
    

 

 

 

Degradation of recalcitrant products from weathered 

petroleum contaminations in Western Australia and Kuwait 

 

by 

 

Melanie C. Bruckberger 

MSc, BSc 

  

 

 

 

 

 

 

This thesis is presented for the degree of 

DOCTOR OF PHILOSOPHY 

of The University of Western Australia 

 

School of Agriculture and Environment  

April 2020 



    

I 

 

Thesis declaration 

I, Melanie C Bruckberger, certify that: 

This thesis has been substantially accomplished during enrolment in this degree.  

This thesis does not contain material which has been submitted for the award of any other 

degree or diploma in my name, in any university or other tertiary institution.  

In the future, no part of this thesis will be used in a submission in my name, for any other 

degree or diploma in any university or other tertiary institution without the prior approval 

of The University of Western Australia and where applicable, any other partner institution 

responsible for the joint-award of this degree.  

This thesis does not contain any material previously published or written by another 

person, except where due reference has been made in the text, and where relevant, in the 

Authorship Declaration that follows.  

This thesis does not violate or infringe any copyright, trademark, patent, or other rights 

whatsoever of any person.  

 

 

Signature: 

Date:  

  

May 2020



 

- II - 

 

Authorship declaration: Co-authored publications 

This thesis contains published work and/or work prepared for publication, some of which 

has been co-authored.  

1. Bruckberger, M.C., Bastow, T.P., Morgan, M.J., Gleeson, D., Banning, N., Davis, 

G. and Puzon, G.J., 2018. Biodegradability of polar compounds formed from 

weathered diesel. Biodegradation, (2018) 29(5), pp.443-461 

Located in Chapter 2 

Student contribution to work: Conducted the literature review, experimentation, 

analysed majority of data, and wrote paper with the contribution of editing and 

reviewing from the co-authors.  

2. Bruckberger, M.C., Gleeson, D., Bastow, T.P, Morgan, M., Walsh, T., Rayner, J.L., 

Davis, G. and Puzon, G.J., 2019. Unravelling microbial communities associated with 

different light non-aqueous phase liquid types undergoing natural source zone 

depletion processes at a legacy petroleum sit. Submitted to Frontiers in Microbiology 

(Manuscript ID: 48360) 

Located in Chapter 3 

Student contribution to work: Conducted the literature review, experimentation, 

microbial/molecular data analysis and visualisation, and wrote the paper with the 

contribution of editing and reviewing from the co-authors.  

3. Bruckberger, M.C., Morgan, M.J., Walsh, T., Bastow, T.P., Prommer, H., 

Mukhopadhyay, A., Kaksonen, A.H., Davis, G. and Puzon, G.J., 2018. 

Biodegradability of legacy crude oil contamination in Gulf War damaged 

groundwater wells in Northern Kuwait. Biodegradation, (2019) 30.-71 



 

- III - 

 

Located in Chapter 4 

Student contribution to work: Conducted the literature review, experimentation, 

majority of microbial/molecular data analysis and visualisation, and wrote the paper 

with the contribution of editing and reviewing from the co-authors. 

4. Bruckberger, M.C., Morgan, M.J., Bastow, T.P., Walsh, T., Prommer, H., 

Mukhopadhyay, A., Kaksonen, A.H., Davis, G. and Puzon, G.J., 2019. Investigation 

into the microbial communities and associated crude oil- contamination along a Gulf 

War impacted groundwater system in Kuwait.  

Water Research (2020) 170, 115314 

Located in Chapter 5 

Student contribution to work: Conducted the literature review, experimentation, 

majority of microbial/molecular data analysis and visualisation, and wrote the paper 

with the contribution of editing and reviewing from the co-authors. 

 



 

- IV - 

 

Abstract 

The biodegradation of hydrocarbons in the environment has been successfully 

demonstrated in past research, and is widely used to manage contaminated sites. 

However, contaminants exposed to the environments over long periods of time have 

shown to have a decreased bioavailability and recalcitrant character. Partly responsible 

for the persistence of weathered contaminants is the accumulation of polar metabolites, 

which has received little attention in previous studies. These compounds are non - 

hydrocarbons due to the incorporation of other components including sulfur, oxygen or 

nitrogen. They are commonly found at legacy spills, with highly weathered contaminants 

present. There are some indications that polar compounds formed from weathering 

processes can be highly recalcitrant and persist in the environment over long periods of 

time. Due to the difficulties in analysing, polar compounds they are typically described 

as a group or unresolved complex mixure (UCM), in chromatograms, as the majority of 

polar compounds remains unknown.  

This thesis investigates the contaminants formed at two legacy spills: an industrial 

site in Western Australia, and a groundwater system in northern Kuwait which has been 

affected during the 1st Gulf War. Both sites have a long history of contamination 

exposure, with a persisting contaminant consisting of a large portion of polar compounds. 

Polar compounds formed at the Western Australian site, which has been exposed to 

hydrocarbon derived contaminants for > 50 years, were extracted to investigate their 

biodegradability under different conditions. Microcosm experiments consisting of soil, 

groundwater and the isolated polar compounds or fresh diesel were used to compare the 
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biodegradability and microbial community composition after 2 and 4 months of 

incubation. Under tested conditions, the majority of the polar UCM contaminants 

remained recalcitrant to biodegradation. The addition of nutrients (phosphorus, nitrogen) 

did not enhance the biodegradation of polar compounds, and no significant difference 

between aerobic and anaerobic conditions was observed. Similar minimal biodegradation 

was found in microcosms established with contaminated groundwater obtained from 

northern Kuwait under different redox conditions, with a loss of only a small fraction of 

the overall contaminant after 2 months of incubation. 

The long term impact of these recalcitrant contaminants on the environment was 

further explored by analysis of field samples from both sites. From the Western Australian 

site, soil cores with an approximate depth of 5 m below ground surface, from different 

contaminated sections were obtained to analyse the contaminant character and microbial 

community established. The tested jet fuel, diesel and crude oil showed signs of 

weathering processes, but indicated different compounds to be affected with depth. This 

may be due to the presence of different conditions, which was further supported by the 

high abundance of methanogens in the deeper sections of the cores. Interestingly, 

evidence of methanogenic conditions were also found in the high contaminated wells 

close to the impacted zone, along the groundwater stream in Kuwait, while wells further 

downstream appear to be aerobic. Identified microorganisms at both sites suggest a high 

abundance of methanogens and complex syntrophic relationships with methanotrophs 

and bacteria. Common methanogens identified included members of Methanomicrobia 

and Methanobacteria. Besides the large abundance of methanogens, some bacterial 

families were also identified across the two sites, which appear to have some tolerance or 

potential degrading ability of contaminants with a high polar compound content. For 
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example Hyphomicrobiaceae, Xanthomonadaceae, Comamonadaceae and 

Rhodocyclaceae were identified in both microcosm studies, as well as in several field 

samples. Despite known degraders present in the groundwater samples in Kuwait, lower 

concentrations along the stream are likely due to dilution rather than significant 

biodegradation, agreeing with the low biodegradability of the contaminant observed in 

the microcosm study.  

Overall, both sites show a highly recalcitrant contaminant, with a large polar 

compound content. Under present conditions, depite known hydrocarbon degraders being 

present, limited biodegradation is observed, indicating the contaminant to be persisting 

over long periods of time. Results presented here suggest nutrient limitation not to be the 

main driver in the low biodegradability, which may be explained by other factors (e.g. 

inhibitors or recalcitrance) in the samples. The findings of this thesis contribute novel 

insights on the fate of contaminants at legacy sites, and aids in the potential management 

and remediation efforts in future work.  
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 Chapter 1 

General Introduction and Literature Review 

1.1 General Introduction  

This thesis investigates the biodegradability of weathered hydrocarbon contaminants 

in soil and water, found at legacy spills in Western Australia and Kuwait. One of the main 

aims of this study was to identify indigenous microbial communities in the weathered 

hydrocarbon contaminated soil and groundwater, and to observe changes due to 

supplementation and different conditions for potential enhancement of biodegradation. 

For context, this chapter provides a review of literature relating to hydrocarbon spills, 

biodegradation and the effects on the environment, with particular reference to 

microorganisms in soil and water.  

1.2 Hydrocarbons in the environment  

Crude oil consists of numerous components, varying in carbon atom length, which 

can be fractionated using different distillation temperatures. The main molecules found 

in crude oil are hydrocarbons, which consist of only carbon and hydrogen. The 

hydrocarbons are categorised in groups with similar characteristics, such as saturated and 

unsaturated aliphatic-, cyclic- and aromatic hydrocarbons (Wauquier, 1995). 

Hydrocarbons can also be categorised as heavy (i.e high molecular weight), which are 

less mobile but show higher persistence in the environment after accidental release, and 

light (i.e. lower molecular weight) compounds (Brown et al., 2017).  
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Accidental releases of hydrocarbons occur frequently as a result of the refining 

processes, transport or storage and are one of the most common sources of environmental 

pollution (Das and Chandran, 2011).Exposure to these compounds has been shown to 

have catastrophic and long term consequences on terrestrial (Salanitro et al., 1997, 

Schmidt et al., 2013) and aquatic environments (Peterson et al., 2003, Ikenaka et al., 

2013).  

1.2.1 Terrestrial environments and soils  

After an accidental spill, the contaminant usually spreads vertically in terrestrial 

environments, rather than horizontally as in aquatic environments. Soil properties can 

influence the distribution and fate of the contaminant in the environment (Leahy and 

Colwell, 1990). Pollutants in soil can be found either dissolved in water or bound to soil 

particles, in gas form or forming their own phase, depending on the contaminants and soil 

characteristics (Müller and Sedláčková, 2003). Additionally, the type of contaminant 

further affects the movement in the environment, depending on their composition and 

differences in solubilities and vapor pressures (Fine et al., 1997). If the contaminant is 

highly viscous and the soil less porous, a slower movement and soil penetration is 

observed (Abdel-Moghny et al., 2012).  

It has been shown that volatilisation is reduced by increased bulk density and soil 

moisture (Karimi et al., 1987). Hydrocarbons, in particular PAHs, have a low water 

solubility and often complex with soil particles which can leave them immobile and 

persistent (Abdel-Shafy and Mansour, 2016). Humic substances, ubiquitous organic 

constituents of soil, can bind for example PAHs, decreasing the concentration of 

dissolved contaminant in the liquid phase, leaving them inert and therefore having a 

detoxifying effect (Kobayashi and Sumida, 2015). The interactions of different isolated 
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humic substances, such as fulvic and humic acids from soil and freshwater, was tested on 

pyrene, anthracene and fluoranthene (Perminova et al., 2001). The direct effect on 

Daphnia magna, a small crustacean or also known as ‘water flea’ (Tatarazako and Oda, 

2007), was investigated, and found a detoxifying effect by chemical binding to humic 

substances (Perminova et al., 2001). The study investigated the effect of 27 different 

humic materials on the toxicity of PAHs such as pyrene, fluoranthene and anthracene and 

established quantitative relationships between the specific humic acid structure and their 

detoxifying efficiency of PAH. However, binding can reduce the bioavailability of the 

contaminants to microorganisms, and therefore decrease complete mineralisation 

(Perminova et al., 2001). In other cases an enhanced biodegradation rate in the presence 

of dissolved organic matter has been observed (Haftka et al., 2008, Smith et al., 2009). In 

case of the increased biodegradation of phenanthrene, the authors hypothesised that a 

humic acid mediated transport of the contaminant to the cells might explain the 

enhancement (Smith et al., 2009). Subsurface water can be separated into three main 

zones including the unsaturated zone, the capillary fringe and the saturated zone (Figure 

1-1)The unsaturated zone, or vadose zone, describes the section between the water table 

and the soil surface. In the vadose zone plant roots can be found and the soil pores are 

mostly filled with air, completely dry or partially filled with water, and therefore 

unsaturated (Stephens, 1995). The section of the vadose zone where pores start to fill with 

water from the water table via capillary action (tension saturation), is defined as the 

capillary fringe. The capillary fringe is limited by the atmospheric pressure, and its size 

varies with soil texture. For example a wider capillary fringe is found in silt compared to 

coarse material or gravel (Kasenow, 2001). Below the capillary fringe, the water table 

can be found, which can change with seasonal changes and recharge. The water table 

separates the unsaturated and aerated zone above from the saturated zone, where all pores 
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are filled with water and which is usually defined by reducing conditions as it has 

restricted contact to the atmosphere (Kasenow, 2001).  

  

Figure 1-1 The three main zones found in subsurface water (adopted from USGS). The water table 

separates the saturated zone from the unsaturated zone (vadose zone). In the capillary fringe pores 

start to fill with water through capillary action, and its size varies with different soil types. 
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After a large petroleum hydrocarbon spill, the contaminant migrates into the 

subsurface, which can lead to soil saturation. Liquid organic contaminants such as 

petroleum or gasoline, or other hydrocarbon products which are not easily dissolved can 

further infiltrate into the subsurface and are described as non-aqueous phase liquids 

(NAPLs) (Figure 1-2).NAPLs can behave differently depending on their density, and can 

be separated into light-non-aqueous phase liquids (LNAPLs) and the dense-non-aqueous 

phase liquids (DNAPLs) (Soga et al., 2004). With a lower density than water, LNAPLs 

can either remain in the unsaturated zone as residual, or in large enough quantity, can 

reach the top of the saturated zone where it floats and moves on the water table (Sellers, 

1998). DNAPLs can also be found as residual in the soil pores on its way downward, 

where it can infiltrate the saturated zone due to its high density. The DNAPLs continue 

to sink vertically, until its volume is exhausted or it starts to move laterally rather 

horizontally (Sellers, 1998). 

 

 

Figure 1-2 Distribution of a non-aqueous phase liquids (NAPL) contaminant in the subsurface. The 

density of the contaminant plays a key role on the movement after release into the environment. 

Light-non-aqueous phase liquids (LNAPLs) float on the groundwater surface while the dense-non-

aqueous phase liquids (DNAPLs) can migrate deeper into the subsurface (Ramadas et al., 2013).  
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1.3 Degradation of hydrocarbons  

Once hydrocarbons enter the environment, they are affected by different biological, 

physical and chemical processes, which can lead to complete mineralisation, or to an 

increase in persistence. Different degradation processes can occur simultaneously and can 

be separated into abiotic degradation, referring to physical and chemical processes, and 

biotic degradation involving microorganisms.  

1.3.1 Abiotic degradation 

Abiotic degradation includes different physical and chemical processes, mainly 

hydrolysis, photolysis and photo-oxidation, and is considered less significant compared 

to biodegradation (Hinman, 2010). Photo-oxidation has been explored in previous 

research (Jacquot et al., 1996, Maki et al., 2001, Garrett et al., 1998) and is believed to be 

the most important abiotic degradation process. It has been shown that photo-oxidation 

targets different components of crude oil than biotic degradation. For example, most of 

the aromatic compounds of crude oil were transformed to polar fractions by photo-

oxidation (Garrett et al., 1998, Dutta and Harayama, 2000), while biodegradation 

mineralised large portions of n-hexane and hexane:benzene fraction of crude oil (Dutta 

and Harayama, 2000). However, an increase in the biodegradation potential of the tested 

crude oil was measured when photo-oxidation and biotic degradation were used in 

combination (Dutta and Harayama, 2000). Other studies found PAHs, naphthalene and 

derivates from different crude oils were altered by photo-oxidation, but other compounds 

including dibenzothiophene were more recalcitrant (Jacquot et al., 1996). While 

hydrolysis affects several halogenated compounds (Ellington et al., 1987, Mabey et al., 
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1983, Vogel and McCarty, 1987) others, for example BTEX, are unlikely to be 

transformed (Kemblowski et al., 1987, McAllister and Chiang, 1994).  

1.3.2 Biotic degradation 

The utilisation of the contaminant as a carbon source by indigenous microorganisms, 

also known as biodegradation, has been shown to be the most cost effective method to 

transform hydrocarbons to non-toxic compounds in different environments (Calvo et al., 

2009, Das and Chandran, 2011). The biodegradability of the hydrocarbons is dependent 

on their structure, with low molecular weight compounds being more readily degradable 

than high molecular and branched compounds (Leahy and Colwell, 1990). Simple 

hydrocarbons such as n-alkanes and branched alkanes are usually degraded first, followed 

by low molecular weight aromatics, cyclic alkanes and polycyclic hydrocarbons (Leahy 

and Colwell, 1990). 

The biodegradation rate of hydrocarbons depends not only on the indigenous 

microorganisms present (further discussed in section 1.3.3) but also on other factors 

including: temperature, electron acceptors, pH, nutrients and salinity, which are discussed 

in further detail below.  

Temperature 

Generally, lower temperatures result in lower biodegradation rates (Michaud et al., 

2004, Coulon et al., 2005), with temperatures between 20 °C and 35 °C creating optimum 

growth conditions for hydrocarbon degraders (Sihag et al., 2014, Das and Chandran, 

2011). Temperature does not only influence which microbial populations are present, but 

also the texture of the contaminant (Sihag et al., 2014). Low temperatures increase the 

viscosity of hydrocarbons and lead to a decreased volatilisation of toxic compounds, a 
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higher water solubility which results in an inhibition of microbial degraders and delayed 

biodegradation (Atlas, 1975).  

Electron acceptors 

Biodegradation under aerobic conditions has been shown to be the most efficient and 

complete, and starts with the initial attack catalysed by oxygenases. Biodegradation under 

anaerobic conditions was long believed to be insignificant (Atlas, 1981), however 

numerous reports have shown microorganisms able to degrade organic compounds 

without the presence of oxygen. Oxygen is the most common, and preferred electron 

acceptor by most microbes (Dmytrenko, 2007), however due to rapid biodegradation 

rates, oxygen is often depleted and alternative electron acceptors have to be utilised by 

microorganisms (Fahy et al., 2006). Generally, anaerobic biodegradation has been found 

to be slower and sometimes incomplete due to being less energetically favourable 

(Ghattas et al., 2017) than aerobic processes. Denitrification is the most thermodynamic 

favourable condition to degrade hydrocarbons after the depletion of oxygen (Christensen 

et al., 2000) and many aerobic hydrocarbon degraders have been observed utilising nitrate 

as an electron acceptor(Casella and Payne, 1996, Essaid et al., 1995). The successful and 

complete mineralization of several hydrocarbons under denitrification such as 

phenanthrene, PAHs and ethylbenzene, has been reported in the past (Holliger and 

Zehnder, 1996, Rabus and Widdel, 1995, Rockne and Strand, 2001). Sulfate reducing 

bacteria are another group recognised to utilise a variety of different organic pollutants, 

such as benzene, toluene, ethylbenzene and xylene (BTEX), if sulfate is available as a 

terminal electron acceptor (Edwards et al., 1992, Dou et al., 2008).  Methanogenesis has 

shown slower degradation rates compared to sulfate reduction, but does not require the 

input of any exogenous electron acceptors. Methanogens play an important role in the 
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mineralisation of hydrocarbons to methane and CO2 (Gray et al., 2010), which commonly 

occurs in subsurface environments.  

Nutrients 

The presence of adequate nutrients is important for efficient biodegradation. In 

particular nitrogen and phosphate need to be available, as they are essential for microbial 

growth and for the mineralisation of contaminants (Atlas, 1981). These nutrients can often 

be the limiting factors of biodegradation, due to a higher demand after an increase of 

available carbon from the contaminant (Atlas, 1985). The addition of nitrogen and 

phosphate has therefore been shown to increase the biodegradation rate of oil greatly in 

naturally low nutrient marine environments (Prince, 1997), as well as in terrestrial 

environments (Braddock et al., 1997). 

However, inhibition of the biodegradation of hydrocarbons has been shown in some 

cases after the addition of nutrients. For example a study exploring the biodegradation 

patterns of oil spilled during the Gulf War in 1991 in the marine environment, found 

decreased biodegradation of PAHs after the addition of nutrients, possibly due to the 

enrichment of microorganisms without hydrocarbon degrading ability (Fayad and 

Overton, 1995). Other research found decreased biodegradation when overdosing 

minerals such as phosphorus, nitrogen or potassium in the degradation of oily sludge  

(Genouw et al., 1994) or in weathered crude oils due to inadequate fertilisation levels and 

the accumulation of ammonia leading to toxic concentrations  (Chaillan et al., 2006).  

Salinity 

Salinity can also affect the biodegradation rate, in particular in environments with 

microorganisms not adapted to high salt concentrations, slower or delayed mineralisation 

of hydrocarbons can be observed (Ulrich et al., 2009). Salinity can impact 

microorganisms in several different ways, including cell dehydration or denaturing 



Chapter 1 

10 

 

protein and enzyme structures (Atlas and Bartha, 1981), and has been shown to decrease 

diversity with increasing salt content (Qin et al., 2012). The biodegradation rate in soil, 

artificially contaminated with petroleum and hydrocarbons was significantly impacted by 

salinity, due to decreasing microbial activity resulting from increasing the osmotic 

potential of soil water (Amatya et al., 2002). The impact of salinity on transformation 

rates was also shown in some PAHs in estuarine environments (Shiaris, 1989) which 

could be due to salt induced changes to the solubility of some compounds.   Additionally, 

an increase in salinity can lower the pH of calcareous or acidic soil, as previously 

described (Thomas, 1996).  

pH 

While the pH in aquatic environments is quite stable between 6 and 8, in soil the pH 

can range from 2.5 (acidic) to 11 (alkaline) in some conditions (Leahy and Colwell, 1990). 

Microbial growth can occur across a broad pH range, however biodegradation rates have 

been shown to be ideal near neutral pH values (Pawar, 2015, Das and Chandran, 2011) 

due to greater nutrient availability and microbial activity. A decrease of the 

biodegradation rate of crude oil in marine environments has been observed below pH 6 

and above (Vyas and Dave, 2007), while an increase of the biodegradation of 

phenanthrene by Burkholderia cocovenenas from 40%  at pH 5.5 to 80% at neutral pH 

was found in liquid culture (Sihag et al., 2014). Interestingly, the bacterial growth of this 

species was not greatly affected by pH. However indigenous microorganisms can vary in 

their characteristics, for example research has shown that fungi have a higher tolerance 

to acidic pH values, and can play an important role in biodegradation in these conditions 

(Pawar, 2015). Biodegradation of aromatic hydrocarbons has been observed in extreme 

acidic environments such as in runoff of coal pile storage with pH 2 (Stapleton et al., 

1998). The authors found the presence of fungi and yeasts in a mixed microbial 



Chapter 1 

11 

 

community essential for complete mineralisation (Stapleton et al., 1998). Successful 

biodegradation under alkaline conditions has also been reported (Kanekar et al., 1998, 

Sadeghi Haddad Zavareh et al., 2016). Phenol biodegradation under extreme alkaline 

conditions has been demonstrated by pseudomonads in waste effluent (Kanekar et al., 

1998), as well as biodegradation of crude oil under slight alkaline conditions (pH 7 - 7.5) 

(Sadeghi Haddad Zavareh et al., 2016, Yan et al., 2013, Saadoun and Al-Ghzawi, 2005).  

1.3.3 Microorganisms involved in biodegradation 

Bacteria 

The ability of bacteria to utilise hydrocarbons has been known for long time, and 

with a constant increase in hydrocarbons globally and related spills, biodegradation is still 

a highly important topic (Zobell, 1946). Bacteria with degrading properties are also found 

in non-contaminated environments, but show an increase in abundance when a 

contaminant is available (Torsvik et al., 1998, Atlas, 1981). Generally in the literature it 

has been shown that the microbial community decreases in overall abundance and 

diversity in the presence of hydrocarbons, with more adapted microorganisms increasing 

(Doyle et al., 2018, Joye et al., 2016, Torsvik et al., 1998, Atlas, 1981). 

Since the development of culture independent methods, a large number of bacteria, 

previously not identified due to being non- cultivable have been reported. Since then, 

many bacteria ubiquitous in terrestrial and aquatic environments have been identified that 

are able to degrade different hydrocarbons. Simple compounds can be utilised by diverse 

bacteria, while more complex components can only be degraded by a small number of 

microorganisms (Varjani, 2017). Known bacterial hydrocarbon degraders often belong to 

the class Gammaproteobacteria, as explored in areas the Gulf of Mexico beach sands, 

affected by the Deepwater Horizon Spill in 2011. Common degraders belonging to 
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Pseudomonas, Marinobacter, Alcanivorax or Acinetobacter were found increased in the 

oil contaminated samples, likely involved in the biodegradation process (Kostka et al., 

2011). Microbial community analysis of petroleum contaminated soils in an oil field 

located in China, revealed also a dominance of Gammaproteobacteria and Acidobacteria, 

in particular Alcanivorax, Sphingomonas, Stenotrophomonas and Acidobacterium (Sheng 

et al., 2016). 

Biodegradation was long considered to be exclusively found under aerobic 

conditions, however anaerobic metabolisation of hydrocarbons has been observed by 

anaerobic taxa (Holliger and Zehnder, 1996, Edwards et al., 1992, Espínola et al., 2017). 

Anaerobic biodegradation is generally slower compared to aerobic biodegradation and 

can utilise different pathways by using several electron acceptors including sulfate, nitrate 

or iron (Varjani, 2017). Common hydrocarbon degraders found in anaerobic 

environments include members of the Desulfosarcina-Desulfococcus (Jaekel et al., 2013) 

cluster (Deltaproteobacteria), toluene degrader Peptococcaceae (Winderl et al., 2010) or 

naphthalene degrading Desulfobacteraceae  (Kümmel et al., 2015)under sulfate reducing 

conditions. Where nitrate is present as an electron acceptor in anoxic conditions, 

Gammaproteobacteria and Actinobacteria have been found dominant in naphthalene 

contaminated marine environments (Lu et al., 2011) but the majority of denitrifying 

hydrocarbon degraders belong to the order Rhodocyclales of the Betaproteobacteria class 

(Anders et al., 1995, Coates et al., 2001, Reinhold-Hurek and Hurek, 2000, Heider and 

Schühle, 2013).  

If environments are exposed to hydrocarbons over long periods of time, the 

composition of the contaminant changes (see Chapter 1.4), which leads to different 

organisms being enriched.  
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For example, a 40 year old diesel spill showed high relative abundances of known 

anaerobic degraders Chloroflexi (Anaerolinea) and Firmicutes. The presence of these 

organisms indicate a tolerance or degrading ability of more complex components, 

commonly found at sites with long contaminant exposure (Sutton et al., 2013). More 

complex contaminants require a wide range of enzymes and degrading ability from 

different microorganisms. Therefore, mixed bacterial consortia have shown higher 

efficiency to biodegrade hydrocarbons compared to pure cultures (Sathishkumar et al., 

2008). A study investigating the biodegradation of crude oil by different degrading 

bacteria including species of Pseudomonas, Bacillus and Corynebacterium, showed the 

mixed culture had increased growth and biodegradation (Sathishkumar et al., 2008). 

Similar results were found when investigating the biodegradation potential of aliphatic 

and aromatic compounds from an oily sludge using 5 different bacteria, in pure culture 

and as consortia (Cerqueira et al., 2011). This was partly explained by a higher 

biosurfactant production of the bacteria in consortia than in pure culture (Cerqueira et al., 

2011). Biosurfactants can be for example phospholipids, fatty acids or glycolipids and are 

commonly produced by bacteria (Mukherjee et al., 2006). They can reduce surface 

tension of complex hydrocarbons, and increase their bioavailability, resulting in higher 

biodegradation rates (Mukherjee et al., 2006), even when produced by species that are 

part of the consortia which are not directly involved in the biodegradation process 

(Sathishkumar et al., 2008).  

Archaea 

Less research has been conducted on the hydrocarbon degrading ability of archaea. 

Many archaeal families are extremophiles, which makes them inhabit environments 

where most other organisms cannot survive. Therefore, the main focus of previous studies 

in relation to archaeal degraders was on extreme environments, such as hypersaline, 
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hyperthermal or acidic ones, which require remediation. Hydrocarbon contaminated 

hypersaline environments have revealed several archaea which have shown degrading 

ability. For example Haloarcula vallismortis, isolated from a salt marsh, can degrade 

aliphatic and aromatic hydrocarbons (Bertrand et al., 1990), or Haloferax volcanii, 

isolated from a saline oil brine, has the ability to utilise monoaromatic carboxylic acids 

(Emerson et al., 1994). Other extremophiles found to be able to biodegrade hydrocarbons 

include members of Haloarchaea and Halobacterium (Al-Mailem et al., 2010).  

In non-extreme environments, some methanogens have been shown to play a vital 

part in the biodegradation process. By forming syntrophic relationships with bacteria and 

utilising the produced hydrogen and acetate, biodegradation processes can be more 

efficient (McInerney et al., 2008). Past research found Methanosaeta spp. in jet fuel 

contaminated aquifers (Dojka et al., 1998), and Methanosarcinales, Methanomicrobiales 

and Methanobacteriales enriched in petroleum contaminated soil (Zhang et al., 2012).  

Eukaryotes 

Interestingly, in contrast to bacteria, fungi have not been found to use hydrocarbons 

such as PAHs as a sole carbon source, but oxidise or transform contaminants instead 

(Cerniglia, 1992). So far, most fungi involved in parts of the biodegradation of PAHs are 

members belonging to the white rot fungi or ligninolytic fungi (Ghosal et al., 2016). 

Members of subphylum Pezizomycotina (e.g. Aspergillus, Fusarium and Trichoderma) 

have been found to degrade diesel (Chaıneau et al., 1999) and crude oil (e.g. 

Cephalosporium, Emericella and Monolia) (Floodgate, 1984, Bossert and Bartha, 1984, 

Oudot et al., 1993) amongst other organic contaminants. Subphyla Saccharomycotina, 

Agaricomycotina and Pucciniomycotina also have known hydrocarbon degrading 

members (Prince et al., 2018).  
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While other eukaryotes are commonly found in the environment, less knowledge is 

available on their role in biodegradation. The ability of some algae to utilise hydrocarbons 

has been known for quite some time, and included for example green algae 

Ankistrodesmus braunii, Selenastrum capricornutum and Scenedesmus acutus, which 

were able to biodegrade benzo[a]pyrene, but are dependent on light energy and toxicity 

of the contaminant (Warshawsky et al., 1995). The biodegradation mechanism utilised by 

algae shows differences when compared to bacteria. In a study testing the biodegrading 

potential of petroleum using Prototheca zopfii, it was revealed that bacterial degradation 

decreased with increasing aromatic rings, while the alga did not show preference to 

degrading compounds with lower ring numbers (Walker et al., 1975). Naphthalene is 

another aromatic compound that has been shown to be metabolised by a wide range of 

different algae including members of Microalgae (Cerniglia et al., 1980a, Cerniglia et al., 

1980b), but also more complex mixtures like crude oil was efficiently biodegraded by 

green alga Chlorella vulgaris, under ideal light, nutrients and temperature conditions 

(Xaaldi Kalhor et al., 2017). 

Mixed consortia 

Degrading communities in the environment consist of mixed consortia, which can 

greatly benefit the biodegradation rate. In particular complex contaminants, such as crude 

oil, consisting of a broad range of different compounds, need a variety of different 

enzymes to be broken down (Leahy and Colwell, 1990). 

In the environment a consortium is likely to not only consisting of bacteria, but also 

includes other domains such as eukaryotes or archaea. While the eukaryotes and archaea 

received far less attention than bacteria in the past, the importance of degraders in other 
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domains are now being further researched (Aydin et al., 2017, Fathepure, 2015, Obuekwe 

et al., 2005).  

The biodegradation of hydrocarbons under methanogenic conditions is frequently 

accomplished by syntrophic relationships between archaeal methanogens and known 

degrading bacteria. During the degrading process of hydrocarbons under methanogenic 

conditions, intermediates acetate or hydrogen are produced by the degraders, which need 

to be oxidised by methanogens to be thermodynamically favourable (Dolfing et al., 2008). 

The syntrophic relationship between methanogens and bacterial hydrocarbon degraders 

is often shown by similar community ordination patterns on MDS analysis (Gray et al., 

2011). Gray et al (2011) investigated degradation under methanogenic conditions using 

crude oil in microcosms and found a strong relationship between the growth of 

Syntrophaceae and methanogens (Gray et al., 2011).  

Past research investigating the degradation of high molecular weight PAHs, compared 

bacterial consortia to bacterial-fungal mixed consortia. Interestingly, the tested bacteria 

and fungi were not able to mineralise benzo[a]pyrene in pure cultures, but were able to 

degrade it as a community, suggesting some beneficial interspecies relationships 

(Boonchan et al., 2000). Similar results of increased biodegradation of benzo[a]pyrene 

were found in a study using white rot fungi. After oxidation of the contaminant to water 

soluble metabolites with low mutagenic potential, the compounds were more bioavailable 

and showed increased degradation when using non PAH adapted bacteria (Kotterman et 

al., 1998).  

Algae can play a key role in the biodegradation process, without being directly 

involved. It has been shown that algae have synergetic relationships with bacteria, by 

utilising carbon dioxide and producing oxygen, to ensure biodegradation of organic 

contaminants under aerobic conditions. This has been successfully shown by the 
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phenanthrene biodegradation in bioreactors using algal-bacterial consortia (Muñoz et al., 

2003). 

1.4 Weathering of hydrocarbons  

After the release of the contaminant into the environment, the composition and 

characteristics of the hydrocarbons are modified dependent on environmental conditions. 

These are discussed in greater detail in Chapter 1.3. Generally, the higher the resemblance 

of the spilled contaminant to the fresh one, the lesser it has been weathered. Alterations 

and influences are highly dependent on the individual site and environment, as well as 

the contaminant itself, and can affect the fate and biodegradation rate of the hydrocarbons. 

At sites with large quantity of oxygen present and favouring microorganisms with 

degrading ability, the contaminant would show a higher level of alteration than in case of 

spills in the subsurface with limited evaporation as well as biodegradation, resulting in 

the contaminant being more preserved.  

The exposure of hydrocarbons after release, can lead to changes of the chemical 

structure and to the formation of compounds differing in character, derived from the 

parent hydrocarbon. Specific changes of the compounds also depend on where the 

contaminant was released and can vary in terrestrial and aquatic environments.  

1.4.1 Weathering in different environments 

When hydrocarbon derived contaminants remain in soil over long periods of time, 

different factors are affecting the weathering of the contaminant (Maletic et al., 2011). 

Soil typically consists of organic and inorganic structures, which are divided by pores 

filled with air or water (Stroud et al., 2007). Hydrocarbons released into terrestrial 

environments have been shown to react with organic and mineral components such as 
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clay, silt or sand, but have been found only significant in soils with organic content > 

0.1% (Stroud et al., 2007, Schwarzenbach and Westall, 1981). Weathering has been 

shown to affect interactions of hydrophobic organic contaminants by an increased 

sorption to the soil matrix, resulting in a decreased biodegradation rate (Maletic et al., 

2011) or in loss of soil fertility (Jiang et al., 2016). Other processes leading to similar 

effects include chemical oxidation, diffusion of the contaminant into small pores or the 

development of semi rigid films around non- aqueous phase liquids (NAPL) (Maletic et 

al., 2011). The fate and weathering also depends on the contaminants characteristics, 

affecting the dissolution, diffusion, desorption and sorption of individual components 

(Maletic et al., 2011, Jiang et al., 2016).  

The release of hydrocarbons into an aquatic environment can lead to a fractioning of 

the contaminant components. Soon after the spill, processes such as spreading, 

evaporation, agglomeration or dissolution can impact individual compounds and their 

fate, for example the soluble two ring aromatic hydrocarbons are mainly affected by 

dissolution, while high molecular weight components may be adsorbed to surfaces 

(Zuercher and Thuer, 1978). Past research on the behaviour of hydrocarbons in aquatic 

systems has also indicated the dissolution of one- and two- ring aromatic hydrocarbons 

to be similar, independent of tested fuel type (fuel oil, gasoline, crude oil). Agglomeration 

on the other hand appears to depend on the oil droplet formation through water turbulence 

and interfacial tension (Zuercher and Thuer, 1978). 

1.4.2 Formation of polar compounds  

In severely weathered oils, complex components with high molecular weight can 

show loss or alterations, appearing as an unresolved complex mixture (UCM) on the The 

total ion chromatograms (TICs)  when analysed on gas chromatography-mass 
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spectrometry GC-MS (Figure 1-3) Crude oil derived contaminants usually consist of 

mostly hydrocarbons, with a small fraction of non-hydrocarbons present in the original 

product. These non-hydrocarbons, also referred to as polar compounds can originate 

from: 1) natural organic matter (NOM), consisting of humic and non-humic components 

naturally occurring in the environment; 2) the original crude oil which was used to 

produce other petroleum products; and 3) compounds formed during the process of 

weathering (Lundegard and Knott, 2001, Lundegard and Sweeney, 2004). The polar 

compounds found in the unrefined crude oil, and the compounds formed through 

weathering processes, have been both shown to have highly complex structures, which 

can lead to difficulties identifying their source. The known polar compound Adamantanol 

for example, has only been identified as part of a weathered contaminant in groundwater. 

Due to its highly soluble character, and therefore low persistence over long periods of 

time, it has been suggested to be formed through biodegradation. This was further 

supported by the lack of presence of Adamantanol in fresh crude oil (Lang et al., 2009). 

Furthermore, polar compounds found in the unrefined crude oil have shown to be 

removed during refining processes, limiting their presence in refined products.  

If the crude oil derived contaminant is exposed to the environment over long periods 

of time, the resolved aliphatic and aromatic fractions on the chromatogram have been 

shown to decrease, and are replaced by a large UCM (Blumer et al., 1973). This UCM 

usually reaches from C10 - C30, with only few prominent peaks (Lundegard and Knott, 

2001). The UCM likely consists of thousands of different compounds, with the majority 

remaining unidentified, and has been shown to be associated with an increase in 

recalcitrance and long term persistence of weathered contaminants (Blumer et al., 1973). 

As the polar UCM is probably formed by biodegradation processes, and dependent on its 
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parent hydrocarbon structure, a comparison of UCM characteristics across different 

sources is difficult (Hellmann‐Blumberg et al., 2016).  

 

A common parameter to measure oil derived contaminants, is the total petroleum 

hydrocarbon (TPH), targeted at the hydrocarbon content. It has however been shown that 

the polar compounds are co-extracted in the sample preparation, which can lead to an 

inaccurate increased TPH level (Lang et al., 2009, Zemo and Foote, 2003). Polar 

compounds are non-hydrocarbons, due to the presence of other components such as 

sulfur, oxygen or nitrogen (Tissot and Welte, 1984), and can be separated by a silica gel 

clean-up (SGC) (Lang et al., 2009) and re-analysis on the GC - this however, only 

confirms their presence in the sample but does not give further insight in characteristics 

or compound classes of the polar compounds present. Further, excluding the polar 

fraction from the TPH, can lead to an underestimation of the total extent of the 

contamination. As the polar compounds are likely formed through biodegradation, their 

structure is dependent on their precursor hydrocarbon which has the potential to produce 

Figure 1-3 Total Ion Chromatogram (TIC) of a weathered diesel sample with a prominent UCM. 

While there is a loss of n-alkanes, the isoprenoids phytane and pristane show persistence to 

biodegradation. This distribution is commonly found at legacy spills with ages > 20 years (Lang et 

al., 2009). 
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a wide variety of different metabolites, differentiating in the kind of added functional 

groups as well as their position on the carbon skeletons (Gough and Rowland, 1990, Guo 

et al., 2014). Some polar compound classes have been identified in different biodegraded 

contaminants in the past, such as alcohols, phenols, esters, aldehydes and ketones (Zemo 

et al., 2013), however polar compounds formed through weathering differ as a result from 

different original contaminants, biodegradation levels and environmental factors, making 

a comparison of polar compounds across different sources difficult.  

The majority of polar compounds formed from biodegradation remain unidentified 

but likely consist of a mixture of highly diverse characteristics. The limited knowledge 

leads to uncertainty of their potential toxicity and impact on the environment.   

Previous research has shown that polar compounds formed from the biodegradation 

of petroleum contaminants can be highly recalcitrant, and accumulate in the environment, 

other research suggests polar compounds to be readily degradable environment (Gough 

and Rowland, 1990, Frysinger et al., 2003). 

1.4.3 Age determination 

Weathering of the contaminant commonly follows a pattern, with lighter compounds 

such as n-hexane being degraded more readily compared to complex components (Peters 

and Moldowan, 1993). Fresh diesel is composed of predominantly of n-alkanes (C9-C20), 

which are found spread out over the chromatogram when analysed using gas-

chromatography (GC). Other components found in fresh diesel, but in lower 

concentrations compared to n-alkanes, include isoprenoids such as pristane and phytane 

(branched chain aliphatics) (Atlas, 1981). The components of diesel can differ in their 

solubility, evaporation rate and biodegradation rate greatly, which makes it possible to 

determine the dominant weathering processes taking place at a site. The majority of the 
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compounds found in fresh diesel have low solubility, decreasing the likelihood of 

compositional changes due to solution. If the diesel contaminant is found in the 

subsurface, evaporation is often limited, however evaporation can be a driving factor in 

spills closer to the surface. To make an accurate prognosis of the fate of a spill, 

determining if biodegradation by microorganisms is taking place is essential. 

Microorganisms often start altering components which are easier to be broken down such 

as the n-alkanes, while the loss due to evaporation is often found to be more evenly spread 

out across different types of hydrocarbons (Christensen and Larsen, 1993). In the case of 

a 22 year old spill investigated by Christensen and Larsen (1993), the ratio of the n-

alkanes and isoprenoids differed greatly compared to fresh diesel, with a much higher 

concentration of isoprenoids, indicating alterations due to microorganisms (Christensen 

and Larsen, 1993). The authors established that after exploring various spills under 

service stations, that the C17 / pristane component ratio showed the highest 

correspondence to the age of the diesel (Christensen and Larsen, 1993). The validity of 

using this ratio has been shown in several publications since, however the use of 

additional lines of evidence to determine the accurate age of a spill has been suggested in 

the past, as oxygen and site specific environments can affect the ratio differently (Hurst 

and Schmidt, 2005, Johnston et al., 2007). Incorporating the concentration variations of 

pristane and phytane of the original refined and fresh diesel products in the analyses has 

been suggested to get more accurate results (Johnston et al., 2007).  

1.5 Legacy spills 

This section discusses oil derived spills which had a large impact and remained in 

the affected environment over long periods of time. One of the most significant and first 

large scale oil spill occurred in 1967, when the tanker “Torrey Canyon” ran aground near 
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the coast of Cornwall England, spilling the majority of the 117000 tons of heavy crude 

oil it was transporting. Limited experience with such an oil spill, led to several attempts 

in order to reduce the damage of the spilled oil (Galtsoff, 1968). After unsuccessfully 

trying to burn the oil floating on the seawater surface, approximately 10000 tons of 

detergents were released as a further attempt to treat the oil contamination, leading to 

additional pollution of the environment (Jernelöv, 2010). The mixture contained up to 12 

different detergents (Galtsoff, 1968), mainly non-ionic, including “Atlas”, “Snowdrift”, 

“Gamlen Oil Spill Remover”, “BP 1002” and “Dasic Slickgone” (Smith, 1968). Only 

years after the accident, the effects of the dispersants were found to have a more toxic 

effect than the spilled oil, leading to slow re-colonisation and recovery of the affected 

species (Southward and Southward, 1978). The toxic effects of the dispersants also 

affected degrading microorganisms, further slowing down the biodegradation rate (Smith, 

1968). Assessing the actual extent of the damage done by this accident was difficult, 

however oil still resurfaced several years after the spill along the north coast of Cornwall 

in 1970. The oil appeared to have undergone very little biodegradation, showed persistent 

character (Spooner, 1971), and recalcitrant compounds such as hopanes were still 

detected almost a decade after (Atlas, 1995). 

Several years later, in 1989 another tanker, Exxon Valdez ran aground the Prince 

William Sound’s Bligh Reef near Alaska, releasing 42 million litres of crude oil into the 

environment (Peterson et al., 2003). Again, limited knowledge was available on the 

treatment of large scale spills, however the spill prompted the start of major research in 

the field of bioremediation, which was then still an emerging technology (Atlas and 

Hazen, 2011, Bragg et al., 1994). Additionally, no reliable methods to investigate the 

microbial community structure or to identify potential degrading organisms were 

available. As part of a 2 year monitoring period after the Exxon Valdez spill, hydrocarbon 



Chapter 1 

24 

 

degrading bacteria in affected sediments were enumerated, using culture dependent 

methods such as the direct count method and the most probable number technique in 

combination with culturing using Bushnell-Haas media (Braddock et al., 1997). This 

indicated increased hydrocarbon degraders in contaminated samples, but no further 

insight was gained on the actual species and community structure present (Braddock et 

al., 1997). The inaccuracy of culture dependent methods for quantitation has since been 

well researched, revealing the majority of bacteria in soil and water being not cultivable 

and therefore remaining undetected using these techniques (Amann et al., 1995, Staley 

and Konopka, 1985). Further insights and some computation of the microbial activity at 

the contaminated site was achieved by measuring microbial biomass, DNA concentration 

and cell size utilising flow cytometry (Button et al., 1992). The Exxon Valdez oil spill 

also showed immediate impact on the marine bird population (Piatt et al., 1990) and fish 

abundance, which was still negatively affected 9 years after the contaminant release (Irons 

et al., 2000). Fertilisers were again used as an attempt to increase biodegradation, as well 

as another treatment option known as “seeding”, which involves the addition of 

microorganisms to contaminated areas. Despite the increase of hydrocarbon degraders 

and some enhancement of the biodegradation rate after the application of fertilisers (Atlas 

and Hazen, 2011, Bragg et al., 1994) the contaminant was still present as confirmed in a 

recent study, almost 26 years after the spill (Lindeberg et al., 2017, Nixon and Michel, 

2017). Additionally, no suitable chemical analysis tools were adequate to determine the 

actual change in the contaminant by biodegradation. The persistence of the oil may be 

explained by weathering effects, which is known to decrease bioavailability and 

biodegradation of oil contaminants (Venosa et al., 1991). 

In more recent times, the Deepwater Horizon spill was one of the worst oil spills in 

marine environment. In 2010, after an uncontrollable blowout, the oil rig located in the 
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Gulf of Mexico exploded and sank, releasing an estimated 4.9 million barrels of crude oil 

in the deep sea over a period of 84 days (Atlas and Hazen, 2011, McNutt et al., 2012). 

Because of the nature and depth of the spill (1500 m below surface), the extent of the 

contamination was difficult to assess (Gutierrez et al., 2013b, Liu and Liu, 2013), 

however the contaminant reached the ocean surface and  was estimated to have affected 

847 km of shoreline, 1 year after the spill (Michel et al., 2013). Due to advances in 

molecular methods such as DNA sequencing, the Deepwater Horizon spill became one 

of the most extensively researched oil spills in the field. Several studies observed the 

enrichment of known hydrocarbon degraders (Rodriguez-r et al., 2015, Gutierrez et al., 

2013b) in the affected areas after the spill, which were able to efficiently remove large 

portions of the contaminant (Atlas and Hazen, 2011, Steffy et al., 2013). Several advanced 

methods were applied including microarray analysis (Beazley et al., 2012) metagenomic 

and metatranscriptomic methods (Mason et al., 2012) and quantitative PCR (qPCR) 

(Kostka et al., 2011). Compared to other legacy spills such as Exxon Valdez, the 

biodegradation rates after the Deepwater Horizon spill appeared more effective. This was 

likely due to (1) adapted microbial communities which have been exposed to 

hydrocarbons before, and (2) the lighter components of the crude oil present compared to 

the heavy crude oil released at the Exxon Valdez accident (Atlas and Hazen, 2011). 

However, the complete biodegradation of contaminants in the environment is still 

unlikely due to chemical changes and distribution.  

1.5.1 Case Study 1: Legacy spill in Western Australia  

The BP Kwinana Oil Refinery is located near Cockburn Sound, in Western Australia. 

It is one of the most isolated refineries in the world, and processes crude oil since 1955. 

Almost 70% of their production is distributed locally, while 30% is exported. The site is 
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close to the Indian ocean, lies within the Quindalup Dune system and is characterised by 

aeolian and littoral calcareous sands, with low carbon content, known as “Safety Bay 

Sand” (Johnston et al., 1998, McArthur and Bettenay, 1960, Playford and Low, 1971). 

The location experiences approximately 800 mm of rainfall per year, and is characterised 

by a Mediterranean climate with cool wet winters and dry hot summers (Johnston et al., 

1998). During the winter, the water table shows a maximum of 3.4 m, while in drier 

months, it can be as low as 2.7 m below the ground surface.  

The refinery produces a wide range of different petroleum derived products and has 

a long history of soil and groundwater contamination, which have been focus of numerous 

studies investigating remediation technologies (Davis et al., 2005, Franzmann et al., 2002, 

Johnston et al., 2002b, Johnston et al., 2007, Johnston et al., 1998). One study investigated 

a 50 year old diesel spill, which resulted in subsurface infiltration and the formation of a 

large LNAPL near the water table. Samples were obtained using different monitoring 

wells and the LNAPL was analysed. Results indicated extensive modifications due to 

weathering, with low n-alkane concentrations, with pristane and phytane in high 

abundance (Johnston et al., 2007). The compounds in the weathered diesel were further 

investigated (Lang et al., 2009, Lang et al., 2007), after the separation of aromatic, 

aliphatic and the polar fraction, as described before (Bastow et al., 2007). The TIC of the 

diesel showed a large UCM in the C15-C28 region, which is typically found in weathered 

contaminants. The weathered diesel obtained from the site consisted mostly (98%) of 

polar compounds, with the remaining 2% identified as aromatics (Lang et al., 2009). The 

authors suggested these polar compounds are likely products of weathering, which 

accumulated over time (Lang et al., 2009). However, an identification of these polar 

compounds formed from weathered diesel is difficult, and the majority remains unknown. 

Polar compounds formed from biodegradation have been reported to have highly 
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recalcitrant behaviour and can remain in the environment over long periods of time, 

therefore biodegradability of these compounds needs to be assessed. The microorganisms 

involved in biodegradation can differ greatly depending on contaminant characteristics, 

and no research has focused on microorganisms potentially tolerant or able to degrade 

these recalcitrant compounds.  

Other long-term contaminations originating from jet fuel and crude occurred at the 

site. Due to similar site characteristics, a comparison of the microbial community 

established in the subsurface is possible, and essential in order to gain further insight on 

the future fate of the contaminants and the potential for ongoing natural attenuation.  

1.5.2 Case Study 2: Legacy spill in Kuwait  

Kuwait is an arid country, located on the Gulf and borders on Iraq and Saudi Arabia. 

Kuwait has the fourth largest oil reserve in the world, and the second largest oil field, 

known as Burgan Field. During the Gulf War in 1991, Kuwait was occupied by Iraqi 

troops, who set fire to a large amount of oil wells during their retreat. The fires were 

burning for over 7 months until finally being extinguished using 12 billion gallons of 

seawater (Al-Duwaisan and Al-Naseem, 2011, Mukhopadhyay et al., 2008). The 

destruction of the oil wells lead to the release of 20 million barrels of oil into the 

environment, resulting in the largest crude oil spill in history (Al-Duwaisan and Al-

Naseem, 2011). Large portions of the spilled crude oil were collected in recovery pits, 

however remaining crude oil, not economical to obtain, and the seawater accumulated in 

surface depressions or wadis. This led to the formation of over 300 oil lakes, consisting 

of a mixture of oil, water and salt, spread out over 114 km2 in Kuwait’s desert (Al-

Duwaisan and Al-Naseem, 2011). The contaminant started to infiltrate the subsurface, 

contaminating the majority of fresh water aquifers in Kuwait, which are located in the 
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Raudhatain and Umm Al-Aish region. Kuwait has limited supply of fresh water and is 

heavily dependent on desalination plants as drinking water source. The contamination of 

the fresh water aquifers leaves the country with no emergency drinking water reserves, 

making the remediation of the affected water essential (Mukhopadhyay et al., 2008). 

However, limited research has focused on the groundwater contamination, partly due to 

access restrictions and the danger of unexploded landmines in the affected area (Al-

Sulaimi et al., 1993, Mukhopadhyay et al., 2008). The majority of the research on the 

Kuwait oil fires focused on the smoke emissions caused by the oil fires (Laursen et al., 

1992, Rudich et al., 2003, Ferek et al., 1992), and their health effect on exposed people 

(Lange et al., 2002). Only a few studies attempted to investigate the groundwater 

pollution, but found low or no detectable contaminant (Al-Sulaimi et al., 1993, 

Mukhopadhyay et al., 2008). The relatively low contaminant concentration was explained 

by the use of existing monitoring wells with water intake zones 5-10 metres below the 

water table at the Raudhatain and Umm Al-Aish region to obtain the samples (Al-Sulaimi 

et al., 1993). It is possible that the contaminant has infiltrated the subsurface, but had not 

reached the intake area at the time of sampling, as stated by the authors (Al-Sulaimi et 

al., 1993). Upon the completion of additional 23 monitoring wells, groundwater samples 

were collected in 2002 and petroleum hydrocarbons remeasured using the U.S. EPA 

method 8015B. Monitoring well P18 and P19, located in the centre of the Umm Al-Aish 

region, had detectable hydrocarbons, mostly in the range of C20 to C34. At site P18, a 

relatively low TPH concentration of 2 mg/L was measured, but as indicated by 

hydrocarbons of the high carbon number range, and high TOC concentrations (64.900 

mg/L), the crude oil likely weathered, and resulting components were not included in the 

TPH measurements (Mukhopadhyay et al., 2008). Additionally, high EC values (2500- 

11400 µS/cm) were determined at sites P18 and P19, which were below the potable water 



Chapter 1 

29 

 

limit prior oil fires (Mukhopadhyay et al., 2008). Since the sampling in 2002, no further 

assessment of the groundwater pollution, or potential natural attenuation has been 

undertaken at the country’s only fresh water source, leaving the fate of the weathered 

contaminant unknown. In addition, no work has been done on microbial communities 

present in the groundwater which may contribute to the bioremediation of the site. The 

affected groundwater from the Umm Al-Aish region in northern Kuwait, presents Case 

study 2 in the present work, and identifies the microbial community established since the 

spill, and investigates the characteristics and potential biodegradability of the 

contaminant present.  

1.6 Thesis aim and research objectives  

The formation of polar compounds at legacy spills has been shown to lead to long 

term persistence, and to negative impacts on the environment. Due to difficulties 

analysing these compounds, the majority are still unknown, and limited research has 

focused on their fate when remaining in the environment. Previous research investigating 

the effects of weathering on the contaminant and the resulting microbial response did not 

consider polar compounds and their specific impacts in isolation. Due to the wide variety 

of structures of the polar metabolites, and the inclusion of other hydrocarbons in most 

studies, it is difficult to draw conclusions on their characteristics.  

Here, two legacy spills are used as case studies in order to investigate contaminant 

characteristics as well as the impact on indigenous microorganisms in the affected 

environments. Polar compounds formed at a diesel spill at a site in Western Australia with 

a long history of exposure, were extracted to gain novel insights on the biodegradation 

potential of the specific compounds under different conditions. . Additionally, the 

microbial communities established at the same legacy site after exposure to different 
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hydrocarbon contaminants were compared, and differences with depth investigated. The 

second legacy spill explored was the First Gulf War affected groundwater in Kuwait. For 

the first time since the contamination occurred, the microbial communities established 

were identified and the biodegradability of the still persisting and highly weathered 

contaminant analysed under different conditions.  

It was anticipated that this research would identify potential polar compound 

degraders, and compare the likely fate of these contaminants in the environment. This 

research adds insight into the potential of more targeted remediation of metabolites 

accumulating at hydrocarbon legacy spills.  

Following objectives and hypotheses for the individual chapters were investigated: 

In Chapter 2, we hypothesise that polar compounds formed from weathered diesel 

show higher persistence to biodegradation when compared to fresh diesel. Due to their 

complex structure and potential toxicity, a specific microbial community is expected to 

establish when exposed to polar compounds which differs to the community enriched in 

the unweathered contaminant.  

In Chapter 3 the industrial site investigated in Chapter 2 with known high polar 

compound content present, is investigated in more detail and the microbial community 

compared across different weathered hydrocarbon spills as well as with depth. Taxa 

previously identified to be enriched after polar compounds exposure is expected to be 

found across different spills, further strengthening their potential ability to biodegrade 

polars. However, differences across the different contaminants in characteristics and 

microbial community are expected, due to varying precursor hydrocarbons, weathering 

extent, and conditions with depth.  

Chapter 4 introduces the second case study located in Kuwait. Due to limited 

research on the contamination which resulted from the 1st Gulf War, characterisation of 
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the contaminant, the microbial community composition and the biodegradability of the 

contaminant is unknown. Indication of the contaminant to still be present in the 

groundwater, suggests highly persistent and weathered character. With the addition of 

nutrients and creating different conditions, some enhancement of potential biodegradation 

under laboratory conditions is expected. The contaminant has been exposed to the 

environment for a long period of time, with a high chance of polar compounds being 

present. Similarities between the bacterial families established in Kuwait’s contaminated 

groundwater and the highly weathered contaminants from the Western Australia site are 

anticipated.  

Chapter 5 investigates the extent of weathering and differences of the contaminant 

along the groundwater stream in further detail. By obtaining groundwater samples along 

a transect including from sites in close proximity to a major contamination source as well 

as further along the stream, differences of concentration, conditions and microbial 

community are expected. By identifying organisms of the three domains (bacteria, 

archaea, eukaryotes), insights into complex relationships in the groundwater and potential 

degraders are revealed. Comparisons of the contaminants found at the different sites to 

each other as well as to the one investigated in Chapter 4, give insights into potential 

natural attenuation and the future fate of Kuwait’s groundwater.  

 



 

32 

 

 Chapter 2 

Biodegradability of polar compounds formed from weathered 

diesel 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Following publication has arisen from this Chapter: 

Bruckberger, M.C., Bastow, T.P., Morgan, M.J., Gleeson, D., Banning, N., Davis, G. 

and Puzon, G.J., 2018. Biodegradability of polar compounds formed from weathered 

diesel. Biodegradation, 29(5), pp.443-461



   Chapter 2 

33 

 

2.1 Abstract 

Once released into the environment, petroleum is exposed to biological and physical 

weathering processes which can lead to the formation and accumulation of highly 

recalcitrant polar compounds. These polar compounds are often challenging to analyse 

and can be present as an “unresolved complex mixture” (UCM) in total petroleum 

hydrocarbon (TPH) analyses and can be mistaken for natural organic matter. Existing 

research on UCMs comprised of polar compounds is limited, with a majority of the 

compounds remaining unidentified and their long-term persistence unknown. Here we 

investigated the potential biodegradation of these recalcitrant polar compounds isolated 

from weathered diesel contaminant, and the changes in the microbial community 

composition associated with the biodegradation process. Microcosms were used to study 

the biodegradability of the polar compounds under various aerobic and anaerobic 

conditions and the results compared against the biodegradation of fresh diesel. Under all 

conditions tested, the majority of the polar UCM contaminant remained recalcitrant to 

biodegradation. The degradation was limited to the TPH portion of the polar UCM, which 

represented a minor fraction of the total polar UCM concentration. Changes in microbial 

community composition were observed under different redox conditions and in the 

presence of different contaminants. This work furthers the understanding of the 

biodegradation and long-term recalcitrance of polar compounds formed through 

weathering at contaminated legacy sites 
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2.2 Introduction 

The accidental release of petroleum into the environment and their biodegradation 

products are an ongoing problem in the modern world. Once petroleum enters the 

environment, abiotic and biotic processes such as biodegradation, dissolution or 

evaporation can affect the composition of the contaminant (Boehm et al., 1982). 

However, it can remain there for extended periods with only moderate changes in their 

chemical composition (n-alkanes removed) (Johnston et al., 2007) as a mixture of many 

different compounds, including hydrocarbons and non-hydrocarbons. Non- 

hydrocarbons, also known as polar compounds, can be grouped into three main groups: 

(1) polar compounds from natural organic matter (NOM) present in the soil prior to the 

petroleum release, 2) polar compounds originally present in the petroleum (derived from 

the crude oil used to produce petroleum product) (Lundegard and Knott, 2001, Lundegard 

and Sweeney, 2004), 3) polar compounds formed through weathering processes 

(Lundegard and Sweeney, 2004). The majority of polar compounds originally found in 

crude oil, are removed through refining process; however biodegradation/weathering of 

petroleum results in the formation of additional polar compounds, sometimes referred to 

as polar metabolites. Polar compounds originally found in crude oil and polar compounds 

from biodegradation/weathering contain complex structures. The structure of polar 

compounds formed via biodegradation and weathering is based on the structure of their 

precursor parent hydrocarbons (Gough and Rowland, 1990, Guo et al., 2014), which 

produces a vast array of possible daughter compounds. These polar compounds typically 

result in a “hump” or unresolved complex mixture (UCM) on analysis by GC/MS 

(Lundegard and Knott, 2001, Meredith et al., 2000), with a small number of polar 

compounds classified as alcohols, phenols, esters, aldehydes and ketones, but the majority 
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still unknown (Zemo et al., 2013). The polar compounds formed through weathering of 

petroleum are known to increase over time (Johnston et al., 2007) and likely remain 

recalcitrant to biodegradation in the environment (Lang et al., 2007, Frysinger et al., 2003, 

Gough and Rowland, 1990). The long-term fate of polar compound in the environment is 

not well addressed. Research on creosote-derived polar compounds (e.g. indole, 

quinolone, carbazole, dibenzofuran) in groundwater showed biodegradation under 

aerobic conditions after a maximum of 846 days of incubation in the dark (Dyreborg and 

Broholm, 1997). Another study exploring compounds originally derived from petroleum, 

used Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) to 

investigate the microbial alteration of acidic and neutral polar compounds in crude oils 

with varying degradation stages (Kim et al., 2005). However, FTICR-MS only detected 

functional groups present in the sample, and could not differentiate between NOM and 

petroleum associated polar compounds. Biostimulation, via the addition of limiting 

nutrients (e.g. phosphorus, nitrogen), of petroleum contaminated environments, such as 

marine (Prince, 1997) or terrestrial (Braddock et al., 1997), has shown enhanced 

biodegradation of hydrocarbons. The biodegradability and enhanced biodegradation of 

polar compounds formed from weathered diesel on the other hand, has not yet been 

thoroughly investigated, but represents a growing issue of concern as they can persist for 

extended times in the environment with little or no further degradation.  

Here we investigated the biodegradability of polar compounds, potential 

biostimulation and the associated microbial communities involved in the utilisation of 

polar compounds that were extracted from a legacy diesel spill (up to 50 years old) and 

part of  2 ha plume in Western Australia (Johnston et al., 2007). The contaminant plume 

has leached into the groundwater and has remained in the environment for over 50 years. 

Past research has shown a high concentration of accumulated polar compounds formed 
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through weathering at the site (Lang et al., 2009). To assess the fate of these compounds, 

microcosms with the contaminant combined with sediment and groundwater from the site 

were set up and monitored for the biodegradation of the polar compounds. To the best 

our knowledge this is the first study investigating the biodegradation of these compounds 

in the environment, and providing valuable insight into the long-term persistence of oil 

degradation products in the environment and subsequently will aid the remediation of 

legacy contaminated sites.  

2.3 Materials and methods  

2.3.1 Soil and groundwater samples 

Sediment and groundwater samples for the microcosm study were obtained from a 

non-contaminated area neighbouring the contaminated industrial site (approximately 1.5 

km from the polar contaminated site and within 20 m from the Indian Ocean). The 

samples were obtained under aerobic conditions. Safety Bay sand samples used for the 

experiments were collected from coastal Western Australia in the Kwinana region on 

15/11/2013. The sand samples were collected in 5L containers and sealed to prevent light 

exposure and transported in a cooler to CSIRO for experimental use. Sample temperature 

was 20 °C. Groundwater samples were collected at the same time and measured to had 

an electrical conductivity of 55 mC/cm. The contaminated site is located approximately 

120 m from the Indian Ocean, on the Swan Coastal Plain south of Perth, Western 

Australia (Lang et al., 2009). Both areas are coastal and composed of aeolian and littoral 

calcareous sand, locally known as ‘Safety Bay Sand’, comprising of silicates and 

carbonates (fine to medium-grained quartz sand and shell fragments), with low organic 

matter (Johnston et al., 2007, Semeniuk and Searle, 1985, McPherson and Jones, 2005, 
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Loveless and Oldham, 2010, Johnston et al., 1998, McArthur and Bettenay, 1960, 

Playford and Low, 1971). Sediment and groundwater samples were collected using 

aseptic technique in sterile containers from approximately 1 m below the ground surface 

near the seawater/groundwater interfacial zone at low tide. Samples were transported 

under cooled conditions, and then stored at 4 °C until sample processing to minimise 

changes to the microbial community present. The concentrations of important analytes 

present in the groundwater were analysed,) at the ChemCentre, WA (see Supplementary 

Table 2-1 for full listing). The groundwater showed nitrogen and phosphorous 

concentrations below the detection limit (< 0.01 mg/L and < 0.1 mg/L, respectively).  

2.3.2 Contaminants  

Polar compounds were isolated from 200 mL of weathered diesel obtained from the 

contaminated site and as described in Lang et al (2009), using preparative silica gel 

chromatography and up-scaled proportions of silica gel and solvent mixtures based on a 

method previously described (Bastow et al., 2007). Aliphatic and aromatic components 

were separated using a mixture of pentane and dichloromethane with a ratio of 7:3 

(pentane:dichloromethane), and the polar compounds eluted using a mixture methanol 

and dichloromethane with a ratio of 1:1 (methanol:dichloromethane).  

Fresh diesel was obtained from a BP service station in Innaloo, WA, Australia. 

Microcosms were amended with 10 µL of fresh diesel or 5 mg (25 µL of a 0.2 mg/ µL 

solution of polar compounds in dichloromethane, and the dichloromethane allowed to 

volatilise completely before other components of the microcosms were added) of polar 

compounds extracted from the weathered diesel.  



   Chapter 2 

38 

 

2.3.3 Microcosms 

A total of 96 microcosms (40 mL glass vials with Teflon seals) were prepared, each 

consisting of 40 g sand (wet weight) and was saturated with 12 mL groundwater (with no 

significant water phase evident that was unassociated with the sand). Fresh diesel was 

added as the sole carbon source to 48 microcosms, and polar compounds extracted from 

weathered diesel were added as the sole carbon source to the other 48 microcosms. The 

polar and diesel contaminated microcosms were then further subdivided into two groups 

with 24 microcosms of each contaminant being incubated under aerobic and the other 

half under anaerobic conditions. Due to the complex and time intense extraction method, 

low amounts of extracted polar compounds were available for this experiment. As a result, 

microcosm experiments were done in duplicate. 

For each contaminated group, several conditions were established: natural 

attenuation (NA; no amendments were added), nitrogen and phosphorus supplemented 

(N+P; 3 mM NH4NO3 and 1 mM KH2PO4), nitrogen supplemented (N; 3 mM NH4NO3) 

and phosphorus supplemented (P; 1 mM KH2PO4) making a total of 16 microcosms. 

Additionally, abiotic controls under aerobic and anaerobic conditions for both 

contaminant groups were included: (1) Control natural attenuation (Co NA) and (2) 

Control supplemented (Co N+P) resulting in 24 control microcosms. Independent 

microcosm sets were set up for the 2 and 4 months sample points, resulting in 48 

microcosms for each time-point. Abiotic-controls had 0.65 g/l of sodium azide added to 

inhibit microbial respiration and to monitor abiotic contaminant loss during the 

experiment (Table 2-1).  

Anaerobic conditions were created by flushing microcosms with nitrogen gas for 30 

s to ensure oxygen levels < 0.5 mg/L and was confirmed by using a dissolved oxygen 



   Chapter 2 

39 

 

probe (FDO 925, WTW, Germany). Aerobic microcosms were vented weekly (approx. 1 

min) to ensure aerobic conditions through the experiment. Microcosms were incubated 

for 2 or 4 months in the dark at 22 °C.
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Table 2-1 Microcosm setup for the biodegradation experiment 

  

*Sample Label Contaminant  Amendments  Respiration 

Natural attenuation NA a Polars None Aerobic 

Control Natural attenuation Co NA a Polars 10 mM NaN3 Aerobic 

Nitrogen and Phosphorus Supplemented  N+P a Polars 3 mM NH4NO3, 1 mM KH2PO4 Aerobic 

Control supplemented Co N+P a Polars 10 mM NaN3 3 mM NH4NO3, 1 mMKH2PO4 Aerobic 

Nitrogen supplemented  N a Polars 3 mM NH4NO3 Aerobic 

Phosphorus supplemented P a Polars 1 mM KH2PO4 Aerobic 

Natural attenuation NA an Polars None Anaerobic 

Control Natural attenuation Co NA an Polars 10 mM NaN3 Anaerobic 

Nitrogen and Phosphorus Supplemented  N+P an Polars 3 mM NH4NO3, 1 mM KH2PO4 Anaerobic 

Control supplemented Co N+P an Polars 10 mM NaN3 3 mM NH4NO3, 1 mMKH2PO4 Anaerobic 

Nitrogen supplemented  N an Polars 3 mM NH4NO3 Anaerobic 

Phosphorus supplemented P an Polars 1 mM KH2PO4 Anaerobic 
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*Each microcosm was set up in duplicate for each time point 

 

. 

*Sample Label Contaminant  Amendments  Respiration 

Natural attenuation NA a Diesel None Aerobic 

Control Natural attenuation Co NA a Diesel 10 mM NaN3 Aerobic 

Nitrogen and Phosphorus Supplemented  N+P a Diesel 3 mM NH4NO3, 1 mM KH2PO4 Aerobic 

Control supplemented Co N+P a Diesel 10 mM NaN3 3 mM NH4NO3, 1 mMKH2PO4 Aerobic 

Nitrogen supplemented  N a Diesel 3 mM NH4NO3 Aerobic 

Phosphorus supplemented P a Diesel 1 mM KH2PO4 Aerobic 

Natural attenuation NA an Diesel None Anaerobic 

Control Natural attenuation Co NA an Diesel 10 mM NaN3 Anaerobic 

Nitrogen and Phosphorus Supplemented  N+P an Diesel 3 mM NH4NO3, 1 mM KH2PO4 Anaeroic 

Control supplemented Co N+P an Diesel 10 mM NaN3 3 mM NH4NO3, 1 mMKH2PO4 Anaerbic 

Nitrogen supplemented  N an Diesel 3 mM NH4NO3 Anaerobic 

Phosphorus supplemented P an Diesel 1 mM KH2PO4 Anaerobic 
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2.3.4 Analytical methods  

The microcosms were mixed by inversion then sacrificially sampled at 2 and 4 

months, to assess changes to polar compounds over time. Polar and diesel compounds 

were extracted from sediment and groundwater microcosm samples using 3 mL of 

dichloromethane (DCM) containing a naphthalene-d8 as a surrogate standard. DCM was 

selected for the TPH extraction solvent as it is commonly used for water (EPA, 1996a) 

and soil (EPA, 1996b) and volumes used based on a small scale method by Lang et al. 

(2009) for TPH in water which provided an extract ready for GC-MS analysis. The soil 

matrix in this study was not considered to be a limiting factor in the extraction of the 

organics due to the inert properties of soil matrix (fine- to medium - grained quartz sand 

and shell fragments with low organic matter). The combined water soil and samples were 

extracted using a tumbling method followed by sonication to allow the extraction solvent 

to accumulate in the base of vials which was removed by pipette. The extracts were dried 

by passing them directly through a small anhydrous NaSO4 drying tube into 2 mL glass 

vials which were stored ( < 10 days) for GC-MS analysis. Matrix spikes (time 0 samples) 

for the method using this specific water and soil matrix afforded TPH concentrations in 

good agreement with the actual amounts added for both diesel and polar compounds (92% 

and 93%, respectively) and good method recoveries (71% and 70%, respectively).  

Quantitation of Total petroleum hydrocarbon (TPH) was performed using external 

standards (diesel and polar compounds) containing the surrogate. GC-MS analysis of 

TPH was performed using an Agilent 6890 GC fitted with a vaporising injector (operating 

splitless mode, purge time 0.4 min at 300 °C), with helium as carrier gas (flow rate of 1.1 

mL/min), an auto-sampler (2 µL, injection volume) and an Agilent 5975 mass 
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spectrometer. The GC-MS was fitted with a capillary GC column (CA-1 ms, 30 m length, 

0.25 mm internal diameter and 0.25 µm thick film of dimethyl polysiloxane or equivalent 

column). The oven temperature program was initially held at 35 °C for 2 min and then 

ramped at 15 °C/min to 310 °C and held isothermal for 20 min. The mass selective 

detector (MSD) was operated with an ionisation energy of 70 eV at 250 °C in scan mode.  

To monitor the biodegradation of the unweathered diesel, the pristane/n-C17 ratio 

(Christensen and Larsen, 1993) was used. Since no known compounds have been 

published for monitoring the extent of biodegradation for the polar compounds in a TPH 

and environmental context,  the ratio of trimethylxanthones to xanthone was used to 

monitor their biodegradation in this microcosm study as there were no other viable 

components identified (Figure 2-1). The methylated xanthones were observed to be 

present in the polar compounds in trace quantities. Their presence could be attributed to 

them either being carried over from the polar compounds present in the crude oil used to 

produce the diesel or formed from the oxidation of xanthenes (Oldenburg et al., 2002). 

The methylxanthone isomers (the (1+4)/(2+3) methylxanthone ratio) have been used as 

indicators biodegradation and secondary migration in a geological context (Oldenburg et 

al., 2002). However in this study the methylxanthone ratio was not useful as the relative 

abundance of the methylxanthones relative to the di- and trimethylxanthones was severely 

depleted and outside of the range of application for this study (Figure 2-1); with the 

reported more resistant 1 - and 4 - methylxanthone isomers decreasing as the 

methylxanthones were depleted in the microcosm study). The methylated xanthone 

homologues were observed to change in their relative distributions with increasing time 

in the microcosms with the less methylated homologues decreasing (Figure 2-1), this 

observation would not be possible in a geological context as the relative abundance of the 
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methylated xanthone homologues change with maturity and different sources of the crude 

oils (Oldenburg et al., 2002), unlike the single source of polar compounds used in this 

study. The ratio of trimethylxanthones to xanthone was therefore used as another line of 

evidence to assess whether biodegradation was occurring in the polar compound 

microcosms on the basis that xanthones (aromatic compounds containing functional 

groups) biodegrade in similar manner as aromatic compounds where the methylated 

homologues are generally more resistant to biodegradation with increasing methyl 

substituents (van Aarssen et al., 2002, Volkman, 1984, Fisher et al., 1996a, Fisher et al., 

1996b). 
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Figure 2-1 Partial ion chromatograms (m/z 196, 210, 224, 238) highlighting the methylated xanthones in 

anaerobic and aerobic microcosm experiments carried out for up to 4 months. D di, M methyl, T tri, X 

xanthone. 
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2.3.5 Microbial community analysis 

Genomic DNA was extracted from 10 g wet soil from each microcosm using the 

PowerMax DNA isolation kit (MoBIO Laboratories, USA), according to the 

manufacturer’s protocol at the 4 month time point. Additionally, DNA was extracted from 

uncontaminated sediment and groundwater used for the microcosms which functioned as 

uncontaminated control. Negative reagent controls (blanks) were included in DNA 

extractions to capture potential background contamination, and were analysed in similar 

manner as the samples described below. The concentration of the extracted DNA was 

measured on a Qubit fluorometer (Thermo Fisher) as per the manufacturers’ instructions. 

The DNA extracts were then stored at -80 °C prior to further analysis. 

To identify key members in the microbial communities present in the 

microcosms of polar and diesel contaminated microcosms after 4 months of incubation, 

454-pyrosequencing of the 16S rRNA gene was performed. DNA extracts were submitted 

to Molecular Research Laboratory MR DNA (Shallowater, TX) for PCR amplification 

and 454-pyrosequencing with 16S rRNA specific primers: 27Fmod (5’- 

AGRGTTTGATCMTGGCTCAG-3’) and 530R (5-CCGCNGCNGCTGGCAC-3) (Al-

Thani et al., 2014). 

Amplicon sequencing was performed by Molecular Research using a previously 

published protocol (Dowd et al., 2008). The DNA sequences were denoised and 

converted into a QIIME-compatible format (Caporaso et al., 2010a) using AODO v1.1 as 

previously described (Morgan et al., 2013). QIIME v1.6 was used to cluster sequences 

into OTUs at 97% similarity using the uclust algorithm (Edgar, 2010), to pick and classify 

representative sequences for each OTU using the Ribosomal Database Project naive 

Bayes classifier (Wang et al., 2007) against the Greengenes May 2013 database 
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(McDonald et al., 2012) clustered at the 97% level, and to read-normalise the dataset to 

311 reads per sample to control for sampling effort without losing important low-

coverage samples.  

2.3.6 Statistical analysis  

Significant changes of TPH values were determined by R statistical package (Team 

R Core, 2014) using one-way ANOVA. Alpha diversity was calculated as the Chao1 

index in each sample. Differences in alpha diversity across treatments were tested in R 

(Team R Core, 2014) using one-way analysis of variance (ANOVA) for each factor, 

following confirmation of homogeneity of variances across all treatment groups using 

Levene’s test. The contribution of each factor to explaining the total variance was 

calculated using factorial ANOVA controlling for the effect of the remaining two factors. 

Significant pairwise differences were identified for ANOVA analyses by the post hoc 

Tukey’s Honest Significant Difference test. Beta diversity was measured using Bray-

Curtis dissimilarity calculated from the rarefied read count dataset. Broad patterns of 

similarity in microbial community structure among samples were displayed using 

Principal Coordinate Analysis (PCoA) implemented in R with the cmdscale function from 

the vegan package (Oksanen et al., 2007), and visualised using ggplot (Wickham, 2016). 

Discrimination of treatment groups by community structure was tested using the 

constrained ordination technique Canonical Analysis of Principal coordinates (CAP, 

(Anderson and Willis, 2003) implemented through the CAPdiscrim function in the 

BiodiversityR package (Kindt and Coe, 2005), with results visualised using ggplot2. 

Classification success (the inverse of misclassification error) was estimated using the 

“leave-one-out” approach, providing a measure of how distinct the treatment groups are 
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in community structure. The number of principal coordinate axes to use in discriminant 

analysis (m) was chosen as the value that minimised misclassification error (Anderson 

and Willis, 2003). Further tests of the multivariate null hypotheses of no differences 

among treatment groups (or equivalence of centroids) and variance partitioning were 

assessed using PERMANOVA, implemented using the adonis function in the vegan 

package, and included all subsequent pairwise comparisons between levels of each factor. 

Prior to analysis the betadisper function was used to test for heterogeneity of dispersion 

in treatment groups. Including control samples resulted in significant deviation whereas 

excluding control did not; thus control samples were removed. Significance was 

determined by running 999 permutations.  

Differentially abundant OTUs between controls and biotic diesel and polar 

treatments were detected using the DESeq2 package in R (Anders and Huber, 2010). Non- 

normalised count data were used as simulations have shown that this reduces the false 

discovery rate compared with rarefaction (McMurdie and Holmes, 2013), and abiotic 

samples removed from the dataset. Results were obtained for all pairwise comparisons  

with p-values adjusted using the Benjamini and Hochberg correction (Benjamini and 

Hochberg, 1995) to control the false discovery rate, and used a conservative adjusted p-

value of 0.01 as the cut-off for significance. Four main effects were tested, including 

higher in diesel or polar, higher in diesel and polar, and higher in uncontaminated 

samples. The DESeq2 was run by contrasting diesel versus polar. Taxa which were found 

significant in this contrast were assigned to the contaminant which it was found the most 

abundant in. This results in only positive values, as taxa were only assigned to the 

contaminant and treatment they were highest in.  
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OTUs that were significantly more abundant in one treatment than both the control 

and alternative treatment (adjusted p-value < 0.01) were considered differentially 

abundant in that treatment. OTUs that were significantly more abundant in both 

treatments than the controls were considered differentially abundant for both treatments 

(“D+P”). If both were significant but negative, the taxon was higher in the 

uncontaminated samples and was put in the uncontaminated category. The log2-fold 

changes for differentially abundant OTUs were visualised as horizontal barcharts using 

ggplot2. 

2.4 Results 

2.4.1 Biodegradation of polar compounds 

The TPH portion of the polar compounds in biotic aerobic and anaerobic microcosms 

under NA conditions degraded significantly (p < 0.05) with a TPH residual of 38% 

(aerobic) and 49% (anaerobic) after 4 months incubation (Figure 2-2).In comparison, a 

similar significant (p < 0.05) loss of the TPH in polar compounds under nitrogen and 

phosphorus supplementation (N+P) was observed with 35% (aerobic) and 40% 

(anaerobic) after 4 months (Figure 2-2).Abiotic controls showed minimal loss of polar 

compounds under all conditions and showed no significant difference between the two 

replicates (Figure 2-2).  
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Figure 2-2 The decrease of polar compounds in aerobic (a) and anaerobic (b) microcosms 

over 2 and 4 months after contamination. The degradation was measured by GC-MS at 

the two time points. Samples were analysed at day zero to determine the maximum 

recovery of the polar compounds (horizontal line). Each bar shows the average % of the 

duplicates. Error bars represent the standard deviation of the duplicates. * indicates 

significant difference to abiotic controls. 
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Recovery of the polar compounds at the beginning of the experiment was 93%, the 

TIC of the polar compounds on day 0 is shown in Figure 2-3a. 

An initial trimethylxanthones to xanthone ratio of 1.1 was measured, and reached a 

maximum ratio of 49.4 under aerobic and 8.0 under anaerobic conditions (Table 2-2), 

indicating the decrease in polar compounds was consistent with being attributed to 

biodegradation.

Figure 2-3 Total Ion Chromatograms (TIC) of the polar compounds (a), and fresh diesel (b), on day 0 



     Chapter 2 

52 

 

   Polar aerobic Diesel aerobic   

 
0 months 2 months 4 months 0 months 2 months 4 months 

 
TMX/X TMX/X TMX/X Pr/nC17 (Rel% MNs) Pr/nC17 (Rel% MNs) Pr/nC17 (Rel% MNs) 

NA  1.1 12.1 24.8 0.7 (100) 1.0 (3) 0.9 (1) 

N  1.1 8.0 16.0 0.7 (100) 1.0 (5) 1.5 (0) 

P  1.1 11.5 49.4 0.7 (100) 1.1 (2) 1.0 (1) 

N+P  1.1 9.3 28.2 0.7 (100) 0.9 (4) 1.3 (0) 

Co NA 1.1 1.5 1.3 0.7 (100) 0.8 (94) 0.8 (71) 

Co N+P 1.1 1.5 1.4 0.7 (100) 0.7 (92) 0.8 (95) 

  Polar anaerobic Diesel anaerobic   

  0 months 2 months 4 months 0 months 2 months 4 months 

 
TMX/X TMX/X TMX/X Pr/nC17 (Rel% MNs) Pr/nC17 (Rel% MNs) Pr/nC17 (Rel% MNs) 

NA  1.1 2.6 6.4 0.7 (100) 0.7 (61) 0.7 (41) 

N  1.1 1.7 3.7 0.7 (100) 0.7 (57) 0.7 (42) 

P 1.1 2.5 8.0 0.7 (100) 0.7 (53) 0.7 (40) 

N+P  1.1 1.8 6.7 0.7 (100) 0.7 (59) 0.7 (22) 

Co NA 1.1 1.5 1.4 0.7 (100) 0.8 (94) 0.7 (86) 

Co N+P 1.1 1.5 1.4 0.7 (100) 0.7 (93) 0.7 (94) 

Table 2-2 Ratios of the biodegradation 

indicators in aerobic and anaerobic polar 

and diesel contaminated microcosms, and 

abiotic reduction under natural 

attenuation (NA), with nitrogen and 

phosphorus supplemented (N+P, N, P), 

after 2 and 4 months of incubation. Starting 

values are shown under 0 months, an 

increase of the ratios indicates 

biodegradation in the sample. 

Biodegradation indicators for diesel 

include Pristane/n-heptadecane (Pr/nC17) 

and the relative % methylnaphthalenes 

remaining (Rel% MNs), and for polar 

compounds trimethylxanthones /xanthone 

(TMX/X). 
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The GC-MS total ion chromatograms for the polar compounds microcosms clearly 

showed the typical “hump” of an unresolved complex mixture (UCM) in all samples 

(Figure 2-4a-c).  

  

Figure 2-4 TICs of abiotic reduction of the polar compounds (a), and fresh diesel (d), after 4 months 

of aerobic incubation. Changes of the polar compounds with nutrients supplemented after 2 months 

(b), and 4 months (c) under aerobic conditions. Changes of fresh diesel under aerobic nutrient 

supplemented conditions after 2 months (e), and 4 months (f). TICs are background subtracted for 

column bleed. 
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2.4.2 Biodegradation of diesel 

The TPH portion of the diesel contaminated biotic microcosms incubated under 

aerobic conditions showed a significant (p < 0.05) loss of diesel with TPH residuals of 

26% (aerobic) and 40% (anaerobic) after 4 months under NA (Figure 2-5a,b). Under N+P 

aerobic conditions, the decrease in diesel concentration was significantly (p < 0.05) higher 

with TPH residuals of 11% (aerobic) and 47% (anaerobic) after 4 months (Figure 2-5a,b) 

Abiotic diesel degradation with aerobic condition showed TPH of 89% for NA and 81% 

for N+P microcosms after 4 months (Figure 2-5a).Under anaerobic conditions, the abiotic 

diesel control showed 81% remaining TPH and under N+P 86% after 4 months (Figure 

2-5b). Abiotic diesel degradation in the controls (N+P and NA) were not significantly 
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different regardless of whether the conditions were aerobic or anaerobic (Figure 2-5a,b). 

The recovery of the fresh diesel on day 0 was 92%. 

 

 

Figure 2-5 The decrease of fresh diesel in aerobic (a) and anaerobic (b) microcosms over 2 and 4 months 

after contamination. The degradation was measured by GC-MS at the two time points. Samples were 

analysed at day zero to determine the maximum recovery of fresh diesel (horizontal line). Each bar shows 

the average % of the duplicates. Error bars represent the standard deviation of the duplicates. * indicates 

significant difference to abiotic controls 
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To confirm changes to the contaminant were due to biodegradation, parameters were 

selected that would likely show changes due to the differences in their individual 

biodegradability. The pristane/n-C17 ratio was used to assess the extent of biodegradation 

of diesel fuel, with the simpler compound n-C17 more readily biodegraded than the more 

complex hydrocarbon pristane. Also measured was the relative percentage of 

methylnaphthalenes remaining (Rel% MNs) and this parameter was selected because the 

major aliphatic components (including the pristane/n-C17 ratio) showed no significant 

changes with losses of TPH in the diesel anaerobic microcosms, however the aromatic 

components were observed to be generally depleted and therefore the relative percentage 

of the methylnaphthalenes remaining was selected to highlight the relative losses to 

biodegradation of the aromatics relative to the TPH. The pristane/n-C17 ratio and the 

relative percentage of methylnaphthalenes remaining were measured at all time-points. 

On day 0, the pristane/n-C17 ratio was 0.7, but reached a maximum of 1.5 under aerobic 

and a minimum of 0.7 under anaerobic conditions after 4 months (Table 2-2). However, 

the relative percentage of methylnaphthalenes remaining on day 0 was 98%, and reached 

a minimum of 0% under aerobic and maximum of 68% under anaerobic conditions after 

4 months (Table 2-2). Further analysis of the diesel contaminated aerobic microcosms 

showed the presence of abundant n-alkanes (Figure 2-4d), which were significantly 

depleted over the 4 months of incubation under, N+P conditions (Figure 2-4f)) as 

indicated by the pristane/n-C17 ratio. However, the diesel contaminated anaerobic 

microcosms showed no significant changes in the relative proportions of the aliphatics, 

however there however there were significant reductions in the proportion of aromatics 

relative to the TPH (as indicated by the relative percentage of methylnaphthalenes 
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remaining), suggesting that the anaerobic microcosms were undergoing biodegradation 

with mainly the aromatics being affected. 

2.4.3 Bacterial community analysis  

Alpha diversity  

The Chao1 estimator of alpha diversity in each sample ranged from 10 (abiotic 

control, polar, anaerobic) to 227.75 (uncontaminated Control). Factorial analysis of 

variance indicated that treatment (N + P) had the largest effect on alpha diversity, and 

contaminant had a smaller but statistically significant effect (Table 2-3). Alpha diversity 

was significantly lower in abiotic samples than in controls or other treatments (Figure 2-6 

Table 2-3) and there was no significant difference in alpha diversity between controls, 

NA and N + P treatments. 
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Samples contaminated by diesel had significantly higher diversity than samples 

contaminated with polar compounds after factoring out the variance explained by 

treatment and oxidation state. Oxidation state (aerobic, anaerobic) did not have a 

significant effect on richness after controlling for the other factors (Table 2-3).   

Figure 2-6 Alpha diversity in samples (after 4 months of incubation) classes calculated 

as Chao1 estimator. 
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Table 2-3 Factorial ANOVA of alpha diversity metric (Chao 1 estimator) based on read-normalised 

samples 

 F R2 Pairwise comparison Adjusted p-value 

Treatment 25.45  NA versus abio < 0.001 

   Control versus abio 0.028 

   N + P versus abio 0.001 

   Control versus NA 0.094 

   N + P versus control 0.915 

Contaminant 7.67 6.04 Diesel versus control 0.601 

   Polar versus control 0.601 

   Polar versus diesel 0.036 

Oxidation 1.1 0.86 N/A  

Taxonomic diversity analysis  

In the read-normalised dataset, Proteobacteria was the dominant phylum, 

comprising 113 or 50.4% of the OTUs and 84.3% of the reads. Together with 

Bacteriodetes (8.0% OTUs, 6.6% reads), Actinobacteria (7.6% OTUs, 0.9% reads), 

Acidobacteria (6.3% OTUs, 1.4% reads), Planctomycetes (5.4% OTUs, 1.9%reads) and 

Chlorobi (0.9% OTUs, 2.6% reads) these phyla accounted for 78.6% of the total OTUs 

and 97.7% of the total reads. 

At the family level, OTUs could be assigned to 17 abundant identifiable families 

each comprising at least 1% of the total reads (Figure 2-7). A further five abundant groups 

included OTUs assignable to classes, but not families (Alphaproteobacteria_Unknown, 

Burkholderiales_Unknown, Chromatiales_Unknown, 

Gammaproteobacteria_Unknown, and PYR10d3_Unknown). These 22 abundant groups 

accounted for 78.5% of the total reads, with the remaining reads assigned to 159 low-
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abundance families comprising < 1% of the total reads, but contributing a significant 

number of reads in individual samples (Figure 2-7”Others”). Bacterial families found in 

abundances >1% in the samples are shown in Figure 2-7.  

Some families which were not identified in the uncontaminated background samples, 

but were observed in the contaminated microcosms include: IheB3-7 and 

Desulfobacteriaceae, both in higher abundance in the diesel microcosms, as well as 

Pyr10d3_Unknown, found in both contaminants, and Kiloniellaceae, 

Hyphomicrobiaceae and Caulobacteriaceae, found in higher abundance in polar 

contaminated microcosms. Bacterial families that showed a decrease in abundance after 

the 4 months exposure to diesel or polar compounds include Xanthomonadaceae, 

Piscirickettsiaceae and Pseudomonadaceae. 
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Figure 2-7 Heatmap of the most 

abundant bacteria families (≥ 1% of 

total reads) in the diesel and polar 

contaminated microcosms after 4 

months. Results show duplicates of 

each microcosm, with and without 

added supplements. 



  

   Chapter 2 

62 

 

 

Treatment analysis (beta diversity patterns) 

Contaminant (diesel or polar compounds) and treatment (N + P) had significant 

effects on bacterial community structure (Figure 2-8a,b).Unconstrained ordination of 

samples using principal coordinates analysis (PcoA) showed the abiotic treatments to be 

clustered away from the biotic treatments and controls (Figure 2-8a). PCoA with the 

control samples removed showed three main clusters corresponding to the abiotic, the 

diesel biotic and the polar biotic samples, respectively, with a single polar N+P sample 

placed between the clusters of diesel and polar biotic samples. Canonical Analysis of 

Principal Coordinates (CAP) ordination by the three separate factors revealed clustering 

patterns consistent with the unconstrained ordination results (Figure 2-9a-c). First, 

clustering by contaminant and oxidation state were supported by high classification 

success rate (100% Control, 91.67% for aerobic, 91.67% for anaerobic). Second, 

clustering by treatment group clearly separated abiotic, biotic and control samples (100% 

classification success rate), but the sole misclassification was a polar N+P sample which 

CAP classified as a NA sample and was ambiguously placed in the PCoA.  
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Figure 2-8 Principal coordinates analysis (PCoA) ordinations of beta diversity expressed as Bray-Curtis 

dissimilarities between bacterial communities: a including control samples; b control samples excluded. 

Colours indicate contaminant and treatment condition; circles represent aerobic oxidation state and 

triangle represents anaerobic samples 
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Figure 2-9 Canonical Analysis of Principal Coordinates (CAP) ordinations of beta-diversity expressed as Bray-Curtis dissimilarities 

between bacterial communities. Constrained ordinations showing maximized differences among levels of: a) Contaminant (dark 

blue=Polar, light blue =Diesel); b) Treatment (light green= Abiotic, dark green=NA, pink=N+P); c) Oxidation state (red= aerobic, 

black= anaerobic). In all panels Control samples are shown in orange, correctly classified samples are filled circles and misclassified 

samples are open circles. 
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PERMANOVA (Table 2-4) with control samples removed demonstrated that 

treatment had the largest significant effect, explaining 24% of the variance in bacterial 

community structure. Pairwise PERMANOVA indicated that the effect was strongest 

between biotic and abiotic samples. Treatment effects were significant between the biotic 

NA and N+P treatments, however the effect was relatively small which is consistent with 

the CAP result indicating weaker discriminatory power between NA and N + P samples. 

Contaminant explained 14% of the variance and oxidation state explained 6%. 

Table 2-4 PERMANOVA estimate of effect sizes and explained variances of the three factors. 

Factor F R2 

Treatment 4.06 23.99 

NA versus N + P 2.03 12.64 

Abio versus N + P 4.11 22.69 

Abio versus NA  3.65 20.67 

Contaminant 4.74 14.01 

Oxidation state 1.98 5.85 

 

At genus level (Figure 2-10), members of Novispirillum, Thalassospira and 

HTCC2188, a sequence of a marine Gammaproteobacterium showed significant 

abundance in the polar microcosms. Bacteria genera with higher abundance in the diesel 

microcosms were Alcanivorax, Aequorivita, uncultured bacterium clones HB2-32-21 

IheB3-7, nsmpVI 18, marine Gammaproteobacterium HTCC2089 and uncultured 

Acidobacterium iii1-8. Diesel and polar microcosms showed significantly higher 

abundance of Parvibaculum as well as some OTUs assigned to genera within 

Alphaproteobacteria, Gammaproteobacteria, than in the uncontaminated control. The 

uncontaminated control showed significantly higher abundances of Glaciecola, 
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Nocardioides, Pseudomonas and some OTUs assigned to genera within 

Xanthomonadaceae, Cytophagaceae and Sphingomonadaceae. 
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Figure 2-10 Estimation of fold change and dispersion of taxa data with DESeq2 analysis in biotic diesel and polar 

microcosms after 4 month of incubation, as well as taxa present in the uncontaminated sediment used for the microcosms 

set up. Abiotic controls are not included. 
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2.5 Discussion 

2.5.1 Biodegradation  

The aim of this study was to investigate the biodegradability of the polar compounds 

formed from weathered diesel and the microbial community involved. A significant 

decrease in the TPH portion of the polar compound was detected after 4 months, however 

limited change was detected in the overall concentration of the contaminant (Figure 2-4). 

A similar loss of TPH was noted under both aerobic and anaerobic conditions, but the 

contaminant persisted as a predominant UCM. Furthermore, no additional biodegradation 

of the TPH or UCM occurred, even with supplementation of nutrients, nitrogen and 

phosphorus. As the UCM is composed of thousands of different compounds (Blumer et 

al., 1973), there appears to be selective biodegradation of only a uniform portion. In 

contrast, microcosms contaminated with fresh diesel showed enhanced biodegradation 

when supplemented with nitrogen and phosphorus (Figure 2-4). The results indicate that 

the recalcitrant nature of the polar compounds formed from the weathering of diesel in 

the subsurface, was likely attributed to the reduced ability of microbes to mineralize the 

polar compounds rather than a lack of nutrients (N+P) required for the mineralization to 

occur. Previous research on the biodegradation of aged crude oil with a high content of 

polar compounds also indicated prolonged recalcitrance, even with nutrient 

supplementation (Syafruddin et al., 2010). It is possible that the degradable portion of the 

polar compounds was utilized under aerobic and anaerobic conditions after 2 months, and 

then ceased, with the highly recalcitrant portion of the polar compounds remaining. It is 

also possible that the accumulation of specific polar compounds inhibits the 

biodegradation of others. Past research on the biodegradation of pyrene suggests that the 
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formation of dead-end metabolites (PYRdHD, PYRQan) can lead to decreased 

biodegradation rates of phenanthrene by virtually blocking mineralization of 

benzo(a)pyrene, which explains its apparent recalcitrant nature (Kazunga and Aitken, 

2000). The actual mechanism of such inhibition remains unknown.  

In contrast, Dyreborg and Broholm (1997) described the complete degradation of 

select creosote polar compounds (included indole, quinolone and carbazole) under 

aerobic conditions, with no supplementation (Dyreborg and Broholm, 1997). However, 

the tested compounds were derived from crude oil/coal (not formed through 

biodegradation) and have relatively simple structures with no alkyl substituents, which 

are naturally easier to break down for microorganisms. In a separate study by Kim et al 

(2005), selective biodegradation of polar compounds derived from crude oil was observed 

in all compound classes, and the biodegradability of the polar compounds derived from 

crude oil was demonstrated by FTICR-MS analysis. Thus, the precursor hydrocarbons 

and the extent of weathering likely produce a very different suite of polar compounds 

with different recalcitrance, toxicities and long-term fate in the environment.  

2.5.2 Long term fate 

Despite a significant decrease of the TPH with a slight smoother appearance of the 

UCM, the bulk of the polar contaminant persisted. A possible explanation of the 

recalcitrance of polar may include the lack of co-metabolic substrates, as demonstrated 

by the decreased biodegradation of benzo(a)pyrene and pyrene in the absence of 

phenanthrene (Huesemann et al., 2004) or unknown biological factors rather than 

bioavailability, similar to that of high molecular weight PAHs (Cornelissen et al., 1998). 

Currently, little is known about the impact of polar compounds persisting in the 
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environment and potential human health issues. Polar compounds have a higher water 

solubility than their hydrocarbon counterparts, which makes the contaminants more 

bioavailable increasing potential toxic interactions (Carls et al., 2008, Seymour et al., 

1997). A recent study assessing weathered hydrocarbons in contaminated soil found that 

biodegradation did not directly correlate with the reduction in toxicity (Jiang et al., 2016). 

This may be explained by the formation of toxic compounds and metabolites through 

biodegradation, such as the polar compounds discussed here. The toxicity of polar 

compounds formed from weathered diesel is unknown. Recent studies investigating polar 

metabolites resulting from petroleum biodegradation in groundwater samples, suggest 

that these polar compounds represent a low to moderate toxicity (O'Reilly et al., 2015, 

Zemo et al., 2017). However, the measured toxicity risk was based on theoretical 

modelling of the possible parent structures and the likely present functional group types 

(Zemo et al., 2017) and comparing to compounds unrelated to petroleum exposed sites in 

published literature (O'Reilly et al., 2015), as noted by other researchers (Hellmann‐

Blumberg et al., 2016). The study also did not address the risk of compound types present 

in the uncharacterised portion of the polar UCM (as well as the proportion of the TPH 

that was characterised in the samples by GC x GC-MS was unknown). Furthermore, the 

possible human health risk of long term exposure to “low toxicity” labelled polar 

metabolites, has not been considered, as described by Brewer and Hellmann-Blumberg 

(2014 & 2016) (Brewer and Hellmann-Blumberg, 2014, Hellmann‐Blumberg et al., 

2016). As the polar UCM consists of thousands of different unknown compounds, 

assessing its toxicity solely based on parent structure is difficult to conclude. 
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2.5.3 Microbial diversity 

Bacterial composition changes were observed in all microcosms. Overall, a decrease 

in the alpha diversity (Figure 2-6) was noted for samples incubated with contaminants 

for 4 months compared to the uncontaminated controls, similar to previous research 

(Sutton et al., 2013). The lower alpha diversity in the polar exposed microcosms may 

indicate an overall lower structural diversity, a higher toxicity of the polar compounds, or 

a more specialised microbial community necessary to break down the recalcitrant 

contaminants (Jung et al., 2016, van Dorst et al., 2014). Interestingly, the polar 

contaminated microcosms showed a higher diversity in the NA than in the N+P samples 

while the diesel microcosms had the opposite trend. The reduced diversity in the polar 

N+P microcosms could be due to selective enrichment of the populations. Similar results 

have been observed in research looking at the nitrate-supplemented biodegradation of 

petroleum refinery sludge (Sarkar et al., 2016). Alpha diversity was only examined after 

4 months of incubation, which could have been enough time for new communities to 

establish without affecting a univariate measure of diversity. It should be noted that 

sequencing reads were normalised across the samples for better comparison, which 

potentially affects diversity analysis and results.  

Beta diversity showed significant effect of contaminant and treatment on the 

microbial community structure (Table 2-4). Abiotic microcosms clustered away from 

biotic microcosms (Figure 2-9a-c)indicating community differences in the samples after 

adding sodium azide. This microbial respiration inhibitor affects mostly Gram negative 

bacteria (Lichstein, 1944, Gerencser and Weaver, 1959), and therefore can affect the 

microbial community composition in the samples. Gram-negative bacteria resistant to 

sodium azide have also been described and cannot be ruled out (Lichstein, 1944, Baek et 
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al., 2003, Coetzee et al., 1963). Furthermore, CAP ordination of the three separate factors 

(contaminant, treatment and oxidation state) confirmed the development of different 

microbial communities, as shown through high classification rates (representing 

homogeneity) when clustered by contaminant and oxidation state (Figure 2-9a-c). 

Further investigation found individual bacterial families present in higher relative 

abundance in polar microcosm as compared to diesel and controls (Figure 

2-7).Kordiimonadaceae, with known polycyclic aromatic hydrocarbon (PAH) degrading 

ability (Kwon et al., 2005), and Hyphomicrobiaceae, previously isolated from crude oil 

contaminated saline soil in eastern China (Wu et al., 2009), were observed. 

Kiloniellaceae, typically found in a marine environments (Wiese et al., 2009), was only 

detected in polar microcosms, but has no known hydrocarbon degrading ability. 

Rhodocyclaceae appeared at significantly higher abundance in the polar microcosms as 

well as the diesel contaminated microcosms. Members of the Rhodocyclaceae family 

have been found in weathered crude oil (Beazley et al., 2012) and in seawater after being 

exposed to fresh diesel in previous research (Viggor et al., 2013), suggesting the 

possibility of different species of this family being involved in the biodegradation of polar 

compounds and fresh diesel.  

Analysis at the genus level identified Thalassospira and Novispirillum at fourfold 

higher presence in polar microcosms (Figure 2-6). Thalassospira is a marine bacterium 

with PAH degrading ability (Kodama et al., 2008), Novispirillum has no known 

hydrocarbon degrading ability. HTCC2188, an oligotrophic marine 

Gammaproteobacterium sequence (Cho and Giovannoni, 2004), showed a twofold 

enrichment in polar microcosms. No contaminant degrading ability is known for this 
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genus, but they were identified as part of a microbial consortium associated with a marine 

diatom, after exposure of crude oil (Mishamandani et al., 2016). 

Some bacterial families (PYR10d3 and IheB3-7) showed an increased relative 

abundance in both contaminated microcosms (Figure 2-7). PYR10d3 is an uncultured 

soil bacterium clone that has the ability to degrade pyrene (Singleton et al., 2006). IheB3-

7 is an uncultured bacteria isolated from deep sea systems but has no reported degrading 

abilities (Nakagawa et al., 2005, Suzuki et al., 2004). Interestingly, Xanthomonadaceae, 

Pseudomonadaceae and Piscirickettsiaceae decreased after 4 months exposure to 

contaminants (Figure 2-7), even though some members are noted to have hydrocarbon 

degrading ability (Marshall et al., 2014, Palleroni, 1981, Saddler and Bradbury, 2005). 

In conclusion, a significant decrease in the TPH portion of the polar compound 

occurred, but limited change was detected in the overall concentration of the contaminant. 

The results indicate the recalcitrant nature of the polar compounds formed from the 

weathering of diesel in the environment. The concentration of nitrogen and phosphorus 

added to the microcosms in this study, did not enhance degradation of polar compounds 

by indigenous microorganisms, in contrast to the fresh diesel microcosms. This could 

suggest other factors (inhibitors or recalcitrance) in the polar samples. Several bacterial 

families were enriched in the polar microcosms and may contribute to the TPH decrease 

or represent organisms more tolerant to the polar contaminant. Due to limited availability 

of extracted polar compounds from the site, microcosms were set up in duplicate. While 

general conclusions on biodegradation as well as microbial community diversity and 

structure can be drawn, limitations due to low replication numbers should be kept in mind. 

Overall, this study demonstrated the high recalcitrance of polar compounds formed from 

weathered diesel, and highlights the importance of further research into the formation, 
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toxicity and long-term fate of polar compounds, as well as exploring other remediation 

methods to reduce their accumulation in the environment.  
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Supplementary Table 2-1 Analysis of the groundwater used for this study. 

 

 

Analyte Method Concentration [ mg/ L] 

Aluminium iMET1WCICP  <0.005 

Ammonium iAMMN2CALC  <0.01 

Arsenic  iMET1WCMS  <0.005 

Bicarbonate  iALK1WATI  219 

Cadmium  iMET1WCMS   <0.0005 

Calcium  iMET1WCICP  70.6 

Carbonate  iALK1WATI  12 

Chloride  iCO1WCDA 3310 

Chromium  iMET1WCICP  <0.001 

Copper  iMET1WCMS  0.0016 

Iron  iMET1WCICP <0.005 

Lead  iMET1WCMS  <0.0005 

Magnesium  iMET1WCICP 207 

Manganese  iMET1WCICP <0.001 

Mercury  iMET1WCMS <0.0005 

Nickel iMET1WCMS  <0.005 

Nitrate iNTA1WFIA 2.8 

Nitrite  iNTR1WFIA  <0.1 

Nitrogen,ammonia  iAMMN1WFIA  <0.01 

Phosphate iMET1WCICP <0.1 

Potassium  iMET1WCICP 68.7 

Silver  iMET1WCMS  <0.0005 

Sodium  iMET1WCICP 1650 

Sulfur  iMET1WCICP 180 

Sulphate  iCO1WCDA 330 

Tin  iMET1WCMS  <0.0005 

Zinc  iMET1WCICP 0.005 

   

Method Description 

iALK1WATI Alkalinity (as CaCO3) and constituents by acid titration (APHA 2320B). 

iAMMN1WFIA Ammonia expressed as Nitrogen by FIA (APHA 4500NH3-H). 

iAMMN2CALC Ammonium in water calculated from N_NH3 by FIA (APHA 4500NH3-H). 

iCO1WCDA Colourimetric analysis by DA (Discrete Autoanalyser), APHA and in house methods. 

iMET1WCICP Total dissolved metals by ICPAES (APHA 3120). 

iMET1WCMS Total dissolved metals by ICPMS (APHA 3125). 

iNTA1WFIA Nitrite plus Nitrate in water by FIA expressed as Nitrate (APHA 4500NO3-I) 

iNTR1WFIA Nitrite by FIA (APHA 4500NO3-I) 
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 Chapter 3 

Unravelling microbial communities associated with different 

light non-aqueous phase liquid types undergoing natural 

source zone depletion processes at a legacy petroleum site 
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3.1 Abstract 

After release into the environment, petroleum derived contaminants are exposed to 

different abiotic and biotic processes including weathering, resulting in the alteration of 

their chemical composition. The  rate of biodegradation and weathering can vary 

with depth and depends on redox and environmental conditions, enriching or inhibiting 

different microbial communities. Here we investigated microbial communities through 

the soil profile at an industrial site which has been exposed to various petroleum products 

(jet fuel/kerosene, diesel and crude oil) for over 50 years. The petroleum is present as 

light non-aqueous phase liquid (LNAPL) and is undergoing natural source zone depletion 

(NSZD). Soil cores across the zone of contamination, including across the water table, 

were obtained, representing depth intervals with variations in contaminant 

concentrations. The microbial community composition was compared to the contaminant 

type, concentration and its depth horizon. Our findings indicate a large population of 

archaea across all sites, with high relative abundance of Methanomicrobia and 

Methanobacteria in the contaminated cores. Within these classes, different families were 

enriched across the three tested LNAPL types, likely due to different compounds being 

present. Chemical and microbial results corroborate methanogenic and / or anoxic 

conditions in the deeper and highly contaminated sections of the soil cores investigated, 

with indication of complex syntrophic relationships of methanogens, methanotrophs and 

bacteria. Analysis of the composition of the three petroleum types (jet fuel/kerosene, 

diesel and crude oil) showed they were highly weathered, likely resulting in the formation 

of recalcitrant polar compounds at the site and a discolouration of the petroleum. This 

research provides insight into the microorganisms fundamentally associated with LNAPL 

throughout a soil depth profile above and below the water table undergoing NSZD 
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processes at a legacy petroleum site. It advances the potential for integration of microbial 

community effects on bioremediation mechanisms and  

in response to physicochemical partitioning of LNAPL components from different 

petroleum types- ultimately enabling assessment and prediction of NSZD over decadal 

time periods whereby significant weathering occurs. 

3.2 Introduction 

Long term exposure of hydrocarbon derived contaminants is widely understood to 

adversely impact environmental ecosystems (Sutton et al., 2013, Aubé et al., 2016). 

Hydrocarbon contaminants, such as crude oil, consist of a large number of components 

that can be altered through abiotic and biotic weathering processes after release into the 

environment (Baek et al., 2004). Weathering can change the chemical composition of 

hydrocarbon derived contaminants and is influenced by a range of factors including soil 

properties and the indigenous microbial community (Maletic et al., 2011). Contaminated 

soil communities are typically enriched for microorganisms able to utilise a wide variety 

of hydrocarbons as food and energy sources (Atlas, 1981, Greene et al., 2000). The 

microbial community composition further depends on factors such as predominant 

environmental conditions for example available electron acceptors and the extent of 

biodegradation and composition of the petroleum (Bruckberger et al., 2018, Bruckberger 

et al., 2019). Biodegradation in aerobic conditions results in the most efficient and 

complete mineralisation of hydrocarbon derived contaminants (Atlas and Bartha, 1981), 

however oxygen is commonly found depleted in highly contaminated sites (Fahy et al., 

2006, Davis et al., 1999). Biodegradation under anaerobic conditions has been well 

researched, however it is known to be less efficient (Ghattas et al., 2017). In addition to 

less favourable electron acceptors being utilised, biodegraded contaminants comprising 
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mainly of an unresolved complex mixture (UCM) are often found at legacy spills 

(Lundegard and Knott, 2001, Lundegard and Sweeney, 2004). Polar compounds have 

been reported to form from the partial oxidation of hydrocarbons and accumulate in 

highly weathered diesel (Lang et al., 2009) which can represent a large complex group of 

unidentified oxygen containing compounds, likely formed through biodegradation 

processes and accumulated due to their recalcitrant nature (Lang et al., 2009, Bruckberger 

et al., 2018). Physicochemical processes such as dissolution and volatilisation of 

components of the petroleum fuels can also lead to significant compositional changes 

(Lekmine et al., 2014). Such changes likely alter the biodegradability of the remaining 

petroleum contamination and the associated microbiological communities. 

An industrial site located 50 km south of Perth, Western Australia, has been exposed 

to different petroleum contaminants including weathered hydrocarbons possibly > 50 

years in age (Johnston et al., 2007). The contaminants at the site (including jet 

fuel/kerosene, diesel and crude oil), affected by natural source zone depletion (NSZD), 

are present in the subsurface as light non-aqueous phase liquid (LNAPL). The magnitude 

of NSZD processes (Garg et al., 2017, Lari et al., 2019) can be used as benchmark for 

similar sites, and is of significance for comparison to the effectiveness and need for 

implementation of different engineered remediation methods (Lari et al., 2018). Previous 

investigations at the site showed the presence of a highly weathered diesel spill that could 

be > 50 years in age (Johnston et al., 2007). Different potential remediation methods have 

been investigated at the site, including air sparging of dissolved petroleum hydrocarbons 

(Johnston et al., 1998), and air sparging in combination with soil vapour extraction on 

gasoline NAPL (Johnston et al., 2002b). In addition Multiphase Extraction (Johnston et 

al., 2002a) and biosparging (Johnston et al., 2002b) were explored. Further, 

biodegradation rates of spilled gasoline at the site were investigated, showing the 
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consideration of structures in layered sandy vadose zones to be essential in order to obtain 

accurate estimations (Davis et al., 2005). While the majority of the previous studies at the 

site investigated the compositional changes to the hydrocarbons resulting from 

biodegradation, limited research has targeted the microbiology of the contaminated soil 

and aquifer. Previous studies attempted to gain microbial insights using fatty acid methyl 

esters (FAME) derived signatures (Franzmann et al., 1996) and radiometric hydrocarbon 

mineralisation (Franzmann et al., 1999), however, FAME analysis is limited in its 

capacity to identify microbial taxa, and DNA based techniques are more likely to provide 

better resolution and understanding of the microbial community associated with the 

NSZD at a LNAPL contaminated legacy site. A recent microcosm study gave first 

indications of bacterial taxa, possibly associated with polar compounds, by using 

amplicon sequencing (Bruckberger et al., 2018). The microcosm study used polar 

compounds extracted from the weathered diesel present at the site, and compared the 

bacterial families established after 2 and 4 months under different conditions, to 

microcosms containing fresh diesel. While this microcosm study was able to identify 

changes of the microbial community, changes in response to the exposure to polar 

compounds and insights on the community established at the field sites are yet to be 

explored (Bruckberger et al., 2018). Microbial communities depend on environmental 

properties present at the site, and can vary greatly with soil depth, water table fluctuations, 

nutrient- and oxygen availability, soil structure and other factors. Changes of the 

microbial community composition with depth has been shown in previous studies. For 

example shallow soil samples obtained from a fallow field with a maximum depth of 120 

cm, showed soil enzymes and carbon concentrations to decline with depth, and 

metagenomic analysis revealed strong patterns of bacterial taxa with depth (Ko et al., 

2017). Similar results were found in a study using phospholipid fatty acid analysis 
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(PFLA) in soil samples up to 2 m deep (Fierer et al., 2003), and in up to 12.74 m deep 

polycyclic aromatic hydrocarbons (PAH) contaminated soil cores using denaturing 

gradient gel electrophoresis (DGGE) fingerprinting (Ding et al., 2013). Changes of 

microbial communities are commonly explained by variations in resource availability 

with depth, such as total organic carbon (TOC) and carbon as food source (Zhou et al., 

2002). 

While gasoline and diesel contaminants and their potential remediation at the legacy 

site in Western Australia has been the main research focus in the past (Davis et al., 2005, 

Johnston et al., 2002b, Johnston et al., 2007, Johnston et al., 1998), this study presents the 

first detailed analysis of the microbial communities at this legacy site in Western 

Australia. The method used was 16S rRNA metabarcoding which identifies potential 

degradation scenarios at different locations of the site contaminated with three petroleum 

products (jet fuel/kerosene, diesel and crude oil). In addition it investigates 

microorganisms within and associated with the LNAPL itself and not just the dissolved 

or volatile phases. The three LNAPL types consist of many different components and 

carbon ranges, depending on their original source and how they were processed. For 

biodegradation to readily occur, different compounds require different metabolic 

pathways and enzymes produced by indigenous microorganisms, which results in the 

enrichment of different taxa associated with different LNAPL types (Das and Chandran, 

2011). Here we report insights into the microorganisms present with depth and with 

changing contaminant concentrations and conditions, via investigation of multiple soil 

cores recovered across the depth of LNAPL contamination which lies above and below 

the notional water table at the site. This is compared to uncontaminated control cores. 

LNAPL samples were also recovered from existing wells. The research here provides 

novel insights into the microbial communities established in the LNAPL zone undergoing 
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active NSZD. The results of this are supporting integrated and long-term assessment of 

the effectiveness and persistence of the biodegradation processes for petroleum 

hydrocarbons where engineered intervention may no longer be practicable (Lari et al., 

2019). 

3.3 Materials and methods 

3.3.1 Site description and soil coring 

Soil samples were collected from an industrial site with a long history of hydrocarbon 

contamination (> 50 years). The site is located 50 km south of Perth, on the Swan Coastal 

Plain (Playford et al., 1976), and lies adjacent to the ocean. It is described as part of the 

Quindalup Dune system (McArthur and Bettenay, 1960) and the predominant geology at 

the site is known as Safety Bay Sands (Playford and Low, 1971), consisting mainly of 

aeolian and littoral calcareous sand. Releases of hydrocarbons over several years 

including jet fuel/kerosene, diesel and crude oil have led to contamination of the 

subsurface soil and the aquifer, resulting in both mobile and immobile LNAPLs. 

Samples were obtained from the site in September 2016. At the site, 4 locations 

representing 3 LNAPL types (jet fuel, diesel and crude oil) and an uncontaminated 

background site were investigated (Supplementary Figure 3-1). Background cores were 

taken from two locations across the site to get a representative microbial community from 

an undisturbed environment. Two cores were obtained for the uncontaminated 

background, jet fuel and diesel; while three cores were obtained for crude oil (9 cores in 

total) (Table 3-1). The soil profile is predominantly leached sand with low organic carbon 

(< 0.03%), with some limestone nodules, as previously described (Davis et al., 2005). 

Soil cores were obtained by drilling, using a Geoprobe 6620 drilling rig with a Geoprobe 
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dual tube 37 system combined with a dual tube 32 internal sample system. Nine locations 

were selected for coring with depths from 1.50 m below ground level (bgl) to a maximum 

depth of 5.10 m bgl. The cores were then vertically cut into 0.05 m long sections and 

placed in sterile, sealed tins and transported on ice. Soil cores were subsampled for 

chemical analyses and microbiome investigations and soil samples were stored in -80 °C 

freezers prior to DNA extraction. Representative sections of each soil core were selected, 

to allow a comparison of similar conditions across the cores and contaminants. Sections 

were chosen to represent defined categories and included: ‘Top’ (T), to capture the top of 

the core near the surface (average 2.28 m); ‘potential Water Table’ (WT), capturing the 

likely water table interface (average 3.05 m), ‘Mid’ (M), likely the highest contaminated 

area (average 3.78 m), and ‘Bottom’ (B), capturing the deepest contaminated region 

(average 4.48 m). 
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Table 3-1 Depth profile of the selected sections of the investigated soil cores including: Top (T), Water 

table (WT), Mid (M), Bottom (B). Two cores each of the background, jet fuel and diesel sites, and 

three cores of the crude oil contaminated site were analysed. 

 

Section* Core 1 Depth [m] Core 2 Depth [m] Core 3 Depth [m] 

B
ac

k
g
ro

u
n
d
 

 

T 2.00 - 2.05 2.00 - 2.05 
 

WT 2.65 - 2.70 2.60 - 2.65 
 

M 3.35 - 3.40 3.90 - 3.95 
 

B 4.00 - 4.05 5.00 - 5.05 
 

Je
t 

fu
el

  

T 1.50 - 1.55 2.60 - 2.65 
 

WT 2.20 - 2.25 3.35 - 3.40 
 

M 3.35 - 3.40 3.80 - 3.85 
 

B 4.00 - 4.05 4.15 - 4.20 
 

D
ie

se
l  

T 3.00 - 3.05 2.95 – 3.00 
 

WT 3.75 - 3.80 3.85 - 3.90 
 

M 4.15 - 4.2. 3.90 - 3.95 
 

B 5.05 - 5.10 4.60 - 4.67 
 

C
ru

d
e 

o
il

 

 

T 2.65 - 2.70 3.00 - 3.05 2.95 - 3.00 

WT 3.10 - 3.15 3.70 - 3.75 3.10 - 3.15 

M 3.30 - 3.35 3.80 - 3.85 3.35 - 3.40 

B 3.90 - 3.95 4.05 - 4.10 3.90 - 3.95 

*representing pooled triplet DNA 

Soil liquid contents, were determined gravimetrically by oven drying at 105 °C for 

24 hours. Samples were allowed to air dry prior to being placed in the oven to remove the 

majority of volatile components. 

3.3.2 Chemical analysis 

Soil cores were subsampled and 3-5 g was extracted using 4 mL of dichloromethane 

(DCM) which contained deuterated internal standards (d6-benzene, d8-toluene, d10-p-

xylene, d8-naphthalene, d14-p-terphenyl). Soil samples were extracted using tumbling 
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method and sonication. After removal of the extraction solvent, extracts were placed into 

5 mL vials (as well as DCM washings). Total petroleum hydrocarbon (TPH) analysis of 

the extracts was performed on an Agilent 6890, fitted with a vaporising injector (split 

mode), helium as carrier gas, an autosampler using a FID. A capillary column 

(Phenomenex ZB-1ms) was used, which had 30 m lengths, 0.25 mm internal diameter 

and coated with a 0.25 µm thick film of dimethyl polysiloxane. TPH was quantitated 

using external standards. 

LNAPL was also directly sampled from wells for analysis. Sampling was conducted 

by lowering a 40 mL VOA vial on a nylon dishing line directly into the well, just below 

the fluid (LNAPL) interface. The vial was retrieved, sealed and transported to CSIRO for 

further processing. LNAPL samples were analysed using gas chromatography- flame 

ionising detector (GC-FID) on a HP 6890 GC. The GC was fitted with an autosampler, a 

vaporising injector (split mode), helium carrier gas (1 mL min-1 flow). A column with a 

60 m x 0.25 mm diameter, coated with 0.25 µm thick film of dimethyl polysiloxane (DB-

1 UI, J&W) was used. Components in the samples were identified, based on known 

retention times and mass spectra characteristics.  

3.3.3 Microbial community analysis 

For each core, DNA was extracted from the selected core sections in triplicate (Table 

3-1). The sections were selected by the position of the water table, as well as TPH 

concentrations. The four sample selections were from following locations: (1) above (T) 

and (2) at the water table (WT), (3) below the water table with high TPH concentrations 

(M), and (4) a sample near the bottom of the contaminated zone (B), with lower 

contaminant concentrations. DNA was extracted from selected soil core sections in 

triplicate (0.5 g of soil), using PowerBiofilm DNA Isolation Kit (MoBio Laboratories, 
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Inc., Carlsbad, CA, USA), following the manufacturer’s instructions. Extracted DNA 

replicate was quantified on a Qubit fluorometer (Invitrogen) and stored at -80 °C prior 

further processing. Microbiome analysis results are presented as one sample (combination 

of the three replicate sequencing datasets) per soil core section. 

DNA extracts were processed as previously described (Bruckberger et al., 2019), in 

brief, 16S rRNA Illumina sequencing (2 stage Illumina amplicon protocol) was 

performed on the DNA extracts, using the primers 515f (5’-

GTGCCAGCMGCCGCGGTAA-3’) and 806rcbc (5’-

GGACTACHVGGGTWTCTAAT-3’) for the PCR step. The PCR product was cleaned 

up using SPRI beads (Ampure XP beads, Beckman Coulter), and the process repeated. 

Sequencing was performed on an Illumina MiSeq (v3 600 bp), following the 

manufacturer’s protocol (Illumina, USA). Raw 16S files from the DNA sequencing were 

processed using QIIME v1.9.1 (Caporaso et al., 2010b), based on a published workflow 

(Comeau et al., 2017). Paired-ends were stitched together using PEAR (v0.9.10) (Zhang 

et al., 2014) and quality was confirmed by FastQC. Reads with a lower quality score of 

28 and minimum of 90% of bases passing the quality cut off, were then filtered using the 

read_filter.pl command, using the FASTX-Toolkit (v0.7) and BBmap (v 35.84). Reads 

below 250 bp length were also removed (Bushnell, 2014, Gordon and Hannon, 2010). 

Ambiguous bases in the filtered reads were removed by the run_fastq_to_fasta.pl 

command. Chimeric reads were removed by chimera_filter.pl which uses VSEARCH and 

implements the uchime algorithm (Edgar, 2010, Rognes et al., 2016). The files were 

combined into a single fasta file by add_qiime_labels.py, and then open reference OTU 

picking was performed using uclust (Edgar, 2010) with a minimum specified OTU size 

of 1 to be included. OTUs identified in fewer than 0.1% of the reads were filtered out and 

reads rarefied to a minimum of 3700 in the samples. QIIME output was analysed in a 
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similar way as described previously (Bruckberger et al., 2020) using R v3.3.2 (Team R 

Core, 2014). The OTU table was aggregated (L5 level), and visualised as heatmaps using 

ggplot2 (Wickham, 2016), and data further processed using the vegan package (Oksanen 

et al., 2007). Alpha diversity was calculated based on numbers of OTUs and Faith’s 

phylogenetic diversity (Faith’s PD) and visualised, using ggplot2 (Wickham, 2016). Beta-

diversity patterns were shown as described before (Bruckberger et al., 2019) with the 

Bray Curtis dissimilarity and nonmetric multidimensional scaling (NMDS) using the 

metaMDS function in the vegan package (Oksanen et al., 2007). Taxa and selected 

subsurface environmental parameters (TPH, Depth, Moisture) with maximum correlation 

to the species abundance in the samples were calculated with the bio.env function (Taylor, 

2014) and plotted on the ordination described above. Pairwise comparisons between 

levels of factors were implemented using the adonis function (Oksanen et al., 2007). 

Further, PERMANOVA for multivariate null hypotheses of no difference among 

different groups and variance partitioning was analysed, by using the Adonis function of 

the vegan package (Oksanen et al., 2007) in R v3.3.2 (Team R Core, 2014).  

3.4 Results 

3.4.1 Chemical analysis 

Soil core samples contaminated with jet fuel/kerosene, diesel and crude were 

analysed for their contaminant concentration (TPH, Table 3-1) by GC-FID. Generally, 

the highest TPH concentrations were measured in the M sections of the cores and ranged 

from 0.9 mg / kg (jet fuel/kerosene) to a maximum of 155 mg/kg (diesel) (Table 3-2). 

Most T sections of the cores had no detectable TPH, except the crude oil core which had 
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13.2 mg/kg TPH. No detectable TPH concentration was measured in the uncontaminated 

background cores. 

 

Table 3-2 TPH concentrations (mg/L) of the selected soil core sections. 

 

Section Core 1 TPH [mg/kg] Core 2 TPH [mg/kg] Core 3 TPH [mg/kg] 

B
ac

k
g
ro

u
n
d
 T 0.0 0.0 

 
WT 0.0 0.0 

 
M 0.0 0.0 

 
B 0.0 0.0 

 

Je
t 

fu
el

 

T 0.0 0.0 
 

WT 0.9 16.4 
 

M 25.0 22 
 

B 4.9 1.3 
 

D
ie

se
l 

T 0.0 0.0 
 

WT 0.0 50.9 
 

M 92.7 155.7 
 

B 0.0 9.2 
 

C
ru

d
e 

T 13.2 0.0 0.0 

WT 25.3 21.1 0.0 

M 45.6 56.4 55.9 

B 1.6 2.3 0.0 

 

The LNAPL samples from areas associated with the contaminated cores were 

investigated and their composition assessed. The diesel cores showed a TPH with a 

limited carbon range of C9-C28, and signs of weathering as suggested by the absence of 

n-alkanes and the altered distribution of methylalkanes and isoprenoids (Figure 3-1A). 

The LNAPL analysis of the jet fuel/kerosene cores also showed depletion of the more 

dominant C7-C16 components and the presence of tetraalkylleads (TALs), indicating 

remnants of leaded gasoline product in the sample. The depletion of n-alkanes is likely 
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due to biodegradation, while lower molecular weight compounds and water soluble 

components (such as benzene, toluene, ethylbenzene and xylene – the BTEX) have likely 

been depleted by volatilisation and dissolution (Figure 3-1B). The TPH signature in the 

jet fuel core samples appears to have been altered differently by biodegradation with 

depth based on changes to the distribution of aromatic components (BTEX and 

trimethylnaphthalenes). The crude oil contaminated soil cores had TPH with a carbon 

range of C7-C40, which is a broader range than usually observed in single fuel types, and 

signs of weathering have been observed (Figure 3-1C).Additionally, the TPH was more 

biodegraded in shallower samples with the depletion of less recalcitrant isoprenoids 

(pristane) (depleted relative to norpristane and phytane). The changes in the TPH 

composition indicate different subsurface conditions with deeper core samples less 

affected by biodegradation and likely due to more aerobic conditions impacting shallower 

samples. 
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3.4.2 Microbial community analysis 

Alpha diversity across all cores investigated in this study showed variations between 

the core sections. Uncontaminated background cores showed the highest Faith’s PD 

values in the WT sections, and the lowest values in the B sections. Alpha diversity varied 

between sections of the soil cores exposed to contaminants and shared no similar trend 

(Supplementary Figure 3-2to Supplementary Figure 3-5). 

Beta diversity patterns visualised in the NMDS ordination plot, showed maximum 

correlation with the environmental parameters ‘Depth’ and ‘TPH’ when testing different 

factors (TPH, Depths, Moisture, Section of the core) (Figure 3-2). Samples with beta 

diversity differences due to these factors included the WT, M and B sections of diesel or 

Figure 3-1 GC-FID analysis of the LNAPL samples obtained for diesel (A), jet fuel (B) and crude oil (C) 

contaminated cores. CHX: cyclohexane, Cs: straight or branched alkane containing x carbons, EB: 

ethylbenzene, IP: isoprenoid, Tol: toluene, Xyl: xylene 
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crude oil exposed soil cores. Samples from the B section of the diesel-, and some crude 

oil cores showed correlations with members belonging to Methanobacteriaceae, 

Methanosaetaceae, Anaerolinaceae and Syntrophaceae when fitted onto ordination. 

Additionally, an enrichment of Methanoregulaceae and Methanocellaceae, along with 

bacterial families Syntrophaceae, Syntrophorhabdaceae and Syntrophobacteriaceae was 

observed in the WT, M and B sections of the diesel contaminated cores. The T section 

showed increased abundance of members belonging to Thaumarchaeota (Figure 3-3). 
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Figure 3-2 Non-metric 

multidimensional scaling 

(NMDS) plot based on the 

Bray Curtis dissimilarity. 

Vectors show the most 

abundant taxa present (> 

4% relative abundance) and 

environmental parameters 

determined to be significant. 
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Figure 3-3 Heatmap of the most 

abundant (>2%) taxa in the diesel 

contaminated cores, based on 

sequencing of 16S rRNA 
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. 
Figure 3-4 Heatmap of the 

most abundant (>2%) taxa 

in the crude oil contaminated 

cores, based on sequencing of 

16S rRNA 
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Additionally, an increased presence of some Alphaproteobacteria including members of 

Rhodospirillaceae and Xanthobacteriaceae was noted (Figure 3-5).  Jet fuel 

contaminated samples were not significantly correlated with TPH and Depth when fitted 

onto ordination, but M and B sections showed correlation with bacterial families 

including: Hyphomicrobiaceae, Comamonadaceae and Porphyromonadaceae (Figure 

3-2). Samples from the uncontaminated background cores showed a similar 16S rRNA 

beta diversity across all sections and were correlated with members of common soil 

organisms such as AK32 (Thaumarchaeota), Syntrophobacteriaceae, 

Methanomassiliicoccaceae and members of Nitrospirales (Figure 3-2). High relative 

abundance of MBGA and members belonging to Thaumarchaeota were found across all 

sections of the background cores, while MCG, Nitrospira and Brocardiaceae was 

enriched in the M and B sections (Figure 3-6). Similar to the diesel contaminated samples, 

archaeal families were identified in the WT, M and B sections of crude oil exposed soil 

().An additional high relative abundance of NRA6_Unknown (Methanomicrobia) and 

Methanomassiliicoccaceae were found in the crude oil samples. Unclassified bacteria 

OP8 (clone OPB95) and Syntrophaceae were also enriched ().  In the WT, M and B 

sections of the jet fuel contaminated cores, similar archaeal families were identified 

compared to crude oil and diesel samples.  
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Figure 3-5 Heatmap of the most 

abundant (>2%) taxa in the jet fuel 

contaminated cores, based on 

sequencing of 16S rRNA 
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. Figure 3-6 Heatmap of the 

most abundant (>2%) taxa 

in the background cores, 

based on sequencing of 16S 

rRNA genes 
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Samples were further inspected for significant effects of contaminant type, TPH and depth 

by PERMANOVA (Table 3-3). Results indicated that contaminant type had a significant 

effect (p < 0.015), which explained 13% of the variance in the microbial community 

structure. The pairwise PERMANOVA comparison showed a significant difference 

between the community structure found in the background cores and the contaminated 

cores. Additionally, a significant difference (p < 0.02) was detected between jet fuel and 

diesel exposed communities (Table 3-3).  

Table 3-3 PERMANOVA analysis and pairwise comparison. 

Factor 
 

F R2 P(non adj) 

Contaminant Type 
 

1.56607 0.12505 0.01493* 

 
Background vs Jet fuel 2.049296 0.127688 0.005* 

 
Background vs Diesel 2.112114 0.131089 0.004* 

 
Background vs Crude 1.729315 0.087652 0.046* 

 
Jet fuel vs Diesel 1.522715 0.098096 0.018* 

 
Jet fuel vs Crude 1.425718 0.073393 0.081 

 
Diesel vs Crude  1.223492 0.063646 0.229 

TPH 
 

1.95386 0.052 0.01493* 

Depth 
 

0.97322 0.07771 0.51741 

*indicates significant p-values 

3.5 Discussion 

This study investigated microbial communities in soil cores obtained from a 

contaminated legacy site in Western Australia where NSZD of the three contaminant 

LNAPL types is occurring. Interestingly, the microbial communities established in soil 

cores exposed to the LNAPL contaminants and the uncontaminated background cores, 

showed a high relative abundance of archaeal families. While the most dominant archaea 

in the background cores belonged to common soil archaea such as Thaumarchaeota, 
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MCG and MBGA, contaminated cores showed high relative abundances of archaea 

belonging to classes Methanomicrobia and Methanobacteria. Similar archaeal classes 

were found across the cores, but on a family level, diesel, jet fuel and crude oil appear to 

have enriched different members. Known methanogens have been predominantly 

identified in the deeper sections of the cores where the highest LNAPL concentrations 

were measured, and likely anaerobic conditions dominate. This agrees with findings by a 

study conducted by Franzmann et al (2002), where anoxic conditions were shown at the 

same site (Franzmann et al., 2002). Interestingly, the past study identified sulfate as the 

main electron acceptor for toluene biodegradation, especially as no methane was detected 

in the plume. However, little evidence of sulfate reducing organisms was found using 

FISH and phospholipid fatty acid analysis, with Desulfosporosinus meridie being the only 

sulfate reducer isolated from the plume (Franzmann et al., 2002). This may be due to the 

previous methods used, which are not as capable in identifying the detailed microbial 

diversity. In the present study, microorganisms were well characterised in the 

contaminated soil cores, and several methanotrophs such as Methylocystaceae (T, WT) 

and Methylacidiphilaceae (WT, M, B) (Lee et al., 2015) were found in diesel and jet fuel 

contaminated cores, as well as class Verruco-5 (T, WT, M, B) of phylum 

Verrucomicrobia, which is known to have methanotrophic members (Sharp et al., 2014), 

also found in the crude oil cores. It is possible that the methane produced by methanogens 

is utilised by methanotrophs, explaining the conclusions of the past study. The presence 

of the identified methanogens in the deep sections, suggests a tolerance to or the ability 

to degrade the contaminants. For example, Methanosaetaceae and Methanobacteriaceae, 

enriched in the diesel and crude oil cores, have been previously found as part of a deep-

sea oil degrading community (Campeao et al., 2017), and in methanogenic phenol 

degrading sludge (Zhang et al., 2005), respectively. The most dominant member of the 
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Methanomicrobia class in jet fuel contaminated soil cores, in addition to 

Methanosaetaceae, was Methanoregulaceae, which has shown to be enriched in 

methanogenic crude oil degrading cultures in a past study (Toth and Gieg, 2017). 

Jet fuel core samples showed a significantly different community structure compared 

to diesel contaminated-, and background cores (Table 3-3), and one jet fuel core formed 

a separate cluster in the NMDS ordination (Figure 3-2),  mainly driven by the correlation 

with the known degrading bacterial families Hyphomicrobiaceae, Porphyromonadaceae, 

Xanthobacteriaceae and Comamonadaceae. The differences of the community enriched 

in the jet fuel cores compared to diesel and crude oil, likely resulted from different 

contaminants compounds and concentrations being present. Chemical analyses showed 

that TPH in the jet fuel cores are affected differently with depth, by the biodegradation 

with the aromatic components (BTEX, trimethylnaphthalenes), and the loss of lower 

molecular weight and water soluble components through physical processes 

(volatilisation and dissolution) (Vasudevan et al., 2016). These different subsurface 

conditions have likely led to the biodegradation of different contaminant components, 

and therefore to the enrichment of specific microorganisms. Depending on their 

characteristics, hydrocarbon components can bind to soil particles, and differ in their 

bioavailability and biodegradability to microorganisms (Perminova et al., 2001). The 

bacterial families significantly correlated with jet fuel cores (Figure 3-2), have previously 

also been found at a hydrocarbon contaminated legacy site contaminated with polar 

compounds (metabolites, oxygen containing compounds) from the partial oxidation of 

hydrocarbons (Bruckberger et al., 2020, Bruckberger et al., 2019). The high polar content 

previously identified in LNAPL samples obtained from the site in this study (Lang et al., 

2009), and the high likelihood of similar compounds found in the weathered 

hydrocarbons present in this study, further strengthens the indication that these 
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microorganisms have the ability to degrade or tolerate polar metabolites. Methanogenic 

conditions in the deep and contaminated sections of the cores, were further supported by 

an enrichment of bacterial families commonly found in syntrophic consortia with 

methanogens. For example, families found in diesel and crude oil cores included 

Anaerolinaceae, previously part of a methanogenic culture after long term (1300 days) 

alkane exposure, and Syntrophaceae, identified in weathered crude oil contaminated 

groundwater (Bruckberger et al., 2020). Diesel contaminated cores also had enrichment 

of Syntrophorhabdaceae in deeper sections of the core, which is a known phenol degrader 

and associated with hydrogen or acetate consuming methanogens, and occasionally found 

in sulfate reducing conditions (Kuever, 2014, Qiu et al., 2008). The presence of 

Peptococcaceae in all three contaminant exposed soil cores further suggests anaerobic 

and potentially methanogenic conditions, as it is a known anaerobic aromatic 

hydrocarbon degrader (Kleinsteuber et al., 2008, Kunapuli et al., 2007) found to exist in 

syntrophy with hydrogen utilisers (Kleinsteuber et al., 2008, Kunapuli et al., 2007, 

Herrmann et al., 2010). 

Biodegradation of different hydrocarbon classes in the core samples with depth 

suggested varying conditions with depth. GC-FID analysis of the LNAPL and TPH 

revealed signs of severe biotic and abiotic weathering in all three LNAPL types, likely 

containing polar metabolites (Lang et al., 2009) and the cause of discolouration of 

recovered products from the site. The composition of the jet fuel/kerosene range product 

in the study showed depletion of the dominant C7 - C16 components. The composition of 

the diesel displayed a limited carbon range (C9 – C28), while crude oil comprised of a 

broader range (C7-C40) that is consistent with it not being a refined petroleum product. 

All three contaminants revealed depletion or removal of n-alkanes, commonly observed 

in weathered petroleum (Atlas and Bartha, 1981, Kaplan et al., 1996), as it is one of the 
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most readily biodegradable aliphatic compound classes as shown in previous research 

(Wentzel et al., 2007). Additional indications of weathering was the depletion of 

isoprenoids like pristane (relative to other isoprenoids such as phytane) in the diesel and 

crude samples (Figure 3-1A,C), similar to observations in another study (Lang et al., 

2009). Correlation analysis indicated depth and TPH as significant impacts on microbial 

community structure, however it is difficult to determine which of these factors are the 

main contributors of the change (Figure 3-2). The different conditions in the soil cores 

likely resulted in different components preferentially being biodegraded and affecting the 

microbial community composition. Anaerobic or methanogenic conditions which appear 

to be dominating may have resulted from initial biodegradation processes leading to 

oxygen depletion, commonly observed at legacy spills (Bruckberger et al., 2020). While 

biodegradation under anaerobic conditions is occurring, it generally is found to be slower 

and incomplete when compared to aerobic conditions (Ghattas et al., 2017).  

The findings in this study identified the microbial communities associated with 

highly weathered petroleum (jet fuel/kerosene, diesel and crude oil). Differences in their 

LNAPL composition were observed, possibly due to different compounds being 

preferentially degraded, and suggesting methanogenic conditions with syntrophic and 

complex relationships. Several members have been found in previous studies 

investigating weathered contaminants with a large polar content, indicating their 

association with those compounds. This study identified the dominant microbial 

community present during NSZD at a LNAPL contaminated site, and transitions in the 

community due to composition, depth and aerobic/anoxic status along with weathering 

state. This adds to the knowledge of the management of legacy spills, and the fate of 

highly weathered contaminants, and allows more reliable integration of processes 

governing NSZD at such contaminated sites.  
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Supplementary Figure 3-1 Overview of the industrial site and core locations where samples were 

obtained from different hydrocarbon spills. Background samples were obtained from two 

locations across the site to represent the undisturbed microbial community. 
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Supplementary Figure 3-2 Alpha Diversity, calculated as Faith’s Phylogenetic Diversity and by number of 

OTUs in the background cores. 
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Supplementary Figure 3-3 Alpha Diversity, calculated as Faith’s Phylogenetic Diversity and by number of 

OTUs in the jet fuel contaminated cores. 
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Supplementary Figure 3-4 Alpha Diversity, calculated as Faith’s Phylogenetic Diversity and by number of 

OTUs in the diesel contaminated cores. 
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Supplementary Figure 3-55 Alpha Diversity, calculated as Faith’s Phylogenetic Diversity and by number 

of OTUs in the crude oil contaminated cores. 
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Biodegradability of legacy crude oil contamination in Gulf 

War damaged groundwater wells in Northern Kuwait 
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4.1 Abstract 

During the 1991 Gulf War, oil wells in the oil fields of Kuwait were set aflame and 

destroyed. This resulted in severe crude oil pollution of the countries only fresh water 

aquifers. Here, for the first time the natural attenuation and biodegradation of the 

persisting groundwater contamination was investigated to assess potential processes in 

the aquifer. Biodegradation experiments were conducted under aerobic and multiple 

anaerobic conditions using microcosms of the contaminated groundwater from Kuwait. 

Under the conditions tested, a portion of the total petroleum hydrocarbon (TPH) 

component was degraded, however there was only a slight change in the bulk 

concentration of the contaminant measured as dissolved organic carbon (DOC), 

suggesting the presence of a recalcitrant pollutant. Changes in the associated microbial 

community composition under different reduction-oxidation conditions were observed 

and known hydrocarbon degraders identified. The results of this study indicates that 

lingering contaminant still persists in the groundwater and is recalcitrant to further 

biodegradation, which presents challenges for future remediation plans.  

4.2 Introduction  

During the Gulf War in 1991, oil wells in Kuwait were destroyed and set afire, 

releasing approximately 20 million barrels of oil and leading to the largest crude oil spill 

in history (Al-Duwaisan and Al-Naseem, 2011). The fires burned for over 7 months and 

were extinguished using 12 billion gallons of seawater (Al-Duwaisan and Al-Naseem, 

2011, Mukhopadhyay et al., 2008). The use of seawater further contaminated the 

environment and aquifers, with the addition of high volumes of salt during the dousing of 
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the fires (Mukhopadhyay et al., 2008). Despite recovering large portions of the spilled 

crude oil by collection and accumulation in recovery pits, both hydrocarbons and 

saltwater migrated into subsurface freshwater aquifers. This resulted in contamination of 

Kuwait’s only fresh groundwater resources (in the Raudhatain and Umm Al-Aish 

regions), leaving the country heavily dependent on desalination as the sole drinking water 

source (Hamoda, 2001). Remediation of these contaminated freshwater aquifers is seen 

as essential for their potential use as emergency water resources (Al-Sulaimi et al., 1993) 

for Kuwait. Due to the presence of unexploded landmines, limited research has been 

conducted on the nature and persistence of the pollutants and no clear results concerning 

concentration and extent of the contamination of the freshwater have been produced (Al-

Sulaimi et al., 1993, Mukhopadhyay et al., 2008). The first investigations into the 

impacted aquifers by the oil fires detected low contaminant concentrations in the 

groundwater, possibly due to the experimental methods (Al-Sulaimi et al., 1993). At the 

time, groundwater analysed by Al-Sulaimi et. al., was obtained from existing sampling 

wells in the oil fields possibly missing the contaminant due to the depth of the intake zone 

(5 – 10 m below water table) of the monitoring wells. The authors hypothesised that the 

infiltration of oil from oil lakes was limited to a depth of 2 m based on mathematical 

models, which further indicated that the use of existing monitoring wells within the oil 

fields may have resulted in skewed results regarding the contaminant presence and 

concentration (Al-Sulaimi et al., 1993). Another study used Fourier transform infrared 

method and gas chromatography-mass spectrometry (GC-MS) to measure TPH content 

close to the spill source in the Umm Al-Aish region. The study found relatively low TPH 

concentrations (Mukhopadhyay et al., 2008). However, using TPH to measure weathered 

petroleum can lead to results which are not representative of the total contaminant. 
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Weathered petroleum compounds can lead to alterations of the chemical structure and the 

formation of polar compounds. These polar compounds and other non-hydrocarbon 

contaminants may not be measured as TPH due to their molecular weight and polarity. 

This was further implied by high total organic carbon (TOC) concentrations (64.9 mg/L) 

at the impacted groundwater sample site (well P18) (Mukhopadhyay et al., 2008). Since 

then no additional research on the extent of contamination in the groundwater has been 

conducted within the northern region of Kuwait, leaving potential natural attention 

processes that may exist within the groundwater system unknown.  

Recalcitrant polar compounds are noted to be found at legacy petroleum 

contaminated sites, which can result in a decrease in the bioavailability and 

biodegradation of the contaminant (Lang et al., 2007, Bruckberger et al., 2018, Frysinger 

et al., 2003, Gough and Rowland, 1990). However other researchers have suggested polar 

compounds formed from the biodegradation of petroleum are readily degradable (Zemo 

et al., 2013, Zemo et al., 2017) Polar compounds formed through the weathering of 

petroleum often appear as part of an unresolved complex mixture (UCM) when analysed 

by GC-MS and GC-FID, with the majority of the compounds remaining unidentified 

(Lang et al., 2009, Lundegard and Knott, 2001, Meredith et al., 2000). The polar 

compounds present as polar UCMs likely have complex carbon skeletons based on their 

parent hydrocarbon structure including highly branched non-cyclic (Gough and Rowland, 

1990), highly branched cyclic (Killops and Al-Juboori, 1990) and highly branched 

aromatic components (Warton et al., 1999) with some identified functional groups 

including aldehydes, ketones, alcohols and carboxylic acids (Atlas, 1981). Therefore it is 

likely that the contaminant found in the groundwater in Kuwait has persisted due to the 

formation of recalcitrant polar compounds.  
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Here we present first findings of potential biodegradation and natural attenuation 

processes of the dissolved plume remaining in Kuwait’s 1991 Gulf War contaminated 

groundwater. In addition the study characterised the indigenous bacterial community and 

changes in the community structure under aerobic and anaerobic conditions (including 

sulfate reducing, denitrifying, and methanogenic). The results of the microcosm studies 

give some indication of possible biodegradation and persistence of the water soluble 

contaminant. This work contributes important knowledge and new findings for future 

remediation studies to aid the restoration of Kuwait’s only natural freshwater source. 

4.3 Materials and methods 

4.3.1 Sample origin 

Groundwater samples were taken from well P18 (Supplementary Figure 4-1) located 

in the contaminant impacted area in the Umm Al-Aish region of Northern Kuwait (Al-

Sulaimi et al., 1993, Mukhopadhyay et al., 2008). A total of 20 x 1 L samples were 

collected from well P18 on November 9, 2014. The well is located in a shallow depression 

where a large oil lake formed as a result of the damaged oil wells and subsequent seawater 

used for firefighting. The screen depth of the well was 15- 44 meters below ground level 

(mbgl) (Mukhopadhyay et al., 2008). The aquifer lies within the Dibdibba formation 

which consists of gravel and sandstone (Bergstrom and Aten, 1965). (Bergstrom and 

Aten, 1965). For groundwater sampling, wells were initially pumped using a 12 volt 

submersible pump (Monsoon, ECT Manufacturing, Inc.) to remove at least three bore 

volumes before the measured in-situ parameters had stabilised and representative 

groundwater samples were taken. Groundwater samples were aseptically collected into 

sterile 1 L Teflon-sealed glass bottles (filled completely) and immediately stored in a 
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light-proof cooler on ice. Upon return to the KISR laboratory, samples were repackaged 

into coolers with ice packs and shipped to CSIRO, Perth, Australia for further 

experimental analysis. In-situ parameters, Temperature, pH, DO were measured using a 

handheld meter and multi-probe (YSI 556 multi-probe, USA) (Table 4-1) These 

parameters were measured in a 20 L sealed Perspex box (with sample ports for probes) 

while groundwater was being pumped from the bores. The probes were allowed to settle 

for several minutes before measurements were recorded.  

Table 4-1 Chemical analysis of the P18 groundwater from northern Kuwait. Standard deviations of 

replicate measurements in parentheses. 

Parameter Concentration Unit Methods 

Na 1225.05 (± 26.80) mg/L Ion chromatography (USEPA300)/ICP (USEPA 6010B 

Cl- 2340.85 (± 172.75) mg/L Ion chromatography (USEPA300) 

SO2-
4 124.19 (± 3.10) mg/L Ion chromatography (USEPA300) 

NO3
- < 0.1 mg/L Ion chromatography (USEPA300) 

PO4
3- < 0.1 mg/L Ion chromatography (USEPA300) 

NO2
- < 0.1 mg/L Ion chromatography (USEPA300) 

DO 1.3 mg/L In-situ field measurement 

pH 6.64   In-situ field measurement 

*All parameters (except DO and pH) were measured in two separate samples at the KISR laboratories 

4.3.2 Microcosm preparation 

Teflon-sealed glass bottles (1 L) used for sample collection functioned as 

microcosms in order to avoid any loss of contaminant by transfer. Different treatments 

were assigned to the samples, including natural attenuation, nutrient supplementation, 

methanogenesis, sulfate reduction and denitrification (Table 4-2). Each treatment was set 

up in duplicate, due to limited sample supply. Final concentrations for additives in the 

microcosms are listed in Table 4-2. Nutrient supplemented microcosms were spiked with 
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ammonium nitrate (NH4NO3) (Sigma-Aldrich) and monopotassium phosphate 

(KH2PO4) (Sigma-Aldrich) to support bacterial growth (Aldén et al., 2001, Gallego et 

al., 2001). Sulfate reduction was supported by addition of sodium sulfate (Na2SO4) 

(Rowe Scientific) as a terminal electron acceptor and 2-bromo-ethane-sulfonate 

(BrCH2CH2SO3Na) (Sigma-Aldrich) to inhibit methanogenesis (Sherry et al., 2013, 

Zinder et al., 1984). Methanogenic microcosms were prepared as described previously 

(Smith and Klug, 1981) and spiked with sodium molybdate (Na2MoO4) (Merck 

Millipore) to inhibit sulfate reduction. For denitrifying conditions, Na2MoO4 (Merck 

Millipore), BrCH2CH2SO3Na and potassium nitrate (KNO3) (BDH) was added (Smith 

and Klug, 1981, Hutchins et al., 1991, Zinder et al., 1984). Microcosm controls to test for 

abiotic degradation of the contaminant were spiked with sodium azide (NaN3) (BDH) to 

inhibit microbial respiration (Lichtstein and Soule, 1944, Patterson et al., 2011) 

After preparation, microcosms intended for anaerobic respiration were placed in an 

anaerobic chamber with unsealed lids, for approximately 1 h (reaching 0-5 ppm oxygen), 

to eliminate oxygen in the samples. A surrogate 1 L volume was used to confirm low 

oxygen levels through the measurements of DO in the microcosm assembling process. 

Aerobic microcosms were vented and shaken weekly to ensure adequate oxygen levels. 

All microcosms were incubated in the dark at 22 C for the duration of the experiment to 

avoid photo-oxidation of the contaminant (Ehrhardt and Burns, 1993, Garrett et al., 1998). 
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Table 4-2 List of additives and their concentrations used for microcosms used in this study. 

Conditions* Amendments Respiration 

Natural attenuation  None aerobic & anaerobic 

Nutrient supplemented 1.3 mM NH4NO3, 0.2 mM KH2PO4 aerobic & anaerobic 

Methanogenic 20 mM Na2MoO4 anaerobic 

Sulfate reducing 20 mM BrCH2CH2SO3Na, 23 mM Na2SO4 anaerobic 

Denitrifying  20 mM Na2MoO4, 20 mM BrCH2CH2SO3Na, 

10mM KNO3 

anaerobic  

Abiotic 10 mM NaN3 aerobic & anaerobic 

*Microcosms were set up in duplicate 

4.3.3 End-point sampling  

After 2 months of incubation, microcosms were vigorously mixed by shaking and 

divided into 3 samples. A 500 mL sample was used for chemical analyses, a 1 mL sample 

was used to quantify total cell numbers, and the remaining sample (approx. 500 mL) was 

vacuum filtered onto a 0.22 μm filter (Mixed Cellulose Esters Membrane, MilliPore) to 

collect cells for DNA extraction and amplicon sequencing.  

4.3.4 Cell counts and microbial community analysis 

Microbial cell concentrations were measured using a Quanta flow cytometer 

(Beckman Coulter Quanta) similar to previously reported methods (Morgan et al., 2016). 

In summary, a 200 μL sample from each microcosm were incubated at room temperature 

with 2 μL (10 X) SYBR green I (Invitrogen) for 15 min in the dark. Cell density was 

calculated using the Cell Lab Quanta SC MPL analysis program (Beckman Coulter 

Quanta). DNA extractions were performed using MoBio PowerWater Kit (MoBio 

Laboratories, Inc., Carlsbad, CA, USA), following the manufacturer’s instructions for all 
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filtered microcosm samples. Extracted DNA was quantified on a Qubit fluorometer 

(Invitrogen) and then stored at -80 °C prior to sequencing. Significant changes of 

microbial cell concentrations and TPH in microcosms after 2 months of incubation 

compared to 0 months were determined by the pairwise.t.test() function using R v3.3.1 

(Team R Core, 2014).  

DNA extracts were shipped on ice to CSIRO Black Mountain laboratories (Canberra, 

Australia) for Illumina sequencing (MiSeq). 16S rRNA Illumina amplicon sequencing 

was used to investigate the microbial community. Amplicons were generated using gene-

specific primers (in bold) with the appropriate adapter sequence for Illumina sequencing 

(in italics) 515f (5’- 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGCCAGCMGCCGCGGTAA -3′) and 

806rbc (5’-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACHVGGGTWTCTAAT -

3’) (IDT, Iowa, USA). Samples were first amplified individually using Platinum Taq 

(Invitrogen, CA, USA) according to the Illumina amplicon sequencing protocol using the 

following PCR conditions: 94 °C for 2 min, followed by 35 cycles of 94 °C for 30 s, 50 

°C for 30 s and 72 °C for 1 min, followed by a final elongation step at 72 °C for 5 min. 

All amplicon products were then purified using Agencourt Ampure beads (Beckman 

Coulter, USA), separately amplified with Illumina index primers (1x 94 °C for 2 min, 

followed by 8 cycles of 94 °C for 30 s, 55 °C for 30 s and 72 °C for 1 min, followed by a 

final elongation step at 72 °C for 5 min), purified using Agencourt Ampure beads, 

quantified (Qubit; Thermo Fisher, USA) and pooled in equimolar concentrations. The 

resulting library was then sequenced on an Illumina MiSeq at CSIRO Black Mountain 

laboratories (Canberra, Australia) using a v3 600 cycle PE sequencing kit following the 

manufacturer’s protocol (Illumina, USA). 
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Raw 16S rRNA amplicons were processed and analysed as described in Morgan et 

al (2016). Briefly, paired-end reads were quality-trimmed with Trimmomatic v0.32 

(Bolger et al., 2014). Reads were trimmed when the average quality score was below 20 

over a four-base sliding window, and excluded read pairs where either was shorter than 

120 bp after trimming. Remaining read pairs had gene-specific PCR primer sequences 

removed using an in-house perl script and pairs were merged using FLASH v1.2.9 

(Magoc and Salzberg, 2011). Merged sequences were formatted for further processing in 

QIIME v1.8 (Caporaso et al., 2010b). Reads were clustered into de novo OTUs at the 

97% sequence identity threshold using usearch (Edgar, 2010) with de novo chimera 

detection and a minimum cluster size of two. Taxonomic assignment of de novo OTU 

representative sequences was performed with the RDP naive Bayes classifier (Wang et 

al., 2007) against the Greengenes 13_8 16S rRNA reference database (McDonald et al., 

2012). The dataset was normalized to 12,841 reads per sample for diversity analyses. 

4.3.5 Diversity analyses  

Diversity analyses and visualisations were performed in R v3.3.1 (Team R Core, 

2014). All results were visualised using the ggplot2 package (Wickham, 2016). Alpha 

diversity was calculated as the Shannon diversity index using the diversity function in the 

vegan package (Oksanen et al., 2017). Community composition across samples was 

visualised as heat maps showing the relative abundance of taxa across samples calculated 

by aggregating reads at the L5 level in the QIIME-formatted Greengenes taxonomic 

hierarchy, which approximately corresponds to the rank of bacterial family. Low-

abundance families accounting for < 2% of the reads in any sample were combined into 

a single category of “Other” for visualisation. Beta-diversity was calculated from the 
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normalised dataset using the Bray-Curtis dissimilarity measure implemented by the 

vegdist function in vegan. Bray-Curtis community structure patterns among samples were 

visualised in two dimensions using non-metric multidimensional scaling (NMDS) using 

the metaMDS function in vegan. 

4.3.6 Chemical analyses 

TPH was extracted from the microcosms using methylene chloride, after 

acidification of the samples and the addition of surrogate standards (d8-naphthalene and 

d14-p-terphenyl). Extracts were then dried with anhydrous sodium sulfate and 

concentrated to a final volume of 2 mL. GC-MS analysis was performed using Agilent 

6890, fitted with a vaporising injector (splitless mode), with helium as carrier gas, an auto 

sampler and an Agilent 5975 mass spectrometer. The GC was fitted with a capillary GC 

column (ZB-1ms Phenomenex, 30 m length, 0.25 mm internal diameter and 0.25 μm thick 

film of dimethyl polysiloxane). The mass spectrometer was operated with an ionisation 

energy of 70 eV at 250 °C in scan mode (m/z 45-600). Significant changes of TPH in 

microcosms after 2 months of incubation compared to 0 months were determined by the 

pairwise.t.test() function using R v3.3.1 (Team R Core, 2014).  

Compound class characterisation of the TPH extracts after initial GC-MS analysis 

was carried out using a small- scale silica gel column chromatography method (Bastow 

et al., 2007). The method has been shown to completely separate aliphatic, aromatic 

(including aromatic compounds containing up to five aromatic rings) and polar 

(compounds such as alcohols, acids, ketones and amines) components of petroleum. The 

proportions of aliphatic, aromatic and polar components in the TPH extracts were 
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determined by GC-MS analysis with the proportions determined from the TPH response 

of each fraction analysed from the same volume of solvent. 

The dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) were 

assessed using a high temperature combustion method (Shimadzu TOC-VCSH and TNM-

1) in non-purgable organic carbon (NPOC) mode, following methods recommended by 

Shimadzu. The DOC was an important parameter in this study as it is a bulk measure of 

the total organic carbon dissolved in the water and allows the total organic contamination 

in the water to be quantified (Hughes et al., 1974).  

For solid phase extraction (SPE) of the organics, samples were acidified (pH < 2) 

and passed through SPE cartridges (500 mg, activated carbon) using a vacuum manifold. 

Extracts were obtained by using 10 mL methanol to extract the cartridge, followed by a 

mixture of methanol and methylene chloride (20 mL, 20:80, respectively) as described 

before (Hennion, 2000). After solvent removal extract weights were gravimetrically 

determined. 

4.4 Results 

4.4.1 Biodegradation experiments 

Total cell concentrations for each microcosm were determined at the beginning of 

the experiment and after 2 months of incubation (Table 4-3). Cell counts under natural 

attenuation and abiotic conditions, showed no significant changes, compared to a 

significant (p < 0.05) increase of cell numbers under aerobic nutrient supplemented, 

sulfate reducing and methanogenic conditions. The cell density under aerobic nutrient 

supplemented conditions increased on average from 6.53 x 107 cell L-1 (± 2.09 x 107) to 

3.37 x 109 cell L-1 (± 7.78 x 107). Under sulfate reducing conditions, the cell concentration 
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increased on average from 4.6 x 107 cell L-1 (± 1.77 x 107) to 1.61 x 109 cell L-1 (± 3.75 x 

108). The cell density under anaerobic nutrient supplemented conditions showed an 

average increase from 3.58 x 107 cell L-1 (± 9.55 x 106)to 3.83 x 108 cell L-1 (± 6.36 x 106) 

(Table 4-3).  

Table 4-3 Cell counts of duplicate microcosms at 0 months and after 2 months of incubation. 

 
 0 months 2 months 

 
Sample description Cell count L-1 Standard deviation Cell count L-1 Standard deviation 

A
er

o
b
ic

 Natural attenuation 7.78x107 3.89x106 2.59x108 1.70x107 

Abiotic control 7.75x107 2.55x107 1.25x108 8.45x107 

Nutrient supplemented 6.53x107 2.09x107 3.37x109 7.78x107 

A
n

ae
ro

b
ic

 

Natural attenuation 4.65x107 2.40x107 8.85x107 2.12x106 

Abiotic control 5.70x107 7.07x106 1.40x108 6.36x106 

Nutrient supplemented 3.58x107 9.55x106 3.83x108 6.36x106 

Methanogenic 4.98x107 7.42x106 3.22x108 1.51x108 

Sulfate reducing 4.60x107 1.77x107 1.61x109 3.75x108 

Denitrifying 4.90x107 1.20x107 2.74x108 2.04x108 

 

The DOC was measured to represent the total contaminant present in the microcosms 

(Hughes et al., 1974). Initial DOC concentration for P18 groundwater was 35 mg/L. TPH 

concentrations represented a small portion of the total contaminant (DOC) which was 

made up of predominantly polar compounds (97% polar compounds, 3% aromatics). The 

initial TPH concentration in the groundwater sample for P18 was 5.3 mg/L. After two 

months of incubation, a decrease of TPH (p > 0.5) was observed in the aerobic and 

anaerobic natural attenuation microcosms (4.9 mg/L TPH and 4.0 mg/L TPH, 

respectively). A significant decrease (p < 0.05) of the TPH was measured in denitrifying 

and methanogenic microcosms (2.6 mg/L and 2.9 mg/L TPH, respectively) (Table 4-4). 

DOC showed limited change in the majority of the treatments (33-36.5 mg/L). DOC 
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measurements under sulfate reducing and denitrifying conditions showed an increase 

(<200 mg/L), due to carbon containing inhibitors added to the microcosms, and therefore 

do not represent the final contaminant concentration. 
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Table 4-4 Organic and microbial parameters of microcosms at 2 months of incubation. Standard deviations are listed in parentheses. Percentage values of TPH and 

SPE in list the measured concentration in the microcosms after 2 months, in comparison to 0 months, representing 100%. Microcosms were set up in duplicates. 

Sample description TDN mg/L DOC mg/L TPH mg/L TPH % SPE mg/L SPE % 

 

0 months 0.3 35 5.3 100 46 100 

ae
ro

b
ic

 Natural attenuation 0.5 (±0.14) 36.5 (±0.71) 4.9 (± 1.13) 92.5 (±21.92) 51 (±0) 111 (±0.00) 

Abiotic control 28 (±2.83) 36.5 (±2.12) 4.2 (±0.64) 78 (±11.31) 34 (±7.07) 74.5 (±14.85) 

Nutrient supplemented 28.5 (±0.71) 33.0 (±0) 3.4 (±0) 64.5 (±0.71) 36 (±4.24) 79 (±8.49) 

an
ae

ro
b
ic

 

Natural attenuation 0.4 (±0) 36.5 (±0.71) 4.0 (±0.42) 75.5 (±7.78) 47.5 (±2.12) 103 (±4.24) 

Abiotic control 15.5 (±4.94) 36.5 (±0.71) 3.2 (± 0) 60.5 (±0.71) 26 (±5.66) 57.5 (±12.02) 

Nutrient supplemented 32 (±7.07) 34.5 (±0.71) 3.5 (±0.42) 66 (±8.49) 47 (±1.41) 104 (±2.83) 

Methanogenic 0.3 (±0) 33.0 (±0) 2.9 (±0.07) 55.5 (±0.71) 37 (±5.66) 82 (±12.72) 

Sulfate reducing 0.4 (±0) >200 3.5 (±0) 65 (±0) 46 (±0.00) 100 (±0) 

Denitrifying  131.5 (±7.78) >200 2.6 (±0) 48 (±0) 33 (±1.41) 71.5 (±3.54) 
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The total ion chromatograms (TIC) for the initial groundwater sample obtained from 

P18 showed a large hump which was assigned to the UCM (Figure 4-1). After two months 

of incubation, the large hump assigned to UCM remained, with only minor changes in the 

shape of the UCM (possibly more losses of the higher molecular weight components), 

which seemed more pronounced in the samples with the greatest TPH depletion 

(anaerobic denitrifying and methanogenic conditions, Figure 4-1H,J J and Table 4-4, 

56%- 48% TPH remaining).  
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 The DOC and SPE results for the initial microcosm at 0 months (35 mg/L and 

46 mg/L, respectively) suggest that most of the polar compounds in the original sample 

were captured using SPE (as a DOC results of 35 mg/L for carbon would afford a SPE 

result of 44 mg/L for a C15 compound with a molecular formula of C15H30O as the DOC 

Figure 4-1 Total Ion Chromatogramsof the contaminated groundwater sample: at the beginning of the 

biodegradation experiment (A), and after 2 months of incubation in microcosms designated for: (B) natural 

attenuation (aerobic), (C) abiotic control (aerobic), (D) nutrient supplemented (aerobic), (E) natural 

attenuation (anaerobic), (F) abiotic control (anaerobic), (G) nutrient supplemented (anaerobic), (H) 

methanogenic, (I) sulfate reducing, (J) denitrifying conditions. 
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only measures carbon).  However, a trend between values measured by SPE and TPH was 

observed in the microcosms where the DOC was observed to only have minor changes 

(Table 4-4). The similar trend of SPE and TPH results suggests that while only minor 

losses were observed in the microcosm based on the DOC results, a large portion of the 

polar compounds may have been altered resulting in changes to their properties (possible 

more functional groups and more water liking) such that the altered components no longer 

sorbed to the SPE phase (Table 4-4, 49% to 111% remaining.  

An increase of TDN was detected in some microcosms (abiotic controls, nutrient 

supplemented, denitrifying). A similar trend between values measured by SPE and TPH 

concentrations was also observed in the microcosms. 

4.4.2 Bacterial community composition and structure 

DNA concentrations of the cells collected on filters are listed in Supplementary Data 

(Supplementary Table 4-1). Amplicon sequencing results indicated Alpha diversity was 

similar for the different metabolic conditions, but showed changes in the composition of 

the microbial communities as a result of supplements and inhibitors (Table 4-5, 

Supplementary Figure 4-2). The Shannon index showed a minimum of 3.48 (denitrifying) 

and a maximum of 4.34 (supplemented).  
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Table 4-5 Alpha diversity, represented as Shannon index at 2 months of incubation, standard 

deviations are listed in parenthesis. Microcosms were set up in duplicates. 

Sample description Shannon index 

ae
ro

b
ic

 Natural attenuation 4.01 (±0.09) 

Abiotic control 3.29 (±0.00) 

Nutrient supplemented 3.83 (±0.05) 

an
ae

ro
b
ic

 

Natural attenuation 3.69 (±0.13) 

Abiotic control 3.66 (±0.39) 

Nutrient supplemented 4.34 (±0.08) 

Methanogenic 3.74 (±0.14) 

Sulfate reducing 3.77(±0.78) 

Denitrifying  3.48 (±0.18) 

 

Relative abundances of bacterial taxon at the family level are shown in Figure 4-2. 

Aerobic and anaerobic natural attenuation microcosms showed similar bacterial families 

present. The highest abundance (25%) under aerobic natural attenuation was HTCC2188 

(Proteobacteria), followed by PYR10d3_Unknown (12% aerobic, 17% anaerobic). Other 

bacterial families found in the contaminated groundwater in Kuwait include 

Pseudomonadaceae (3-19%), Hyphomicrobiaceae (12-16%), and YLA114_Unknown 

with 6% abundance in aerobic, and 14% in the anaerobic natural attenuation microcosms. 

Comamonadaceae showed similar abundances under aerobic and anaerobic natural 

attenuation (3% and 4%, respectively), similar to Rhizobiaceae (2% aerobic, 4% 

anaerobic) and Rhodospirillaceae with 5% in aerobic and 3% in anaerobic natural 

attenuation (Data not shown). 

Phycisphaeraceae was detected at low abundance under natural attenuation but in 

none of the other microcosms. Flavobacteriaceaea and Gemm-3 (phylum 
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Gemmatimonadetes) appeared under nutrient supplemented conditions, with some 

increase in abundance in anaerobic nutrient supplemented microcosms. Nutrient 

supplemented conditions showed some enrichment of Nitrosomonadaceae under aerobic 

conditions, compared to natural attenuation microcosms. Rhodocyclaceae showed 

enrichment under sulfate reducing conditions, Caulobacteraceae appeared under 

methanogenic and denitrifying conditions. In one of the sulfate reducing replicates, 

Oxalobacteriaceae was enriched 2 months incubation. Generally, a lower diversity of 

microbial families appeared to be present in the abiotic controls, compared to the biotic 

sample microcosms (Figure 4-2),further confirmed by a lower Alpha diversity (Table 4-5, 

Supplementary Figure 4-2).  
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Figure 4-2 Heatmap of the most relative abundant bacterial families (> 2% of total reads) in the microcosms after 2 months 

of incubation. Results show results for each duplicate microcosm under aerobic and anaerobic conditions. 
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Figure 4-3 Non-Metric Multidimensional Scaling Analysis (NMDS) of eubacterial 16S OTUs after 2 months 

of incubation. Open symbols represent aerobic, filled symbols represent anaerobic microcosms. NMDS 

ordination showed a stress value of 0.11. 
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Non-Metric Multidimensional Scaling (NMDS) of community structure further 

visualised the changes of the indigenous microbial community after the addition of 

supplements and inhibitors. Most replicate microcosms clustered together in a similar 

location. Sulfate reducing microcosms and nutrient supplemented microcosms (aerobic 

and anaerobic) were clustered furthest away from natural attenuation microcosms, while 

abiotic microcosms were in closer proximity.  

4.5 Discussion 

For the first time, the potential biodegradability of the legacy contaminant from the 

1st Gulf War in Kuwait’s only fresh groundwater source was investigated. The 

contaminant showed low proportion of TPH (15%) relative to the DOC, with a large UCM 

consisting of polar compounds (97%) and some aromatics (3%). A maximum of 52% of 

the TPH portion of the total contaminant was degraded in microcosms under denitrifying 

conditions, as well as under nitrogen and sodium azide supplemented conditions, 

suggesting that r nitrogen is limited in the aquifer. However, the recalcitrance of the 

majority of the total contaminant (i.e. polar compounds) was confirmed by only minor 

reductions of the DOC (Table 4-4, except for denitrifying conditions where the 

supplement added contained DOC). Legacy spills are noted to have a prominent polar 

UCM due to the formation of weathering metabolites (Lang et al., 2009, Zemo et al., 

2013, Bruckberger et al., 2018, Lundegard and Knott, 2001, Meredith et al., 2000). TPH 

and SPE losses in nutrient supplemented microcosms, suggest major changes to the polar 

compound composition may have occurred, however the DOC parameter measuring the 

total contaminant remaining as organic carbon in the water (Hughes et al., 1974) 

(capturing all the polar compounds) showed limited losses. 
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The low contaminant biodegradation under natural attenuation (aerobic, anaerobic) 

is likely due to nutrient or electron acceptor depletion, commonly occurring in long 

persisting contaminations (Floodgate, 1984, Atlas, 1985, Vroblesky and Chapelle, 1994). 

This was further supported by low nitrate (NO3), nitrite (NO2) concentrations (Table 4-1), 

and an increase of cell concentrations and enhanced biodegradation of the TPH portion 

of the contaminant after the addition of nutrients and other electron acceptors to the 

microcosms. Similar, the Exxon Valdez spill, one of the most researched oil spills after it 

occurred in 1989, was treated with large amounts of nitrogen in order to enhance 

biodegradation. Significant loss of oil mass was observed initially, however after 

depletion of the lighter and easier degradable compounds, no enhancement was observed 

despite of the reapplication of nutrients (Atlas and Bragg, 2009, Bragg et al., 1992). As 

pointed out by the authors, bioremediation application becomes less efficient with a 

decrease of the degradable portion of the contaminant (Atlas and Bragg, 2009). A higher 

recalcitrance is often observed at aged petroleum spills, (Bragg et al., 1994, Drake et al., 

1995) for instance, weathered oil from the Exxon Valdez spill was predicted to remain in 

the subsurface for decades, after estimating a biodegradation rate decline from ~68% per 

year (prior 1992) to only ~4% per year after 2001 (Short et al., 2007). Almost 26 years 

after the Valdez spill, the persistence of the oil was again confirmed and biodegradation 

rates of the remaining oil in the subsurface have been estimated to have slowed to almost 

zero (Lindeberg et al., 2017, Nixon and Michel, 2017). With decreasing bioavailability 

and low oxygen presence, the only potential remediation processes of the oil residue from 

the Exxon Valdez spill, were of physical removal, or slow microbial degradation (Nixon 

and Michel, 2017). The increase of polar compounds formed through weathering can 

further decrease the overall biodegradation rate. This was recently shown at an industrial 
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site in Western Australia, with a weathered diesel contaminant persisting for the past 50 

years. The extracted polar compounds showed limited biodegradation in the microcosm 

study and no significant difference under aerobic or anaerobic conditions (Lang et al., 

2009, Bruckberger et al., 2018). Limited knowledge is available on the characteristics of 

individual polar compounds, however they are suggested to be comprised of complex 

high molecular weight compounds, with potentially toxic characteristics (Bruckberger et 

al., 2018). The formation of biodegradation inhibiting dead-end metabolites may also 

explain their high recalcitrance, as observed in past research on the biodegradation of 

pyrene (Bruckberger et al., 2018, Kazunga and Aitken, 2000). The persistence of the 

contaminant in the groundwater, and results from this biodegradation study suggest that 

the contaminant contains a high content of polar compounds as a UCM and further 

indicating a long-term recalcitrance contaminant in Kuwaiti aquifers similar to other 

legacy spills. 

The microbial community in the 1st Gulf War contaminated Kuwaiti groundwater 

was investigated and changes in the community composition due to bioremediation 

processes were identified. Bacterial families with members have shown hydrocarbon 

degrading ability and high salinity tolerance, such as an oligotrophic marine 

Gammaproteobacterium and members of the family Hyphomicrobiaceae, were detected 

in the unamended groundwater (natural attenuation) microcosms. (Cho and Giovannoni, 

2004, Mishamandani et al., 2016). A tolerance or potential ability of these families, as 

well as pyrene degrader PYR10d3_Unknown (Singleton et al., 2006) also identified, to 

utilise weathered contaminants with high polar content is possible, and has also been 

suggested by a recent study observing an enrichment of these families after exposure to 

polar compounds isolated from a legacy spill (Bruckberger et al., 2018). A number of 
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marine associated bacteria were found in high abundance in the groundwater, likely 

introduced into the freshwater aquifers when extinguishing the fires with seawater, and 

supported remaining elevated salinity levels (Table 4-1). Uncultured euryarchaeote clone 

YLA114 present in the microcosms, has also previously been detected in microbial mats 

in the hypersaline environment in Shark Bay, Western Australia (Wong et al., 2017) and 

has been suggested as a key player in the biodegradation of hydrocarbons (Shelton et al., 

2016). It should be noted that this study analysed the contaminated groundwater (and 

associated microbes) and did not include sediment or sediment attached microorganisms. 

Past research showed the importance of attached bacteria in groundwater analysis 

(Griebler et al., 2002, Harvey et al., 1984), however, literature has also indicated accurate 

insights on processes when using the water soluble phase of aquifer material polluted with 

BTEX and similar compounds (Alfreider and Vogt, 2007, Berlendis et al., 2010, da Silva 

and Corseuil, 2012). Additionally it has been suggested that unattached bacteria show 

higher numbers and diversity than attached bacteria in an aquifer (Lehman et al., 2001), 

and that attached bacteria are not primarily responsible for the biodegradation of toluene 

in laboratory flow through karst microcosms (Painter et al., 2011).  

Microbial community changes were similar in replicate microcosms, particularly in 

nutrient supplemented microcosms. It should be noted that microcosm treatments were 

set up in duplicates, due to difficulties and limitations obtaining groundwater samples 

from the Gulf War affected area in Kuwait. Duplicates may not capture the actual 

diversity in the microcosms sufficiently which is to be taken into consideration. Despite 

some changes in the microbial community structure, no considerable difference in Alpha 

diversity (Table 4-5, Supplementary Figure 4-2) and enhanced biodegradation of the 

DOC and UCM was shown (Figure 4-1, Table 4-4). This agrees with a recent study 
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investigating the biodegradation of recalcitrant polar compounds from a legacy spill 

(Bruckberger et al., 2018). Only in the abiotic samples a small and expected decrease in 

diversity was found, which can be explained by the addition of the cytochrome oxidase 

inhibitor sodium azide to the control microcosms (Lichtstein and Soule, 1944). The 

addition of sodium azide to the abiotic controls, did not fully prevent TPH depletion, but 

appears to have inhibited some microbial families. In the anaerobic abiotic control, it 

appeared that the microbes have utilised a portion of the sodium azide as nitrogen source, 

as shown by the difference in TDN measured in aerobic and anaerobic abiotic controls 

(Table 4-4).It is possible that the sodium azide inhibited some of the more dominant 

organisms, allowing the bacteria present in lower abundance to grow and become more 

dominant. Some bacteria have shown resistance to sodium azide in the past, mostly 

anaerobic organisms and Gram positive bacteria (Lichtstein and Soule, 1944). The 

increase of TDN in some of the microcosms was due to the addition of supplements and 

inhibitors. Despite some decrease of the TPH portion, the overall contaminant (DOC and 

UCM) did not appear biodegraded. 

It is known that denitrification is the most thermodynamically favourable reaction 

after aerobic biodegradation for hydrocarbons (Christensen et al., 2000), and many 

aerobic hydrocarbon-degrading microorganisms rapidly change metabolism when 

oxygen is depleted (Casella and Payne, 1996, Essaid et al., 1995). The presence of a 

mixed consortia in the groundwater and the addition of denitrifying supporting conditions 

could explain the enhanced biodegradation of TPH (Wilson and Bouwer, 1997) in the 

microcosms. Interestingly, sulfate (SO4) was shown to be the predominant electron 

acceptor in the P18 contaminated groundwater (Table 4-1), likely due to the input of 

seawater from firefighting activities. After 2 months of incubation under sulfate reducing 
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conditions, members of Xanthobacteraceae previously detected in coastal salt marsh or 

permafrost affected by hydrocarbon contamination (Beazley et al., 2012, Yang et al., 

2014), a sulfate reducer known as Desulfuromonadaceae isolated from a chronically 

polluted coastal sediment (Espínola et al., 2017), an uncultured bacterium OTUb7 

isolated from a Malaysian oil field (Li et al., 2012), and an uncultured hydrocarbon seep 

bacterium GCA004 (GenBank:AF154104.1) were further enriched in the microcosm 

(Figure 4-2).   

4.5.1 Conclusion 

The potential biodegradability of the legacy contaminant and the bacterial 

community composition in groundwater aquifers impacted by the 1st Gulf War in northern 

Kuwait has been assessed. The soluble contaminant consists mainly of DOC with the 

TPH portion only representing 15% of the overall contaminant and consisting of a large 

UCM, with the majority identified as polar compounds (97%). A loss of the TPH portion, 

but limited change in the characteristics of the UCM and DOC concentrations indicates a 

highly weathered recalcitrant contaminant remains. Despite the presence and enrichment 

of known hydrocarbon degrading organisms, no further enhancement in the UCM and 

DOC biodegradation was observed in the microcosms at two months incubation under 

different conditions (Table 4-4, Figure 4-1). These findings contribute to future strategies 

and indicate potential challenges in remediation of the 1st Gulf War contaminated 

groundwater. 
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Supplementary Table 4-1 DNA concentrations of cells collected on filters after 2 months of 

incubation. DNA concentrations are averages of duplicate microcosms. 

Conditions Respiration DNA concentration [ng/ μL] 

Natural attenuation aerobic 7.98E+03 

Abiotic control  aerobic 4.80E+03 

Nutrient supplemented aerobic 9.85E+05 

Natural Attenuation anaerobic 4.99E+03 

Abiotic control anaerobic 3.12E+03 

Nutrient supplemented anaerobic 1.47E+04 

Methanogenic anaerobic 3.58E+03 

Sulfate reducing anaerobic 5.12E+05 

Denitrifying anaerobic 5.12E+03 

 

  

Supplementary Figure 4-1 Map of sample location. 
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Supplementary Figure 4-2 Alpha diversity in different microcosm conditions. Calculated 

Shannon index after 2 months of incubation. 
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4.6 Extended biodegradation analysis experiments 

An additional microcosms study to investigate the biodegradation of the contaminant 

found in Kuwait’s groundwater, over an extended period of time was undertaken. 

Microcosms were established and set up in a similar matter as described in Section 4.3 

and incubated for 6 months. Upon the completion of the experiment the contaminant did 

not appear biodegraded, and in some instances the TPH concentrations increased in 

comparison to the initial measurements (0 months). Visual inspection of the samples 

noted floating debris, possibly dislodged biofilm from the wells, in the microcosms at the 

beginning of the experiment (0 months). Using multiple methods, including the Scanning 

Electron Microscope (SEM), Energy dispersive spectroscopy (EDS) elemental mapping 

and biofilm staining, the results suggests that the dissolution of a biofilm after 6 months, 

released bound contaminant, resulting in an increase in the TPH concentration. Here we 

present the results of the extended biodegradation experiment, as well as investigations 

of the biofilm present in Kuwait’s groundwater.  

4.6.1 Materials and methods  

Microcosms were set up and biodegradation in an identical manner as described in 

Section 4.3-Materials and methods, and were incubated for a period of 6 months. 

Microbiological and community analyses (DNA extraction, cell concentration, diversity 

analysis) and chemical analyses (TPH, DOC, TDN, SPE) were undertaken as described 

in Section 4.3.4 to 4.3.6.  

The biofilm identified in the groundwater samples was investigated microscopically 

(Zeiss, AX10 Imager.M1), as well as by SEM with elemental mapping. Intact biofilm 

was aseptically collected from groundwater samples for analysis. Biofilm was stained by 
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direct application of different dyes to the sample, and then inspected under the light 

microscope (1000 x magnification). In a 2 mL Eppendorf tube, stains were added to 

separate biofilm samples as follows: 1 g of Alcian blue 8GX (Sigma) stain was diluted 

with 100 mL acetic acid; for the Sudan Black (Gurr’s) stain, 0.25 g was mixed with 100 

mL of 70% Ethanol; both dyes were incubated with the sample for 15 minutes. Both stains 

were counterstained with 4',6-diamidino-2-phenylindole (DAPI) (Sigma) staining. Dye 

was applied to the samples and incubated for 15 minutes in the dark. Stained biofilm was 

transferred onto a glass slides and inspected under the microscope.  

SEM imaging was performed on a Zeiss 1555 VP-FESEM as follows: samples were 

preserved in 2.5% glutaraldehyde and washed in PBS (Phosphate-buffered saline) buffer, 

followed by 15 min in 1% OsO4 and another PBS washing step. Samples were then 

incubated in an ethanol series, consisting of 50, 70, 90 and 100% for 15 min each. After 

placing biofilm samples onto carbon tape attached to SEM stubs, they were critical point 

dried after a 30 min soak in liquid CO2. Samples were then coated in 3 mm aperture, 

accelerating voltage of 3 kV and a working distance of 4 to 5 mm.  

For the EDS, samples were processed as described above, and 5 Energy-dispersive 

X-ray spectroscopy point spectra were taken including elemental maps. The elemental 

maps were produced by using Aztec TruMap software, which applies background and 

overlap corrections to map data. This provides artefact-free element distribution images. 

The EDS mapping was performed at 15 kV, with a working distance of 10 mm and 

aperture of 60 mm.  
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4.6.2 Results and discussion 

The groundwater contaminated during the 1st Gulf War in Kuwait was investigated 

for biodegradation over a longer period of time (6 months). Microcosms were established 

to explore the biodegradability and the established microbial community under different 

conditions after 6 months of incubation, and groundwater interactions with the 

contaminant were analysed. The results were further compared to the earlier study 

conducted for 2 months (Chapter 4). 

Chemical analysis  

The TPH at the beginning of the experiment measured 5.3 mg/L, and showed minor 

or no indication of biodegradation after 6 months of incubation. Interestingly, in some 

tested conditions, TPH concentrations were exceeding levels measured at 0 months 

(Table 4-6). Natural attenuation (aerobic, anaerobic) and denitrifying conditions had the 

highest TPH after 6 months of incubation, with 5.65 mg/L, 4.7 mg/L and 5 mg/L, 

respectively. Similar trends were observed in the measured SPE concentrations. The 

addition of nitrogen to nutrient supplemented designated microcosms, resulted in an 

expected increase of TDN (Table 4-6). Compared to the 2 months experiment, the TPH 

was higher in all microcosms after 6 months of incubation, indicating little or no 

additional biodegradation shown in the longer experiment.  
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Table 4-6 Organic and microbial parameters of microcosms at 6 months of incubation. Standard deviations are listed in parentheses. Percentage values of TPH and 

SPE in list the measured concentration in the microcosms after 6 months, in comparison to 0 months, representing 100%. 

 
Sample description TDN mg/L DOC mg/L TPH mg/L TPH % SPE mg/L SPE % 

 0 months 0.3 35 5.3 100 46 100 

A
er

o
b

ic
 Natural attenuation 

0.3 (±0.00) 34 (±0.00) 5.65 (±0.21) 105.5 (±3.54) 51.5 (±0.71) 113.5 (±2.12) 

Abiotic control 
15 (±0.00) 35 (±0.00) 6 (±0.14) 112.5 (±3.54) 55.5 (±0.71) 122 (±1.41) 

Nutrient supplemented 
32 (±2.83) 31.5 (±2.12) 3.6 (±0.00) 68 (±0.00) 46.5 (±0.71) 102 (±2.83) 

A
n
ae

ro
b

ic
 

Natural attenuation 
0.3 (±0.00) 33 (±0.00) 4.7 (±0.28) 88.5 (±4.95) 54.5 (±2.12) 119.5 (±3.54) 

Abiotic control 
31 (±12.73) 36 (±0.00) 5.8 (±0.14) 108.5 (±3.54) 53 (±0) 115.5 (±0.71) 

Nutrient supplemented 
30.5 (±0.71) 32 (±0.00) 4.2 (±0.57) 79.5 (±10.61) 52.5 (±2.12) 115 (±2.83) 

Methanogenic 
0.4 (±0.00) 33 (±1.41) 4.7 (±0.28) 89 (±5.66) 72 (±14.14) 158.5 (±30.41) 

Sulfate reducing 
0.35 (±0.07) > 200 4.4 (±0.00) 82.5 (±0.71) 53 (±2.83) 117 (±5.66) 

Denitrifying 
109.5 (± 7.78) > 200 5 (± 0.14) 94 (± 2.83) 59.5 (± 2.12) 130 (±4.24) 
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No effective biodegradation was further indicated by a dominant UCM hump 

(Figure 4-4) after 6 months of incubation, which appeared similar to the TIC at the 

beginning of the experiment (Figure 4-1A), and by SPE concentrations (Table 4-6).  

Suprisingly, the TPH concentrations were also higher when compared to the shorter 

(2 months) biodegradation experiment (Table 4-4). However, in both instances the 

contaminant appeared as dominant UCM on the TICs (Figure 4-1,Figure 4-4), and 

showed recalcitrant character, with limited biodegradation.   

Figure 4-4 TICs of the contaminated groundwater sample after 6 months of incubation in microcosms 

designated for: (A) natural attenuation (aerobic), (B) abiotic control (aerobic), (C) nutrient supplemented 

(aerobic), (D) natural attenuation (anaerobic), (E) abiotic control (anaerobic), (F) nutrient supplemented 

(anaerobic), (G) methanogenic, (H) sulfate reducing, (I) denitrifying conditions. 
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Microbiology 

A minor increase of cell concentrations was measured in most microcosms after 6 

months of incubation, compared to the beginning of the experiment, with exception of 

both abiotic controls, which showed a slight decrease (Figure 4-5), likely due to the 

inhibiting properties of the added sodium azide (Lichtstein and Soule, 1944, Patterson et 

al., 2011). Generally, cell concentrations were lower when compared to the 2 months 

experiments (Table 4-3, Figure 4-5). The highest cell count after the 6 months of 

incubation was measured under supplemented aerobic and anaerobic conditions, with 

1.28 x109 cell L-1 (± 6.38 x108), and 6.21 x108 L-1 (± 3.49 x108) respectively, and under 

sulfate reducing conditions with 4.48 x108 L-1 (± 3.53 x108). The groundwater had low 

nitrate (NO3) and nitrite (NO2) concentrations (Table 4-1), which explains an increase of 

cells after the addition of limiting nutrients or electron acceptors.  
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Figure 4-5 Cell concentrations in the microcosms at the beginning of the experiment (0 months), 

after 2 and 6 months of incubation, under aerobic (a) and anaerobic (an) conditions 
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DNA sequencing revealed the most abundant bacterial families and differences of 

microbial community structures established in the microcosms after 6 months of 

incubation (Figure 4-6, Figure 4-7). Plotting the sequencing data onto NMDS ordination, 

shows the microcosm duplicates clustering together, representing similar community 

structures. Abiotic controls form a separate cluster, as the microbial community was 

affected by the addition of sodium azide, as expected (Figure 4-6 ). Comparing the 

microbial community structure established after 6 months of incubation to the short term 

(2 months) experiment, similarities are observed (Figure 4-6). 

  

Figure 4-6 Non-Metric Multidimensional Scaling Analysis (NMDS) of eubacterial 16S OTUs after 2 and 6 

months of incubation. 
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The most abundant bacterial families identified, are visualised in Figure 4-7. Similar 

taxa were found in the 2 months experiments and after 6 months of incubation, but 

abundances varied. Phycisphaeraceae showed enrichment after 6 months of incubation 

under aerobic and anaerobic conditions under natural attenuation. Under anaerobic 

supplemented conditions, Brocadiaceae appeared with high abundance after 6 months of 

incubation. Overall similar microbial families were found under methanogenic and 

sulfate reducing conditions. Members of Xanthobacteraceae were detected in low 

abundance after 6 months, but not in the 2 months experiment. Increased abundance of 

members belonging to Phycisphaeraceae, TK17, WPS-2 and Rhodospirillaceae were 

found after 6 months of incubation. A sharp increase of Peptococcaceae was observed at 

the 6 months timepoint. PYR10d3 showed high abundances in the 2 month experiments, 

but a decreased abundance under aerobic and anaerobic conditions after 6 months. Under 

abiotic aerobic conditions CFB-26 appeared with low abundance after 6 months of 

incubation but was not detected under anaerobic conditions (Figure 4-7).\  
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Figure 4-7 Heatmap of 

the most abundant 

bacterial families (> 2% 

of total reads) in the 

microcosms after 2 and 

6 months of incubation. 

Results are shown for 

each duplicate 

microcosm under 

aerobic and anaerobic 

conditions. 
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A biofilm was observed to be intact at ≤ 2 months but was dissolved after 6 months 

of incubation, appearing as fine particulate on the bottom of the microcosms (Figure 4-8).  

The biofilm may have been dislodged from the pipe wall of the wells or screen, as 

biofilm in the groundwater surface would have likely not been collected during sampling, 

due to well pumping prior the samples for the microcosms were obtained. EDS mapping 

of the biofilm indicated that it consists of large portions of carbon (Figure 4-9), and 

mainly comprised of EPS (Figure 4-11, Figure 4-10) with a presence of lipids (Figure 

4-13, Figure 4-12), identified by Alcian blue and Sudan black staining, respectively.  

  

Figure 4-8 Biofilm found in Kuwait groundwater samples: intact after 2 months of incubation (A), collected 

on filters for better visibility (B), dissolved after 6 months of incubation (C) 
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Figure 4-9 Results of the elemental analysis of the biofilm under the SEM. Spectrum to the right 

shows detected main elements in the sample. 
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Figure 4-11 Biofilm sample stained with DAPI (A,B) and Alcian blue (C), 1000 x magnification. 

Figure 4-10 Biofilm stained with DAPI (A) and Alcian blue (B), 1000 x magnification. 
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Figure 4-13 Biofilm stained with DAPI (A,B) and Sudan black (C), 1000 x magnification. 

 

Figure 4-12 Biofilm stained with DAPI (A) and Sudan black (B), 1000 x magnification. 
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SEM analysis revealed the ‘web like’ and spherical structure of the EPS (Figure 

4-14). These spherical structures show similarities to iron precipitate, which could also 

be responsible for the orange colouring of the biofilm (Figure 4-8). Bacterial EPS is 

known to be highly charged and its effective binding to Fe3+ and organic compounds has 

been shown (Decho and Gutierrez, 2017, Gutierrez et al., 2012, Hassler et al., 2011). The 

formation of the biofilm may be dependent on iron found in the groundwater well or pipe 

wall, not found in the microcosm set up, which could explain the dissolution after the 6 

months incubation under laboratory conditions. SEM images also shown bacterial cells 

within the biofilm (Figure 4-14), and a large number of microorganisms associated with 

the biofilm were also identified by the nucleic acid stain DAPI, when inspected under the 

microscope using the fluorescence filter (Figure 4-11- Figure 4-12).  
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EPS with lipids are commonly produced by hydrocarbon degraders (Pacwa-

Plociniczak et al., 2011), and can act as biosurfactants in order to enhance bioavailability 

of the contaminant (McGenity et al., 2012). Legacy spills such as the contamination in 

Kuwait’s groundwater, commonly have high contents of weathered compounds which 

can be highly recalcitrant and not readily biodegradable by microorganisms when 

compared to fresh contaminants (Lundegard and Knott, 2001, Lundegard and Sweeney, 

2004). The formation of biofilms and the importance of EPS in response to difficult 

environmental conditions, has been recognised in past research (Decho and Gutierrez, 

2017). In more recent times, the formation of marine oil snow (MOS), formed in marine 

Figure 4-14 Representative SEM images of unstained biofilm. Arrow indicate identified bacterial cells 

within the 'web like' structure of the samples. 
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environments after the exposure to hydrocarbons, received more attention. MOS was 

found to play a key role within 2 weeks after the Deepwater Horizon spill, where it was 

found to contain oil droplets when inspected under the light microscope (Gutierrez et al., 

2013a). No visible oil droplets were observed in Kuwait’s groundwater samples, however 

this may be due to the fact the samples were not fresh and the contaminant was already 

released into solution, resulting in an increased TPH concentration. While MOS has been 

dominantly researched in marine environments, similar processes may have taken place 

in Kuwait’s groundwater in response to the crude oil contamination.  

Investigations of the Deepwater Horizon spill found the microbial community 

associated with MOS was distinctively different to the free living microorganisms and 

contained mainly bacterial taxa of members with known hydrocarbon degrading and EPS 

producing abilities (Decho and Gutierrez, 2017). It was suggested that the production of 

EPS and biofilm formation can assist in more efficient extracellular activities and 

interactions (Decho and Gutierrez, 2017). Additionally, surfactants production by 

microorganisms can function as emulsifier and used by bacteria to detach themselves 

from the contaminant after utilisable components have been depleted (Rosenberg, 1993). 

Several bacterial families with known degraders, and some to be found to produce EPS 

in past research, including Rhizobiaceae (Beazley et al., 2012), Comamonadaceae 

(Korenblum et al., 2012) and Alteromonadaceae (Jin et al., 2012). These families were 

identified in the microcosms after 6 months of incubation but were found in higher 

abundance in the 2 months experiments. Their decrease of the EPS producers after 6 

months could be correlated with the dissolution of the biofilm. 

Overall, this study further supports the presence of a highly recalcitrant contaminant 

in Kuwait’s groundwater. A dominant UCM hump was observed on the TICs, indicating 
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a large portion of polar compounds likely formed from weathering. The contaminant 

appeared almost unchanged and showed less signs of biodegrdadation after 6 months of 

incubation than in the 2 months experiment.  

Biofilm in the microcosms, likely present on the pipe wall or screen of the 

groundwater wells in Kuwait, which was dislodged during sampling, may interact with 

the contaminant by binding oil droplets. The biofilm was intact at the beginning of the 

experiment when the ‘base contamination’ was measured as well as after 2 months of 

incubation- the biodegradation investigated in that time period is therefore still 

comparable. The biofilm alteration likely did not affect the identified microorganisms in 

the groundwater, as approximately 500 mL of each microcosm was filtered, and the DNA 

extracted from all captured organisms.  

However, the dissolution of the biofilm after 6 months of incubation likely 

contributed to the unexpected increase of the TPH concentration in the microcosms, a 

contamination portion which was likely not captured in the 0 month measurement. 

Interactions of biofilms with organic contaminants, may result in an underestimation of 

the total contaminant concentration in the environment, and required further research.  
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 Chapter 5 

Investigation into the microbial communities and associated 

crude oil - contamination along a Gulf War impacted 

groundwater system in Kuwait 
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5.1 Abstract 

During the First Gulf War (1991) a large number of oil wells were destroyed 

and oil fires subsequently extinguished with seawater. As a result Kuwait’s sparse 

fresh groundwater resources were severely contaminated with crude oil. Since then 

limited research has focused on the microbial community ecology of the 

groundwater and their impact on the associated contamination. Here, the microbial 

community ecology (bacterial, archaeal and eukaryotic) and how it relates to the 

characteristics of the hydrocarbon contaminants were examined for the first time 

since the 1991 event. This study was conducted using 15 wells along the main 

groundwater flow direction and detected several potential hydrocarbon degrading 

microorganisms such as Hyphomicrobiaceae, Porphyromonadaceae and 

Eurotiomycetes. The microbial community structures correlated significantly with 

total petroleum hydrocarbon (TPH) concentrations and salinity. The TPH consisted 

of a prominent unresolved complex mixture (UCM) of a highly recalcitrant nature. 

Based on the proportions of TPH to dissolved organic carbon (DOC), the results 

indicate that some minor biodegradation has occurred within highly contaminated 

aquifer zones.  However, overall the results from this study suggest that the 

observed variations in TPH concentrations among the sampled wells are mainly 

induced by mixing/dilution with pristine groundwater rather than by biodegradation 

of the contaminants. The findings make an important contribution to better 

understand the fate of the groundwater pollution in Kuwait, with important 

implications for the design of future remediation efforts.  
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5.2 Introduction 

During the 1991 Gulf War, a large portion of crude oil wells in Kuwait were 

destroyed and set aflame. The fires were burning for almost 7 months before 

eventually being extinguished by large amounts of seawater (Al-Duwaisan and Al-

Naseem, 2011, Mukhopadhyay et al., 2008). An estimated 20 million barrels of 

crude oil gushed from the destroyed wells into the environment, resulting in the 

largest crude oil spill in history (Al-Duwaisan and Al-Naseem, 2011, Literathy, 

1992). As a consequence, Kuwait’s main fresh water aquifer was left contaminated 

with both crude oil and salt water (Al-Duwaisan and Al-Naseem, 2011, 

Mukhopadhyay et al., 2008). Despite the significant impact on the environment, 

limited research was so far conducted to assess the extent of the contamination and 

its fate, mainly due to site access restrictions and unexploded landmines. In a recent 

study, the biodegradation potential of the contaminated groundwater was 

investigated for the first time (Bruckberger et al., 2019), albeit only at a single 

location (sample well P18 in the Umm Al-Aish region in northern Kuwait). A key 

and surprising result of that study was that the TPH portion of the contaminant at 

the investigated site showed only minor biodegradation and was characterised by a 

recalcitrant unresolved complex mixture (UCM). The UCM mostly comprised of 

polar compounds (97 %), likely formed through weathering processes over the past 

25 years (Bruckberger et al., 2019). These types of polar compounds have been 

shown to be highly recalcitrant and to persist in the environment over long periods 

of time (Bruckberger et al., 2019). Similar UCMs are commonly found at legacy 

hydrocarbon spills, and appear to accumulate (Lang et al., 2009, Reddy et al., 2002, 

Wang et al., 1994). 
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Upon exposure of hydrocarbon contamination, biodegradation typically 

occurs with  simple hydrocarbon structures degraded first, such as n-alkanes and 

branched alkanes, followed by more complex and larger compounds (Leahy and 

Colwell, 1990). The rate of biodegradation can vary depending on the conditions 

present at the site, contaminant bioavailability and chemical composition, and the 

availability of electron acceptors (Davis et al., 1999, Franzmann et al., 2002, Röling 

and van Verseveld, 2002). In addition, the biodegrading microbial community itself 

has been shown to depend on other environmental factors such as temperature 

(Rayner et al., 2007), pH or (Shelton et al., 2014) salinity, as, for example, observed 

along a 90 km crude contaminated transect in Louisiana, US (Shelton et al., 2016). 

Salinity is known to result in decreased biodegradation rates, especially if the 

microbial community is not adapted to these extreme conditions (de Souza Silva 

and Fay, 2012, Head et al., 2014, Riis et al., 2003).  

The biodegradation rate of contaminants is impacted by multi-domain 

interactions between species in microbial communities. For example, previous 

research has shown an enhanced biodegradation of polycyclic aromatic 

hydrocarbons (PAH) in soil and liquid media where interspecies co-metabolism 

between bacterial-fungal consortia occurred (Boonchan et al., 2000). In that study 

the bioavailability of the contaminant was first altered by fungal peroxidation, 

which then allowed white-rot fungi and bacterial cultures to facilitate an increased 

biodegradation of benzo[a]pyrene (Kotterman et al., 1998). While a wide range of 

hydrocarbon degrading bacteria in contaminated groundwater environments have 

been well studied in the past (Aburto et al., 2009, Franzmann et al., 1996, 

Franzmann et al., 2002, Imfeld et al., 2008, Táncsics et al., 2010), degrading archaea 
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were mostly investigated in extreme (high salinity) environments. Members of the 

taxa Haloarchaeae, Haloferax, Haloarcula and Halobacterium have been 

identified as crude oil degraders (Al-Mailem et al., 2010). However, interspecies 

dynamics of archaea with other domains, such as eukaryotes at highly weathered 

spills, which have remained in the environment over long periods of time, have 

received limited attention. The recent Kuwait microcosm study identified known 

hydrocarbon-degrading taxa such as Hyphomicrobiaceae, Pseudomonadaceae and 

Comamonadaceae (Bruckberger et al., 2019). However, the microbial community 

structure across the different domains and their impact on the fate of the Gulf War 

hydrocarbon contamination within the broader groundwater ecosystem is still 

unknown.  

Here we report the findings of an investigation of the bacterial, archaeal and 

eukaryotic communities along the highly impacted groundwater system in the Umm 

Al-Aish region of northern Kuwait. The microbial community compositions and 

environmental conditions were explored at 15 individual wells along a transect 

within the contaminated fresh water aquifer and compared to the distribution of the 

residual contaminant. Insights into the microbial community structure and how the 

structure responds to variations in groundwater conditions is essential in order to 

gain a better understanding of the processes that affect the long-term fate of the 

contaminants in Kuwait’s fresh groundwater resources. 
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5.3 Materials and methods 

5.3.1 Groundwater samples 

Groundwater samples 

Groundwater samples were obtained in November 2014 from 15 wells in the 

Umm Al-Aish region in northern Kuwait. The sampled wells are located at varying 

distances from the main contamination source (Supplementary Figure 5-2) and 

screened at varying depths (Supplementary Table 5-1). The main contamination 

source has been identified in previous research, and is located at the low point of 

the topographical depression in the catchment where the oil contaminant 

accumulated (Mukhopadhyay et al., 2008, Mukhopadhyay et al., 2017). 

Groundwater samples were obtained in a similar manner as previously described 

(Bruckberger et al., 2019). In brief, prior to measuring in situ parameters and sample 

collection at least three bore volumes were abstracted using a 12 V submersible 

pump (Monsoon, ECT Manufacturing, Inc.). Once stabilised, in situ including 

electric conductivity (EC), dissolved oxygen (DO), pH, and temperature, were 

measured in a 20 L sealed Perspex box using a handheld meter and multi probe 

(YSI 556 multi-probe, USA). Groundwater samples were aseptically collected and 

placed in sterile 1 L Teflon sealed amber glass bottles and stored on ice in a light 

proof container. Upon return to Kuwait Institute of Scientific Research (KISR) 

laboratories, samples (3 x 1L/well) were repacked on ice for immediate shipment 

to CSIRO (Perth WA, Australia) for chemical analysis. Additional groundwater 

samples (10 × 1L/well) were collected for microbial community analysis by 

amplicon sequencing. They were filtered onto 0.2 µm ME 24 ST Whatman 
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membrane filters at the Kuwait Institute of Scientific Research (KISR), resulting in 

10 replicate 1 L filter retentate per well. Filters were shipped on ice to CSIRO (Perth 

WA, Australia), where DNA was extracted. 

5.3.2 Chemical analyses 

Field parameters measured included EC, temperature, DO and pH and other 

selected parameters such as Cl-, NO3
-, PO4

-, SO4
2-, total dissolved nitrogen (TDN), 

DOC and TPH were measured and analysed as previously described (Bruckberger 

et al., 2019). Water equilibration experiments with crude oil using a slow stirring 

method (SSM) were carried out in 40 mL glass vials as previously described (Lang 

et al., 2009) for 48 hours, at a temperature range of 20°C-22°C, providing a water 

sample for TPH analysis. In brief for TPH analyses: groundwater samples were 

acidified, surrogate standards (d8-naphthalene and d14-p-terphenyl) added, and 

TPH extracted with methylene chloride. The extracts were dried (anhydrous sodium 

sulfate) to remove excess water, to a final volume of 2 mL, and analysed via gas 

chromatography (GC) (vaporising injector, splitless mode) using Agilent 6890 and 

an Agilent 5975 mass spectrometer. The GC column (ZB-1ms Phenomenex, 30 m 

length, 0.25 mm internal diameter and 0.25 μm thick film of dimethyl polysiloxane) 

was operated with an initial temperature of 35 °C (2 min), then increasing at 15 

°C/min to 310 °C, and held for 20 min. The Mass Selective Detector (MSD) was 

operated at 250 °C (70 eV) in scan mode. The DOC was assessed using a high 

temperature combustion method (Shimadzu TOC-VCSH) in non-purgable organic 

carbon (NPOC) mode.  



  

   Chapter 5 

165 

 

5.3.3 Microbial community analysis 

Amplicon sequencing 

Genomic DNA was extracted from filtered groundwater samples using the 

MoBio PowerWater DNA extraction kit (MoBio Laboratories, USA), according to 

the manufacturer’s protocol. Extracted DNA was stored at -80 °C until further 

analysis. To identify microorganisms present along the groundwater transect, DNA 

replicate extracts were combined (filters numbered 1-3, 4-6, 7-10 were combined, 

resulting in a total of 3 replicates per site). Barcoded PCR amplification and 

sequencing of 16S rRNA and 18S rRNA gene fragments was performed in triplicate 

using three primer sets for each sample; bacterial primers 27F (5’-

AGAGTTTGATCMTGGCTCAG-3′) and 530R (5’-

TTWGGTTTAATWGTACARCC-3’), archaeal primers 344F (5’-

ACGGGGYGCAGCAGGCGCGA-3’) (Raskin et al., 1994) and 915R (5’-

GTGCTCCCCCGCCAATTCCT-3’), and 18S primers Euk7F (5′- 

AACCTGGTTGATCCTGCCAGT -3′) and Euk507R (5’ 

GCTATTGGAGCTGGAATTAC -3’) (Morgan et al., 2016). Amplicon sequencing 

was performed by Molecular Research Laboratory MR DNA (Shallowater, TX) 

following a previously published protocol (Bruckberger et al., 2019). In short 

samples were first amplified as follows: 94°C for 3 minutes, 94°C for 30 seconds 

(28 cycles), 53°C for 40 seconds, 72°C for 1 minute and a final elongation at 72°C 

for 5 minutes. After PCR, equal concentrations of the amplicon products were 

mixed and purified by Agencourt Ampure beads (Agencourt Bioscience Corp., MA, 

USA). Sequencing was performed using a Roche 454 FLX titanium instruments 
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and reagents, following the manufacturer’s guidelines 

(https://doi.org/10.25919/5d786b2fefcff).  

Amplicon sequencing produced raw .sff files from the three domains and 

each was processed separately using QIIME v1.9.1 (Bruckberger et al., 2019), 

based on a previously published workflow (Bruckberger et al., 2019). Samples were 

demultiplexed using split_libraries.py and denoised with denoiser.py (Bruckberger 

et al., 2019). Chimeric and ambiguous 16S rRNA gene reads were filtered using 

chimera_filter.pl in QIIME and the RDP database (Bruckberger et al., 2019, Cole 

et al., 2014, Comeau et al., 2017). De novo OTU picking for 16S rRNA sequences 

was performed using the uclust algorithm (Edgar, 2010) with 97 % similarity cutoff. 

Representative OTU sequences were aligned using pyNAST (Caporaso et al., 

2010a) and taxonomy assigned using the Greengenes reference (McDonald et al., 

2012). Chimera and unambiguous reads were also filtered from the 18S rRNA gene 

dataset using the chimera_filter.pl command, using the SILVA v123 database 

(Quast et al., 2013). For OTU picking a 97% similarity cutoff was used and 

representative OTU sequences were aligned using pyNAST and classified against 

the SILVA v111 release database (Quast et al., 2013). 

In order to ensure standardised comparison between samples by providing 

the same amounts of reads, the 18S rRNA gene OTU table was normalised to 1500 

reads per sample. Sample P58UB was excluded from further data analysis due to 

low numbers. For 16S rRNA gene OTU tables were normalised to 4659 reads per 

sample for bacteria and to 1200 reads for archaea. For archaeal data analysis, 

following samples were excluded due to low read numbers: P33U, P32U, P19U, 
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P58UB, P59UA, P60UA, P60UB. To separate by taxonomy level for later analysis, 

OTU tables were processed using summarize_taxa.py in QIIME.  

Alpha diversity was calculated from normalised OTU tables as Faith’s 

phylogenetic diversity (Faith’s PD) (Faith, 1992), using the phylogenetic tree 

produced by make_phylogeny.py in QIIME and the number of OTUs. QIIME 

output was then analysed in R v3.3.2 (Team R Core, 2014) and visualised with 

ggplot2 (Wickham, 2016). The relative abundance of OTUs aggregated at the L5 

level (approximately Family rank) for 16S rRNA gene and L6 level for 18S rRNA 

gene and were visualised as heat maps using ggplot2 (Wickham, 2016) with low 

abundance taxa (< 2% global abundance) combined in a single category (“Other”).  

Statistical analysis  

Beta diversity was assessed using the weighted unifrac phylogenetic metric. 

Beta-diversity patterns were visualised as unconstrained ordinations of Bray Curtis 

dissimilarities using the nonmetric multidimensional scaling (NMDS) technique via 

the metaMDS function in vegan (Oksanen et al., 2007). In order to investigate 

significant taxa, the most abundant taxa (> 4 %) present in at least 5 samples, was 

selected and fitted on the NMDS using the envfit function of the vegan package 

(Oksanen et al., 2007) and then visualised with ggplot2 (Oksanen et al., 2007). 

Additionally, statistical analysis on selected environmental parameters (TPH, EC, 

NO3
-, SO4

2-, DO) was used for exploration of the best correlation to the species 

abundance dissimilarities of three domains. The same ordination as above was used, 

and rank correlation analysis was performed using the bio.env function of the sinkr 

package (Taylor, 2014). Correlation between OTU numbers of all three domains 
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with TPH and EC was analysed by the spearman method, using the cor.test function 

of the stats package (Team R Core, 2014).  

5.4 Results  

5.4.1 Contamination characterisation and sources 

A total of 15 wells in the Umm Al-Aish region in northern Kuwait, all 

located along a single transect were analysed (Supplementary Figure 5-2, 

Supplementary Table 5-1 ). The TPH present at the location comprised 

predominately of polar compounds (97% polar compounds, 3% aromatics and 0% 

aliphatics) and present as a UCM (Bruckberger et al., 2019). Targeted compound 

specific analysis of groundwater from the location (P18) (Mukhopadhyay et al., 

2008) only found naphthalene (0.0875 g/L) present above reporting limits for the 

16 PAHs (WHO, 1996, WHO, 1998), suggesting targeting specific PAHs would 

afford no results. The absence of water insoluble aliphatics also restricted other 

common hydrocarbon parameters that could be assessed such as n-alkanes, 

methylalkanes, isoprenoids, bicyclic alkanes (drimanes), steranes, tricyclics 

terpanes and hopanes. Samples from the source area (P18, P33UA and PU33UB) 

were the only samples that contained identifiable components (alkylnaphthalenes 

and alkyldibenzothiophenes) from the GC-MS scan data (on evaluating every ion 

chromatogram from m/z 45 to m/z 600) and are shown in Supplementary Figure 5-8 

and Supplementary Figure 5-9as well as the distribution of these components in the 

water equilibrated with fresh crude oil (RGC, from Raudhatain oil field) that is the 

likely source of the petroleum contamination.  The TPH from the groundwater 

samples show the presence of alkylnaphthalenes (2-methylnaphthalene removed, 1-
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methylnaphthalene depleted, altered distributions of dimethylnaphthalenes and 

trimethylnaphthalenes) and dibenzothiophenes (dibenzothiophene and difficult to 

assess distributions of methyldibenzothiophenes due to their low relative 

abundances). It has been previously demonstrated that the distribution of 

alkylnaphthalenes can be affected by biodegradation with specific isomers depleted 

or removed (Fisher et al., 1996a). Comparison of the alkylnaphthalenes and 

dibenzothiophenes in these samples and water equilibrated with RGC crude oil (a 

non-biodegraded distribution) suggests the P33UA groundwater has been affected 

the least by biodegradation. Further comparison of the resistant isomers (1,2-

dimethylnaphthalene; 1,4,6-/1,3,5-trimethylnaphthalene; 1,2,4-

trimethylnaphthalene; 1,2,5-trimethylnaphthalene and dibenzothiophene) showed 

similar relative abundances in the water equilibrated with the RGC crude oil and 

the P33UA (and P33UB) groundwater, suggesting these compounds have been 

largely unaffected by biodegradation and that the RGC crude oil is a good match 

for the original crude oil that was released and resulting in the petroleum 

contamination.   

For the potential sources of the polar compound UCMs in the groundwater 

samples, the likely sources are metabolites from the biodegradation of the crude oil 

(Bruckberger et al., 2019) direct input from the polar compounds originally 

contained in the fresh crude oil and input from pyrogenic compounds as a result of 

the crude oil fires.  

Input of the pyrogenic compounds was discounted as the products from the 

fires produce lower molecular weight components as observed for aldehydes and 

ketones formed from the emissions of petroleum fires (Booher and Janke, 1997) 
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likely as a result of cracking reactions. And there are no significant inputs from 

pyrogenic specific PAHs (Killops and Massoud, 1992) that have been found in the 

groundwater at the location (Mukhopadhyay et al., 2008) which would likely be 

present if the polar compound UCMs were due to a pyrogenic inputs. In addition, 

pyrogenic PAHs are largely limited to parent structures with no associated alkyl 

homologues (Killops and Massoud, 1992) and do not result in complex mixtures, 

therefore it is difficult to explain how this process could form polar compound 

UCMs. The pyrogenic components formed would likely have been removed as 

smoke/emissions (with CO2, CO and aerosols consisting of microdroplets of the 

crude oil). 

Direct input of the polar compounds present in the fresh crude oil was 

discounted based on the distribution of the polar compound UCM and the relatively 

large proportion of resistant compounds (dimethylnaphthalenes) relative to the 

polar compound UCM in the water equilibrated with the fresh crude oil (RGC) 

compared to the TPH in the ground water samples (Supplementary Figure 5-8). The 

polar compound UCM from the water soluble components of the fresh crude oil is 

significantly lighter than the polar UCM present in the TPH from the groundwater 

(for the total TPH response, Supplementary Figure 5-8).  The relative abundance of 

the dimethylnaphthalenes (where 1,2-dimethylnaphthalene is largely unaffected by 

biodegradation) is not visible compared to the polar compound UCM in the TPH 

groundwater sample P33UA, whereas as the dimethylnaphthalenes are clearly 

visible (and a significant peak height compared the polar compound UCM) in the 

water equilibrated with the crude oil (RGC). Therefore, the much higher proportion 

of the polar compound UCM in the groundwater samples suggests the polar 
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compound UCM in the groundwater samples are not likely sourced directly from 

crude oil.   

The premise that the polar compound UCM at the site have been formed 

from the partial biodegradation (forming metabolites) of the crude oil has been 

suggested (Bruckberger et al., 2020). This premise can account for the complexity 

of the polar compound UCM formed (i.e. metabolites from biodegraded petroleum 

consisting of a UCM) and why the polar compound UCM is larger and heavier than 

the original polar compounds present in the fresh crude oil (RGC) and the strong 

correlation with DOC and EC (Supplementary Figure 5-3, as the crude oil likely 

travelled into the subsurface with the seawater used to fight the fires).  And the 

polar compound UCMs observed in the groundwater in this study are consistent in 

complexity and molecular weight ranges as reported for other studies (Bruckberger 

et al., 2020, Lang et al., 2009).  

Contamination distribution and environmental factors  

The highest EC, and DOC and TPH concentrations were observed in wells P33UA 

(6390 µS/cm, 38 mg/L and 7.7 mg/L, respectively), P33UB (9960 µS/cm, 41 mg/L, 

7.3 mg/L, respectively) and P18 (7510 µS/cm, 35 mg/L, 6.5 mg/L, respectively. 

Total ion chromatograms (TICs) of the TPH extracts showed the presence of a 

UCM or hump with decreasing concentration along the transect (Figure 5-1, 

Supplementary Table 5-1) with two locations near the end of the transect (P59UB, 

P61UB) having TPH concentrations below the limits of reporting (<0.05 mg/L) and 

above detections limits (0.015 mg/L). Locations P33UA, P33UB and P18 had the 

broadest UCMs while other groundwater samples had a narrower UCM profile and 

less observable peaks (Figure 5-1). Between the highest contaminated samples 
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(P33UA, P33UB and P18) and P19, the changes in the UCM shape corresponded 

to a 20% - 45 % decrease of the TPH portion (Supplementary Table 5-1). A change 

in the concentration of TPH relative to DOC was detected between the most highly 

contaminated wells (P33UA, P33UB and P18) and the downgradient P19 well 

(Supplementary Figure 5-1). Between P19 and P61 the ratio of TPH to DOC 

remained stable (Supplementary Figure 5-1). Aromatic components 

(alkylnaphthalenes and alkyldibenzothiophenes) were observed at locations P18, 

P33UA and P33UB but not further downgradient. EC decreased along the transect 

groundwater samples and showed a strong positive correlation with TPH 

(Supplementary Figure 5-4) and DOC (Supplementary Figure 5-3). Other 

environmental parameters measured in the groundwater including DNA 

concentrations of the extracts are shown in Supplementary Table 5-1. Sulfate (SO4
2) 

was found in all wells and ranged from 28 mg/ L (P61UB) to 414 mg/L (P33U), 

while phosphate (PO4) was below the detection limit in most wells 
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.

Figure 5-1 Total ion 

chromatograms (TICs) of the 

total petroleum hydrocarbon 

(TPH) extracts from the 

groundwater samples taken along 

the transect 
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5.4.2 Bacterial community 

Bacterial diversity showed lower Faith’s PD measurements and number of OTUs 

at wells P32UB and P60UB compared to the other wells (Supplementary Figure 5-5). 

Bacterial OTU numbers were not correlated with TPH or EC when using the spearman 

method. Hyphomicrobiaceae, Porphyromonadaceae, uncultured bacterium clone OTUb7 

(GenBank: HQ395119.1) and candidate division ZB2 (phylum OD1) were abundant in 

the groundwater with TPH levels > 6.5 mg/L (P33UA, P33UB, P18) (Figure 5-2). 

Samples from wells P18, P33UA and P33UB showed a significant correlation with 

members belonging to Alpha- and Deltaproteobacteria, and known hydrocarbon 

degraders Anaerolinea, as well as candidate class ZB2 (candidate phylum OD1), when 

fitted onto ordination (Figure 5-3A). Beta diversity patterns represented in the NMDS 

ordination showed significant correlation with the environmental factors TPH and EC. 

Samples clustering furthest away from P18, P33UA and P33UB were not significantly 

affected by these environmental factors and showed correlation with Beta- and 

Gammaproteobacteria, Clostridia and Nitrospira (Figure 5-3A). Further along the 

transect, where lower TPH concentrations persisted (P32U-P61UB), highly abundant 

bacterial families (> 2 %) included members of Nocardioidaceae, Comamonadaceae and 

Microbacteriaceae. Well P58UA did not cluster closely with other samples and correlated 

with bacteria belonging to Clostridiaceae, Rhodobacteraceae, Rhodocyclaceae and 

Comamonadaceae (Figure 5-3A)
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Figure 5-2 Heatmap of the most relative 

abundant (>2%) bacterial families in the 

wells along the groundwater transect based 

on sequencing of 16S rRNA genes. 
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A 

A 

Figure 5-3 Non-metric multidimensional 

scaling (NMDS) plot based on the Bray 

Curtis dissimilarity. Vectors show the most 

abundant taxa present (> 4% relative 

abundance) and environmental parameters 

determined to be significant. (A) = Bacteria. 

(B) = Archaea.  (C) = Eukaryotes. 
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5.4.3 Archaeal community 

Archaeal communities had the lowest Faith’s PD and OTU numbers in samples 

collected at well P33UB (Supplementary Figure 5-6). Total OTU numbers were not 

correlated with EC or TPH concentrations. The Marine Benthic Group (MBGA) was 

present in all samples, while other taxa including Nitrososphaeraceae and 

Cenarchaeaceae were found to be less relatively abundant in samples with the highest 

TPH and EC (P18, P33UA, P33UB) (Figure 5-4). Well P58UA showed a low abundance 

of sequences similar to an uncultured clone YLA114 compared to the other wells, but a 

high abundance of Methanobacteriaceae, which was also detected at P61UB (Figure 

5-4). Archaeal community structure showed a significant correlation with TPH 

concentrations and DO (Figure 5-3B). A significant correlation of well P33UB with 

MBGA and P33UA with pGrfC26 was detected and they clustered away from the rest of 

the samples (Figure 5-3B).  
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Figure 5-4 Heatmap of the most 

relative  abundant (>2%) archaeal 

families in the wells along the 

groundwater transect based on 

sequencing of 16S rRNA genes. 
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5.4.4 Eukaryotic community 

 Among the wells along the investigated aquifer section, P33UB had the highest 

alpha diversity and the numbers of OTUs for eukaryotes (Supplementary Figure 5-7). 

Total OTU numbers were not correlated with EC or TPH concentrations. Sample P58UB 

was excluded from the 18S rRNA gene data analysis, due to low read numbers. The most 

abundant taxa included the fungal taxon Sordaromycetes at most wells, whereas the fungi 

Eurotiomycetes was predominantly identified in wells P33UA, P33UB, P18, P32U, P19 

and P59UA (Figure 5-5), with significant correlation with most of these wells (Figure 

5-3C). Among the physical-chemical water parameters tested (TPH, EC, NO3
-, SO4

2-, 

DO), TPH showed the most significant correlation with the eukaryotic community 

structure (Figure 5-3C). 
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 Figure 5-5 Heatmap of the most 

relative abundant (>2%) 

eukaryotic families in the wells 

along the groundwater transect 

based on next generation 

sequencing of 18S rRNA genes. 
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5.5 Discussion  

Groundwater wells that showed the highest contaminant concentrations (P18, 

P33UA, P33UB) also showed an increased abundance of organisms potentially involved 

in biodegradation. However, the hydrocarbon contaminant present in those samples also 

appeared to be the least biodegraded, based on 1) the DOC/TPH ratio (Supplementary 

Figure 5-1), and 2) the presence of resolvable peaks (Figure 5-1) on the UCM (i.e., as 

biodegradation proceeds the resolvable peaks on the UCM are lost) and 3) the fact that 

they still contained aromatic components (alkylnaphthalenes and 

alkyldibenzothiophenes). Comparing the identified contaminant characteristics and the 

measured parameters of the transect samples to findings from the previous Kuwait 

microcosm study that examined the biodegradability of the contaminants at well P18 

(under various treatments) (Bruckberger et al., 2019), a similar ratio of DOC and TPH 

predicted by their linear correlation was observed in the transect samples (Supplementary 

Table 5-1, Supplementary Figure 5-1). The minor changes of DOC in the transect samples 

in this study are most likely attributed to the loss of a small portion of the biodegradable 

TPH, further corroborating the findings of the previous microcosm study (Bruckberger et 

al., 2019). The contaminant in the microcosms was shown to consist of 97% polar 

compounds. This finding is consistent with a highly weathered and recalcitrant pollutant 

persisting in Kuwait’s groundwater (Bruckberger et al., 2019). At other highly 

contaminated legacy sites, low biodegradation rates have shown to result from the 

presence of toxic contaminant concentrations, accumulation of toxic metabolites, low 

bioavailability of the contaminant or other unfavourable environmental conditions, as, for 

example, observed along an oil gradient in north-east China (Liang et al., 2009) but also 
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at other sites (Ham et al., 2004, Prommer et al., 2002). In addition, a positive correlation 

and similar decreases of TPH and EC (Supplementary Figure 5-4) as well as DOC and 

EC (Supplementary Figure 5-3) along the investigated transect was observed. Therefore 

the decrease of contaminant concentrations along the transect studied here appears to be 

due to a combination of a limited biodegradation occurring between the most 

contaminated wells (P33UA, P33UB and P18) and P19, (Figure 5-1, Supplementary 

Figure 5-1, Supplementary Table 5-1) and, more importantly, due to dilution of TPH, 

DOC and EC (Supplementary Figure 5-4, Supplementary Figure 5-3) downstream of well 

P19.  

 The groundwater microbial communities, as measured by the alpha diversity of 

bacterial, archaeal and the eukaryotic communities (as measured by Faith’s PD), showed 

no obvious trend relating to TPH or EC. This contrasts with findings from previous 

research that found a loss of diversity due to hydrocarbon contaminated sediments along 

the Gulf of Mexico (Sutton et al., 2013). In Kuwait, the contaminated groundwater has 

persisted for a long period of time (> 25 years), which may have resulted in stable and 

diverse communities along the transect, based on varying physical and chemical 

conditions. Correlation analysis revealed that TPH, EC and DO were the most significant 

parameters influencing the bacterial and archaeal community structure. Anaerobic and 

methanogenic organisms were detected at several sites along the transect. Anoxic 

conditions at wells P33UA and P33UB could be dominating, as suggested by low DO and 

TDN concentrations (Supplementary Table 5-1), and the presence of bacterial families 

involved in methane cycling. Candidate division envOPS12, which significantly 

correlated with the highly contaminated wells P33UA and P33UB, has previously been 

detected in a methanogenic bioreactor (Siniscalchi et al., 2017). Members of families 
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Syntrophaceae (Figure 5-2), found in high abundance, and 

Syntrophobacteriaceae,(Figure 5-3A) correlated with the wells having the highest TPH 

and EC (P18, P33UA, P33UB), have been reported to be key players in the methanogenic 

degradation of crude oil, while providing acetate or hydrogen to methanogens (Gray et 

al., 2011) and have also been detected in methanogenic sediment serving in syntrophic 

relationships with methane producing species (Leloup et al., 2007, Plugge et al., 2011). 

Porphyromonadaceae, another family known to have syntrophic relationships with 

methanogens (Esquivel-Elizondo et al., 2016) was correlated with wells P18, P33UA and 

P33UB, and is also able to digest oil refinery waste under methanogenic conditions 

(Hahnke et al., 2015, Wang et al., 2016). Members of family Hyphomicrobiaceae were 

detected in the high TPH samples in this study and in the previous microcosm study 

(Bruckberger et al., 2019). This family has also been associated with recalcitrant polar 

compounds formed from weathered diesel (Bruckberger et al., 2018). Other possible 

degraders found at the wells P18, P33UA and P33UB included members of candidate 

division ZB2 (OD1), which has been reported to be a main contributor to the 

biodegradation of recalcitrant compounds of crude oil in saline soil (Li et al., 2012, Yu et 

al., 2011). Comparisons of the bacterial community identified in the previous microcosm 

study investigating P18 (Bruckberger et al., 2019) found some similarities and further 

insights on conditions likely present along the transect. For example, OTUb7, present in 

P33UA and P33UB, was previously found enriched in anaerobic and sulfate reducing 

microcosms consisting of P18 groundwater, further indicating anoxic conditions 

(Bruckberger et al., 2019). Interestingly OTUb7 was previously found in oil water 

emulsions from an oil field in Malaysia, indicating that the location of wells P33UA and 

P33UB may be closest to the original point of contaminant infiltration (Li et al., 2012, Yu 
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et al., 2011). Also present, although mainly at the highly contaminated wells, were order 

mle1-48 (class TK17) and TK17_Unknown, both of phylum Chloroflexi, which were 

enriched under anaerobic conditions in the microcosm study, suggesting anoxic 

preferences of these taxa (Bruckberger et al., 2019).  

Wells further from the original contaminant source (P19-P61UB) on the other 

hand, showed enrichment of Nitrososphaeracea, an aerobic ammonia-oxidising soil 

archaeon (Stieglmeier et al., 2014). Actinomycetales, a common soil bacteria taxa often 

found in uncontaminated environments (Lee and Hwang, 2002, Poomthongdee et al., 

2015), was more abundant in wells with lower contaminated., However their abundance 

decreased in the higher contaminanted wells, suggesting a sensitivity to the weathered 

contaminant. Cenarchaeaea similarly was present in low abundance in highly 

contaminated wells but in higher abundance in the lower contaminated wells. This taxa 

has previously been found decreased in marine samples after being exposed to oil after 

only 72 h (Liu et al., 2017), which appears to be similar in this contaminated groundwater 

system.  

The uncultured archaeal clone YLA114 was identified in multiple wells along the 

transect. YLA114 has previously been associated with a highly biodegraded contaminant 

in a methanogenic oil reservoir (Shelton et al., 2016). Members of the Rhizobiaceae and 

Chromatiaceae families were also found in most groundwater wells along the transect, 

and in the previous research for well P18 (Bruckberger et al., 2019). These families have 

been detected in coastal salt marshes at the gulf coast impacted by the Deepwater Horizon 

spill (Beazley et al., 2012, Lamendella et al., 2014), and in a marine ecosystem impacted 

by seeping crude oil in southern California (Hawley et al., 2014). Interestingly, wells 

P58UA and P61UB showed high abundances of Methanobacteriaceae and 



  

   Chapter 5 

187 

 

Methanosarcinaceae, despite having DO concentrations not considered anoxic (3.01 and 

4.84 mg/L, respectively). These wells also had high abundances of Xanthomonadaceae 

(P58UA) and Comamonadaceae, which have previously been found to have a strong 

positive association with Methanobacteriales and Methanomicrobiales in anaerobic 

digesters (Hao et al., 2016). They were also found enriched in anaerobic microcosms 

investigating hydrocarbon derived contaminants (Bruckberger et al., 2018).  

No previous analysis of the eukaryotic community in the contaminated 

groundwater has been undertaken, however this study revealed the presence of 

Eurotiomycetes and Sordariomycetes and a significant correlation of their presence with 

highly contaminated wells. This suggests either their tolerance to the contaminants or an 

active involvement in the biodegradation processes. Eurotiomycetes have been identified 

in other studies from oil contaminated soil obtained from the Gulf of Mexico (Al-

Nasrawi, 2012), and are known to have the ability to transform PAHs (Aranda, 2016). 

Previous work has also investigated the microbial diversity and possible links with the 

concentration of oil contamination, finding only a 10 % loss of fungi, but up to 90 % loss 

of the bacteria and archaeal diversity (Liang et al., 2009), indicating greater fungal 

resilience. 

As result of extinguishing the oil well fires with seawater, and thus introducing an 

increased salinity in conjunction with the crude oil contaminant (DOC and TPH) into the 

originally fresh groundwater lens, it remains difficult to clearly elucidate which of the 

two factors was more significant in reshaping the pre-war microbial community 

composition. EC values measured in the 15 wells ranged from 1760 to 9960 µS/cm, 

indicative of brackish water rather than fresh groundwater (approximately 0-1500 

µS/cm), suggesting the presence of diluted seawater at all tested wells, which likely 
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enhanced the presence of salt-tolerant (possibly marine) microbial species such as MBGA 

(Figure 5-4, Figure 5-3B).  

5.6 Conclusion 

This study investigated the microbial communities and current associated crude oil-

contamination along a 1st Gulf War impacted groundwater system in Kuwait. 

Microorganisms commonly associated with hydrocarbon derived contaminants from the 

three microbial domains were present in the samples, with the community structure 

significantly correlated with contaminant concentrations (TPH and/or EC 

concentrations). The community structure and taxonomic diversity suggest anoxic or 

methanogenic conditions are currently present at specific sections along the transect 

(mainly highly contaminated wells P33UA, P33UB and P18). Enrichment of 

methanogens and methanotrophs at these wells indicate complex syntrophic relationships 

and tolerance to the contaminant. The contaminant shows a highly weathered character 

(>97% polars), with a large UCM (with few if any resolvable peaks) present and likely 

low biodegradability. A linear correlation in decreasing contaminant concentrations 

(hydrocarbon derived DOC and TPH with EC) and narrower smoother UCMs were found 

in wells further away from the highly contaminated locations, indicating dilution rather 

than significant biodegradation occurs toward the terminal point of the transect. Findings 

here indicate the presence of organisms that are capable of facilitating contaminant 

biodegradation, however there is strong indication that the biodegradation extent of the 

recalcitrant contaminant has remained minimal.  Therefore, it is expected that the 

contaminants will further persist in the aquifer under the current conditions, i.e., in the 

absence of any active intervention. 
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Supplementary Table 5-1 The depth of each well and environmental parameters measured along the groundwater transect. 

Well 
Depth  EC TPH SO4

2- NO3
- DO pH DNA Temp Cl- PO4 TDN DOC 

[m] [µS/cm] [mg/L] [mg/L] [mg/L] [mg/L]  [ng/µL] [°C] [mg/L] [mg/L] [mg/L] [mg/L] 

P33U 37-40 5670 0.9 414 12.2 0.27 7.14 0.4 28.8 1229 0.000 2.7 6 

P33UA 17.5-20.5 6390 7.7 64 0 0.1 6.57 3.6 28.9 1972 0.000 0.7 38 

P33UB 27-30 9960 7.3 70 0 0.09 6.62 1.4 28.8 2526 0.000 0.5 41 

P18 15-44 7510 6.5 107 7.2 1.32 6.64 3.9 28.8 1630 0.000 0.4 35 

P32U 27.5-30.5 4620 0.7 36 9.1 1.9 6.51 0.8 29.6 1202 1.235 1.6 6 

P32UB 39-42 3170 0.2 164 9.2 6.12 6.4 0.5 29.3 927.1 0.100 2.8 3 

P19U 16-21 3720 2.5 134 14.8 0.36 6.13 1.8 29.6 658 0.000 2.4 18 

P58UA 19-21 3518 2 145 11 3.01 6.58 2.9 29.2 715 0.000 1.2 16 

P58UB 32-35 2487 0.1 87 10.7 4.2 6.91 1 28.9 722 0.000 2.1 2 

P59UA 18-21 3014 1.9 162 14.9 0.11 6.61 0.7 29.1 612.64 0.1 3.6 17 

P59UB 32-35 1760 <0.05 146 10.3 4.48 7.07 0.4 29 308 0.466 2.3 2 

P60UA 19-22 2439 2.5 150 15.5 0.1 6.62 1.3 29.1 452 0.000 2.4 16 

P60UB 28-31 2772 0.2 31 11.7 2.7 6.88 0.7 28.9 799 0.000 2.1 2 

P61UA 20-23 1860 0.4 75 18.8 1.02 6.9 0.8 29.31 414.7 0.100 4.6 5 

P61UB 29-32 2385 <0.05 28 8.6 4.84 7.08   0.5 29.1 675.4 0.100 2.2 2 
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Supplementary Figure 5-2 Locations of the groundwater samples obtained along the transect, in 

northern Kuwait. 

  

Supplementary Figure 5-1 Biodegradation signature (TPH/DOC ratio) of the samples along the 

transect. 
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Supplementary Figure 5-4 Correlation of TPH and EC of the samples along the transect. 

Supplementary Figure 5-3 Correlation of DOC and EC of the samples along the transect. 
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Supplementary Figure 5-5 Alpha 

Diversity of bacteria, calculated 

as Faith’s Phylogenetic Diversity 

(A) and by number of OTUs (B) in 

samples (triplicates) along the 

groundwater transect,  visualised 

as boxplot. 
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Supplementary Figure 5-6 Alpha 

Diversity of archaea, calculated as 

Faith’s Phylogenetic Diversity (A) 

and by number of OTUs (B) in 

samples (triplicates) along the 

groundwater transect,  visualised 

as boxplot 
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Supplementary Figure 5-7 Alpha 

Diversity of eukaryotes, calculated as 

Faith’s Phylogenetic Diversity (A) and by 

number of OTUs (B) in samples 

(triplicates) along the groundwater 

transect,  visualised as boxplot. 
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Supplementary Figure 5-8 Total ion chromatograms (TICs)  for a) RGC crude oil, b) TPH extract from 

water equilibrated with RGC crude oil and c) TPH extract from the P33UA groundwater sample. nCx: 

straight chain alkane containing x carbons. 
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Supplementary Figure 5-9 Partial ion chromatograms (m/z 156, 170, 184, 198) highlighting dimethylnaphthalenes, trimethylnaphthalenes, 

tetramethylnaphthalenes, dibenzothiophene and methyldibenzothiophenes in TPH extracts from water samples a) P18, b) P33UB, c) P33UA, 

d) RGC crude oil equilibrated water. DMNs: dimethnaphthalenes, TMNs: trimethnaphthalenes, DBT: dibenzothiophenes, MDBT: 

methyldibenzothiophenes. 
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 Chapter 6 

  Discussion  

This thesis significantly contributes to the understanding of the biodegradation of 

highly recalcitrant weathered petroleum derived contaminants. Polar compounds formed 

from weathering have been shown to persist in the environment over long periods of time, 

with the majority of the compounds still remaining unidentified. Limited research has 

been conducted on their impact on the environment and little is known about specific 

microorganisms able to metabolise these compounds. This thesis further explored these 

aspects, by investigating two legacy spills and the weathered contaminants formed. The 

key findings are listed below. 

The biodegradability study on polar compounds extracted from weathered diesel at the 

Western Australian site showed: 

• similar recalcitrance of the polar compounds under tested aerobic and 

anaerobic conditions; 

• the compounds are not further biodegraded under nutrient supplemented 

conditions; 

• polar compounds enrich different microorganisms when compared to fresh 

diesel. 
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Different petroleum contaminants in soil obtained from the Western Australian site: 

• all consist of a large UCM and show evidence of severe weathering; 

• microbial community analysis provided evidence of complex syntrophic 

relationships of methanogens and bacteria establised. 

The contaminant present in Kuwait’s groundwater: 

• is highly recalcitrant and severly weathered; 

• is decreasing in concentration along the groundwater stream due to dilution 

rather than biodegradation; 

• will persist for long periods of time under present conditions despite known 

hydrocarbon degraders present; 

• likely resulted in anoxic / methanogenic conditions in the highly 

contaminated wells due to oxygen depletion and initial biodegradation 

processes. 

6.1 Characteristics of the two case studies 

To explore and understand the complexity of the biodegradation of recalcitrant 

weathered petroleum derived contaminants, two legacy sites were selected that displayed 

both commonalities and differences in their presentation, that would allow a thorough 

investigation of this issue. This included an industrial site in Western Australia which has 

a long history of different hydrocarbon contaminations (> 50 years), and the contaminated 

groundwater in northern Kuwait, which has been affected by the oil fires and resulting oil 

spills during the 1st Gulf War in 1991. The biodegradability and potential biodegradation 

enhancement of the contaminants present at both sites, was analysed by using microcosm 

studies, comparing different conditions. Additionally, field samples from the sites were  
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obtained to characterise the extent of weathering, and the microbial communities 

established. This led to further insights into current processes and the futurefate of the 

spills.  

Despite the geographical distance, and the environmental differences of the two field 

sites, similarities were observed. Both spills showed signs of major weathering, for 

example the contaminant at the Western Australian site consists of 98% polar and only 

2% aromatic compounds (Lang et al., 2009). A similar polar compound content was 

indicated in the contaminant present in the affected groundwater in Kuwait,28 years of 

environmental exposure. This was further supported by a dominant UCM on the TICs, 

which is common at severely weathered sites, for example in sediment samples 30 years 

after the West Falmouth oil spill, US (Reddy et al., 2002), in 12 year old weathered oil 

residues taken from an arctic beach (Wang et al., 1995) and in samples taken 22 years 

after the oil spill which occurred near the Chedabucto Bay, Canada (Wang et al., 1994). 

Polar compounds formed through weathering, have not been well researched, and even 

less studies have been conducted on the long-term fate of only the polar portion.  

The selective extraction of the polar compounds formed at the Western Australian 

site as discussed in Chapter 2, enabled targeted experiments on this specific component 

of the contaminant.  

The structure of these compounds is dependent on their precursor hydrocarbons and 

can vary greatly between different contaminants. The studies discussed in this thesis 

attempted to explore and compare polar compounds and their environment, when formed 

in the field from varying sources.  
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6.2 Biodegradability of the investigated weathered 

contaminants 

The decreased biodegradation and persistence of weathered petroleum derived 

contaminants has been shown in past research (Lang et al., 2007, Frysinger et al., 2003, 

Gough and Rowland, 1990). The formation of polar compounds at legacy spills is of 

particular concern, as an accumulation and potential increased toxicity has been observed 

(Brewer and Hellmann-Blumberg, 2014, Hellmann‐Blumberg et al., 2016, Pudasaini et 

al., 2019).  

Polar compounds from two different sources were investigated in this thesis: 

weathered diesel found at the Western Australian site, and crude oil present in the 

groundwater in Kuwait due to the 1st Gulf War. 

Samples from both sites had a dominant UCM, which likely, consists of thousands 

of different components, with the majority still unknown (Blumer et al., 1973).. The UCM 

was not further characterised, and limited biodegradation was observed in both 

microcosm experiments. In the microcosms testing the isolated polar compounds 

(Western Australia), only a small portion of the TPH showed a decrease, with no 

significant difference between aerobic and anaerobic conditions. Similar results were 

observed in the microcosms investigating the groundwater contaminant, with a maximum 

of 52% of the TPH portion degraded. However, the TPH portion represents only a minor 

fraction of the overall contaminant (e.g. 15% of the contaminant in the Kuwait 

groundwater samples) and the bulk of the contaminant persisted, as shown on the TICs. 

It should be noted that TPH, which is commonly used for hydrocarbon spills, has been 

found not ideal for weathered contaminants in the past (Lansdell and McConnell, 2003). 
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Weathering alters the chemical structure and composition of the contaminants, which is 

not captured by the TPH parameter (Lansdell and McConnell, 2003). This was also 

clearly observed in the biodegradation studies presented in this thesis (Chapter 2 and 

Chapter 4). Caution is recommended, and it should not be merely relied on the TPH when 

investigating legacy spills, as this could underestimate the extent and severity of 

contamination.  

It appears that a fraction of the contaminants is more readily degradable under 

favourable conditions, however the majority of the contaminant remains unchanged. 

Nitrogen and phosphorus are commonly used nutrients to increase biodegradation (Atlas, 

1981), and their effect was also confirmed in the fresh diesel containing microcosms when 

compared to the polar ones (Chapter 2). No enhancement was found in the biodegradation 

of the polar compounds.  

It appears that the degradable fraction of the contaminant of the Western Australia 

site was mineralised within the first 2 months, with no further loss measured at the 4 

months’ timepoint. The contaminant at the Kuwait aquifer on the other hand, showed 

increased TPH biodegradation under denitrifying conditions, suggesting nitrogen is a 

limiting factor in the groundwater. However, similar to the polar study, after the readily 

degradable compounds were utilised, the bulk of the contaminant persisted. The 

biodegradation of a larger portion in the Kuwait groundwater compared to the polar 

samples, may be due to the presence of the overall weathered contaminant and different 

compounds which are degradable, while the Western Australian samples only tested the 

extracted (recalcitrant) polar fraction. 

The addition of the supplements did show increased microbial cell numbers, but the 

lack of additional biodegradation may indicate nutrients not being the controlling factor 
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in the mineralisation of polar compounds. It is possible that other unknown biological 

factors, such as inhibition, could be the cause of microorganisms not being able to utilise 

these compounds, leading to their accumulation in the environment. For example, co-

metabolism has been proven to affect biodegradation rates. Huesemann et al (2004) and 

others have noted stalled biodegradation of high molecular weight PAHs (e.g. pyrene, 

benzo(a)pyrene) once low molecular weight compounds such as phenanthrene have been 

depleted (Huesemann et al., 2004, Ho et al., 2000, Stringfellow et al., 1995). The majority 

of polar compounds remain unidentified, however it generally has been agreed that they 

are of high molecular weight.  

The characteristics of the individual polar compounds are not known in either of the 

investigated spills, and past research has shown the possibility of comparison and 

generalisation of results across different weathered spills is limited (Hellmann‐Blumberg 

et al., 2016). In the instance of the Kuwait microcosm experiment tracking biodegradation 

as discussed in Chapter 4, it is possible while very limited loss of the contaminant was 

measured, the weathered contaminant underwent major chemical and structural changes, 

while not decreasing in concentration. The TPH and SPE losses measured in the nutrient 

supplemented Kuwait microcosms could indicate major compositional changes in the 

polar compounds. Past research has suggested that TPH decrease is not correlated with 

lower toxicity, as bioremediation can result in the formation of new metabolites (Steliga 

et al., 2012). This could explain the presence of known degraders- while being able to 

metabolise some compounds, no decrease of overall mass occurs, instead dead end 

metabolites are formed.  

 



  

   Chapter 6 

204 

 

The presence and persistence of the contaminant in Kuwait was also further 

investigated along the groundwater stream, in order to get a broader insight on current 

processes. The transect covered 15 sites, with some wells located near where the spill 

likely originated and included wells further downstream with lower contaminant 

concentrations. Similar to the contaminant tested in the microcosms (site near the original 

contamination), the majority of samples showed a large UCM, suggesting weathering at 

all sites. The UCM and contaminant concentration was smaller in the downstream wells, 

but the results of the study (e.g. TPH and EC correlation) suggested the majority of these 

effects are due to dilution and not biodegradation. The contaminant in the downstream 

wells showed similar traits to the results of the microcosm study, and comparable 

DOC/TPH ratios were observed, indicating the changes along the stream were also due 

to a small loss of a degradable TPH portion. Overall no signs of an active biodegradation 

were found in the groundwater, especially in the highly contaminated wells, supported by 

the presence of solvable peaks on the UCM, which theoretically should be readily 

degradable.  

The highly contaminated sites showed some evidence of dominant anoxic or 

methanogenic conditions (low DO, TDN), which are known to result in decreased 

biodegradation rates (Ghattas et al., 2017). Rapid biodegradation can deplete oxygen after 

initial processes, resulting in anoxic conditions. However, the microcosm experiment 

investigating groundwater from one of these highly contaminated sites (P18), did not 

achieve enhanced biodegradation under aerobic incubation, indicating anoxic conditions 

not to be the limiting factor. This agrees with the findings of the polar biodegradability, 

where no significant difference between aerobic and anaerobic biodegradation was 

shown.  
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Interestingly, sulfate was found to be the dominant electron acceptor in Kuwait’s 

groundwater, as well as at the Western Australian site (Franzmann et al., 2002), but no 

increased biodegradation rate was found in either microcosms studies under anaerobic or 

sulfate reducing supporting conditions. Instead, both legacy sites appear to be dominated 

by anoxic or methanogenic conditions in areas with high contamination. Soil cores 

obtained from different hydrocarbon spills across the Western Australian site (max. 5.10 

m below ground surface) also indicated such conditions in the deeper, and high 

contaminated sections of the cores. Again, limited evidence of biodegradation was found 

in these deeper, high contaminated section, while some activity is believed to take place 

closer to the surface, due to increased oxygen supply. However, despite varying 

conditions with depth, the presence of polar compounds was still highly likely in all 

samples.  

While the persistence of the various hydrocarbon spills and crude oil at both sites is 

no question, the reason why they don’t biodegrade may differ. It is known that longer 

exposure time of contaminants in soil is correlated with an increase of recalcitrance, 

which was explained by sorption to soil particles, resulting in a decreased bioavailability 

to microbial hydrocarbon degraders (Khan et al., 2018). This may explain the 

recalcitrance of the weathered contaminant, but likely not apply to polar compounds 

specifically- as these are characterised by increased solubility. While increased solubility 

can mean better bioavailability to microorganisms (Johnsen and Karlson, 2004), it has 

been shown that in some cases bioavailability does not equal biodegradability 

(Huesemann et al., 2004). 



  

   Chapter 6 

206 

 

6.3 Microbial communities  

No microorganisms specifically associated with polar compounds formed from 

weathering have been identified in literature. Research has been focused generally on the 

characterisation of communities present in weathered contaminants (Sutton et al., 2013, 

Sheppard et al., 2011), which consist of a variety of hydrocarbons and non-hydrocarbons 

(Lundegard and Knott, 2001, Lundegard and Sweeney, 2004).  

By isolating the polar compounds formed in weathered diesel at the Western 

Australia site, the identification of specific enriched microorganisms was possible. 

Chapter 2 utilised the extracted polar compounds from an industrial field site to explore 

the hypothesis of different bacterial families being enriched when compared to fresh 

diesel. While little is known about the characteristics of the polar compounds, it has been 

shown that these metabolites differ greatly to their precursor hydrocarbons, which could 

result in different biodegradation paths and microorganisms present. The study revealed 

a different community established in the polar and fresh diesel microcosms, suggesting 

the hypothesis being proven true. After 2 months of incubation in the microcosms, some 

bacterial families were found in the polar microcosms, but not or in low abundance in the 

fresh diesel microcosms. Several known hydrocarbon degrading families were enriched 

in the polar microcosms: Kordiimonadaceae, Hyphomicrobiaceae, Rhodocyclaceae, 

Thalassospira; which all have members isolated from hydrocarbon or weathered 

contaminated environments, or have demonstrated hydrocarbon degrading ability in the 

past (Beazley et al., 2012, Kodama et al., 2008, Kwon et al., 2005, Wu et al., 2009)). 

Similar potentially degrading families were identified in additional field samples, 

obtained from highly weathered jet fuel, crude oil and diesel across the same site in 

Western Australia. For example, the jet fuel cores were likely dominated by a high polar 
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content, as indicated by the heavy biodegradation of the aromatic compounds. 

Hyphomicrobiaceae which was enriched in the polar microcosms, was also identified in 

the jet fuel soil cores. Similarities were also obvious, when comparing the established 

community in samples taken along the Kuwait’s groundwater stream, which also has a 

large polar portion present in its contaminant. 

Both sites also indicated methanogenic conditions and complex syntrophic microbial 

relationships to be dominating. In previous research, sulfate reducing conditions were 

suggested for the Western Australian site, however low numbers of sulfate reducing 

organisms were isolated. The authors also noted low methane concentrations, suggesting 

a low possibility of methanogenic conditions (Franzmann et al., 2002). In this thesis, 

amplicon sequencing techniques were used, and a large number of methanogens as well 

as methanotrophs in all contaminated soil cores, as well as in the highly contaminated 

sites along the Kuwait groundwater stream were found. This agrees with past findings 

indicating methanogenesis to be an important process in the attenuation of NAPL 

contaminants (Garg et al., 2017). Methanogenesis is a complex process, which consists 

of different steps involving syntrophic relationships of different microorganisms, 

cooperating on metabolising each other’s by-products and the contaminant (Garg et al., 

2017). Methanotrophs utilise the methane produced my methanogens, which could 

explain the low concentrations measured in the previous study. Methylocystaceae and 

Methylacidiphilaceae, present in the diesel and jet fuel cores, and class Verruco-5 

(phylum Verrucomicrobia) in the crude cores are known methanotrophs. The 

contaminated soil cores and Kuwait transect samples had high abundances of 

methanogens present, including members of classes Methanomicrobia and 

Methanobacteria. Additionally, similar bacterial families commonly found in syntrophic 
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relationships were identified in multiple contaminated soil cores from Western Australia 

and Kuwait transect samples including: Anaerolinaceae and Syntrophaceae, 

Syntrophorhabdaceae and Peptococcaceae.  

Another point of interest which was investigated, is the potential recalcitrance of 

these polar compounds (Blumer et al., 1973). The addition of nutrients to spills is a 

common technique to clean up spills (Atlas, 1981), but did not have an effect of 

biodegradation rate in the microcosm studies presented here. The cell growth did increase 

with the addition of nutrients and a large number of families with known hydrocarbon 

degrading members were found at both sites. However, this did not enhance the 

biodegradability of the weathered contaminants. While limited loss of the polar 

compounds was observed, these organisms may be able to alter the structure, or have 

some tolerance to the contaminants, while not decreasing the mass..  

In Chapter 5 it was hypothesised that the microbial community differs along the 

tested groundwater stream due to increasing proximity to the initial contamination source. 

The three domains identified in the groundwater in Kuwait did show differences along 

the stream, which was suggested to be due to different conditions or contaminant 

characteristics. However, despite low or below detection limit TPH concentrations in the 

samples taken furthest away, the microbial community still appears to be impacted and 

does indicate an increased dominance of some hydrocarbon associated species. This 

agrees with past research on the microbial community in the sea surface and sediment 

after the Deepwater Horizon spill (Liu and Liu, 2013). The authors suggested that the 

overlying water, while not directly contaminated, may have been affected by soluble 

aromatics diffusing from the hydrocarbons in the sediment, which results in alterations of 

the microbial community (Liu and Liu, 2013). Microbial communities which have been 
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previously adapted to hydrocarbons, have also shown to result in a more efficient 

biodegradation when re-exposed. This process known as ‘adaptation’, affects the 

enzymes produced, the genetic expression and the selective enrichment of degraders  

(Leahy and Colwell, 1990). It is therefore possible, that the microbial community in 

Kuwait’s groundwater, even with no or very low TPH concentrations, has been altered, 

and will remain this way.  

Two sites stood out (P58AU, P61UB) along the transect in Kuwait, with a high 

abundance of Xanthomonadaceae and Comamonadaceae, which have been associated 

with methanogens (Hao et al., 2016) in the past and were also found enriched in anaerobic 

microcosms investigating isolated polar compounds. These families and members of 

Rhodocyclaceae were also enriched in the Kuwait microcosms under sulfate reducing 

conditions, and in the jet fuel contaminated soil cores or polar contaminated microcosms 

obtained from Western Australia. The presence of these families in P61UB with TPH 

concentrations below the detection limit, indicates the groundwater is still impacted by 

the contamination, and the microbial community is likely still not recovered and 

comparable to a healthy population. Changes of the microbial structure may be due to 

varying conditions due to different contaminant concentrations. Overall the findings 

presented in this thesis further confirm the high recalcitrance of polar compounds formed 

through weathering at hydrocarbon derived legacy spills. Known degrading 

microorganisms enriched in environments with high polar content differ to ones found in 

non-weathered contaminants but are no indication of active biodegradation. The low 

biodegradability appears not to be due to limiting nutrients but may be explained by other 

inhibiting factors. The microorganisms identified in the samples potentially utilise the 

contaminant leading to structural changes and forming different polar metabolites, 
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without decreasing the bulk contaminant concentration. The contaminants at the two 

legacy sites investigated, likely will persist in the environment long term, as indicated by 

the findings in this thesis.  

6.4 Future outlook 

Both investigated sites have a petroleum derived contaminant present, which has 

been heavily weathered resulting in the accumulation of polar compounds. In this thesis, 

low biodegradability of these polar compounds was observed, which will likely persist in 

the environment over a long period of time under current conditions. Due to the 

limitations of biological remediation, other methods, possibly of physical or chemical 

nature, are advised to be tested on the investigated contaminants in Kuwait’s groundwater 

and at the Western Australian industrial site. The term ‘polar compounds’ groups a large 

number of compounds which can differ greatly in chemical structure and persistence, and 

further characterisations are essential to determine which remediation method may be the 

most efficient. The precursor hydrocarbons need to be considered and perhaps can give 

some indication of which metabolites result. The formation of polar compounds is still 

not well described, and the importance of abiotic or biotic factors not known. The role of 

microorganisms and other physical/chemical processes needs to be explored and would 

add important knowledge to the fate and management of legacy spills in future. 

The persistence and accumulation of these compounds could potentially be 

detrimental to the environment. However, a study exploring the toxicity of polar 

compounds have concluded polar compounds likely present only a low to moderate 

toxicity (Zemo et al., 2017, O'Reilly et al., 2015, Zemo et al., 2013) but other researchers 

noted, the theoretical modelling of potential polar compounds structures- not formed from 
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petroleum sources, and not considering adverse impacts after long term exposure, may 

underestimate the risk of polar compounds on the environment and human health at 

legacy spills (Brewer and Hellmann-Blumberg, 2014, Hellmann‐Blumberg et al., 2016). 

A more recent study focusing on aldehydes formed in contaminated soil elutriates from 

Antarctic soils, found samples to be highly toxic when tested by Microtox assays. The 

authors recognised the variations of polar across different sites and suggest Microtox 

assays as a first screening, but recommend site-specific ecotoxicological testing for a 

more accurate result (Pudasaini et al., 2019). The study presented in this thesis have 

supported that polar compounds can persist for long periods of time, and  

long term exposure and chronic effects of low and moderate toxicity polar 

compounds on human health have not been considered. Exact toxicity conclusions in 

relation to polar compounds formed in weathered contaminants cannot be generalised, as 

every site may vary in composition, conditions and microbial community resulting in the 

formation of different metabolites. While the toxicity of polar compounds formed from 

weathered hydrocarbons was beyond the scope of this work, further research on the effect 

on human health and impacts on exposed environments of these metabolites is required 

to manage legacy spills adequately. In order to achieve effective management of legacy 

spills, the formation and identity of formed polar metabolites is essential.  

In recent years, the research around these aspects have gained more attraction, and 

theories of the formation of the polar compounds have been proposed. Abiotic as well as 

biotic processes have been suggested as catalyst in the formation of polar compounds. 

One study suggests that polar compounds derive mainly from the saturated fraction of 

hydrocarbons. The authors used a Pseudomonas sp. strain, isolated from biodegraded 

field samples, to artificially biodegrade fresh crude oil (Hu et al., 2018). An earlier study 
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found photooxidation of the aromatic fraction to increase the polar compound content in 

crude oil (Garrett et al., 1998). While this is a step in the right direction and adds 

extremely valuable novel information to this field of research, it should be noted that 

artificial weathering, cannot be compared to the complex processes taking place in nature, 

where a variety of different and unknown factors affect the contaminant. To date, no 

definite answer on how and why polar metabolites are formed has been found, and is 

likely explained by a combination of multiple factors. However, regardless of the origin, 

it can be concluded that a dominant UCM is always found in highly weathered 

contaminants, which have persisted in the environment over long periods of time.  

Individual microbial families have been identified across both investigated sites and 

indicate some association with highly weathered contaminants. Additional research and 

confirmation of the degrading ability of these identified microorganisms in the polar 

samples is advised, which can aid to identify members to enrich for a potential enhanced 

biodegradation rates. This research focused on the identification of microbial 

communities in the samples, however the presence does not equal functional potential. 

Advances in molecular techniques have increased the possibilities to gain a more accurate 

representations of the diverse processes in environmental samples (Carvalhais et al., 

2012). The application of metatransriptomics could further explore if identified 

microorganisms in highly weathered spills are actively biodegrading or only outcompeted 

other species due to higher tolerance to the contaminants.   

Polar compounds have been overlooked in previous research, but with the increased 

use of hydrocarbons worldwide and their accidental release into the environment, the 

accumulation of polar compounds is a growing global problem which needs to be 

addressed. Until more definite answers have been found on the toxicity, biodegradability 
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and persistence of individual polar compounds formed from weathering, it is advised to 

approach every spill on a case by case basis, to ensure the most appropriate method to 

manage the contamination long term.  
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