

crude oil and less that 10% 

salinity 

Hitzman 1983 

Multiple strains of 

Clostridium sp.  

MEOR in carbonate 

formation; 20 tons of 

molasses injected as well. 

Recovery rose from 0.6 to 

2,9 m
3
 per day (480%) 

Wagner 1991 

Table 2.1: Summary of previous lab and field studies regarding biosurfactants.  
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2.3 EXPERIMENTAL DESIGN 

2.3.1 Assessment and screening 

Different approaches can be used to properly select for biosurfactant-producing 

microorganisms from the environment. Ultimately, a genetic analysis will be necessary. 

However sequencing environmental samples without previous screening can be quite 

time consuming and ineffective. Simple screening methods can be performed in a 

laboratory to select for microbiological species of interest, and make the consequent 

genetic analysis less intensive. 

A straightforward technique is when looking for hydrocarbon-degrading microorganisms, 

to use selective media and providing a hydrocarbon of choice as the sole carbon source. 

Microbes that survive on such media were able to use the hydrocarbon in question; 

however, there could have been communal symbiosis or syntrophy. Each 

morphologically distinct species must perform independently. Then compared to the 

others using techniques such as the hemolytic test, drop collapse test, oil-spreading test, 

emulsification test, axisymmetric drop shape analysis, surface tension measurements, and 

solubilizing tests (Shahaliyan et al. 2015; Pacwa-Plociniczak 2011; Sen 2010; Rosen 

2004; Banat 1997). 

Stalagmometric method 

 Uses a Traube stalagmometer 

o Pipette with broad and flat tip  large drops (reproducible). 

o Count the number of drops that fall per volume 𝜎𝐿 =
𝜎𝑊∙𝑁𝑊∙𝜌𝐿

𝑁𝐿∙𝜌𝑊
. 
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o 𝜎𝐿 is the surface tension of the fluid; 𝜎𝑊 is surface tension of water, 𝑁𝐿 is 

the number of drops of the fluid; 𝜌𝐿 is the density of the fluid; 𝜌𝑊 and 𝑁𝑊 

are the density and number of drops of water respectively. 

 Advantages: the large drops allow for reproducibility. 

 Disadvantages: only consecutive measurements can be performed; “variability 

prone”. 

o Drop formation is too fast to allow the adsorption of the surfactants to the 

newly generated drop surface. 

Pendant drop Method 

 Optical Method for IFT. 

 Drop of liquid is hanging at the end of a capillary. 

 It reaches an equilibrium depending on the capillary tube radius, IFT, density and 

gravitational field. 

 Given by 𝛾 =
∆𝜌𝑔𝑑𝑒

2

𝐻
 where 𝐻 = 𝑓(

𝑑𝑠(𝑡)

𝑑𝑒(𝑡)
) and 

 

 

 Change in p is the difference in density of the two phases or liquids, de is the 

equatorial diameter of the drop and ds is the smallest diameter of the drop. 

o H is a function of both (Sen 2010). 

 A study by Chen et al. 2007, measured an inverse model of the pendrop method 

where a volume of air was blown into a liquid and the shape of the air bubble in 

the liquid is measured. 

 Disadvantage: measurements cannot be done simultaneously. 

Du-Nouy-Ring method 

 The Du-Nouy-Ring is a readily used methodology for screening and selection of 

biosurfactant producing microbial strains. 

 It was first used for measuring interfacial tension and is physically centered on 

measuring the force needed to detach a wire ring from a dual liquid solution. 

 The force it takes to remove the ring is proportional to the interfacial tension. 

“Good bacteria”- reduces IFT < 20mN/m. 
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 Similar to Wilhelmy plate. 

 Advantages: Accuracy and easy use. 

 Disadvantages: cannot perform different samples’ measurements simultaneously 

and needs quite a large volume of sample. 

Axis-symmetric Drop Shape 

 Similar technique, is optical; however allows the drop to reach an equilibrium (up 

to 2 hours) and uses the capillary pressure equation: ∆𝑝 = 𝜎 (
1

𝑟1
+

1

𝑟2
). 

 In this method 100 microliters of bacterial suspension is placed on a Teflon (FEP) 

surface. The surface tension can then be calculated after equilibrium is reached by 

measurements of the drops shape.  

Drop Collapse Assay 

 As the name implies it is based on the “collapse” or destabilization of a water 

droplet on a hydrophobic surface.  

 If the bacterial solution does not contain surfactants the water is repelled from the 

hydrophobic surface, and “stabilized”. 

 If the microbial suspension does produce surfactants, the drops can spread or even 

collapse.  

 Advantages: it is rapid and easy to carry out; no need for specialized equipment; 

small volume of sample; can be performed on micro-plates. 

 Disadvantages: it has low sensitivity, needs high concentration of surfactants to 

see effect. 

2.3.2 Proof of concept procedure 

To visually observe the production of biosurfactants, 9.0g of soil were mixed in 100ml of 

nutrient containing yeast extract, glucose, and peptone with 5ml of crude oil for three 

days at room temperature (22 C). Pictures of 10μl droplets were taken to observe the 

contact angle of different samples on a hydrophobic surface (Parafilm). The analyzed 

samples included a biotic oil-aqueous interface, biotic soil-nutrient interface, abiotic oil-

aqueous interface, abiotic nutrient, water. The brief, resulting droplets appear in Figure 
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2.10. Following incubation 1ml of each sample was centrifuged for 25 min at 15,000 rpm 

to observe properties only in the aqueous phase 

  
Figure 2.9: 10 𝜇l droplets of (left to right) water, water-nutrient, water-nutrient-oil-autoclaved 

soil (abiotic), water-nutrient-oil (abiotic), water-nutrient-oil near oil/nutrient 

interface (biotic), water + nutrient + oil-soil near soil/water interface 

 

2.4 DISCUSSION 

Biosurfactants are a diverse and broad group of surface-active agents that can are for a 

variety of applications in the petroleum industry. There have been hundreds of successful 

reported field trials of MEOR and core-flooding tests with more than 90% oil recovery as 

summarized in Table 2.1. Positive results are more likely to be published, and many of 

the authors investigating biosurfactants and MEOR are its advocates, and therefore the 

available data is slightly biased. Moreover, due to its need for specific reservoir 

conditions, unreliability and unpredictability, MEOR has still not been widely accepted in 

the petroleum industry (Siegert et al. 2013). Surface tension alteration by biosurfactants is 

only part of the benefits of MEOR, microbial proliferation in a reservoir may also lead 

selected bio-clogging of petroleum depleted pores or bio-acids and solvents changing 

pore and oil properties which could also result in incremental barrels of oil. However 

temperature is frequently the limiting factor for in-situ biosurfactant production, 

biodegradation occurs <80 C; however biosurfactants produced ex-situ and then pumped 

have shown stability up to 121 C (Gudina et al., 2012). Methane production from heavy, 

residual oil is perhaps the most appealing MEOR technology for the future. It is the least 

foreign mechanism to the petroleum industry; the microorganism would act as an oil-
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purifying enzyme. A new approach where methanogenesis could convert  5-10% of the 

oil in place to methane,  it will drastically change the oil industry. The recovery factor of 

gas from a reservoir is much higher than oil, however, after that much biodegradation, the 

then remaining oil will be almost impossible to extract.           

The price of biosurfactants compared to chemically synthesized surfactants also comes 

into question, but there are ways to reduce the cost. For example, by using crude 

biosurfactant product instead of purified versions often utilized in cosmetics and medical 

fields. For petroleum production, the MEOR process is only a small cost compared with 

potential gains, and the additional production is US $0.50 per incremental bbl in the 

1990's and US $1-2 in 2012 (Portwood 1995; Siegert et al. 2013). This is comparable to 

conventional EOR techniques.  

There is no MEOR strategy suited for all reservoirs, but for the future of MEOR that 

could be and advantage. Nowadays there are services such as Biota Technologies, 

through genetic sequencing of cuttings, drilling muds, fracturing fluid, cores, and the oil 

from the well can give real-time gas/oil potential in a reservoir. This sort of data can be 

used to properly design an MEOR strategy suited for reservoirs for the best possible 

performance. Biosurfactants can be modified to suit specific conditions and application.  
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2.5 CONCLUSIONS 

 MEOR has proven to be successful, economically profitable, and environmentally 

acceptable at the field scale. 

 Poor “certainty of execution” when using microorganisms raises doubts in 

accepting MEOR as a universal tertiary oil recovery technique. 

 Microbial techniques can be sensitive to the environment, and therefore reservoir 

properties must first be analyzed to select for the appropriate strain for a given 

problem 

 Post-synthesis modification of biosurfactants allows to “personalize” the 

surfactant for a certain task under given conditions. 

o Genetic engineering combined with organic synthesis could be the key to 

guaranteeing consistency in application. 

 Conversion of residual oil to methane is potentially a very good strategy to 

produce residual oil.  

 Bio-mediated techniques are limited by environmental factors including 

terperature, water availability and pore size. 

 In over 700+ MEOR field projects 80-90% were considered successful  
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CHAPTER 3:  

Microbial Induced Calcite Dissolution (MICD) 

3.1 INTRODUCTION 

The worldwide energy consumption from hydrocarbons is 4.7 x10
11

 GJ/y (BP 2010). The 

world population continues to increase, and the increase in hydrocarbon demand is 

estimated to rise by 33% in the next 20 years. Concurrently we are exhausting the 

hydrocarbons considered economically feasible to extract and refine.  

Mater artium necessitas, a Latin proverb dating back to the 16th century, is translated to 

necessity is the mother of invention. Oil has become human's "necessity" and, until 

renewables advance to satisfy energy demands, enhanced oil recovery (EOR) is the 

required invention/innovation. The state of the art chemical enhanced oil recovery 

(CEOR) technologies currently available still leaves around half of the original oil in the 

reservoir "unextractable" (Sen 2008). Among the main reasons for the low recovery 

factors are isolated pores, not part of the primary pore-network, viscous residual heavy 

oil, and high capillary forces in small pores that lead to low capillary numbers Ncap (Sen 

2008).  

Microbial enhanced oil recovery (MEOR) has been investigated to help recover, mobilize 

hard-to-reach crude oil as an "environmentally friendly" alternative to CEOR (Patel et al. 

2015). MEOR approaches suggested since the 1950's are: 1) Secretion of biosurfactants 

and biopolymers by microorganisms to reduce the interfacial tension between oil and 

water, alter their viscosities, to therefore increase the Ncap (Lazar et al. 2007, Banat et al. 

2010, Pacwa-Plociniczack et al. 2011); 2) gas production as a result of microbial activity 



38 
 

leading to re-pressurization and oil swelling; 3) conversion of long-chain hydrocarbons 

into methane (Van Hamme et al. 1999, Dolfing et al. 2008); 4) pore plugging, of the 

depleted larger pores, to drive the consequent water flooding into previously 

"unreachable" pores (Patel et al. 2015, Siegert et al. 2013); 5) rock/carbonate dissolution 

to increase porosity and permeability (Van Hamme et al. 2003, Patel et al. 2015). 

Carbonate reservoirs hold two-thirds of the world's remaining hydrocarbons. Current low 

recovery rates give tertiary enhanced oil recovery techniques potential to enhance 

hydrocarbon production from "depleted" reservoirs. Microbes are capable of convert 

simple carbon compounds into organic acids that may lead to the dissolution of calcium 

carbonate. Microorganisms' tendency to adhere to solid substrates, create biofilms, need 

for a carbon source, and secrete gaseous byproducts gives microbial induced carbonate 

dissolution, MICD, an advantage over injecting acidic fluids to dissolve carbonate. 

In this process diffusion is a key mechanism determining the penetration into the 

formation. Proton ions will diffuse through the small carbonate pores and react with the 

pore walls to induce dissolution. Following the dissolution of the reservoir mineral, the 

products must diffuse before re-precipitating for the desired effect. Reservoir rock 

dissolution by microorganisms will be investigated further as a MEOR approach, in the 

context of carbonate reservoirs. The underlying hypothesis is that dissolution of the 

reservoir rock will enlarge small pores, reduce the capillarity, and increase Ncap. In an 

extreme case, sufficient dissolution could facilitate microbes to connect isolated 

hydrocarbon containing pores or vugs to the primary pore network. The invasion of hard 

substrates by bacteria, such as carbonates, is through biochemical dissolution and 

precipitation reactions.  
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3.1.1 Chemistry of carbonate dissolution 

The chemical reactions pertaining to calcium carbonate dissolution were first described in 

detail by Plummer et al. 1978, where they explain that all three of the following equations 

occur simultaneously: 

 (1) CaCO3(s) + H
+
  Ca

2+
(aq)

 
+ HCO3

-
(aq) 

(2) CaCO3(s) + H2CO3  Ca
2+

(aq)
 
+ HCO3

-
(aq) 

(3) CaCO3(s) + H2O  Ca2
+

(aq)
 
+ HCO3

-
(aq)

  
+ OH

-
(aq) 

The rates of these reactions depend on one another but also on environmental parameters 

such as pH, temperature, and common ions; they influence the activity of each chemical 

species which affects their likelihood to react. (Plummer et al. 1978):  

(4) rnet= k1aH+ + k2aH2CO3* + k3aH2O – k4aCa2++aHCO3- 

Microorganisms can exploit these equations; oxidative photosynthesis could provide a 

constant consumption of protons that would continue to drive the reaction towards 

carbonate precipitation. The free energy of dissolution is a function of the ionic activity 

of the solution from the rate constant of the first equation above (Garcia-Pitchell 2006): 

The reaction and equations linking photosynthesis to carbonate dissolution were 

summarized by (Garcia-Pichel 2006): 

 (5) CO2 + H2O→ C(H20) + O2 

at neutral or alkaline pH as: 

(6) HCO3
- 
+ H

+
 → C(H20) + O2 

the tendency to consume protons could then drive the following reaction, 

(7) CaCO3 (s) + H+↔Ca
2+

 + HCO3
-
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with Ks as the rate constant. The free energy of dissolution is considered ∆G= 

RTln(IAP/Ks), where IAP is the ion activity product (Stumm and Morgan 1996). When 

the IAP, ionic activity product, is greater that the rate constant, Kso, the solution is super-

saturated of the reaction products, favoring the precipitation. When the IAP is less than 

the Kso, dissolution is thermodynamically favored, and when they are equal the solution 

and mineral are considered to be in equilibrium.  

 
Figure 3.1: Summary of carbonate solubility with ranging pH and temperature 

 

In a reservoir environment, the change in the environment cannot is critical. High pH and 

temperature both decrease the solubility of calcium carbonate. Temperature is constant, 

but pH is locally variable. Equilibrium with CO2 is crucial locally, as a product of the 

dissolution of calcite, and the tendency for it to diffuse out of the system needs to be 

considered. 

To model macro-scale phenomena justifiably, it is often important to realize what 

happens at an atomic scale. A nano-scale model for dissolution might look different than 

one at reservoir scale, but gives the most accurate description of what is going on at the 

atomic scale. Acid does not necessarily burn through the substrate and instantaneously 

create wormholes, tunnels; the exact mechanism is much more localized. 
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Figure 3.2: Shows the molecular interactions associated with dissolution and precipitation or growth of 

divalent metals such as calcite (Wolthers et al. 2012).   

 

Growth or precipitation of carbonate mineral occurs in supersaturated conditions, where 

the pH would also be equilibrated as such to allow crystal growth. Theoretical and 

empirical methods can be used to quantify the process. Kinetic models cannot explain 

dissolution or precipitation without the other; they are coupled mechanisms. Pore-fluid 

chemistry will play a critical role in-situ in combination with the environmental 

conditions and the mineral chemistry (Wolthers et al. 2012).  When considering an 

application (i.e. reservoirs) the whole system must be taken into account. MICD being a 

microbiological process inherently implies a biotic factor, capable of 

secreting/consuming products/nutrients that are introduced/removed from the aquatic 

species.  
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Figure 3.3: Provides a representation of the aquatic chemistry, localization of dissolution, presence of 

biofilms on the mineral surface (Parsons 2011). 

 

This figure takes into account that not only dissolution and precipitation are involved 

when using microorganisms, as previously mentioned. It includes the transport of the 

microbes themselves, which under low advection, tend to settle onto the mineral. An 

accurate model must take the transport, adhesion, desorption of the microorganisms into 

account before the consequent biochemical reactions. Rock wettability, reservoir 

rheology, fracture networks, colloid formation, pore clogging, hydrocarbon composition, 

and the aquatic chemistry of the preexisting pore-fluid must be incorporated into the 

model for it to be truly reliable.  

 

3.1.2 History of rock boring microbes 

Penetration of hard substrates by microorganisms became an interest of research in the 

mid-nineteenth century by Carpenter in 1845, who first thought that borings were part of 

the initial morphology of the substrate. The microbial origin of borings was established 

by Wedl in 1859, who considered them to be purely algal; Kolliker in 1860 assumed a 

fungal entity was solely responsible; none were incorrect  (Golubic et al. 1975). 

Biological boring of carbonates has now been observed and investigated in varying 
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contexts. The macro-scale in the weathering of buildings and monuments, to the micro-

scale in the role of bio-boring in coral depletion and diseases. Even in the nano-scale 

investigating the mineral-microbe interface and the transport of the resulting ions after 

dissolution to prevent supersaturated conditions (Warscheid and Braams 2000; Garcia-

Pichel et al. 2010; Miller et al. 2011; Ramirez-Reinat and Garcia Pichel 2012). 

Weathering of buildings or monuments occurs when the mineral surface is exposed to 

chemical and physical factors such as wind, sunlight, rain snow, moisture, and changes in 

temperature (Hoppert et al. 2004; Warscheid and Braams 2000). The same chemical and 

physical weathering factors that have served as an evolutionary pressure leading 

microorganisms to excavate/bore into hard substrates, such as carbonates to escape the 

harsh conditions. Most rock excavating microorganisms create the borings specifically as 

shelters, where the substrate is not a source of food (Hoppert et al. 2004; Warme 1975). 

Microorganisms responsible for biogenic weathering, regardless of the substrate are 

referred to as endolithic organisms (Hoppert et al. 2004). There are four major classes of 

endolithic microorganisms associated with where and when they inhabit the rock 

substrate. Epiliths live strictly on the rock surface; chasmoendoliths populate rock 

fractures or pre-formed, excavated cavities; euendoliths are the active diggers, the ones 

forming the borings (Banciu 2013; Hoppert et al. 2004; Garcia-Pichel 2006; Golubic et 

al. 1975, 1984). Euendolithic organisms populate carbonate surfaces and actively 

penetrate rock substratum via dissolution of the carbonate itself (Hoppert et al. 2004). 

Microorganisms weather rock biochemically through different mechanisms: pitting, 

etching, and boring the surface, or biophysically by the exertion of physical stresses; 
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however, in nearly all cases there must be the dissolution of the substrate (Dornieden et 

al. 2000). The crystalline mineralogy of the substrate influences the boring morphology 

and direction; however, the phenomenon is climatically controlled and species specific 

(Golubic et al. 1975; May and Perkins 1979). Prominent microorganisms in carbonate 

dissolution are primarily cyanobacteria, algae species, and lichens; lichens are a 

symbiotic relationship of a fungal species and a photosynthetic counterpart, many times 

algae (Naylor et al. 2012). Most chemical species synthesized by microbes responsible 

for mineral dissolution are thought to be common acids from "housekeeping" reactions 

such as the Krebs cycle (oxalic acid, lactate, acetate); they do not require independent 

biochemical processes. 

3.2 PREVIOUS STUDIES 

Microbiological excavations range from less than a micron to 100μm and include the 

following microorganisms: cyanophytes, chlorophytes, rhodophytes, fungi, sponges and 

bacteria (Golubic et al. 1975; May and Perkins 1979). Organic molecules and acids 

secreted by fungi and bacteria are thought to be of great importance in carbonate 

dissolution, primarily oxalic acid and carbonic anhydrases (Tetriach et al. 2006). The 

method for boring into carbonates is not always chemical dissolution. The mechanism 

penetration of carbonates for fungi and lichens are a combination of the penetration of 

hyphae through intergranular voids, although integration of mineral constituents as part 

of the thallus after dissolution (Chen et al. 2000). Boring fungi are seeking organic 

skeletal matrix; while actively penetrating and dissolving rock, the carbonate from the 

substratum can be integrated as part of their thalli (Bungartz et al. 2004; Warme 1975). 
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In the main, however, microbial penetration of carbonates, is a strictly a biochemical 

dissolution process with no significant mechanical force exerted by the microorganism. 

Microbial induced carbonate dissolution, MICD, has been observed as branched borings 

for 2-5μm are produced by siphonaceous green algae Ostereobium quektetii; those of 6-

12μm in diameter are constructed by a variety of blue and green algae (Golubic et al. 

1975). Some of the branching thalli trucks can be as wide as 25μm (Golubic et al. 1975). 

The rate of carbonate dissolution by a single microorganism is reported to be around 

300.0g up to 1kg of CaCO3 /m
2
/year (Aline 2007, Tudhope and Risk 1983). The deeper 

the borings, the more difficult it becomes for nutrients to reach the dissolution front and 

they can be constrained to the upper few millimeters to centimeters into the rock surface 

(Walker and Pace 2007).  

Dissolution Microorganism(s) Experiment Information Author(s) 

1-100μm with varying 
boring patterns 

Cyanophytes, chlorophytes, rhodophytes, 
fungi, maybe bacteria 

Calcite block placed at and below the 

soil-water interface in shallow marine 

environments 

May and 
Perkins 1979 

2-6μm diameter and 

150μm depth 
Natural biota 

Shallow and deep lagoon sites < 20m. 

3% of substrate; ~350g/m2/year 
Tudhope and 

Risk 1985 

150-200μm diameter 

“pits” 

Fungi, conidiophores Green Algae 

(Stichococcus bacillaris and Monodus 
unipappilla) 

Endolithic biofilms on carbonate rocks; 

Fungi and conidiophores made pits and 
algae followed 

Hoppert et al. 

2004 

Up to 150μm Cyanobacteria: Mastigocoleus testarum Done on calcite chips in a laboratory 
Garcia-Pichel et 

al. 2010 

5.8μm diameters and 
53.4μm in depth 

Natural biota 

Granite << Concrete<< Limestone; 

Mineralogical changes up to 223.2μm 

from mineral surface. 

Coombes et al. 

2010 

 

Up to 4.1 x 103 μm of 

penetration depth 

Ostereobium quektetii, Mastigocoleus 

testarum, and Plectonema terebrans.   

Dissolution of coral skeletons in 
Australia. Up to 1 kg of CaCO3 per 

square meter per year. 

Aline 2007 

Table 3.1: A few studies investigating boring characteristics of microorganisms in rocks 
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Another reason for shallow borings is that dissolution without transport or advection, and 

slow diffusion would result in supersaturated conditions of calcium and carbonate ions. 

Most microorganisms consume carbonate ions, Ca2+ can be toxic to biological cells so 

are not ingested and therefore begins to accumulate in the pore fluid at the dissolution 

front. Strains of cyanobacteria have overcome this "barrier", not only tolerating relatively 

high concentrations of intracellular calcium but by a unique calcium sequestration and 

transport that has only recently been identified by Garcia-Pichel et al. 2010. Figures 3.4 

A and 3.4 B show that cyanobacteria can transport calcium to the mineral surface: 

 
Figure 3.4: A- LSCM mapping of Ca

2+ 
showing high concentrations of Ca

2+ 
at the mineral surface and not 

the dissolution front. B- Is a graphical representation of the image A (Garcia-Pichel et al. 2010). 

 

The proposed mechanism is through active transport of Ca
2+ through P-type ATPases. 

Using different inhibitors of these transporters and observing the decrease in the 

concentration of Ca
2+ at the mineral surface suggested that this was the mechanism taking 

place, as shown in Figure 3.5. Then to prove the role of P-type ATPase of Ca2+ 

transport, genetically they used quantitative PCR and the reverse transcription of the 

mRNA to measure in "real-time" the expression of the genes for these ATPases (JGE01 

and JGE04). They then compared cultures grown in liquid without any calcite versus 

filaments that were boring into calcite. Preparations of biomass close to the chip's surface 
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(0–50μm deep) and deep within it (50–100μm), and a fraction containing the deepest 

filaments (100–150μm), obtained after calcite dissolution with EDTA, showed that both 

genes were, in general, up-regulated with respect to free-living cultures (Garcia-Pichel et 

al. 2010). 

 
Figure 3.5:  Graphical representation of the effect of different inhibitors on [Ca

2+
] as an indication of boring 

(Garcia-Pichel et al. 2010). 

 

P-type ATPases are a family of primary, active ion transporters, which are found in all 

eukaryotic cells and also in bacteria (Apell 2003). In 2004 Kühlbrandt, conducted a study 

on the genetics and genomics of P-type ATPases and noticed repeated genetic sequences 

or residues in almost all examined species. These sequences revealed the genetic 

sequences corresponding to the motifs labeled A, N, and P in Figure 3.6. The mechanism 

of transporting Ca
2+ ions is with proteins with a highly conserved genetic sequence 

throughout different species. 
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Figure 3.6: Shows the highly conserved nucleic acid sequences’ motifs (Kühlbrandt 2004). 

A recent study revealed new bacterial species involved in carbonate dissolution. The 

research included culture-independent methods of characterizing microbial communities; 

amplified ribosomal DNA Restriction Analysis (ARDRA) using bacterial forward and 

reverse primers 27F and 1107R to amplify the 16S rRNA (Subrahmanyam et al. 2012). In 

this study, most of the carbonate-dissolving isolates belonged to phyla Firmicutes and 

Actinobacteria inferring that they play a vital role in the dissolution of calcite, 

furthermore suggesting that it was Staphylococcus strains contributing to a larger 

percentage of the community than Bacillus (Subrahmanyam et al. 2012). Bacillus species 

are known to dissolve carbonate, not Staphylococcus however. Many strains of 

microorganisms capable of dissolving carbonates have yet to be discovered and perhaps 

more suited to reservoir conditions.  
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Dissolution rates are the most significant parameters for the potential MICD, and much of 

it depends on the diffusivity of its byproducts.  Determining diffusion coefficient of H+ is 

crucial when modeling or designing acidic fluids for reservoir application in low 

advective regimes. The diaphragm diffusion cell and rotating disk apparatus are the two 

techniques are used to determine the diffusion coefficient of H+ (Sparrow and Gregg, 

1960, Rozieres et al., 1994). Diaphragm diffusion cells are used for electrolyte solutions, 

but it is the rotating disk that is used to study mass transfer and surface reaction kinetics 

on rock specimen (Li et al., 2016). Each method has its advantages and disadvantages, 

but neither is ideal for porous media. We propose that by using agar, a pH indicator, and 

image processing, diffusion can be monitored using time-lapse photography.  

3.2.1 Limitations in MICD 

There are many constraints in the implementation of MICD in reservoir conditions. 

Although euendolithic microorganisms exist beyond the light compensation depth; 

lichens and cyanobacteria are light dependent (Golubic and Schneider 2003; Golubic et 

al. 1975; Warme 1975). For applications in reservoir conditions, light dependent species 

are not feasible; however, the mechanisms they use can help us understand further 

possibilities. There are critical mechanisms to prevent the accumulation of the products 

of calcite dissolution reaching supersaturated conditions that will favor re-precipitation of 

carbonate.  

The transport and movement of microorganisms may also depend on the capabilities of 

specific microorganisms. Some microorganisms can detect and move towards desirable 

chemical compounds, this is known as chemotaxis (Abu-Ashour et al, 1993). Soil pores 
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can vary in terms of size, shape and arrangement. In the subsurface, when pore sizes are 

small, geometrical constraints can act as a metabolic inhibitor (Rebata and Santamarina 

2007). If bacteria become isolated due to lack of pore throat space, they cannot thrive. 

Pore sizes and water relationships affect microbial interactions in soil; but the size or the 

pore neck/throat, not the pore size itself, determines drainage of water from pores. Small 

pores and pore throats/necks will diminish space availability, cause isolation, limit 

nutrient transport, restrict microbial movement and activity, slow the rate of reproduction, 

which in turn leads to reduced biodiversity (Fredrickson et al. 1997; Boivin-Janhns et al. 

1996). 

Apart from having small pores, carbonate hydrocarbon reservoirs often have harsh 

conditions. So extreme that for a long time they were thought to be inhospitable to of any 

kind life (Ollivier and Alazard, 2010). Reservoirs are porous, permeable rock with 

heavily contrasting environments that are specific to each reservoir: they can be 

anaerobic or micro-aerobic, can reach 50 MPa, they can vary in salinity from freshwater 

to above 5M NaCl, and temperatures up to 180C (Magot et al. 2000, Li et al. 2006, 

Dolfing et al. 2008). Each parameter (P, T, pH, %NaCl) can limit growth of 

microorganisms, and microbial “bioavailability” becomes inversely proportional to these 

factors, especially when in combination with the other. However it is high temperature 

that is typically the limiting factor (Magot et al. 2000). The use of hydrocarbons by 

microorganisms as a carbon source within reservoirs is referred to as biodegradation, it 

can be an indication of bioactivity, and has not been observed above 80C (Dolfing et al. 

2008; Head et al. 2003). The origin of microbial life that has been found in oil reservoirs 

reaching 102 C and several kilometers deep is still an ongoing debate, in which both sides 
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are probably correct (Stetter et al. 1993, Patel et al. 2015, Magot et al. 2000, Siegert et al. 

2013). One theory, of contamination, argues that aseptic isolation techniques and 

molecular analysis technologies have only been developed relatively recently (1990s-

today), many species isolated from reservoirs could have been introduced by: sea-water 

flooding, or they could have been growing along the piping used to extract the studied 

samples; these support the hypothesis that bacteria commonly found in hydrocarbon 

reservoirs are exogenous (Siegert et al. 2013, Magot et al. 2000, Röling et al. 2003; 

Orphan et al. 2000). On the other hand some microorganisms have been exclusively 

isolated from oil reservoirs, such as the Geotoga and Petrotoga genera, with “closely-

related” species from other oilfields; such evidence implies that indeed there are also 

indigenous species to reservoirs  (Siegert et al. 2013). Table 3.2 is a compilation of 

microorganisms isolated from different reservoirs showing microorganisms can indeed 

thrive under certain reservoir conditions. 

There is uncertainty in up-scaling microbial technologies from the lab-scale to the field. 

In lab-scale testing, there is an inherent assumption that the microbial isolate observed at 

lab-scale will outcompete the species in the reservoir for the provided nutrients.  To 

prove causality that a microorganism will perform a certain task it must be studied as a 

pure culture, however in-situ that is rarely the case, therefore it is difficult to predict how 

the studied microbe will interact/perform in the presence of other microbial communities. 

The effect of high pressure and temperature to not only the microbe in question, the 

chemical processes observed at lab scale must also be considered at such conditions. 
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3.3 EXPERIMENTAL DESIGN 

3.3.1 From human saliva  

Dental cavities are essentially borings into the enamel of our teeth, composed of 96% 

calcium phosphate, by microorganisms in the mouth. Calcium phosphate has a similar 

chemical structure to calcium carbonate and therefore the human oral cavity is likely to 

contain carbonate-dissolving microorganisms. To isolate possible CaCO3 dissolving 

microorganisms from the oral cavity a sterile toothpick was run through a saliva sample 

from my own mouth. The saliva sample was then plated on several different media 

recommended for this kind of experiment: the aforementioned DB media, GYE (20.0g 

glucose, 10.0g yeast extract), and MPYE (25g mannitol 3.0g peptone 5.0g yeast extract); 

all containing 8.0g/L CaCO3 and 1.5% agar. From the viable and visually distinct 

colonies from the oral biota, the colony with the largest zone of clearance was “picked 

up” using sterile isolation loops and re-plated every three days 5 times (15 total days) to 

ensure a pure culture. Once a pure culture was obtained, its CaCO3 dissolving ability was 

compared on the different media to see which enabled the microbe to achieve the largest 

dissolution zone of clearance.  

Acetobacter pasterianus was used as a positive control. Acetobacter pasterianus is 

known as a species for “wine spoiling” turning the ethanol in the wine into vinegar, acetic 

acid. Acetic acid is efficient in dissolving calcium carbonate and acetobacter pasterianus 

also is capable of secreting 2-ketogluconic acid, a mineral solubilizing molecule. 
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3.3.2 From KAUST soil 

Soils and sediments near-surface are rich in microorganisms. To isolate acid secreting 

bacteria able to dissolve carbonates, some general differential and selective media (MSA, 

MAC) helped identify changes in pH. Mannitol Salt Agar (MSA) selects for halophiles 

and the pH indicator, phenol red differentiates acidification of the agar due to mannitol 

fermentation. Mackonkey agar (MAC) selects for gram-negative bacteria while 

differentiating lactose fermenters with the pH indicator neutral red.  

Soil samples were taken nearby, within KAUST, in close proximity to plant-life; all 

sampling tools were previously sterilized. After collecting the samples, two sets of 3.50g 

was transferred into separate sterile 15mL tubes and then washed with 5.0mL of 

autoclaved physiological solution (0.9% NaCl). The tubes were vortexed for over a 

minute to help detach some of the bacteria from the sediment. After settlement of some 

particles, 1mL of the supernatant fluid was removed from each of the two samples to 

perform 10-fold dilutions. A 10-fold series dilution was performed to obtain aqueous 

inoculum from the original supernatant to 10
-6

 dilution. After two and four days, colonies 

indicating ability to perform fermentation of the specific sugar were isolated to obtain a 

pure culture on each growth medium.  

 

3.3.3 Effect on solid carbonate substrate 

After identifying calcium carbonate dissolving microorganisms, the next goal is to 

investigate how the microorganisms would affect a calcite crystal surface. To look at this, 

calcium carbonate blocks were placed into the agar, near the viable colonies, two days 

after inoculating isolates from a previously colonized plate. The calcite crystals were 
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cleaved to reveal close-to atomically smooth surfaces. The calcite crystals were 

autoclaved and then inserted into the MPYE agar near visible colonies for 4-6 days. Two 

controls were used during this experiment, one crystal remained untreated after 

autoclaving, and another was inserted into the same MPYE agar but on a plate without 

the microbial isolate. The calcite crystals were removed from the agar and washed briefly 

with 70% ethanol to remove some of the residual agar; then the surfaces were analyzed 

using an SEM. 

    
Figure 3.7: Image of a calcite crystal inserted into the MYPE+CaCO3 agar plates with bacterial isolates 

 

3.3.4 Diffusion monitoring  

To determine the diffusion coefficient in 1.5% agar (w/w) only 1D diffusion was 

considered. In one case assuming a constant source and another with an instantaneous 

point source.  For the constant source experiment six test tubes were prepared with 1.5% 

agar, containing pH indicator, 20 ml/L .04% bromothymol blue. The test tubes were held 

vertically and one milliliter of 1.65 pH HCl was added to the top; time-lapse photography 

monitored the diffusion, for 20 hours.  

   
Figure 3.8: Test tubes at t= 1 min, containing 1.5% agar and pH indicator bromothymol blue at the 

beginning of the test t=1min. From left to right the tubes contain 1. bromothymol blue + agar + DI water 

(pH-7.17); 2. bromothymol blue + agar + CaCO3 + DI water (pH-8.88); 3. bromothymol blue + agar + DI 

water (pH-10.35); 4. bromothymol blue + MPYE agar + DI water (pH- 7.13); 5. bromothymol blue + 

MPYE agar + DI water (pH- 8.95); 6. bromothymol blue + MPYE agar + CaCO3 + DI water (pH-8.82).  
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In order to monitor the change in color at different time-steps, the RGB values of 10x150 

pixel matrices for each tube were compared in time using Wolfram Mathematica, the 

resulting plots are shown in Figure 3.13. Experimental data was compared to the solution 

of the 1D diffusion equation for a constant and an instantaneous point source. A forward 

simulation approach was chosen, by changing the diffusion coefficient in the numerical 

solution to determine the diffusion coefficient of the 1.5% agar.   

The acid droplet is though of as a mass, M, released at t=0 into a stationary fluid, and the following 

equation assumes isotropic diffusion in x, y, and z; therefore only x is considered: 

(8)  
𝜕𝐶

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑡2  

C in Equation 8 will be a function of the original mass (M), diffusion coefficient (D[L
2
T

-1
]), distance 

from source (x[L]), and ti 

me (t[T]). In this one-dimensional case concentration can be considered as M/L. The solution can be 

as follows, with 4π and 4 added from previous solved diffusion equation: 

(9)  
𝐶

𝑀/√4𝜋Dt
= 𝑓 (

x

√4Dt
)      ; 𝜂 =

x

√4Dt
 

By computing Equation 8 with 9 we arrive at Equation 10: 

(10)  
𝑑

𝑑𝜂
(

𝑑𝑓

𝑑𝜂
+ 2𝑓𝜂) = 0 

By setting the parenthesized terms to zero the solution to Equation 9 is: 

(11) 
𝑑𝑓

𝑑𝜂
+ 2𝑓𝜂 = 0; 

Of which 

(12) 𝑓 = 𝐴0exp (−𝜂2)  

is a solution to. 𝐴0 is a constant and therefore it can be rewritten as Equation 9 that is a solution for 

Equation 8: 
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(13)  𝐶(x, t) =
𝐴0

√4𝜋Dt
exp (−

x2

√4Dt
 ) 

Mass must be conserved so that 𝐴0 = 𝑀, (10) 𝑀 = ∫ 𝐶𝑑x
∞

x=−∞
, and that gives the solution 

(14)  𝐶(x, t) =
𝑀

√4𝜋Dt
exp (−

x2

√4Dt
 ) = [

𝑀

L
] 

 When the MYPE agar was inoculated with the acid-producing microorganisms, the 

experimental set up was the same except run for 74 instead of 26 hours. The images from 

the time-lapse photography were analyzed in the same way with RGB values. Averages 

of 7x90 matrices of pixels were used to monitor the diffusion front in this case, and 

7x250 matrices to see the evolution of RGB values at a set distance from the colony 

across the entire agar plate over time.   

In the constant source case, the following finite element code was used in excel where at 

x=0, at the microbial colony, C=1 and in the far field C=0.  

(15)  𝐶𝑐
𝑘+1 = 𝐶𝑐

𝑘 + 𝐷
∆𝑡

∆𝑥2 (𝐶𝑎
𝑘 − 2𝐶𝑐

𝑘 + 𝐶𝑏
𝑘) 

Equation 15 is the finite difference form of the 1D diffusion equation implemnted in 

excel, where C is the concentration value at a cell in excel and subscripts a, b, and c 

represent above, below, and center respectively. 𝐶𝑐
𝑘+1 represents a point in space and 

time, 𝐶𝑐
𝑘, at the same point in space, x, but at the following time-step. 

 

3.4 RESULTS  

Oral bacterial colonies showing zones of clearance when plated with diluted samples of 

spit, were selected for and plated with the positive control Acetobacter pasteurians on 

DB, GYE and, MPYE media. The bacteria isolated from the spit were able to create 

larger zones of clearance on all media but the largest on the MYPE agar. Acid producing 
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microorganisms can be isolated from various environments and in this case two strains 

were isolated from KAUST soil, one on MAC and the other on MSA shown in Figure 

3.9. To compare the biotic effect on calcite dissolution, one block was placed on abiotic 

agar and the other containing suspecting calcite dissolvers. Their surfaces were monitored 

using SEM shown in Figure 3.10.        

 

  

 
 

Figure 3.9: Top- This image of agar plates show Acetobacter pasteurians and an “isolate from my oral 

cavity”. The media showing the most effective dissolution was on MPYE agar.   

 

In Figure 3.10 the left image was a calcite crystal placed in an abiotic agar gel. The other 

two images are of a calcite crystal placed in the same agar, but inoculated with 

microorganisms isolated from human saliva. The calcite crystals were all wiped with 

ethanol before imaging, however in the biotic samples microbial cells can be found in 

“pits” within the calcite crystal. The pits are either entirely made or enhanced by the acid-

secreting microorganisms.  
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Figure 3.10: Left is an unaffected calcite block, where atomically smooth surfaces can be observed. The 

other two images are of microbiologically treated crystals; dissolution-precipitation has altered the 

properties.   

 

3.4.1 Instantaneous point source 

Using bromothymol blue as a pH indicator did not negatively affect bacterial growth and 

therefore plates inoculated with saliva bacteria were compared to the HCl treated plates 

on the same MPYE media. When the HCl was dropped on the media, it acted as an 

instantaneous point source. The boundary conditions are that far from the source at t=0, 

concentration is also equal to zero although in reality there are of course protons but 

assumed to be evenly distributed. However near the source concentration is increasing as 

the diffusion front arrives until reaching a maximum and then decreases. When 

comparing the RGB values of a pixel matrix 4mm from the source, the R or red value of 

the images most resembles this trend as shown in Figure 3.12.  
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Figure 3.11: Red, Green, Blue values over time in 20x20 pixel matrix 4mm from the HCl droplet. The “R” 

values shows correlation with theoretical concentration trend.  

Cross-section RGB values also confirm that analyzing the images in this manner 

accurately represents the diffusion front as shown below. 

    

 

Figure 3.12: RGB values vs. distance (pixels). Top-mages of MYPE agar with 50ml/L bromothymol blue 

after 1, 176, 476 and 1576 minutes respectively, from left to right, after a 10UL droplet was added near the 

center. Bottom- RGB values of the 7x250 pixel cross-section at 1, 28, 307 and 437 minutes. 

When the same agar was treated with bacteria a different trend was observed. Bacteria 

were only plated in the center in order to be able to model acid diffusion from a point 

source more accurately.  
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Figure 3.13: This graph shows the trend of how the “R” values over time at 4mm from the point of 

inoculation of the bacteria, increasing “R” values suggest higher concentration of H
+
 as previously seen. 

 

     

 

Figure 3.14: Top-mages of MYPE agar inoculated with spit isolates after 1, 1000, 3000 and 4000 minutes 

respectively, from left to right. Bottom- RGB values of the 7x10 pixel cross-section at 1, 700, 1200, 2200 

and 4300 minutes. 
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Figure 3.15: Finite difference solution of 1 D diffusion from a constant source, showing concentration in 

space at given times.  

 

3.4.2 Constant source 

The main limitation in this experiment is the range of the pH indicator, bromothymol 

blue. Below pH 6.0 the pH indicator appears yellow and above pH 7.6 blue, therefore 

outside of this range one cannot relate RGB value to [H
+
]. Therefore as the diffusion 

front advances, the RGB values quickly reach the low pH value and stabilizing thereafter 

as seen in Figure 3.18. However this set-up is effective in determining diffusion rates, as 

the diffusion front can still be determined through imaging, in order to determine a 

diffusion coefficient. The diffusion front is seen as a sharp transition as seen in Figure 

3.17. This representation contrary to typical diffusion trends, however assuming the 

reaction of the pH indicator to be much faster than diffusion, the process remains 

diffusion controlled. 
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Figure 3.16: 1D diffusion test at 1 min, 1 hour, 5 hours, and 10 hours. 

The images immediately show similarities and differences. The first three test tubes have 

1.5% agar and bromothymol blue, however #1 and #3 were set to different pH’s and #2 

has 8.0g/L CaCO3. Similar diffusion rates can be seen for all three, however in #2 the 

diffusion front is traveling at a higher pH due to the carbonate within the agar, making it 

more difficult to detect. The last three tubes all have MPYE agar and #6 also contains 

CaCO3 and similar trends are observed as in they all advance similar distances but the pH 

is buffered by the carbonates in #6. The stark difference is between t#1-3 and #4-6, where 

it is actually the mannitol, peptone, and yeast extract contributing to the reducing the 

diffusion rates, not the CaCO3. Only the “R” values were considered in this case due to 

the noticed trend in the previous experiment. Below is a graphical representation of the 

images in 3.17 showing the advancement of the diffusion front at different times.  
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Figure 3.17: Red values vs. distance from the constant source set-up at different time steps. From left to 

right, after 10 min, 1, 5, 10, 15 and 20 hours respectively.   

The plateau between R values of 0.4 and 0.45 highlight the previously mentioned 

limitation of the pH indicator. However using a forward diffusion scheme or the finite 

difference code in excel, multiple diffusion coefficients were considered to match the 

experimental data. The resulting equation of the finite difference value trend-line was 

plotted against experimental data shown below in Figure 3.19. 

Figure 3.18: The solution (line) plotted with the experimental data points.  
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The diffusion coefficient used in the finite difference code which best fit the data was 

1.122 x10
-5

 cm
2
 sec

-1
, for H

+
 in 1.5% agar.  This value fits the diffusion rates for #1-3, 

however #4-6 require an adsorption term to justify the retardation of the diffusion front.  

3.5 DISCUSSION 

Petroleum reservoirs that have already gone through primary, secondary and tertiary oil 

recovery techniques are considered “depleted” and the remaining hydrocarbon fraction is 

thought to be “un-extractable oil”. The oil remains because of the high capillary pressure 

in small pores; also detected oil can be stuck in isolated pores. Microorganisms could 

potentially help access and extract some of these reserves through carbonate dissolution. 

Microbial dissolution can have some advantages compared to flooding the reservoir with 

acidic fluids. Being suspended in a solution, microorganisms have weight that allows 

them to settle, they have affinity for solid substrates and could therefore form biofilms 

onto the reservoir rock. Pumping reservoirs with acidic solutions often leads to unwanted 

fingering, localization, and tunneling effects (Kim and Santamarina 2015). The acidic 

fluid follows the primary pore network of preferential flow path just as the previous 

water/brine injection and the hydrocarbon flow during primary recovery before that. 

Microorganisms are less coupled to advective flow.  

Microbial inoculated fluids would also first fill the larger pores, however could 

proliferate within the pore space and potentially give a “bio-clogging” effect mentioned 

in Chapter 2. Thereafter clogged pores can drive ensuing injected fluid to invade the 

smaller pores previously not reached. Microbial processes are highly localized with 

respect to reservoir scale and therefore supersaturation near the dissolution front can be a 

limiting factor. One option would be to simultaneously inject Ca
2+

 sequestering 
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molecules such as EDTA. EDTA irreversibly sequesters Ca
2+

, permanently removing it 

from the system. Many reservoirs will not be hospitable to microorganisms therefore 

MEOR will not be feasible, however reservoirs with suitable conditions microbial 

induced calcite dissolution could be a viable option. 

After analyzing the SEM photographs if Figure 3.10, it is clear that the calcite blocks 

went from a nearly atomically smooth surface with few cavities and essentially zero 

permeability, to a completely altered surface. Meaning that net dissolution is not 

necessary for the technique to be successful. In our small crystal 5% by weight of the 

mineral was dissolved, however the dissolution/precipitation process drastically altered 

the surface void ratio, porosity, and potentially permeability. Peclet and Damkohler 

dimensionless ratios are used during acidic flooding of a reservoir, to achieve desired 

dissolution patterns and avoid unwanted fingering (Kim and Santamarina 2015). When 

using MICD as an MEOR strategy the similar logic can be applied so that the settlement 

of the microorganisms is more uniform and lead to the highest possible enhanced oil 

recovery. 

When microbial dissolution of the reservoir mineral occurs, there will need to be enough 

diffusion before re-precipitating in order to create borings within the reservoir 

rock. Understanding diffusion in MICD is the key to the potential success of this 

technique. Our simple, inexpensive set-up was able to qualitatively and quantitatively 

monitor proton diffusion through calcite-supersaturated agar. The Red values were most 

sensitive when using bromothymol-blue as a pH indicator. The trend of the Red values 

matches that of the change in concentration in finite difference code for concentration 

with respect to distance and 1D solution in mathematica with respect to time at a given 



66 
 

point. A predictive model at reservoir scale is more complex and it should include 

advection of the carrying fluid, settlement of the microbial cells, microbial growth rates, 

acid synthesis by the microorganisms, surface reaction, diffusion, and how temperature 

and pressure would affect each of the other parameters. 

Future studies with calcite dissolving microorganisms should be conducted to push these 

ideas to application. Genetically engineering isolated bacteria from hydrocarbon 

reservoirs, known to be carbonate-dissolving, with P-type ATPase containing plasmids to 

aid in the transport of Ca
2+

 from the dissolution front. In reservoirs with low-enough 

temperatures, exogenous microorganisms could be introduced to the system. Microbes 

living within pores might be able to use chemotaxis as a mechanism to sense where the 

oil is and selectively dissolve carbonates near hydrocarbons. The Red Sea can be home to 

model species that are naturally adapted to high salinities similar to hydrocarbon 

reservoirs. With vast coral reefs, the relatively high rate of carbonate deposition could 

have aided microorganisms proficient in dissolving carbonates.    

  

Figure 3.19: SEM images of Au-Pd covered samples of the previously mentioned Red sea sediments. There 

is clear evidence of dissolution-precipitation history.  
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3.6 CONCLUSIONS 

 The localized, pore-scale dissolution of carbonate reservoirs can facilitate oil 

recovery. 

 Microorganisms should be considered for pore-scale dissolution.  

 Microbial proliferation within a reservoir has added benefits such as bio-clogging 

and decreasing oil viscosity. 

 SEM images and graphs show that pore-scale properties of the carbonates could 

be affected, even with re-precipitation after dissolution, which could increase 

flow. “Pitting” was also observed in microbial-treated calcite crystals. 

 Addition of pH indicators to agar allows for RGB analysis to monitor diffusion in 

porous media qualitatively and somewhat quantitatively. Supersaturated agar was 

analogous to a carbonate reservoir.  

 Diffusion coefficient of 1.122 x10
-5

 cm
2
 sec

-1
, for H

+
 in 1.5% agar 
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Table 3.2: Bacterial isolates from numerous oilfields around the world; adapted from Siegert et al. 

2013. 
 

 

 

 



69 
 

CHAPTER 4: 

Bioactivity in Red Sea Sediments Near Seeps 

4.1 INTRODUCTION 

The formation of the Red Sea is thought to be in the early Tertiary, and it has become a 

unique body of water, 2,000 km long and at most 360 km thick (Coleman 1974). Due to 

the low water flux, limited human activity, shallow depth [490m average], proximity to 

hydrocarbon reservoirs, the presence of seeps, high salinity and vast corals, it provides a 

unique ecosystem of study. Satellite images have revealed the presence of previously 

unknown seeps at two different sites in the Red Sea. Hot and cold seeps on the sea floor 

provide and an influx of fluid containing crude oil and gas that could be hazardous to the 

local and global environment (Aharon 1994). The seeps introduce a variety of minerals 

including hydrocarbons, which are infiltrating the Red Sea through the sediment; 

therefore it is the sediment properties and behavior that will reveal how the seep 

formation and from where the fluid is coming.  It is a complex problem, and a complete 

and comprehensive analysis is needed to understand the behavior of the Red Sea 

sediments. 10
10 

 

Biogeochemical processes are widely disregarded in the analysis of soils and sediments. 

With up 10
10 

bacterial cells per cm
3 

of marine carbonate sands; it would be naive to 

ignore bioactivity in near-surface sediments (Wild et al. 2005). Microorganisms are a 

metabolically diverse group, but all require a carbon source, an extracellular electron 

acceptor, and sufficient space to thrive in an environment (Madigan et al. 2012). In Red 

Sea sediments where the temperature, pressure, and salinity range are considered 
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habitable it is the presence of fine sediments that could provide a mechanical limitation 

for microbial life. (Rebata-Landa and Santamarina 2006) 

The purpose of this study is to investigate biological activity in Red Sea sediment 

behavior. How can microorganisms influence the properties of the sediment, precipitates, 

and other chemical species? What are the main limitations of microbial activity in deep-

sea sediments? And are there microbial communities near hydrocarbon seeps? 

4.2 PREVIOUS STUDIES 

4.2.1 Seeps/plumes in marine sediments 

Sediments and their respective microbial communities near hot and cold seeps are 

directly affected by the seep itself and must be taken into account in the analysis of the 

present state environment (Roberts et al. 1990). Nutrients and hydrocarbons might 

permeate into the surrounding environment as a fluid; crude oil or gas, and can introduce 

new chemical species as well as microbial and alter the behavior of the sediment (Aharon 

1994). This unbalancing seepage has consequences in biotic and abiotic ecosystems. 

Fluids introduced at or above saturation into a new environment will change equilibrium 

conditions and lead to precipitation of new solids. These precipitates become part of the 

soil matrix but can provide insight on the kind of minerals coming from the seeps and 

even the origin of the seeps. Carbonates are common precipitates especially in sediments 

as rich in calcium carbonates as the Red Sea. However, they can be biologically 

synthesized or induced. Microbial oxidation of hydrocarbons provides bicarbonate and 

carbon dioxide that can react with Ca
2+

 or Mg
2+

 to produce precipitate carbonates 

(Hathaway and Degens 1969, Berner 1971, Roberts and Whelan 1975, Roberts et al. 
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1990). Biogenic and thermogenic carbonates can be differentiated by the carbon isotope 

signature and have proven the link of seep-related carbonate precipitation (Roberts et al. 

1989). The lighter 12C isotope is associated with biological origin whereas the 13C 

isotope characterizes thermogenic products of crude oil; having a lower concentration 

relative to the original material (Roberts et al. 1990). 

Microorganisms can behave as catalysts for chemical reactions that are in their absence 

unfavorable. Seeps can act as a point source of eutrophication in marine environments by 

supplying an influx of nutrients and potential carbon sources for microorganisms, 

enriching the area; biologically speaking (Brooks et al. 1987). Microbial communities 

can act as measurement tools; each species has a characteristic size, thrives under specific 

environmental conditions, with access to specific nutrients and will produce certain 

products. Beggiatoa, for example, is a bacterial genus commonly form microbial mats by 

hydrocarbon seeps and are thought to indicate the interface between oxic and anoxic 

environments (Roberts et al. 1990, Gupta and Aharon 1994). 

4.2.2 Microbial diversity in marine sediments 

Microorganisms dominate the marine ecosystem, conservative numbers estimate that just 

in the world's’ oceans surface water cellular carbon from microorganisms can surpass 3 x 

10
17

 g (Sogin et al. 2006, Whitman et al. 1998). In 1cm
3
 of “pristine” marine sediment 

there can be up to 11,400 genome equivalents, however that will vary with depth 

(Torsvik 1998, Kallmeyer et al. 2012). In sediments microbial density decreases, as 

shown in Figure 4.1, exponentially with depth due to reducing pore size, hydraulic 

conductivity, and nutrient flux among other factors (Fredrickson et al. 1991, Rebata-
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Landa and Santamarina 2006, Fierer and Holden 2003, Kieft et al. 1998, Parkes et al. 

1994, 2000, Kallmeyer et al. 2012). 

The distinct variability with depth allows microbial communities can define the 

geochemical structure of the sediments; in marine sediments become anaerobic after 3cm 

(Gupta 1997).  

 

Figure 4.1: Sub-seafloor cell concentration vs. depth in meters below sea floor (mbsf) from 

different sites in the world and at different depths. Shows the relationship between depth in a 

sediment and biological abundance (Kallmeyer et al. 2012).  

In the absence of oxygen in subsurface sediments sulfate to become the most 

energetically favored electron acceptor for microorganisms, and sulfate reduces to H2S. 

Certain species thrive in the microaerobic environment of the transition zone and become 

"biomarkers" of the geochemical environment, and in the presence of seeps helps identify 

the kind of seep (Gupta 1994, 1997). Macroscopic organisms can also contribute to 

defining the environment; mussel beds indicate a source of methane, whereas tubeworms 

and bacterial mats require the presence of a hydrocarbon sulfide source (Roberts et al. 
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1990). Microbial populations near seeps have adapted to such environments and have 

faster growth rates than larger organisms such as metazoans. In the case of hydrocarbon 

seeps, it is common to find anaerobic sulfate-reducing bacteria that oxidize alkanes, 

aromatic compounds, and fatty acids and aerobic, aromatic hydrocarbon-degrading 

bacteria with a preference for aromatic carboxylic acids (Teske et al. 2002, Goetz and 

Jannasch 1993, Rueter et al. 1994).  

The importance of analyzing microbial communities lays in how they can affect the 

environment and inform us about its components. Microorganisms, if size permits, live in 

the pore space and therefore interact heavily with the pore fluid. Their intrinsic catalytic 

nature can induce precipitation that can act as a nucleation point for more extensive, 

abiotic crystal growth (Konhauser and Urrutia 1999). In fine grains, calcareous 

microorganisms can make up a large part of the granular structure of the sediment. In 

coarse grains, through bio-cementation and bio-clogging, can influence parameters like 

permeability, hydraulic conductivity, compressive strength, shear wave velocity, pore 

throat size, shear strength, and stiffness (Mitchell and Santamarina 2005, De Jong et al. 

2006).  

4.2.3 “Unculturability” of microbial communities  

Unfortunately, it is not possible to investigate all microorganisms in laboratory settings, 

and the "unculturability" of in- situ microorganisms must be addressed and taken into 

account when looking at microbial diversity. The main reasons for unculturability are cell 

dormancy, symbiotic relationships, substrate affinity, syntrophic relationships, signal 

modulation, and our lack of proper cultural methods to cater to these factors. Cell 
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dormancy contributes to the persistence of prokaryotes even in harsh environments. It is a 

strategy of which prokaryotes can manipulate to overcome temporarily unfavorable 

conditions, whatever they might be (Jones and Lennon 2010). 

Dormant cells therefore when looking at only colony forming units would be completely 

overlooked, and could lead to false assumptions when taking the whole community into 

consideration. Entering a reversible state of low metabolic activity can affect the structure 

of the community in future generations; dormancy stimulates the richness of model 

species, and there exists an essential balance between the active/dormant cells so that the 

active portion is always thriving (Jones and Lennon 2010). Symbiotic dependency occurs 

when an organism cannot be cultured without its host or will be invisible to the observer 

if intracellular. When symbiotic relationships take place for a period of time, either party 

can lose genes that were once essential before the symbiosis. Nakabachi et al. in 2006 

show this in a study one Carsonella ruddii, a primary symbiont of Psyllidis; a phloem 

sap-sucking insect, where C. ruddii, has become unculturable because of the very fact 

that it has lost many essential genes. Variability in growth rate among species also leads 

to a sort of tunnel vision, where CFU's are less representative of the real diversity. 

Growth rate characteristics define an individual strain or species as r vs. k strategists. R-

strategists are more efficient in consuming nutrients and can reproduce at a faster rate 

when there are excess nutrients or changing conditions; they can be more "adaptable," 

whereas k strategist will persist when nutrients are limiting and in stable environments. 

Therefore being able to cater to both without one type of "strategist" having more of an 

advantage than in-situ conditions, is quite trivial. Syntrophy is a phenomenon that is well 

studied in the field of microbiology and refers to a thermodynamical dependence 
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organisms have to carry out certain chemical reactions. If cells are to be distanced or 

isolated from its syntrophic partner, they will not survive (Schink 1997). For these 

reasons among other factors, culturing bacteria in the lab will bias the true nature or 

behavior. Genetic studies must be carried out to understand the "whole picture" and the 

reality in-situ. 

4.3 EXPERIMENTAL DESIGN 

The experimental procedure considers minimal contamination to the sample. A total of 3 

gravity cores (Cores 1, 2, 3) of 1.5m in length and 0.2m in diameter were deployed at one 

Site 1 (200m bsl), two from pockmark containing sediments (Pockmark 1 and 2), and 4 

(Cores A, B, C, D) from Site 2 (1,000m bsl). While sampling, it is critical to consider the 

state of the sample. The gravity-core samples sediments have been affected by the 

hydrocarbon seep. From the moment of sampling until the sediment characterization, the 

environment is always changing. To minimize the possibility of contamination and cross 

contamination, aseptic conditions were maintained, and all equipment was sterilized 

between sampling. Sterile petri-plates were used to store the sediments at 4°C for cell 

counting and -20°C for DNA analysis. The sediments at 4°C were treated with a fixative 

agent, formaldehyde, to prevent degradation. The A6 Accuri flow cytometer counted the 

cells. while to extract DNA, the MOBIO powersoil kit was used to overcome some of the 

difficulties in extracting DNA from sediments.  

4.3.1 Flow cytometer  

Prepared samples for the flow cytometer included 3.0g of sediments treated with 10ml of 

the fixative agent. Each sample was sonicated for 1 minute at 35% amplitude with 20-
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second on/off pulses. Following sonication 1ml of the sediment, the solution was 

centrifuged in tubes containing a density gradient, to secure a better separation of 

sediments and cells, for 90 minutes at 16500 rpm. After the centrifugation, 0.5ml of each 

supernatant was filtered through a 5μm filter to remove any remaining suspended 

particles. The microbial DNA is stained with 1X SYBR green, then incubated at 37°C for 

30 min before running through the flow cytometer. If the samples were too rich, they 

were diluted (10-2). The flow cytometer was set to 10μl/ min for 2 minutes. 

4.3.2 DNA extraction and amplification  

DNA isolation kits can be very helpful when the environmental samples have high 

“noise”. Kits specific for soil, compost, or manure are strategically designed for samples 

containing high humic acid content, which can act as inhibitors in DNA extraction and 

isolation. We will be using the microbio POWERSOIL DNA Isolation Kit, which is pre-

designed kits help attain a high level of purity for samples for bacteria, to algae, and 

fungi. It must also be noted that this kit only requires a small amount of sample (0.25g), 

which allows for replicates. Refer to the manual for clarification on each step 

mobio.com/media/wysiwyg/pdfs/protocols/12888.pdf.  

The amplification of extracted DNA is needed to create genetic libraries for future 

sequencing. If genomic DNA was successfully extracted, confirmed with gel 

electrophoresis and Quibit quantification (Table 4.1), PCR’s were run to amplify the 

DNA. One designed to target archaeal DNA (primers 519F and 806R), and one for 

bacterial DNA (primers 341F and 785R). The amplicons were detected once again with 

gel electrophoresis and Quibit. 70ml of 1X TBE buffer, 0.7g agarose, and 1.5μl SybrSafe 
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stain was used to make the electrophoresis gel. Each well was loaded with 1μl of 6X 

loading dye and 5μl of DNA for PCR products; 2μl loading dye and 10μl DNA for 

genomic DNA.  

4.4 RESULTS 

 

Figure 4.2: Illustration of the studied sites near hydrocarbon seeps in the Red Sea. Collected 

sediments from around 200m depth from sea level at the southern location, and 1000m at the 

northern area.  

 

4.4.1 Southern voyage 

These sediments are home to microbial activity. The flow cytometer counted between 1-

10 million cells per gram of sediment. Figure 4.2 shows the forward (FSC-A) vs side 

scatter (SSC-A) and the histograms that indicate the range of fluorescence (FL1-A).  
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Figure 4.3: Cell counts from the flow cytometer. The top row is from “Core 1”, the next from 

“Core 3”, the next from “pockmark 1”, and the last row from “pockmark 2”. The figure on the 

left hand side shows the forward scatter (FSC-A) vs side scatter (SSC-A) while the graph on the 

right is a histogram of the fluorescence (FL1-A) and count at each fluorescence value. 

Table 4.1 summarizes the number of reads and cell density (log (cells per g of sediment)) 

per sample. A correlation between pore size and cell density could be made. All samples 

were taken from 120 cm from the top of the 150 cm gravity core where the X-ray images 

showed coarser, more granular sediments. The mean pore sizes at the depth of sampling 

of Cores 1 and 3 were 4.9μm and 3.4μm for Pockmarks 1 and 2. The numbers in Table 

4.1 are higher than expected for being at least 1.2 meters below sea floor (mbsf), however 

they might be overestimated due to size of the sediment particles and their potential 

interference with the flow cytometer. It is well documented that at this depth there is 

lower microbial diversity, however the abundance is indeed feasible. As previously 

mentioned, each sample was split in two where one of the replicates was kept at 4°C for 

flow cytometry and the other at -20°C for DNA extraction.  
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Sample Cell count / 20 μL 

Log cells/ g 

Sediment 

Mean Pore size 

(μm) 

DNA 

concentration 

(ng/μl) 

Core 1 74,148 7.09 4.3 1.08 

Core 3 86,761 7.16 5.5 1.23 

Pock Mark 

1 
5,944 6.00 4 0.736 

Pock Mark 

2 
8,139 6.13 2.8 1.11 

Table 4.1: Summarized results from the flow cytometer and compared to the calculated mean 

pore size of the corresponding sediments. The last column also shows the DNA concentration 

extracted measured by Quibit.  

DNA was extracted using the MOBio power soil kit and then confirmed with gel 

electrophoresis and Quibit. Figure 4.4 proves successful DNA extraction, while Table 4.1 

indicates how much each band represents. The gel qualitatively confirms the results from 

the flow cytometer that the sediments are bioactive, however the DNA concentrations 

from Table 4.1 hint at the fact that the cell density in these sediments could be lower than 

counted by the flow cytometer. The bands in Figure 4.4 are bright and well grouped 

together, meaning the genomic DNA extracted was of the same or similar size; low 

microbial diversity. The thermomixer with the described PCR protocol only amplified 

bacterial and archaeal DNA for Core 1 and 3. Pockmark sediment samples' DNA 

appeared in Figure 4.4, however not after the PCR. Humic acid from sediments can 

sometimes interfere with PCR and with fine sediments such as the pockmark samples, it 

is possible some remained in the DNA extract solution.  
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Figure 4.4: The top image is of the gel run directly after DNA extraction using the MOBio 

powersoil kit. The wells from left to right are the ladder, blank well, Core 1 at 4°C, Core 1 at -

20°C, Core 3 at -20°C, pockmark 1 at 4°C, pockmark 1 at -20°C, and pockmark 2 at -20°C. The 

bottom image shows the PCR products for the bacterial primers (1
st
 4 wells) and the archaeal 

primers (next 4 wells).  

4.4.2 Northern voyage 

These sediments have no indication of being biologically active 0.30 mbsf. No genomic 

DNA successfully extracted contradicted the high cell counts from the flow cytometer. 
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The DNA extraction protocol was repeated and no evidence of DNA can be seen on the 

gel furthermore the concentration was too low to be detected by the High Sensitivity 

protocol for Quibit. 

 

Figure 4.5: This image is of the gel run directly after DNA extraction using the MOBio powersoil 

kit for Cores B and D. The bright red well on the left is a positive control; soil from under a plant 

outside the lab.  

 The last filter in the flow cytometer is 5μm and considering mean pore sizes between 2-

3μm; it is likely soil particles were read up by the flow cytometer. A non-stained sample 

from each core (A, B, C, D) was treated the same as the previous measured samples, 

except for the SYBR Green staining, to act as a negative control for the possible particle 

noise. The soil fluorescence values (FL1-A) were used to create a gate for each core, as 

shown in Figure 4.5, in all samples there was “soil contamination”, many >95% of all 

recorded values.  
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Figure 4.6: Cell counts from the flow cytometer for the northern site. The top row is from Core A 

followed by Cores B, C, and D respectively. The figure on the left hand side shows the forward 

scatter (FSC-A) vs side scatter (SSC-A) while the graph on the right is a histogram of the 

fluorescence (FL1-A) and count at each fluorescence value. The dotted red lines indicate the 

range of values of the negative unstained sample for each core; the percentage is the percentage 

of reads that fell in the range of the negative, unstained control.  

 

Most of the original samples had been diluted due to high reads as a result of the high 

number of soil particles in each sample, the high conversion factor (1.6 x 10
4
), cells per 

gram of sediment gives a falsely high value as shown in Table 4.2. Sample D-120 

showed only 1 read in the entire 20μl that was not present in the negative D control 

sample, which results in 1.6 x 10
4 

cells per gram of sediment. A single read cannot be 

taken as a legitimate value; filtered water used between samples often shows higher 

values. The true cell count is most likely much lower than reported; for extremely fine 

sediments, another protocol is encouraged for counting cells in very fine sediments. The 

low cell abundance in these sediments at the sampled depths was the main factor in not 

being able to extract DNA. As previously mentioned, only 0.25g of sediment was used 

for DNA extraction; a larger amount is required to extract DNA from low bioactivity 

sediments.  
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Sample Cell count / 20μl log cells/ g Sediment 

A-97 7666 6.11 

A-113 100 6.22 

A-130 77 6.11 

B-30 932 7.19 

B-60 1994 7.52 

B-90 20 5.52 

B-120 13 5.34 

C-30 151 6.40 

C-60 262 6.64 

C-90 17 5.45 

C-120 611 7.01 

D-30 8 5.12 

D-60 70 6.07 

D-90 10 5.22 

D-120 1 4.22 

Table 4.2: Summarized results from the flow cytometer for the Northern Voyage. 
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4.5 DISCUSSION 

4.5.1 Southern voyage 

Flow cytometry is a versatile tool for analyzing cell cultures; however, we have proven 

that when dealing with environmental samples there is the possibility of noise or 

contamination. In fine marine sediments or clays, one must take into account the particle 

size and autofluorescence of the grains. To circumvent this issue; a negative control, an 

unstained sample, is necessary. The fluorescence values of the unstained negative control 

should be far away from that of the chosen stain.  

From all the samples in the southern seep, DNA was extracted. Both archaeal and 

bacterial species are thought to be present due to the amplification with specific primers. 

Most likely the bacterial amplicons represent SRB, methane-oxidizing bacteria, and 

methanogenic bacteria  (Chen et al. 2005, Boetius et al. 2000, Guan et al. 2015). Standard 

archaeal species near seeps would include methanogens, especially if hydrocarbons were 

present. Further miSeq sequencing must be done to confirm the members' microbial 

community. The species able to thrive in these environments potentially could be future 

model species for methane production and hydrocarbon degrading at high pressure, as 

well as give in-depth insight to the chemical cycles occurring at each depth.  

4.5.2 Northern voyage 

The electrophoresis gel, as well as Qubit quantification of DNA, showed that no DNA  

extracted from cores obtained from the northern site. It is highly unlikely that these 

sediments are completely abiotic; however, the bioactivity must be low. Sampling every 
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30cm starting with 30cm below sea floor might have been too deep due to the 

exponential decay of bioactivity with depth (Kallmeyer et al. 2012). Although in 

subsurface sediments nutrient and oxygen availability plays a significant role in cell 

counts decreasing with depth, one condition must always be met, microorganisms need 

sufficient pore size to survive. Microbes are about 1 micron in size since dpore = 0.26 

dsediment to 0.37 dsediment, when soil particles are too fine microorganisms will not fit in the 

pore space. Microbial cells can be squeezed, punctured, or isolated from nutrient flow 

which all can lead to fine sediments not being hospitable to microbial life (Rebata-Landa 

and Santamarina 2006). It was most likely pore size that leads these sediments to have 

such low bioactivity below 30 cm, as many samples were rich in sulfur, iron, and 

hydrocarbons. There is evidence the visible hydrocarbons from these sediments were 

previously biodegrading, leaving only hydrocarbons difficult for microorganisms to 

degrade; shown in figure 4.5. 

 

sFigure 4.7: GC results for extracted hydrocarbons from core B. The visible from hydrocarbon from these 

sediments were extracted with toluene and run through a DB-5 fused silica capillary GC column.   

Unresolved 
Complex 
Mixture 

(UCM)
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Extracting DNA from marine sediments is particularly difficult. The MoBio powersoil kit 

also uses 0.3g of sediment; small amount of sample could have led to the failure of 

sufficient DNA extraction. In order to study fine marine sediment communities one must 

first look at the sediment-water interface or upper centimeters of the sediment to see the 

extent of bioactivity before analyzing a deeper vertical column (Chen et al. 2005).             
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4.6 CONCLUSIONS 

 Bioactivity can play a critical role in sediment behavior and long-term processes.  

 Microbial communities can act as “markers”. Their presence helps describe the 

comprehensive hydro-bio-chemical environment. 

 Unculturability of microorganisms leads to the need for genetic analyses. 

 Sulfate reducing bacteria, methanogens and methanotrophs are likely to be 

present near hydrocarbon seepage. 

 Pore size is often the limiting factor in the potential for life, and is too commonly 

overlooked in the biological field.  

 Southern seeps contain bacteria and archaea 

 Northern seep sediments at 1km below sea level contained heavily biodegraded 

hydrocarbons but low bioactivity. 

 Larger volume sediment samples might be needed to successfully extract DNA 

from low-bioactivity sediments.  

 Bioactivity drastically decreases with depth in sediments.  

 Isotope analysis can point towards origin of carbon containing compounds 

 Flow cytometry can be misleading for microbial communities in fine sediments. 

o Cell size similar to particle size 
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CHAPTER 5: 

Conclusions 

This thesis addressed three questions within the context of bio-geo systems with 

relevance to hydrocarbons. These studies highlight the importance and potential of 

microbiology in geotechnical and petroleum engineering. There have been great 

advancements in renewable energy in the last decade, however these technologies will 

not be able to meet human energy demands in the near future. Therefore, hydrocarbons 

will continue to be the largest source for energy consumption worldwide.  

Microorganisms provide a unique opportunity to make hydrocarbon production 

environmentally considerate. Microbial enhanced oil recovery has been proven to 

increase oil production in several field trials, as shown in Chapter 2, however due to 

higher levels of uncertainty, MEOR has rarely been accepted by the petroleum industry. 

New advancements in genetic and protein engineering will help reduce the performance 

uncertainty and skepticism through post-synthesis modification of biosurfactants for 

specific requirements. There are more than 2,000,000 abandoned wells worldwide, and 

MEOR will allow for further production in an environmentally friendly manner, without 

introducing toxic compounds into the subsurface. Microbiologically induced carbonate 

dissolution (MICD) as a MEOR technique would also introduce purely organic acids. 

Diffusion of acidic species in porous media has relevance in applications from CO2 

sequestration and storage, to the influence of the acidification of the oceans on carbonate 

substrates such as coral. Agar gel as the analog of the skeleton of the porous media has 

many advantages. The agar gel is relatively not reactive, while the components do affect 
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diffusion. With pH indicators are helpful in qualitatively monitor diffusion rates in real 

time and allows for comparing the effect of varying water-soluble compounds within the 

gel or suspended particles within the pore-space. The changing colors in the agar test 

tubes showcase a pure diffusive behavior. When comparing the 1D diffusion equation 

solution to the experimental data this particular case resulted in a diffusion coefficient of 

1.122 x10
-5

 cm
2
 sec

-1
, for H

+
 in 1.5% agar. One limitation of this method is the detection 

range, particularly limiting the ability to quantify H
+ 

concentrations.  

CaCO3 supersaturated agar creates a suspension of calcite and can be analogous to a 

carbonate substrate, and although the mineralogy of the agar is not the same as a core 

sample, it provides the possibility to do diffusion or advection tests easily, inexpensively 

and the porosity can be slightly altered with varying agar concentrations.  

Soils are the particulate media where microorganisms have the most significant impact on 

its properties and behavior. A current pressing subject in the Red Sea is the presence of 

seeps. Characterizing the microbial communities as well as the soil properties gave new 

insight to the components of the fluid in each of the two mentioned seeps. Of the two 

study sites, the southern site is significantly more bioactive than the northern seep. The 

sediments are composed mostly of clays and the low pore size is thought to have 

restricted bioactivity, particularly in the northern site. Hydrocarbons are currently leaking 

into the Red Sea and through the sediment; the surrounding microorganisms provide 

important information on what exactly could be seeping. Furthermore, microbial 

communities can play a critical remediation role should anthropogenic-driven leaks take 

place. Hence, bioactivity is essential to the long-term resiliency of the Red Sea. 
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