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Executive summary 

This project aimed to: (1) establish microbial and chemical baselines in aquifer waters, surface 
waters and soil samples in sites in and around the Narrabri Gas Project area, and (2) assess the 
capacity of indigenous microbial communities to degrade a range of ‘higher hazard’ chemicals 
likely to be used in coal seam gas activities in groundwaters, surface waters and the major soil 
types (vertosols and sodosols) of the Narrabri Gas Project region. 

Chemical and microbial baselining 

This project generated comprehensive baseline data on groundwater, surface water and soil 
microbiomes for the Narrabri Gas Project region, though some samples were taken outside its 
boundaries. Over 50 sites were studied, including 14 groundwater, 16 surface water and 32 soil 
locations, with most samples collected in both November 2022 and June 2023. From these sites a 
total of 54 groundwater, 52 surface water and 99 soil samples were collected, across the two 
sampling campaigns. Flooding and property access issues, however, limited some samples to a 
single time point. Samples were collected for both physicochemical and microbial analyses.  

Comprehensive physicochemical baselining was conducted on groundwaters, surface waters and 
soils of the region. Groundwaters were generally neutral in pH, relatively fresh (electrical 
conductivities < 1000 µS cm-1), and dominated by sodium and bicarbonate ions. Some variability 
was noted due to the groundwaters diverse origins. Surface waters were also mostly neutral and 
low in salinity (electrical conductivities < 700 µS cm-1). Surface waters were mostly dominated by 
sodium cations, though were more variable than groundwaters. Elevated metal concentrations 
were found in three samples (W3, W5 and W14) collected in November 2022 and June 2023. 
Repeat testing in 2024 suggested some metals had decreased in concentration, though other 
analytes, like copper, remained elevated. These findings were reported to the local council and the 
EPA, though the source of these metals remains unknown.  

Soils, primarily sandy sodosols and tenosols with some vertosolic soils included for comparison, 
were more diverse than the water samples. Soil pH ranged from 4.7 - 9.2, with electrical 
conductivity between 10 and 294 µS cm-1, indicating low soluble salt content. 

In terms of biodiversity, across the 14 groundwaters, almost 6000 prokaryotic ‘species’ were 
found, with relatively low diversity (averaging about 1000 ‘species/OTUs’ per sample). Common 
genera included Gallionella, Arcobacter, Perlucidibaca, Ferrigenum and Gemella. Groundwater 
communities were dominated by autotrophs, and in shallower aquifers, iron-oxidising taxa.  

In contrast, the 16 surface waters had over 24,000 ‘species/OTUs’, averaging ~5100 ‘species’ per 
sample. Dominant genera included Acidovorax, Aquirufa, Fluviibacter, Polynucleobacter and 
Methylobacillus. Surface waters were relatively rich in cyanobacteria, though a range of unusual 
and common heterotrophic species were also detected. Soils had the highest biodiversity, with 
almost 38,000 ‘species/OTUs’ comprising over 1000 unique genera. Soils were also more variable, 
reflecting the inclusion of varied soil types (e.g. sodosols and vertosols). Common genera included 
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Conexibacter, Acidovorax, Azospira, Mycobacterium, Bradyrhizobium, Nitrososphaera, 
Acidobacteria ‘Group 3’ and Rubrobacter.  

Fungal communities in surface waters hosted a diverse array of poorly understood fungi including 
representatives of most fungal phyla. Freshwater fungal communities are particularly poorly 
studied, and these data provide the first insights in this region. Common water fungi included 
various yeasts and chytrids, which are typically more abundant in water than soil habitats.  

Soil fungal microbiomes were diverse and dominated by ectomycorrhizal species, many of which 
appear novel and native, or endemic, to the region. Common ectomycorrhizal genera included 
Clavulina, Cortinarius, Inocybe, Laccaria, Lactarius, Pisolithus, Russula, Scleroderma and Tometella, 
though other mycorrhizal taxa (e.g. Glomus spp.) were occasionally detected. Individual soil 
samples usually were dominated by one or two ectomycorrhizal species, reflecting plant 
associations. Some fungi, however, were widely distributed across most samples (albeit mostly at 
lower levels) including various spore-forming ascomycetes Gibberella, Hypocrea (or the 
anamorphic Fusarium), Chaetomium and Penicillium (e.g. Eupenicillium and Talaromyces). Their 
presence in many samples likely reflects their aerial dispersal strategies. 

Microbial degradation of chemicals 

For its investigation into chemical degradation, this project focused on chemicals of ‘higher hazard 
potential’ regarding their risks to human or environmental health. These included chemicals with 
established hazards or insufficient hazard data, typically classified as Tier 2 or Tier 3 chemicals in 
industry risk assessments. The chemicals studied were two alcohol ethoxylates mixtures (AEM), 
two hydrocarbon mixtures (HCM), monoethanolamine (MEA) and three biocides: dazomet (DAZ), 
glutaraldehyde (GLU) and 3’3’-methylenebis(5-methyloxazolidine) (MBO). Surfactants and biocides 
were prioritised due to their known activity against cell membranes and living organisms, 
respectively.  

The project used groundwater, surface water and soil microcosms to assess (1) chemical 
biodegradation and, where relevant, their breakdown products, and (2) impacts on microbial 
communities, identifying sensitive taxa for environmental monitoring programmes. Additionally, 
experiments evaluated whether chemicals could be used as sole carbon sources by microbes to 
identify degraders. 

It is worth noting that hydrocarbon mixture #2 (HCM#2), ordered from an international supplier, 
was used in all microcosm experiments. However, post-experiment analysis showed the contents 
did not match the labelled CAS. Results for HCM#2 will be reported in an addendum, expected in 
early 2025. 

After four weeks of incubation in soil microcosms, biocides and HCM#1 were undetectable and no 
resistant breakdown products of GLU or MBO were found. DAZ, and its active breakdown product 
methyl isothiocyanate (MITC), were both undetectable. Only trace levels of AEM (<0.01%) were 
detected after incubation. For MEA, approximately ~75% of added MEA was degraded after 
incubation. It is noteworthy, however, that MEA was detected in soils to which no MEA was 
added. MEA concentrations that remained after incubation were not significantly different to 
background levels found in soil. This is unsurprising as MEA is a key component of bacterial cell 
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membranes, and prokaryotes found in soil would likely be able to readily degrade and 
manufacture MEA.  

In surface water microcosms, all chemicals were undetectable after three months incubation. In 
groundwaters, all chemicals except AEM were degraded after three months incubation; AEM#1 
degraded by ~20-50%, while AEM#2 showed greater degradation (a loss of 85-90%). 

For microbial community impact assessments some chemicals (HCM, MEA and the AEMs) were 
considered together in mixtures called the ‘drilling mixture’ and ‘workover mixture’. Microbial 
community changes varied by sample type. For one sample, only DAZ and GLU significantly altered 
microbial communities. In contrast, the other soil microbial communities were changed by the 
presence of all chemicals except the drilling mixture. Surface water microbial communities were 
impacted by most chemicals except MBO. Groundwater microbial communities were not impacted 
by the drilling or workover mixtures, and biocides had varied impacts.  

Microbial sole carbon enrichment experiments revealed many microbes capable of using the 
tested chemicals as sole carbon sources, though growth on the biocides was generally absent or 
limited, as expected.  

Conclusions 

Taken together, this study has provided the most comprehensive baseline dataset on soil and 
surface water microbiology in the region and extends existing groundwater data south and east of 
Narrabri. It also provides the first insights into the fungal diversity in non-vertosolic/non-cropping 
soils and surface waters.  

The study also demonstrated that most chemicals tested degraded completely in groundwaters, 
surface waters and soils of the region. As previously observed in other studies, faster degradation 
occurred in soils than in waters, though significant amounts of AEM persisted in the groundwaters 
and trace amounts of these same compounds persisted in soils. Finally, this study identified 
numerous indigenous microorganisms in groundwaters, surface waters and soils that are likely 
capable of degrading the ‘higher hazard potential’ chemicals tested; and conversely a number of 
taxa were identified as sensitive to chemical additions in these environments. Such taxa may be 
useful targets for monitoring programmes. 

In conclusion, the study demonstrates that microbial communities in and around the Narrabri Gas 
Project area can readily degrade most chemicals tested, offering an additional line of defence 
against environmental contaminants in the unlikely event of a spill. It also provides a unique, 
comprehensive baseline dataset and has identified key taxa for environmental monitoring 
programs. 
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1 Glossary 

Term Definition 

16S rRNA (biology/chemistry) A component of prokaryotic ribosomes that is commonly 
used to study and identify prokaryotes (see also entry for 
‘Ribosome’). 

Alluvium (geology/pedology) Sediment that is deposited by rivers or floodwaters. 

Anabolism (biology) The chemical construction of molecules. 

Aquifer (geology) A geological formation that can store and transmit 
groundwater. 

Autotrophy (biology) A form of nutrition in which organisms produce their own 
food using inorganic substances. 

Back-arc basin (geology) A geological depression that forms behind a chain of 
volcanoes where one tectonic plate is subducted beneath 
another.  

Baselining The establishment of a reference point or standard for 
comparison. 

Basement rocks (geology) The oldest rocks in the Earth's crust, lying beneath more 
recently formed sedimentary layers. 

Basin (geology) An area of the Earth's crust that is typically shaped like a 
bowl and where sediments accumulate over time.  

Biogeochemical cycles (biology/geology/geography) Natural pathways through which elements and compounds, 
such as carbon, nitrogen, sulphur and water circulate 
through the Earth's ecosystems, atmosphere, hydrosphere, 
and lithosphere. It involves biological, geological, and 
chemical processes. 

Catabolism (biology) The chemical breakdown of molecules. 

Catchment (geography) An area of land where all rainfall and runoff collect and flow 
to a common outlet (e.g., into a river, lake, or ocean). 

Chemical weathering (geology/geography) The break-down of rocks and minerals through chemical 
reactions. 

Ciliate (biology) A single-celled organism that is characterized by the 
presence of hair-like structures called cilia on their surface. 
Well known examples are Paramecium species. 

Coal seam (geology) A layer of coal embedded within rock layers. 

Colluvium (geology/pedology) Loose, unconsolidated sediments and soil that accumulates 
at the base of a slope or hillside. 

Dehalogenate/dehalogenation (biological) In microbiology, dehalogenation refers to the process by 
which microorganisms remove halogen atoms (such as 
chlorine, bromine or fluorine) from organic compounds. 
This is typically achieved through enzymatic reactions that 
break carbon-halogen bonds, converting halogenated 
compounds into less toxic or more biodegradable forms. 

DNA (biology/chemistry) DNA (deoxyribonucleic acid) is the molecule that carries the 
genetic instructions for the development, functioning, 
growth, and reproduction of all known living organisms and 
many viruses. 
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Domain of life (biology) The broadest category used to classify living things. There 
are three domains: Archaea, Bacteria, and Eukarya. 

Ectomycorrhiza (biology) A type of mutually beneficial relationship between certain 
fungi and the roots of host plants. The fungi form a 
protective sheath around the root tips and penetrate the 
root's outer cells without invading the living tissue. 

eDNA Environmental DNA (eDNA) is the genetic material left by 
organisms in their surroundings. It is increasingly used to 
detect species presence and evaluate biodiversity.  

Electrical conductivity (chemistry) Also known as EC, it is a measure of a material's ability to 
conduct electric current. 

Electron acceptor (biology/chemistry) A molecule that takes in electrons during a chemical 
reaction to facilitate energy transfer and transformation. 

Endosymbiont (biology) An organism that lives within the cells or tissues of another 
organism in a mutually beneficial relationship. 

Enzyme (biology) A protein that acts as a biological catalyst in living 
organisms to speed up chemical reactions without being 
consumed itself.  Enzymes are essential for various 
metabolic processes. 

Eukaryote (biology) An organism whose cells have a defined nucleus and 
membrane-bound organelles. Plants, animals and fungi are 
common and familiar eukaryotes. 

Extension (geology) The stretching and thinning of the Earth's crust due to 
tectonic forces. 

Fault system (geology) A network of interconnected faults. Faults are fractures in 
the Earth's crust along which movement has occurred. 

Flagella (biology) Long, whip-like structures that protrude from the surface of 
some cells and are used for movement. 

Fluvial (geography) Pertaining to rivers and streams. 

Gene (biology) Basic unit of inheritance composed of a sequence of DNA. 
Genes either make proteins or are used to regulate the 
expression of other genes.  

Genome (biology) The complete set of genetic material in an organism, 
encompassing the entirety of its DNA, including all genes. 

Geochemistry The study of the Earth's chemical composition and 
processes. 

Heterotroph (biology) A form of nutrition whereby organisms obtain energy and 
nutrients by consuming other living organisms or organic 
matter. Most animals are heterotrophs. Most plants are 
autotrophs. 

Hydraulic conductivity (geology) A measure of a material's ability to transmit water or other 
fluids through its pores or fractures. 

Hydrocarbons (chemistry) Compounds made up entirely of hydrogen and carbon 
atoms. 

Hydrogeologic (geology) Pertaining to the distribution, movement, and quality of 
groundwater. 

Igneous intrusion (geology) A body of molten rock (magma) that pushed its way into 
pre-existing rock formations and solidified beneath the 
Earth's surface. 

Interquartile range (statistics) 

 
The Interquartile Range (IQR) is a measure of statistical 
dispersion, representing the range within which the middle 
50% of data lies. 



Chemical and microbial baseline studies and microbial degradation experiments of CSG chemicals in Narrabri NSW |  3 

Lithology (geology) Pertaining to the physical characteristics of rocks, especially 
their composition, grain size, texture, and colour. 

Loam (pedology) A type of soil with a balanced mixture of sand, silt, and clay. 

Metabolism (biology) The complete set of life-sustaining chemical reactions 
within organisms. It enables the conversion of food into 
energy, building and repairing of cells, and regulation of 
biological functions. 

Microaerophilic (biology) A physiological preference for a reduced level of oxygen. 

Microbiome (ecology) The microbiome refers to the entire habitat of 
microorganisms, their genomes, and the surrounding 
environmental conditions (physical and chemical). 

Microbial community (ecology) A group of microbial populations 

Microbial population (ecology) A group of individuals of the same microbial species. 

Mycorrhiza (biology) A mutually beneficial relationship between certain fungi 
and plant roots. The fungi enhances plant nutrient and 
water uptake, and, in return, the plant provides the fungi 
with carbohydrates and other organic compounds.  

Orogen (geology) A region of the Earth's crust where mountains have formed 
due to tectonic plate movements, such as continental 
collisions or subduction. 

OTU (biology) OTU (Operational Taxonomic Unit) is a term used in biology 
to represent clusters of organisms—typically 
microorganisms—that share a certain level of genetic 
similarity. For ease of understanding an OTU can be 
considered the same as a microbial species. 

Outlier (statistics) Data point that is significantly different from the other 
observations in a dataset. Often > 1.5X the interquartile 
range (IQR). 

Overburden thickness (geology) The depth of material, such as soil and rock, that lies above 
a particular deposit or resource. 

Paleochannel (geology) Ancient and inactive river or stream channels that have 
been filled with sediments. 

PCR (biology) PCR (Polymerase Chain Reaction) is a laboratory technique 
used to rapidly amplify specific segments of DNA for 
applications such as sequencing.  

pH (chemistry) Potential of hydrogen; a measure of the acidity or alkalinity 
of a solution.  

Potentiometric head (hydrogeology) The height to which aquifer water rises in a well. It 
describes the potential energy level of water in an aquifer - 
showing its pressure and elevation. 

Primer (biology) A short single-stranded sequence of DNA that serves as a 
starting point for DNA synthesis during processes such as 
PCR. 

Prokaryote (biology) Single-celled microorganisms that lack a defined nucleus 
and membrane-bound organelles. Bacteria and Archaea are 
the two prokaryotic domains of life. 

Rhizobia (biology) A group of soil bacteria that form a mutually beneficial 
relationships with leguminous plants, such as beans and 
peas. They infect the roots of these plants where they 
convert atmospheric nitrogen into a form that the plant can 
use for growth. This process is known as nitrogen fixation. 
In return, the plants provide the bacteria with habitat, 
nutrients, and energy. 
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Ribosome (biology) Cellular structures that serve as the sites of protein 
synthesis. 

Saprolite (geology) A chemically weathered rock.  

Sedimentary facies (geology) Distinct bodies of sediment characterised by particular 
physical, chemical, and biological attributes. These 
variations can be indicative of different environments. 

SEM 
(multiple meanings) 

Statistics: Standard Error of the Mean is a statistical 
measure that quantifies the accuracy with which a sample 
mean estimates the population mean. 
Physics: Scanning Electron Microscopy 

Sodosol (pedosol) A soil type enriched in sodium, which affects soil structure 
and drainage. These soils often have poor physical 
properties, including low permeability. 

Stratigraphic (geology) Pertaining to rock layers and layering. 

Structural down-warping (geology) The bending or sagging of the Earth's crust. 

Taxon; Taxa (biology) A group of organisms that are classified together based on 
shared characteristics or evolutionary relationships. Unlike 
species or genera, or families the terms ‘taxon/taxa’ lack a 
defined phylogenetic level. 

Taxonomy (biology) The scientific discipline of classifying and naming living 
organisms based on shared characteristics and natural 
relationships 

Tenosol (pedology) A type of soil with a weakly developed profile and primarily 
consisting of sandy or loamy textures. It generally has 
minimal layering or horizon development.  

Transgressive (geology) A rise in sea level causing the shoreline to move inland.  

Tree of life (biology) A tree-like model used to describe the evolutionary 
relationships among all living organisms on Earth. It shows 
how organisms descended from common ancestors. 

Type strain (biology) A reference strain of a species used as the definitive 
example of that species. It is typically the first strain of a 
species to be studied, formally described and used to 
represent the species in scientific literature and databases. 
The type strain holds the species' official name and serves 
as a standard for comparison in identifying and categorizing 
other strains within the same species. 

Unconformity (geology) A rock surface that indicates a period of erosion or non-
deposition.  

Vertosol (pedology) A soil type characterized by a high clay content, leading to 
significant swelling and cracking during wet and dry 
conditions, respectively.  
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2 Aims and introduction 

2.1 Project aims 

In 2020, the Narrabri Gas Project (NGP) was conditionally approved by the Independent Planning 
Commission (IPC; Santos, 2020)1. The NGP, focuses on extracting Permian-age coal seam gas (CSG) 
from targets in the Gunnedah Basin, NSW (e.g., Salmachi et al., 2021 and references therein). The 
use of gas from unconventional resources, however, has elicited significant public debate 
regarding potential environmental impacts, particularly to groundwater resources. One specific 
concern, is that use of a range of chemicals by CSG companies in drilling, workovers and other 
activities, including surfactants, biocides, corrosion inhibitors, buffers, friction reducers and 
viscosity control (e.g., Schinteie et al., 2019 and references therein) may negatively impact the 
environment.  

Unsurprisingly, risks associated with these chemicals have been the focus of numerous reviews 
into potential environmental and human health impacts (Australian Government Department of 
the Environment and Energy Reports 2014, 2017)2. Regarding the NGP, a chemical risk assessment 
framework to protect the environment and water resources during CSG operations was assigned 
to the 2020 environmental approval by the federal government3.  

This project is part of GISERA’s efforts to reduce uncertainty around the environmental, social, 
health, cultural and economic risks associated with CSG activities in the Narrabri local region. In 
particular, this project aims to:  

 

1. Establish microbial community and chemical baselines in aquifer waters, surface waters 
and soil samples of sites proximal to future CSG activities. 

2. Assess and understand the capacity of these microbial communities to degrade a range of 
chemicals likely to be used in CSG activities in both the major soil types of the region,  in 
relevant aquifer environments and in surface waters of the region. 

  

 

 

1 https://www.ipcn.nsw.gov.au/cases/2020/03/narrabri-gas-project 

2 https://www.industry.gov.au/publications/environmental-report-2014-15 and https://www.dcceew.gov.au/sites/default/files/documents/annual-
report-2017-18-environment-and-energy.pdf 

3 https://www.planningportal.nsw.gov.au/major-projects/projects/narrabri-gas 

https://www.industry.gov.au/publications/environmental-report-2014-15
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2.2 Land use in the Narrabri Region 

The Narrabri region features a mosaic of land use that, in broad terms, mirrors soil types of the 
region (Figure 1 - Figure 5). Typically, the richer vertosolic soils of the region are used to grow 
cotton, wheat and other high-value crops, and on these soils the woodlands have mostly been 
cleared for agriculture, though some remnant patches remain (Figure 1 and Figure 2). In contrast, 
the other soil types of the region support pastures and grazing (Figure 3) with the mostly 
sodosolic, and some tenosolic soils, south and southwest of Narrabri having been subject to 
significant clearing in the areas of Bohena Creek and Yarrie Lake (Figure 1). Further south and 
southwest of Narrabri the Pilliga woodlands (sometimes called the ‘Pilliga scrub’) extend towards 
Coonabarabran (Figure 4 and Figure 5). Much of the NGP lies either in the Pilliga woodlands (itself 
a mosaic of National Parks and State Forest with a combined area of over 500,000 ha (Cleland, 
2015); or in the grazing and cropping areas in Bohena Creek or Yarrie Lake (Figure 1).  
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Figure 1 Satellite photos of the Narrabri region 

Note: Clearing in areas southwest of Narrabri (regional areas of Bohena Creek and Yarrie Lake) and large stands of woodlands southwest towards 
Coonabarabran. Map courtesy of Google Maps, inset map (red) of the Narrabri Gas Project area reproduced from the NSW Government. 
(https://meg.resourcesregulator.nsw.gov.au/mining-and-exploration/significant-projects/narrabri-gas-project) 

Google (n.d.). [Narrabri]. Retrieved September 2024.  
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In the Pilliga woodlands themselves, disturbance is generally high with the existence of hunting, 
sporadic logging and a significant dirt road network off the Newell Highway (OEH, 2017)4. The soils 
in the Pilliga woodlands are primarily sodosols, characterised by a high sodium content with 
generally poor soil structure and low nutrient status. Despite these challenging soil conditions, the 
Pilliga woodland supports a distinctive semi-arid woodland ecosystem. This woodland has changed 
significantly over time, and there are debates about the scope and nature of this change (for a 
detailed analysis see: Whipp et al., 2012) over the last ~250 years.  

Dominant vegetation includes various Eucalyptus, Angophora, Casuarina species and Callitris 
glaucophylla (White Cypress Pine), with the latter sometimes forming dense stands (Figure 4). The 
understory features a mosaic of sclerophyllous shrubs, grasses and herbs including several 
endangered plant species. A floral study by Idyll Spaces Environmental Consultants (2008)5 
encompassing parts of Bibblewindi and Pilliga East State Forests, road and travelling stock reserves 
and nearby private properties, provided more detailed vegetation descriptions into the area 
proximal to gas production activities. Varied vegetation communities were noted in that study, 
depending on a range of ecological factors that encompasses both the physical environment (e.g., 
drainage, soil types) and any other local biological characteristics (e.g. associated plant species). In 
cleared areas, paddock trees including Casuarina cristata and occasional clumps of Acacia 
harpophylla young coppice growth was observed. In low open forest, the brigalow Acacia 
harpophylla was dominant although Casuarina cristata may be dominant in localised areas of poor 
drainage. The dry open forest was dominated by the narrow leaved ironbark Eucalyptus crebra, 
the Pilliga box Eucalyptus pilligaensis, and a rough-barked apple hybrid Angophora floribunda x 
leiocarpa. In woodland, the red gum Eucalyptus dwyeri was observed to be dominant. For a more 
detailed description of these communities, including midstratum and ground layer vegetation, 
consult the report by Idyll Spaces Environmental Consultants (2008). 

Overall, it is important to note that the Pilliga-area vegetation cover is highly non-homogenous 
and plant communities can differ markedly depending on the ecological characteristics in the 
region (Figure 4 and Figure 5). 

 

 
4 https://www.environment.nsw.gov.au/-/media/OEH/Corporate-Site/Documents/Parks-reserves-and-protected-areas/Parks-statement-of-
management-intent/pilliga-outwash-parks-statement-management-intent-170686.pdf 

5 https://narrabrigasproject.com.au/wp-
content/uploads/2015/06/NSW_CSG_Narrabri_19_Environmental_Assessment_Specialist_Report_2_Flora.pdf 
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Figure 2 Farmland in the Narrabri region on vertosolic soils that support cotton and other high-value crops 

This photo shows cotton growing on the side of the Kamilaroi Highway. Photo by Kate Ausburn. 

 

Figure 3 Grazing is also a significant industry in the Narrabri region 
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Figure 4 Photograph showing White Cypress Pine (Callitris glaucophylla) forming dense stands 

 

 

Figure 5 Parts of the Pilliga woodland with dense stands of eucalypts 

This photo shows Dandry Gorge Creek in Pilliga Nature Reserve. Compared to Figure 4, parts of the Pilliga woodland feature few Callitris. Photo by 
Margaret Donald. 
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2.3 Basic geology of the Narrabri region 

The regional geology of the Narrabri area is dominated by three geological systems, which are the 
1) Permian to Triassic Gunnedah Basin, the 2) Jurassic to Cretaceous Surat Basin, and 3) overlying 
Cenozoic alluvium (Figure 6). All these systems are underlain by Palaeozoic basement rocks of the 
Lachlan Orogen. Coal resources in that area are located in the Gunnedah Basin with economic 
seams in the Black Jack Group and the Maules Creek Formation (Northey et al., 2014). As already 
mentioned, in 2020, the Narrabri Gas Project was conditionally approved by the Independent 
Planning Commission (IPC; Santos, 2020). This project, focusing on extracting gas from Permian 
coal seams, is considered as highly prospective (e.g., Salmachi et al., 2021 and references therein). 
By contrast, no coal or CSG resource development from seams in the Surat Basin are currently 
under development. The Late Jurassic Pilliga Sandstone of the Surat Basin and the Cenozoic 
alluvium form the main groundwater conduits in the Narrabri region and do not contain coal. In 
the following sections, the basin systems and alluvium are briefly reviewed. The geological 
sections focus on key stratigraphic aspects to provide a broad understanding of the hydrogeology 
of the Narrabri region. 

Geology of the Gunnedah Basin 

The early Permian saw the initiation of the Gunnedah Basin in a back-arc setting whereby an 
extensional event resulted in the deposition of interlayered volcanic and lacustrine sedimentary 
rocks (Totterdell et al., 2009). In the western regions, this basin rests unconformably (i.e. 
deposited on an erosional surface or a pause in sediment accumulation) on basement rocks of the 
Palaeozoic Lachlan Orogen, while in the east it sits next to the New England Orogen along the 
Hunter-Mooki thrust fault system (Welsh et al., 2014). This fault system terminates the basin at 
each end and separates from the adjacent Werrie Basin (Hill, 2002). The Gunnedah Basin 
architecture consists of three north-north-westerly oriented sub-basins lying between basement 
ridges (Tadros, 1988, 1993). Coal resources are located in the Maules Creek and Mullaley sub-
basins (Herr et al., 2018b). 

Early sedimentation in the Gunnedah Basin, marked by the Leard Formation, consists of localised 
deposition of both alluvium and colluvium in palaeo-valleys on the weathered surface of the 
Palaeozoic basement rocks (Gurba et al., 2009). A subsequent influx of sediments of 
predominantly volcanic origin from adjacent highlands resulted in the lower Permian Maules 
Creek Formation and contains numerous coal seams. Most structural activity such as faulting 
occurred in the Narrabri region during the early to mid-Permian (Tadros, 1993). Most significant is 
the Boggabri thrust fault system located within the Boggabri Volcanics of the Boggabri Ridge, 
approximately underlying the Namoi River between Gunnedah and Narrabri (Herr et al., 2018b). 
Fault activation raised the Maules Creek sub-basin strata by up to several hundred metres higher 
than equivalent strata in the Mullaley sub-basin (Herr et al., 2018b; Hill, 2002). 

The sedimentary facies of the Maules Creek Formation consist of a diverse range of fluvial settings 
that range from alluvial fans to peat swamps (Gurba et al., 2009; Totterdell et al., 2009). 
Transgressive marine conditions in the Lower Permian resulted in the overlying Porcupine and 
Watermark formations. A subsequent marine regression gave rise to a fluvial depositional setting, 
which included peat swamp deposits that formed the precursor of the Hoskissons Coal in the Black 
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Jack Group (Totterdell et al., 2009). Sediments of the Black Jack Group, especially the upper 
portions, originated from the New England Orogen in the eastern part of the Narrabri region and 
deposited as part of an alluvial system (Totterdell et al., 2009).  

The two principal coal-bearing sequences of interest to CSG production are the Early Permian 
Leard and Maules Creek Formations and the Late Permian Black Jack Group (Gurba and Weber, 
2001; Tadros, 1995). With approximately 500 Gt of coal in these Permian strata, these formations 
are of significant economic value (e.g., Gurba and Weber , 2001 and references therein; Salmachi 
et al., 2021).  

The Late Permian saw the basin undergo structural contraction and deformation followed by 
erosion (Hill, 2002). Consequently, the Early Triassic Digby and Napperby formations rest 
unconformably on an erosional surface (Totterdell et al., 2009). Late Triassic to Early Jurassic 
structural down-warping of the area resulted in the Surat Basin, which is situated in the western 
part of the Gunnedah Basin. The geologic aspect of the Surat Basin is described below. 

2.3.1 Geology of the Surat Basin 

As described above, structural down-warping in the Late Triassic to Early Jurassic resulted in the 
formation of the Surat Basin in the western part of the Gunnedah Basin. Structurally, the younger 
Surat Basin is less deformed than the underlying Gunnedah Basin (Herr et al., 2018b). The basal 
lithology of the Surat Basin generally consist of the Garrawilla Volcanics (Totterdell et al., 2009). 
This volcanic unit is unconformably overlain by the Purlawaugh Formation, which has been 
interpreted as deeply eroded prior to the deposition of the younger Pilliga Sandstone (Totterdell 
et al., 2009). This overlying sandstone unit itself underwent significant erosion, resulting in a 
saprolite (i.e., chemically weathered rock) layer of variable thickness and extent (Herr et al., 
2018b). The Pilliga Sandstone forms one of the two major aquifers of the Narrabri region. A water 
resource assessment by Smerdon et al., (2012) noted that the overlying Late Jurassic to 
Cretaceous Rolling Downs Group, composed of mudstone, siltstone and fine sandstone, acts as the 
aquitard of the Pilliga Sandstone aquifer, while the underlying Purlawaugh Formation is the 
aquiclude. This is in contrast to other studies (Schlumberger Water Services, 2012; Sanderson, 
2013), which describe the Purlawaugh Formation as a negligibly transmissive unit or an aquifer, 
respectively. However, this discrepancy may be due to uncertainty regarding the boundaries 
between different strata (Hawke and Cramsie, 1984; Herr et al., 2018b). Regardless, recent studies 
by Raiber et al. (2022) have shown that the hydrogeological connectivity between the Pilliga 
Sandstone and underlying Gunnedah Basin formations in the eastern and southern part of the 
Narrabri Gas Project (NGP) area. However, localised connectivity likely exists near the Plumb Road 
NSW DPIE groundwater monitoring site, due to a spatially extensive igneous intrusion emplaced 
into the shallow Gunnedah Basin may facilitate some connection (Raiber et al., 2022). This 
connectivity is also supported geochemically, with an increase in chloride anion concentrations 
and the presence of methane gas (Raiber et al., 2022). 
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2.3.2 Geology of Cenozoic alluvium 

The Cenozoic era saw the deposition of more alluvium being deposited in the Narrabri region. This 
alluvial deposition resulted in the formation of the Upper and Lower Namoi alluvial aquifers. 
Volcanism during that era subsequently affected the topography of the area with volcanic features 
seen today as hills around the margins of the Narrabri region (Wellman and McDougall, 1974). 
Furthermore, the weathering of these volcanic remnants over time resulted in the formation of 
rich and fertile soils of the Liverpool Plains (Welsh et al., 2014). The alluvium consists of the 
uppermost Narrabri Formation and the underlying Gunnedah Formation with the strata composed 
of gravel- and sand-rich layers that are usually near the base and overlain by fine-grained 
floodplain silts and clays deposited in a lower energy environment (Berrett, 2012; Herr et al., 
2018b; Thoms et al., 1999). Based on the relatively large size of the Cenozoic paleochannels 
compared to those of today, Young et al. (2002) deduced that larger river flows of about twice the 
magnitude of modern flows in the Namoi river basin. 

2.4 Hydrogeology of the region 

The two major aquifers in the Narrabri region are the Pilliga Sandstone aquifer of the Surat Basin 
and the Naomi Alluvial aquifer of the Cenozoic alluvium (Herr et al., 2018b). Numerous other 
aquifers, such as the Mooga Sandstone, can be geographically extensive but not as high yielding 
(NSW DPE, 2022; Figure 6) Several studies exist on groundwater quality and chemistry of the 
Narrabri area, including in the deeper underlying Gunnedah Basin. These studies were conducted 
previously by government departments, consultants, and research organisations. Many of these 
studies are reviewed below. 

Currently, limited information exists about the aquifers and groundwater flows of the Gunnedah 
Basin and are rarely utilised for stock and domestic purposes (Herr et al., 2018b). Within this basin, 
porous and permeable rock sequences within the Digby Formation and Clare Sandstone (part of 
the Black Jack Group), and the Permian coal beds serve as aquifers (Herr et al., 2018b). These rock 
sequences do not comprise a single aquifer, but numerous overlapping and stacked together units 
that are commonly separated by lower-permeability layers. Importantly, these rock aquifers and 
coal beds are believed to have significantly lower hydraulic conductivity than the overlying alluvial 
aquifers (Herr et al., 2018b). As noted in the geological section above, the boundary of the 
Gunnedah Basin is defined by the Hunter-Mooki thrust fault system, which is considered to be an 
impermeable boundary that hydrogeologically isolates the basin from the adjacent Werrie Basin 
(Herr et al., 2018b). Little is known about any aquifers in the Lachlan Orogen basement, which 
underlies the Gunnedah Basin (Herr et al., 2018b). Since the sub-basins architecture of the 
Gunnedah Basin were compartmentalised, it has been speculated that the sub-basin strata may 
also be divided into discrete sections with respect to regional groundwater flow systems (Herr et 
al., 2018b). Such a compartmentalisation of deep groundwater flow systems may therefore limit 
potential groundwater impacts from coal resource developments. Nevertheless, there may be 
areas where deep groundwater flow may be connected such as between the Maules Creek and 
Mullaley sub-basins where the Boggabri Ridge that separates these two areas is not continuous 
(Tadros, 1993), or where flow proceeds around the ridge (Schlumberger Water Services , 2012), or 
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through overlying alluvium (Herr et al., 2018b). Fault activity, mostly during the Permian, may have 
also had a significant effect on groundwater flow characteristics at a local scale (Schlumberger 
Water Services, 2011). 

As noted above, the Surat Basin hosts one of the major aquifers in the Narrabri region. 
Groundwater in this aquifer, the Pilliga Sandstone, flows from south-east to west and north-west 
(Herr et al., 2018b; Smerdon et al., 2012). Potentiometric heads of the Pilliga Sandstone do not 
generally show any obvious surface water to groundwater interaction along the Namoi River or 
the Pian Creek with the only exception being downstream of Narrabri at the confluence with 
Bohena Creek (Herr et al., 2018b). Due to the intense chemical weathering resulting in saprolite 
formation of the Pilliga Sandstone, a reduced connectivity is assumed with the alluvium (Herr et 
al., 2018b). 

The aquifer system of the Cenozoic alluvium occurs along river valleys and floodplains and 
consequently play a central role for agriculture and the local ecosystems (Herr et al., 2018b). 
Simplistically, the alluvium could be seen as a stacked aquifer system consisting of the uppermost 
Narrabri Formation (≤ 30 to 40 m deep) and the underlying Gunnedah Formation (≤ 170 m deep) 
(Berrett, 2012; Herr et al., 2018b). In reality, the stacked aquifer system model is likely more 
complex with an interplay between the clay, sand and gravel beds occurring (Kelly et al., 2007). 
Indeed, in some areas there may not be any hydraulic separation between the Narrabri and 
Gunnedah formations, with both units acting as a single aquifer (Herr et al., 2018b). The 
groundwater gradients in the alluvial aquifers indicate flow from the east in a north-westerly to 
westerly direction (Welsh et al., 2014). While the hydraulic conductivity of the Cenozoic alluvium 
generally increases with depth and in the paleochannels, it can vary depending on the presence of 
sand or clay lenses (Herr et al., 2018b). Generally, groundwater levels in the Cenozoic alluvium 
correspond to rainfall variability and groundwater use with the water table level ranging 
approximately from 4 to 12 m below ground near Narrabri but progressively deepens (≤ 34 m) to 
the west (Herr et al., 2018b). 

A hydrogeochemical project by Parsons Brinckerhoff (2011) indicated that the Narrabri Formation 
is dominated by sodium and chloride with major ion chemistry in the Gunnedah Formation being 
spatially variable, which indicates that the aquifer is laterally discontinuous and exhibits zones of 
differing ion compositions and salinity. The report also observed deteriorating groundwater 
quality in these formations that make them unsuitable for stock and/or grazing. In addition, a 
long-term trend of increasing salinity was recorded in some Gunnedah Formation bores and 
attributed to vertical leakage of saline water from the upper aquifer and saline intrusion of pore 
waters. A similar trend was also recorded in one Narrabri Formation and one Cubbaroo Formation 
bore. Finally, the report pointed to processes influencing the major ion composition of 
groundwater in this region and include mixing, ion exchange, reverse ion exchange, and 
dissolution and precipitation of minerals such as carbonates and gypsum (Parsons Brinckerhoff, 
2011). Such reports provide useful context, but they generally are not focused around CSG 
development.  

The degree of connectivity between the groundwater and coal measures is dependent, among 
other factors, on the overburden thickness (Herr et al., 2018b). Therefore, the overburden 
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depends on the combined thickness of the overlying Watermark, Porcupine, Digby and Napperby 
formations, Surat Basin stratigraphic sequences (wherever present), and the Cenozoic sediments 
(Herr et al., 2018b). The overburden thickens rapidly to the west of the Boggabri Ridge (Herr et al., 
2018b). More recently, Raiber et al. (2022) pointed out that this overburden thickness acts as an 
aquitard that appears to be continuous with limit hydrogeological connectivity occurring between 
the Pilliga Sandstone of the Surat Basin and underlying Gunnedah Basin formations in the eastern 
and southern part of the Narrabri gas project area. Some localised hydrogeological connectivity 
was noted between the Gunnedah and Surat basins near the Plumb Road groundwater monitoring 
site where a spatially extensive igneous intrusion occurs. Potential hydrogeological connectivity 
between the Pilliga Sandstone and deeper formations was also inferred chemically through an 
increase in chloride anion concentrations and the presence of low concentrations of methane 
within the Pilliga Sandstone in the north-west of the Narrabri gas project area (Raiber et al., 2022). 

2.5 Surface waters of the region 

The area around Narrabri and beyond, also known as the Northwest Slopes region, is 
characterised by a broad floodplain in the west and highlands in the east and south (Welsh et al., 
2014). This landform pattern is overlain by an east-to-west climatic and hydrologic asymmetry. 
With an annual rainfall band of 500–750 mm, the area contains dry inland and the wetter coastal 
zone further east (Cleland, 2015). Mean annual rainfall is recorded at approximately 900 mm on 
the Nandewar Range to the north, 700 mm at Narrabri further south, and 480 mm at Walgett to 
the west. This disparity in rainfall pattern is due to the boundary conditions between semiarid and 
humid climates, which runs through the central part of the region (Wray, 2009; Young et al., 
2002). Consequently, this region experiences variable drought risks (Hoque et al., 2021) while the 
township of Narrabri is highly exposed to flooding (WRM, 2016; Yeo, 2002). 

The major fluvial system in this area is the Namoi River, which is part of the Barwon catchment of 
the Murray-Darling basin (Figure 7). This river originates on the western slopes of the Moonbi 
Range in the New England Plateau among crystalline and metamorphic rocks of the New England 
Fold Belt at an elevation of approximately 1300 m (Young et al., 2002). From these headwaters, 
the river flows initially south westward to Gunnedah and then north westward to Narrabri among 
sedimentary and volcanic rocks such as the Jurassic Pilliga sandstone and Miocene-age trachytes 
and basalts. This flow occurs largely in a relatively narrow, albeit deeply alluviated (i.e. 
sedimented) valley. From Narrabri, the river flows westwards across a broad alluvial plain to join 
the Barwon River at Walgett (Young et al., 2002). In this westward course, the Naomi River is 
joined by twenty-seven tributaries that include the Peel (Calga), Manilla and Mooki rivers as well 
as the Bohena, Coghill, Baradine, Etoo and Tullaba creeks that deliver significant volumes of water 
into the Naomi River (Figure 7) (WRM, 2016; NSW Natural Resources Commission, 2023).  
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Figure 6 Stratigraphy, including hydrostratigraphy, of the Surat and Gunnedah basins, NSW 

Adapted with permission from Raiber et al. (2022) and compiled from Tadros (1993, 1995), Carty and Smith (2003), Korsch and Totterdell (2009), 
Totterdell et al. (2009), Geoscience Australia (2013) and Ruming (2015) and modified from Raiber and Suckow (2018)). Q and P/N in the Cenozoic 
era denote Quaternary and Palaeogene/Neogene, respectively. 
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Figure 7 Narrabri water catchment map 

Reproduced with permission from Narrabri Shire Council (WRM, 2016). 
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Upstream of the township of Narrabri, the Naomi River channel splits in two with the northern 
channel (Narrabri Creek) carrying most of the flow. Narrabri Creek eventually rejoins the Namoi 
River at Mollee Weir (Green et al., 2011). That the flow is principally through Narrabri Creek and 
not the Namoi River is surprising given the names of these waterways. Local knowledge suggests 
human activity may have altered the flow of water through these waterways in the 1950s, though 
this remains speculative and evidence of its occurrence is not readily available. Other prominent 
freshwater bodies in the Narrabri area are Yarrie Lake (a purported crater lake), 17 km southeast 
of the township of Wee Waa and currently used for recreational purposes, and ‘Dripping Rock’, a 
waterfall and waterhole situated on crown land 10 km southeast of Maules Creek (OzArk 
Environment and Heritage, 2020). Downstream of Narrabri, many small wetlands and lagoons, 
anabranches (diversions from the main channel), as well as floodplain woodlands occur (Green et 
al., 2011). Previous studies have shown that the Naomi River floodplain contains numerous river 
channels that used to be active in the past but are now extinct. On the western edge of the 
township of Narrabri, for example, an artificial lake, named ‘Narrabri Lake’, was created on 
swampy wetlands in 1982 on one of these now extinct channels (Wray, 2009). This lake is 
currently being used for a range of recreational activities, including water sports. 

The Namoi River is highly regulated as it is dammed in its upper reaches and, for much of its 
length, affected by extensive storage and agricultural use of both surface and groundwater (Wray, 
2009). Therefore, typical river discharge is below what would be expected under unaffected, 
natural flow conditions. 

In the NGP, southwest of the township of Narrabri, Bohena Creek is an important water course 
and tributary of the Namoi River. Originating in the dry, semi-arid Pilliga woodlands, Bohena Creek 
has a stream catchment of around 830 km2 that is situated at low elevation, of which less than 160 
km2 is cleared and used for sheep and cattle grazing with the remainder designated for 
biodiversity conservation (Green et al., 2011; Welsh et al., 2014). Bohena Creek flows northeast 
towards Narrabri (Herr et al., 2018a) and generally contributes little inflow under normal 
conditions although during wet times, significant flood inflows occur (Green et al., 2011). A recent 
hydrochemical assessment showed that very fresh groundwaters occur within Bohena Creek 
catchment including within the area of the proposed NGP (Raiber and Suckow, 2018). 

2.6 Introduction to soils 

Soil is a complex mixture of mineral material, organic matter, gas, water, and living organisms 
(Needelman, 2013). These constituents can vary significantly along with their relative abundances 
and this diversity in soil composition results in different soil ‘types’ that vary in physical, chemical 
and biological qualities.  

In terms of the inorganic components, different sizes of particles e.g. clay, silt or sand can affect 
soil texture (Figure 8). The mineralogy of this fraction can affect the chemical and physical 
properties of the rock such as shrinking and swelling phenomena during wetting and drying 
depending on the content of individual clay minerals (Needelman, 2013).  

In addition to inorganic components, the amount of soil organic carbon that is at varying stages of 
decomposition, by contrast, is a key determinant for soil quality. Soil carbon plays important roles 



Chemical and microbial baseline studies and microbial degradation experiments of CSG chemicals in Narrabri NSW |  19 

in soil aggregation, water-holding properties, fertility and can (depending on the soil) also be an 
important sink for metals which can be immobilised in metal-polyphenolic complexes (Kumar et 
al., 2022).  

 

Figure 8 USDA Soil texture triangle 

(Ditzler et al., 2017) 

The proportion of organic matter can vary markedly by soil type. Some organic rich peats, for 
example, are largely organic matter, while many other soils are principally mineral matter and 
contain low percentages of organic matter. Soils in general tend to become more depleted in 
organic matter content by depth. The carbon in soils at the surface is typically more labile than the 
carbon at depth. 

2.6.1 Soils in the present study 

Soils in the Narrabri region are typically described as clays, clay loams or sandy loams (Welsh et al., 
2014). The quality of the soil can be variable and depending on land use can be compacted by 
stock and grazing activities and impacted by erosion (Tongway and Ludwig, 1990). According to 
the Australian Soil Resource Information System (ASRIS, 2011), 55 soil descriptions across the 
Namoi river basin have been described (Welsh et al., 2014). According to the State of the 
Catchments (2010) statement on soil condition in the Narrabri region, the soils in the area are 
generally regarded as ‘Fair’ - ‘Noticeable loss of soil function. Noticeable deterioration against 
reference condition’- to ‘Good’ - ‘Slight loss of soil function. Noticeable but not significant 
deterioration against reference condition’. The ‘Fair’ soil classification is typically on grazing land 
close to Gunnedah and Narrabri and also on forestry land (State of the Catchments, 2010; Welsh 
et al., 2014). 

The most abundant soil type in the Narrabri region are clay-rich vertosols in the northern 
agricultural-dominant area and sodosols in the south where the Pilliga Forest is located. A high 
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clay content in soils indicates high water holding capacities when saturated, which impeded 
drainage and hard setting surfaces and restrictive infiltration during heavy rainfall (State of the 
Catchments, 2010; Welsh et al., 2014). Among the sodosols of the Pilliga Plateau, by contrast, 
most of the land is characterised as having considerable limitations to agricultural land use. 
Nevertheless, these soils do support a variety of low intensity land uses, such as grazing, forestry 
and nature conservation (Welsh et al., 2014). 

Based on an NSW Land and soil capability assessment (OEH, 2012), most of the vertosols of 
Narrabri region belong to Classes 3 and 4 with a narrow belt of Class 2 along major river valleys 
(Welsh et al., 2014). Class 2 denotes very good cropping land with fertile soils, while Class 3 
supports most land uses with intensive management practices. Class 4 lands, by contrast, are 
incapable to sustain a high impact land use without the need of specialised management practices 
(OEH, 2012; Welsh et al., 2014). On the sodosols of the Pilliga Plateau, the land is generally 
characterised as having severe limitations (Class 5), with localised areas being classified as very 
severely limited land (Class 6). While these lands can support a range of low intensity land uses, 
including grazing, forestry and nature conservation, highly specialised management practices can 
overcome some limitations (OEH, 2012; Welsh et al., 2014). 

Vertosol 

Vertosolic soils of the region are typically used for cotton and other high-value cropping. These 
soils occur in a band running approximately NNW towards Wee Waa, and SSE towards Tarriaro. 
These soils are characterised by their high clay content, with pronounced shrink-swell behaviour, 
leading to the formation of deep cracks (gilgai) during dry periods (Figure 9). Unlike many 
Australian soils, the black vertosols of the Narrabri region are relatively nutrient-rich, particularly 
for phosphorus content. 

 

Figure 9 An example of the black, vertosolic soil (S4) collected in the present study 

This soil has high clay content, and relatively low content of coarser (sandy) material (see Table 9 for details of composition).  

 

2 cm 
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Sodosols and other soils  

The area to the south of Narrabri is more varied with respect to soil type, though the region is 
typically lower in clay content (Figure 10). Indeed, through most of the Pilliga scrub sandy, 
sodosolic soils are relatively common. These are soils that have high sodium or magnesium 
content and are mostly nutrient poor.  

 

Figure 10 An example of the lighter coloured coarser textured, sodosolic soil (S24) collected in the present study 

This soil has considerably more coarse, sandy material with less clay content (see Table 9 for details of composition). 

 

In addition, the region also contains chromosols, dermosol, kurosols and rudosols, and some plays 
that include significantly higher clay content, particularly around creeks (Figure 11). 

2 cm 
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Figure 11 The clay content of soils shown as a yellow (min) to brown (max) overlay over a map of the region 

Note the dark band of clay-rich vertosols that occur between Wee Waa, through Narrabri and Tarriaro, and the low clay content of soils of the 
Pilliga to the south. Data from eSPADE © State of NSW and Department of Planning, Industry and Environment 2024. 

2.7 Introduction to microbial diversity and ecosystem function 

Over the last 50 years, it has become clear that all ecosystems are underpinned by microbial 
communities which provide vital ecosystem services (Ali, 2023; Delgado-Baquerizo et al., 2016; 
Philippot et al., 2021). Microorganisms in these communities include bacteria, archaea and fungi 
and a range of other microscopic organisms6. The compositions of microbial communities are 
highly variable and their individual richness (a count of its species, and evenness (how equally 
abundant (or not) species are) determine the microbial biodiversity of a given environment.  

The results of these two properties are that different communities can have different biodiversity 
but contain the same number of species. Below, for example, is a hypothetical community with 10 
different coloured species (Figure 12). Community 1 is, however, more biodiverse than community 
3 (as community 3 is mostly comprised of species 1). 

 

 
6 Specifically a large diversity of non-fungal, disparate microbial eukaryotes. This group includes various well known singled celled organisms such as 
paramecia or amoebas. 
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Figure 12 Explainer for diversity (richness vs evenness) 

Recreated using Matplotlib in Python 3, adapted from a figure by David Zelený (davidzeleny.net/anadat-r) 

 

Unsurprisingly, different environments host different numbers of microbes. Of the three sample 
types examined in the present study, soils host the highest microbial (and other) biodiversity. 
Indeed, soils have among the highest biodiversity of all environments (Anthony et al., 2023; 
Bardgett, 2023). For example, a teaspoon of soil (5g) may host ~5000 species and over 108 cells g-1. 
In contrast, aquatic environments are both less biodiverse and typically less cell dense. A study of 
bacteria in the Namoi River, for example, found post-flood cell counts of 3x105 cells mL-1, and 
outside of flood a cell density of ~7.5x105 cells mL-1 (Balzer et al., 2021). Groundwaters typically 
have lower cell density still, though there are few reports of cell densities in waters of the Narrabri 
region. In the subsurface, these densities have been estimated at 102-105 cells mL-1 of 
groundwater, though densities in this environment ignore microbes attached to surfaces (Alfreider 
et al., 1997), and total subsurface cell densities may be more comparable with surface waters 
when these are considered.  

Microbes are critical to life on Earth in that they underpin biogeochemical cycles on Earth 
(Prescott, 1999). These include the global carbon, nitrogen, sulphur and phosphorus cycles. They 
do this through their metabolic abilities which are distinct from those in multicellular organisms. 
Such processes are collectively referred to as metabolisms and are designed to provide the cells 
with the essentials, such as energy and nutrients. Metabolism is generally divided into catabolic 
and anabolic processes, which ‘break down’ or ‘build-up’ components, respectively. For example, 
microbial degradation of a compound like starch into simpler sugars (e.g. maltose or glucose) 
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through the use of amylase enzymes is a catabolic process and these type of processes are 
referred to as catabolism. In contrast, when bacteria take in sugars excess to their requirements, 
they use enzymes to make various energy storage compounds such as glycogen or poly-β-
hydroxybutyrate. This construction of storage compounds like glycogen is an anabolic process, and 
the part of metabolism this refers to is known as anabolism.  

While all animals, including humans, solely use oxygen as the key compound (electron acceptor) in 
their energy metabolism, microorganisms, depending on their species, can use a more diverse 
range of components (Gibbons and Gilbert, 2015). This can include various other inorganic 
compounds such as nitrate, sulphate or a range of oxidised metals (like iron III or manganese IV).  

Unlike animals or plants, microbes can degrade resistant compounds including even quite 
recalcitrant compounds like aromatic carbon compounds (e.g. benzene) or halogenated 
compounds. Many can also do this in environments without oxygen (called anoxic environments), 
meaning that microorganisms have the capacity to markedly exploit the local geology of an area, 
essentially remobilising ancient compounds.  

To add to this complexity, various microbes engage in complex relationships with other organisms 
including animals or plants (Prescott, 1999). Notable examples of these processes are mycorrhizal 
formation and root nodulation in plants, which enable the recycling or fixing of nutrients from 
otherwise plant-inaccessible nutrients (Kennedy, 1999; Martin and van der Heijden, 2024; van der 
Heijden et al., 2015).  

It is important to explain that the term ‘microorganism’ or ‘microbe’ is a generic term that includes 
a range of very different types of organisms united by their small size. Microbes come from all the 
‘Domains’ (the highest/broadest level grouping) of life. These are the Bacteria, Archaea and the 
Eukarya. The last contains organisms most readers will be familiar with, e.g. fungi, plants, animals, 
(Table 1) while the two former domains, Bacteria and Archaea, contain organisms that look 
superficially similar (single celled organisms) but are genetically unrelated. 
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Table 1 Information about the domains of life 

Domain  Description Study relevant examples 

Bacteria Bacteria lack a membrane-bound nucleus and other 
organelles. They are the most diverse group of life on 
Earth. Typically they are single-celled, though they can 
form filaments and complex multispecies aggregations. 

Among the most common microorganisms detected 
in this study is Bradyrhizobium liaoningense. This 
species was originally described from soybean roots 
in Liaoning Province in China but has since been 
found globally. Like many ‘rhizobia’, B. liaoningense 
is known from root nodules of leguminous plants, 
but (given its ease of culture) presumably readily 
occurs in non-root associated forms in the 
environment (called free living). It is worth noting 
that Australia hosts many native nodulating, non-
agricultural ‘pea’ species with which the species may 
associate. 

 

The photo above shows root nodules formed by 
Bradyrhizobium species on soybean. 

Archaea Like Bacteria, Archaea lack a membrane-bound nucleus 
and other organelles. They were (until recently) 
considered to be different bacteria, but advances in our 
understanding of their biology and genetics indicate, 
while they look like bacteria, Archaea are completely 
unrelated. 

The most common Archaea detected in this study 
was a novel (new) species of Nitrososphaera, related 
somewhat to N. viennensis. Nitrososphaera species 
are mostly ammonia-oxidising species that use 
energy from oxidation of ammonia (NH3) to nitrite 
(NO2-) to power carbon (CO2) fixation. 

Eukarya All other organisms, other than Bacteria and Archaea, are 
eukaryotes. These organisms have membrane-bound 
nuclei and other organelles. Most of the living organisms 
familiar to most people are eukaryotes.  

Microbial eukaryotes include fungi and a host of other 
organisms that were part of a group known as ‘protists’. 
For the purpose of this report, only fungi are considered, 
though soils and waters of the Narrabri region 
undoubtedly host a vast diversity of ‘protist’ taxa. 

An example of a fungus relevant to this study is 
Pisolithus marmoratus. This fungus forms 
associations (ectomycorrhiza) with Eucalyptus, 
Casuarina and other Australian native tree species. It 
was observed in many baseline samples from the 
Narrabri region. 

 

Pisolithus marmoratus. Photo by Martin Lagerwey 

Both the Archaea and Bacteria are single celled (Table 1), and it is thought that the Eukarya may 
have arisen (in the distant geologic past) through endosymbiosis between the two groups (Figure 
13). It is important for readers to note that while Archaea were originally regarded as occurring in 
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extreme environments (like hot springs), many non-extreme Archaea have since been identified in 
more mundane locations including soils and groundwater. 

 

Figure 13 The metaphorical ‘Tree of Life’ of common descent 

Grey arrows highlighting the three domains: Bacteria, Archaea, and Eukarya. This diagram emphasizes the significance of horizontal gene transfer in 
evolutionary processes (black arrows) and the role of oxygen (O2) production in algae, plants, and cyanobacteria. Additionally, it explores the 
foundational interplay between RNA, DNA, and proteins in the origins of life. 

Modified from Govindjee and Shevela (2011) 

2.8 Molecular approaches to microbiology 

Modern microbiological studies are underpinned by the application of molecular, DNA-based 
approaches in identifying what microbial species occur in a certain environment and their 
relationship to other microorganisms (also known as phylogenetics). Unlike studies using animals 
and plants with often well-defined morphologies and more easily discernible physiologies, 
microbial cells, especially prokaryotic ones, exhibit very simple cell morphologies. Consequently, it 
is difficult to ascertain even basic taxonomic status (e.g., domain, kingdom, phylum, and class) 
based on morphology alone. Furthermore, only a very small percentage (< 1%) of prokaryotic 
microorganisms have been cultured under laboratory conditions (Schloss and Handelsman, 2004), 
prohibiting any classification using their physiology. However, it is important to state that while 
more than 99% of these microbes have remained elusive so far, they are not “unculturable”; 
rather their range of growth conditions have either not yet been determined or been replicated 
for them to survive and grow under laboratory conditions (Wang et al., 2021a). 

The difficulty in discerning microbial diversity can largely be resolved through the application of 
culture-independent DNA-based techniques provided through the polymerase chain reaction 
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(PCR) amplification technique (Olsen et al., 1986; Pace, 1997). A relatively cheap and rapid option 
involves the extraction of DNA directly from the environment (e.g., soil, water) and the sequencing 
of a region of the microbial genome that encodes the structure of 16S rRNA (ribosomal RNA). All 
bacteria and archaea share this gene, yet each variant involving different species or strains is 
unique in barcoding individual taxonomic groups (Pace, 1997). Ideally, these sequences can be 
compared to those that were able to be cultured and their metabolism elucidated or at least 
predicted (Newman et al., 2012). However, microorganisms can be either metabolically diverse 
(i.e., able to use  multiple metabolisms depending on substrate availability) or are poorly 
characterised with no close taxa for comparison. In addition, since PCR amplification employs DNA 
sequences called primers that are designed to amplify conserved segments of 16S rRNA genes, it 
may miss taxa that do not possess these sequences in their genes (Newman et al., 2012). 

In this study the 16S rRNA gene, and an analogous nuclear ribosomal region called Internal 
Transcribed Spacer (ITS) in fungi, are used to determine what microorganisms occur in each 
natural environment or in one of the many subsequent experimental microcosm studies. As 
mentioned previously, these genes contain highly conserved regions that are similar across all 
microorganisms, as well as variable regions that can provide more specific taxonomic 
differentiation. These variable regions are used to determine the taxonomic grouping to which 
microorganisms belong (e.g., what species, genus, family etc).  

Microbial baselining is the process of establishing the normal composition and variability of 
microbial communities in a specific environment. This typically involves collecting comprehensive 
data on the types and abundances of microorganisms present in a particular setting, such as soil 
(Cluzeau et al., 2012), water (Pinar-Méndez et al., 2022), the subsurface (Amann et al., 1997), the 
bodies of humans and other animals (Ross et al., 2019) or built environments like hospitals or food 
production facilities (Vargas et al., 2023).  

The last few decades have seen biological assessment techniques reach a state where it has been 
rated more heavily than physicochemical measures in determining the environmental health 
(Pawlowski et al., 2018). This outcome has largely been achieved through advances in genomic 
techniques and their application to cost-effectively and comprehensively assess biological "health" 
indicators in a timely manner (Pawlowski et al., 2018). DNA-based baseline assessments rely on 
developments in next-generation sequencing which enable the comprehensive "counting" of all 
organisms in a given environment using DNA extracted directly from the environment (also known 
as ‘environmental DNA’ or ‘eDNA’). Consequently, this allows the identification of all members of 
various microbial groups present in a particular environment using informative marker genes such 
as 16S (see Figure 14). In addition to using fluctuations in microbial communities to measure 
change, these methods allow the identification of organisms that may be sensitive to particular 
environmental contaminants. Indeed, these more sensitive organisms may then be a specific focus 
of monitoring efforts. This field is generally known as either biomonitoring or metabarcoding and 
increasingly comprises a body of research which demonstrates its efficacy for monitoring and 
managing environmental change (Bohmann et al., 2014; Cristescu, 2014; Darling et al., 2017; 
Deiner et al., 2017; Keck et al., 2017; Leese et al., 2018; Valentini et al., 2016).  



28  |  CSIRO Australia’s National Science Agency 

With regards to CSG activity, defining baseline microbial compositions allow for a better 
understanding of the impacts of an accidental chemical spillage. Therefore, before any spillage 
occurs, detailed samples are collected from the unaffected natural environment to identify and 
quantify the types of microorganisms present under normal conditions. This may include 
identifying prevalent microbial species and understanding their roles in the native ecosystem.  

If a chemical spillage occurs, the same sampling techniques as used in the baselining work are 
applied to detect any changes in the microbial community. In such studies, shifts in microbial 
diversity, decreases or increases in specific populations, and changes in microbial activities are 
investigated (Overholt et al., 2019). By comparing post-spill conditions to the baseline, it is 
possible to identify which microorganisms that are most affected by the spillage, how community 
composition has changed, and potential ecological impacts.  

Indeed, microbial baselining serves as a crucial tool for quantifying the ecological impacts of 
chemical spills and guiding effective environmental management and restoration efforts. 
Understanding baseline conditions aids in designing intervention strategies, helping to determine 
which aspects of the microbial community are critical for ecosystem functions that need to be 
restored. 

2.9 State of knowledge: microbial communities in the NGP 

The Narrabri region has been host to many studies on microbiology. The vast majority of these 
studies, however, are focussed on vertosolic soils used for cotton (and other) cropping. These 
include numerous studies on plant pathogens (Knox et al., 2006; Le et al., 2022; Mondal et al., 
2004; Nehl et al., 2004; Ogle et al., 1993), mycorrhizas (Knox et al., 2008; Loke, 2007; McGee et al., 
1997; Pattinson and McGee, 1997; Rosendahl et al., 2009) nitrogen-fixing bacteria (Diatloff and 
Brockwell, 1976; Oparah et al., 2024) and general soil microbiology (Gupta et al., 2018; Knox et al., 
2016; Knox et al., 2014; Midgley et al., 2007a; Polain et al., 2021).  

Outside of agricultural soils, however, there is a dearth of information on microbiology in the 
region, especially in the non-vertosolic soils. There are a handful of studies that warrant 
discussion, including two studies of groundwater microbes or microbial capabilities in 
groundwaters by Iverach et al. (2020) and Korbel et al. (2013). Of the two studies, Iverach et al. 
(2020) identified microbes in 28 groundwaters (and also included a sample from the Namoi River 
for comparison). In contrast, Korbel et al. (2013) examined 15 groundwaters in a somewhat 
overlapping region. It is noteworthy that Korbel et al. (2013) characterised microbial activity and 
capacity (on biology plates and against cellulose strips) rather than microbial identity. 

There is a single study of archaeal diversity in soils of the region, though it contains no data from 
non-vertosolic soils in the NGP (Midgley et al., 2007a). It does, however, include two remnant 
forest soils (also vertosols) from within the project area both of which are from vertosolic soils in 
Brigalow Nature Reserve and Brigalow Park State Conservation Area (formerly Claremont Nature 
Reserve) southeast of Yarrie Lake.  

There does not appear to be any studies of the bacterial diversity in soils of the region outside of 
studies of agricultural soils. In addition, prokaryotic microbiology on the surface waters of the area 
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is also extremely limited, noting the single sample of the Namoi River examined by Iverach and co-
workers.  

While no other studies appear to have described bacterial communities in surface waters, there 
are several other microbial investigations of the Namoi River. For example, Mitrovic et al. (2014) 
undertook microbial cell counts (but not identification) in the Namoi River near Boggabri. The 
Namoi River was also included in a study of microbial gene cassettes (Stokes et al., 2001), though 
it is unclear where on the Namoi River this sample was taken. There are also numerous bacterial 
isolates which have been obtained from undisclosed locations in the Namoi River. For example, 
Vibrio cholerae ‘N60’ was isolated from the Namoi River in 1981 (Desmarchelier and Reichelt, 
1982). No studies appear to have been conducted into the fungal ecology or fungal diversity in 
surface waters of the region. 

In terms of soil fungi, there are two studies by Midgley and co-workers, in 2007b and 2011, which 
explore basidiomycete (Midgley et al., 2007b) and ascomycete communities (Midgley et al., 2011), 
at a single site in Jack’s Creek State Forest. Like Midgley et al. (2007a), these studies also sampled 
Brigalow Nature Reserve and Brigalow Park State Conservation Area, however, while these sites 
are within the boundaries of the NGP area both sites host vertosolic soils. It is important to note 
that Brigalow Nature Reserve is specifically excluded from the project area, though it is 
surrounded by the project area (Figure 1). Regardless, both studies demonstrate that significant 
fungal diversity occurs in the sodosolic soils of the region, including numerous novel species.  

There has also been one sporocarp survey in the broader region, though these were in Mount 
Kaputar National Park (Danks et al., 2013). This study recorded a number of novel, truffle-like taxa, 
though the soil type (mainly rudosols) (NSW DPE, 2022) and vegetation likely differ substantially 
from the area in the NGP.  

In addition to this sporocarp survey, a novel species of morel (Morchella australiana) was collected 
(and described) in the southwestern area (near Bugaldie) of the Pilliga (Elliott et al., 2014), though 
this was outside of the NGP area. No other fungal collections were apparent at the time of writing. 

There are also other incidental reports of fungi in the region, these include brief mentions in 
papers with other purposes, or citizen science initiatives. One example of the former is a report of 
fungus beetles in association with ‘Polyporus’ (now Laccocephalum) mylittae in an undescribed 
location in Pilliga East State Forest (Webb and Simpson, 1991). Examples of the latter can be found 
via FungiMap7 and iNaturalist8, however, these data are mostly photos of sporocarps and common 
(and easily identified) fungi such as Pycnoporus cinnabarinus predominate these datasets in this 
region. It should be noted that along with these more common fungi, FungiMap and iNaturalist 
also host a number of unidentified fungal photos from the region with location identifiers. Once 
more significant data is available on the fungi of the region, these may prove valuable in 
understanding the range of poorly understood species in the region. 

 

 
7 https://fungimap.org.au/ 

8 https://www.inaturalist.org/ 
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Figure 14 Microbial community profiling using environmental DNA and next-generation DNA sequencing 
approaches 

† ID- Identification using Bayesian classifiers and a bacterial 16S database (Cole et al., 2014) and a fungal ITS database (Deshpande et al., 2016) 
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2.10  Chemicals of potential concern used in gas production 

The production of natural gas in onshore settings requires the use of various chemicals that 
perform a range of functions. These chemicals are required at various stages of the gas production 
process, for example, some chemicals are only used during drilling, while others are used during 
the production phase. Furthermore, other chemicals are situationally used as required for 
individual projects (Schinteie et al., 2019). For example, some biocides are used only when odours 
are detected in surface water facilities. Most of these chemicals have relatively limited risk profiles 
and are known to degrade in the environment, however, some chemicals have elevated risks.  

Drilling fluids, used to assist in the drilling of boreholes, are essentially a mud composed of a mix 
of clay minerals and either water, oil or synthetic organic matter (Hyne, 2019). To these muds, 
various chemicals additives are added to produce a desired effect such as thinners, foaming 
agents, flocculants, pH controls, and emulsifiers to disperse mixtures (Hyne, 2019; Schinteie et al., 
2019). Workover fluids are employed in an already completed well for maintenance and to 
increase productivity (Fink, 2015). These fluids can be water, oil, emulsions or foam-based and the 
final makeup depends on the structure and composition of the well (Speight, 2016). In addition, 
various biocides are used to kill or control harmful organisms. Such biocides are chemical 
substances that have the capacity to destroy, deter, or exert a controlling effect on any harmful 
organisms. The current study focussed on a range of chemicals used in the above-mentioned 
processes. For introductory purposes, each of the chemicals examined in this study are described 
below and in Table 2. 
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Table 2 Chemicals examined in this study 

Chemical Abbreviation CAS # Additive role Notes 

Alcohol ethoxylate 
mixture #1  

AEM#1 78330-21-9 Surfactant  

Alcohol ethoxylate 
mixture #2 

AEM#2 69011-36-5 Surfactant  

Hydrocarbon mixture #1 HCM#1 64742-47-8 Workover  

Hydrocarbon mixture #2 HCM#2 90622-58-5 Workover  

Monoethanolamine MEA 141-43-5 Viscosity management/ 
drilling additive 

 

3,5-dimethyl-1,3,5-
thiadiazinane-2-thione 

DAZ 533-74-4 Biocide The breakdown product of 
DAZ, methyl isothiocynate, 
was tested in addition to 
DAZ itself 

Glutaraldehyde GLU 111-30-8 Biocide  

3,3'-methylenebis(5-
methyloxazolidine) 

MBO 66204-44-2 Biocide The breakdown product of 
MBO, 5-
methyloxazolidine, was 
tested in addition to MBO 
itself 

 

2.10.1 Alcohol ethoxylates 

In this study two different types of alcohol ethoxylates were used as non-ionic surfactants (see 
below). These molecules include n ethyoxlate units with ‘R’ representing a long hydrocarbon chain 
(Figure 15). Alcohol ethoxylates are non-ionic surfactants, the long hydrocarbon chain is 
hydrophobic while the repeated ethoxylate units are hydrophilic.  

 

Figure 15 General chemical structure of alcohol ethoxylates 

See text for description.  

Alcohol ethoxylate mixture #1 

An alcohol ethoxylate mixture #1 (AEM#1) with CAS number 78330-21-9 was used in this study. It 
consists of C11-14 iso-alkyl ethers with the C13 iso-alkyl ether (polyoxyethylene (10) tridecyl ether) 
predominating (Figure 16). It is worth noting that the position of the methyl groups is unknown. 
The hydrophobic tail is derived from tridecyl alcohol, which is a 13-carbon long alkyl chain (13 = 
tridecyl). This long chain is responsible for the hydrophobic affinity of the surfactant with oils and 
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nonpolar substances. The hydrophilic head portion is composed of a polyoxyethylene chain. The 
‘10’ in the compound name indicates that there are 10 ethylene oxide units in this chain (Figure 
16). Each ethylene oxide unit consists of two carbon atoms and one oxygen atom forming an -O-
CH2-CH2- linkage. This mixture of hydrophobic and hydrophilic structures allows the compound to 
act effectively as a surfactant by reducing surface tension and enhancing the mixing and 
dissolution of different phases, such as oil and water.  

 

Figure 16 Chemical structure of Alcohol Ethyoxylate mixture #1 

Alcohol Ethyoxylate mixture #1 (AEM#1) contains polyoxyethylene (10) undecyl ether, polyoxyethylene (10) dodecyl ether, polyoxyethylene (10) 
tridecyl ether and polyoxyethylene (10) myristyl ether. 

Alcohol ethoxylate mixture #2 

Another alcohol ethoxylate mixture (AEM#2) with CAS number 69011-36-5, used in workover 
processes (EHS, 2024a), was examined in this study. This mixture includes isotridecanol 
monoethoxylate, diethoxylate and triethoxylate (Figure 17). Similar to the other alcohol ethoxylate 
mixture, AEM#2 is a surfactant with a hydrophobic tail consisting of a branched alkyl chain 
attached to a hydrophilic polyoxyethylene chain. The relative proportions of these three 
compounds within the mixture are unknown. 
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Figure 17 Chemical structure of Alcohol Ethoxylate mixture #2 

Contains a mixture of isotridecanol monoethyoxylate (A), isotridecanol dioethyoxylate (B) and isotridecanol triethyoxylate (C) 

(referred to in this study as AEM#2) 

2.10.2 Hydrocarbons 

Two different hydrocarbon mixtures were used in this study, which are both used in the workover 
process. One mixture, with CAS number 64742-47-8, is referred to as hydrocarbon mixture #1 
(HCM#1), including C12-15 n-alkanes, iso-alkanes, cyclics, and less than 2% aromatics. The other 
mixtures, with CAS number 90622-58-5, is referred to as hydrocarbon mixture #2 (HCM#2) 
including C11-15 iso-alkanes.  

Hydrocarbons are a group of compounds made up entirely of hydrogen and carbon atoms 
(McMurry, 2023) (Figure 18). These compounds can be classified into different types, such as 
aliphatic and aromatic compounds (Figure 18). Alkanes, major aliphatic compounds, are 
hydrocarbons of carbon and hydrogen atoms where all the carbon-carbon bonds are single bonds 
and have the general chemical formula CnH2n+2 (Figure 18). They can have a straight-chain 
appearance without any branches called n-alkanes, side branches from a straight-chain 
appearance called iso-alkanes and cyclic appearance where the carbon atoms are arranged in a 
ring structure called cyclic alkanes (Figure 18). Aromatic compounds consist primarily of carbon 
and hydrogen atoms with a stable, planar ring structure with alternating double carbon bonds 
(McMurry, 2023) (Figure 18). 
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Figure 18 Primer to hydrocarbons, drawing chemical structures and alkanes and aromatic compounds 
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2.10.3 Monoethanolamine 

Monoethanolamine, also known as ethanolamine, the mono prefix is used to distinguish it from di- 
and tri- ethanolamines. The sourced product has CAS number 141-43-5. Structurally it is a two-
carbon chain with an amino and a hydroxy substituent at either end making it both a primary 
amine and a primary alcohol (Figure 19). This compound is used as a component in drilling fluids 
(EHS, 2024b).  
 

 

Figure 19 Chemical structure of monoethanolamine 

2.10.4 Dazomet and methyl isothiocyanate 

Dazomet (DAZ) is the trade name for a biocide and fumigant (CAS # 533-74-4). Structurally, DAZ is 
a thiadiazine (NCBI, 2024b). Structurally, DAZ is a heavily modified thiadiazine ring that includes 
two methyl groups and a doubled-bonded sulphur attached to the ring (NCBI, 2024b)(Figure 20). 
DAZ is unstable on contact with water and breaks down in a series of hydrolysis reactions to 
methyl isothiocyanate (MITC) (Gadagbui et al., 2014), the principal active compound that is 
acutely toxic to a range of organisms. It also produces other breakdown products including 
formaldehyde, monomethylamine and hydrogen sulphide.  

 

 
      Dazomet                         Methyl isothiocyanate 

Figure 20 Chemical structures of dazomet and methyl isothiocyanate 

 

2.10.5 Glutaraldehyde 

Glutaraldehyde (GLU) is a commonly used biocide (CAS #111-30-8). Structurally, GLU is simple 
compound that is essentially a pentane with aldehyde functional groups on either end (Figure 21). 
GLU is a highly effective biocide in that is readily reacts with organic compounds, such as proteins, 
often forming cross-links which disrupt cellular function (NCBI, 2024a) (Matei et al., 2020).  

 

Figure 21 Chemical structure of glutaraldehyde 
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2.10.6 3,3'-Methylenebis(5-methyloxazolidine) 

3,3'-Methylenebis (5-methyloxazolidine) described here as MBO, is a molecule that is comprised of 
two 5-methyl oxazolidine units joined by a methylene (CH2) ‘bridge’ between the two nitrogen 
atoms. MBO is unstable in water, which attacks the N-C bonds in the methylene bridge, breaking 
the compound into two methylated oxazolidines. These methylated oxazolidines are then subject 
to further attack by water, resulting in the release of formaldehyde and the production of 1-
aminopropan-2-ol (Figure 22) (EHS, 2024c) (EHS, 2022; Madan and Beck, 2006).  

Due to this instability, MBO was not used for analysis. For this study, 5-methyloxazolidine was 
used as the analytical target compound in the degradation experiments of this study.  

 

 

Figure 22 Chemical structure of the oxazolidine compound used in this study 
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2.11  Microbial degradation of chemicals 

The diversity of microbes within soil, surface water, or groundwater is directly related to the 
capacity of a given sample or environment to degrade a given xenobiotic (a non-indigenous) 
chemical. This is because an individual microbial genome contains 1,500 to 8,000 genes for 
bacteria and 10,000 to 60,000 genes in most fungi. These genes have specific roles and capabilities 
and having more genes available at a community level enables the community to catabolise 
(degrade) more substrates. It is also important to note that chemicals that are harmful to humans 
and other organisms, are not necessarily harmful to bacteria, archaea or fungi. For example, the 
compound benzene while a known carcinogen, numerous microbes (especially in the 
Desulfobacteraceae for example) can use benzene as a sole source of carbon for growth. Such 
factors are important to keep in mind when natural soils or waters become contaminated by 
xenobiotic chemicals used in various human-led processes such as agricultural usage or onshore 
gas exploration and/or production.  

2.11.1 Microbial degradation of alcohol ethoxylates 

To degrade alcohol ethoxylates under oxic conditions, microbes typically use monooxygenases, 
that specifically target the ether bonds within the ethoxylate chains of the surfactants. This 
enzymatic action cleaves ethers in the centre of the molecule, producing by-products such as 
polyethylene glycols (PEGs) and alcohols (Budnik et al., 2016; Cain, 1994; Ji et al., 2019a; Tidswell 
et al., 1996; Witkowska et al., 2018; Zembrzuska et al., 2016) (Figure 23).  

The chain length of the alkyl group and the number of ethoxylate units in the molecule play 
significant roles in governing how easily individual compounds are degraded. In general, pure 
cultures cannot mineralise the entire molecule, and as such multiple species working in concert 
may be required for complete degradation (Cain, 1994). Generally, shorter and simpler ethoxylate 
chains are more susceptible to microbial attack and degrade more quickly. Branched chains can 
hinder enzymatic access to these ether bonds, limiting degradation. This may be more of an issue 
under anoxic conditions (Mösche, 2004). 
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Figure 23 Schematic for the central fission pathway for degradation of detergents 

Adapted from Cain, 1994. 

 

2.11.2 Microbial degradation of hydrocarbons 

Microbes have evolved numerous metabolic pathways to degrade hydrocarbons under oxic and 
anoxic conditions, using different aliphatic and aromatic hydrocarbon strategies (Ghosal et al., 
2016; Ławniczak et al., 2020; Leahy and Colwell, 1990). 

Aerobic hydrocarbon degradation 

In the presence of oxygen, bacteria can efficiently degrade aliphatic and aromatic hydrocarbons. 
Aliphatic hydrocarbons, which consist of straight or branched chains, are typically broken down 
through a series of oxidation reactions. The process often begins with an enzyme called 
monooxygenases, which incorporates an oxygen molecule into the hydrocarbon. In terminal 
oxidation, the oxygen is added to the terminal (end) carbon of the chain, converting it into an 
alcohol (Figure 24). This alcohol is subsequently oxidised into an aldehyde and then into a fatty 
acid (Markovetz and Kallio, 1971; Rojo, 2009; Singh et al., 2011; Wang and Shao, 2013). The fatty 
acid enters the β-oxidation pathway, where it is broken down step by step to produce acetyl-CoA, a 
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key molecule that feeds into the tricarboxylic acid (TCA) cycle for energy production and biomass 
synthesis. 

In subterminal oxidation, the initial oxygenation occurs at a carbon near the end of the chain, 
forming secondary alcohols (Figure 24). These alcohols are further converted into aldehydes and 
are then cleaved at an ether bond, resulting in acetate (which is funnelled to central metabolism) 
and a terminal alcohol which can then be processed via terminal oxidation.  

Aromatic hydrocarbons, with their stable ring structures, are more complex to break down. Under 
aerobic conditions, bacteria often employ monooxygenases to transform these compounds into 
simpler, more reactive intermediates like catechol (Díaz et al., 2013; Fuchs et al., 2011). Catechol 
serves as a key gateway molecule that undergoes enzymatic ring cleavage. These cleavage 
reactions produce smaller molecules that can be processed through the TCA cycle, enabling the 
complete mineralization of the aromatic structure. 

Anaerobic hydrocarbon degradation 

When oxygen is not available, bacteria use alternative strategies to degrade hydrocarbons. The 
anaerobic breakdown of aliphatic hydrocarbons often begins with a unique process called 
fumarate addition. In this pathway, bacteria add fumarate to the hydrocarbon, forming an 
alkylsuccinate (Ji et al., 2019b; Tan et al., 2014; Tan et al., 2015) (Figure 24). This compound 
undergoes subsequent reactions that convert it into fatty acids, which can then be metabolized 
through other pathways to yield energy and cellular building blocks. 

Aromatic hydrocarbons present an even greater challenge under anaerobic conditions due to their 
stable ring structures. One of the primary strategies bacteria use is to activate these compounds by 
forming benzoyl-CoA, a central intermediate. Benzoyl-CoA is reduced by benzoyl-CoA reductase, 
which catalyses the dearomatisation of the ring, making it more amenable to breakdown (Boll et 
al., 1997; Breese et al., 1998; Porter and Young, 2014). The products of these reactions are linear 
molecules that can be further processed into acetyl-CoA and incorporated into the cell’s energy 
and biosynthesis pathways. 
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Figure 24 Schematic showing microbial degradation of n-alkanes via terminal and subterminal oxidation processes, 
along with the anaerobic fumarate addition pathway 

 

2.11.3 Microbial degradation of monoethanolamine 

Monoethanolamine is two carbon compound with a hydroxyl group on one end and an amine 
group on the other end. Growth, at least for some bacteria, appears to be facilitated by an 
ethanolamine-ammonia lyase. This pathway is best studied in a range of environmentally-less-
relevant clinical species such as Salmonella. Regardless, this enzyme activity cleaves ethanolamine 
into ethanol and ammonia, the latter is then used as a source of nitrogen. The former is converted 
to acetaldehyde and acetic acid, by alcohol and aldehyde dehydrogenases (Figure 25). The best 
studied organisms for its degradation are Escherichia coli or Salmonella enterica (Blackwell et al., 
1976; Blackwell and Turner, 1978; Chang and Chang, 1975), though other bacteria have been 
studied (Bradbeer, 1965a, b) and for bacteria at least, there have been a small number of reviews 
(Garsin, 2010; Kaval and Garsin, 2018). The fungal literature demonstrates that some fungi appear 
to be able to use this compound including Aspergillus nidulans, Papiliotrema (syn. Cryptococcus) 
laurentii (Flipphi et al., 2002; Middelhoven et al., 1985). In the case of A. nidulans, this fungus is 
also able to use ethanolamine as a sole source of nitrogen (Flipphi et al., 2002). At least some 
fungi, for example, Blastobotrys (syn. Arxula) adeninivorans can use the compound as a sole 
source of nitrogen, but not a sole source of carbon (Middelhoven et al., 1991). Its use by fungi as a 
sole source of carbon, nitrogen, or both is almost certainly more widespread than the limited 
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reports suggest. This lack of reporting is likely because ethanolamine is not a commonly tested 
compound. 

 

 

Figure 25 (Mono)Ethanolamine utilisation as it occurs in Salmonella species 

Enzymes are shown in red. 

 

2.11.4 Microbial degradation of dazomet or methyl isothiocyanate (MITC)  

Microbial growth on or with DAZ or MITC is poorly studied. There are only a small number of 
studies that discuss catabolism of these compounds (Babu et al., 1996; Cobb, 1973). These two 
studies focussed on microbial access to sulphur and nitrogen in MITC. Cobb (1973), for example, 
showed that MITC toxicity in Fusarium oxysporum was related to the general sulphur status of the 
fungus. When cellular levels of sulphur were low, growth was stimulated by the presence of MITC 
in axenic culture, and the converse was true when, other, non-MITC sulphur levels were high. In 
the absence of other sulphur sources, F. oxysporum only degraded MITC to meet its sulphur needs 
(Cobb, 1973). Similarly, but from the perspective of nitrogen, Pseudomonas putida was 
demonstrated to use nitrogen from MITC as a sole source of nitrogen for growth (Babu et al., 
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1996). Furthermore, cell-free extracts of culture fluids were able to extract ~20 µmol NH3 released 
protein-1 h-1, illustrating that P. putida does this using extracellular enzymes. 

2.11.5 Microbial degradation of glutaraldehyde 

In oxic conditions, microbial catabolism of glutaraldehyde begins with its oxidation to glutaric acid, 
typically catalysed (Figure 26). Glutaric acid can be further converted in compounds like succinate 
which enter central metabolism, completely mineralising glutaraldehyde. Under anoxic conditions, 
however, glutaraldehyde is reduced to 1,5-pentanediol via 5-hydroxypentanal (Figure 26). In 
general, the pathway terminates at 1,5-pentanediol (Leung, 2001a), though some organisms can 
metabolise the compound further to 5-hydroxypentanoic acid (syn 5-hydroxyvaleric acid; Tanaka, 
1992). The half-life of glutaraldehyde in the environment is short, in the order of hours, due to its 
ready metabolism and reactivity (Leung, 2001a). Anoxically, glutaraldehyde can abiotically degrade 
to form 3-formyl-6-hydroxy-2-cyclohexene-1-propanal, a complex, cyclic dimer of glutaraldehyde. 

 

Figure 26 Microbial degradation of glutaraldehyde under oxic and anoxic conditions 
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2.11.6 Microbial degradation of 3,3'-methylene-bis(5-methyloxazolidine) 

There is very limited information about degradation of 3,3'-methylene-bis(5-methyloxazolidine), 
and the literature is similarly sparse for its principal breakdown product: 5-methyloxazolidine. The 
breakdown product, 5-methyloxazolidine, then undergoes further abiotic degradation to produce 
formaldehyde and 1-aminopropan-2-ol (described in some studies as 2-hydroxypropylamine). 
Both these initial reactions occur in water spontaneously and are abiotic. It is unknown whether 
microbes can accelerate this process.  

Microbial use of formaldehyde is well-established and it can be altered or used as a carbon source 
by numerous microbes (Husárová et al., 2011; Klein et al., 2022; Yurimoto et al., 2005). Like other 
aldehydes, it tends to be converted into a carboxylic acid prior to further modification. The 1-
aminopropan-2-ol breakdown product is chiral with two different forms (D and L). Growth on 1-
aminopropan-2-ol is well established, with studies from the 1970s demonstrating growth by 
Pseudomonas isolates (culture collection numbers: NCIB 10431 & NCIB 8858; Jones and Turner, 
1973; Faulkner and Turner, 1974) on both chiral forms.  

2.12  Other microbial or ecological responses to chemicals 

Along with direct catabolism (degradation) of chemicals described, some other microbial or 
ecological responses are introduced below. 

2.12.1 Resistance to chemicals 

Some microbes can exhibit inherent or acquired resistance to certain chemicals. Inherent 
resistance to chemicals implies a natural ability of a microorganism to withstand chemical 
compounds without needing to acquire new genetic material or mutations (Salam et al., 2023). 
This natural ability is expressed in biological features such as certain cell wall structures acting as 
potent barriers to chemicals and effective efflux pumps proteins that actively export a range of 
substances out of the cell (Madigan et al., 2022; Salam et al., 2023). Acquired resistance occurs 
when microbes gain new genetic traits that confer the ability to survive  exposure of toxic 
chemicals (Arzanlou et al., 2017). Such resistance can occur as a result of mutations leading to 
altered target sites for chemicals, transformation or horizontal gene transfer through the uptake 
of free DNA from the environment containing genes conferring some resistance to the chemical, 
transfer of plasmids carrying resistance genes between bacterial cells through direct contact via 
conjugation, transduction or the transfer of genes between bacteria via bacteriophages (i.e. 
viruses that infect bacteria), and gene amplification, which increases the number of copies of 
resistance genes or the upregulation of their expression (Arzanlou et al., 2017; Dordet-Frisoni et 
al., 2019; Madigan et al., 2022). 
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2.12.2 Ecological considerations 

Adding a new chemical to a soil can suppress or kill particularly susceptible microbes in that soil. 
This suppression can lead to changes in competition and open-up new ecological niches. Including 
catabolism of organisms that have died as a result of the chemical addition. Organisms that are 
either resistant to the chemical or can catabolise the chemical can subsequently capitalise on the 
reduced competition and increased availability of nutrients or niches (Bauer et al., 2018). Other 
ecological factors include the loss of individual partners in various symbiotic or commensal 
relationships (Haque and Haque, 2017), a loss of one partner, even when the other is resistant to 
the chemical may disadvantage some organisms.  

2.12.3 Alteration of groundwater, surface water or soil chemistry 

The breakdown of some chemicals can lead to a change in chemical conditions of the surrounding 
environment (Barman and Preston, 1992), potentially creating conditions more favourable for 
certain microbial taxa. Such microorganisms may prefer or tolerate shifts in soil/water pH, nutrient 
availability, or other chemical parameters caused by applying such chemicals. Certain microbial 
taxa may be able to utilise specific breakdown byproducts of contaminating chemicals as energy or 
nutrient sources, which can lead to an increase in their relative abundance over other less 
adaptable species.  
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3 Brief methods 

3.1 Sampling information 

Groundwater, surface water and soil samples were collected at two time points representing 
seasonal variations (November 2022 and June 2023) across the Narrabri region (Table 3 - Table 5). 
The November 2022 sampling campaign was impacted by flooding in the area. This flood meant 
that many of the areas more distantly located in the Pilliga woodlands were inaccessible. As such, 
more samples were obtained from areas adjacent to larger roadways. The second sampling 
campaign, which aimed to assess temporal effects, was thus bound (to some extent) by the 
sampling campaign of 2022. Regardless, the methods used were determined by downstream 
applications (chemical or biological baselining or a requirement for “live microbiological” 
collection from groundwater, surface water or all). Regardless of the type of sample, all sampling 
was undertaken aseptically, and sampling equipment was cleaned and decontaminated between 
the collection of samples. 

3.1.1 Chemical baseline sampling 

All samples for chemical baselining were collected in bottles/containers provided by Australian 
Laboratory Services (ALS), following guidelines provided.  

3.1.2 Preservation of microbial communities 

All samples for microbial baselining were collected in a preservation solution containing dimethyl 
sulphoxide (DMSO), disodium EDTA, and saturated NaCl (abbreviated to DESS) to preserve 
microbial DNA for various molecular analyses (Seutin et al., 1991; Yoder et al., 2006). This solution 
kills microbes in the sample without lysing their cell walls and thereby protecting the DNA from 
degradation. Additionally, use of DESS simplified collection allowing samples to be stored at room 
temperature, shipped by freight, or carried.  

Three hundred millilitre water (both groundwater and surface) samples were collected using 
prepared Schott bottles containing 200 mL of DESS. For groundwater sampling, bores were 
allowed to purge (minimum time of 5 minutes) to ensure samples were collected directly from the 
aquifers and not stagnant water in the pipelines, unless the bore/well was under continuous 
production. Samples were sealed in Schott bottles with silicone rubber seals. 

Approximately 5 g of soil were sampled using sanitised utensils into 15 mL centrifuge tubes and 
overlayed with DESS (~10 mL) and mixed thoroughly. The surface litter was removed prior to 
collection. 
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3.1.3 Collection of ‘live’ microbes 

For “live” microbial sampling of groundwater, bores were allowed to purge for five minutes to 
ensure samples were collected from the aquifers. “Live” anoxic microbial samples of ~1 L volumes 
were collected (under a CO2 atmosphere). Water was bubbled vigorously with CO2 and the 
headspace filled with CO2 prior to being sealed in Schott bottles with silicone rubber seals. “Live” 
surface water samples were collected in Schott bottles. Sealed bottles were transported inside 
hard shell insulated containers back to the CSIRO laboratory at Lindfield, NSW. On receipt at 
Lindfield, the groundwater sample bottles were vented inside an anaerobic chamber where the 
atmosphere comprised ~95% argon, 1-2% hydrogen and the balance nitrogen (~3-4%). These 
“live” samples were used as inoculum in microcosm experiments. “Live” surface water samples 
were stoppered with cotton wool to allow air to enter and leave the sampling containers once in 
the laboratory. 

“Live” soils were sampled using sanitised spades into a sanitised polypropylene bucket 
(approximately 12kg). The surface litter was removed prior to collection. These “live” samples 
were used as inoculum in microcosm experiments. 

3.1.4 Sample locations 

Samples for the present study were collected from a range of groundwater, surface water and soil 
locations (Tables 3-5). Only locations of samples on public or state controlled land is described. For 
all groundwater samples bore depth is provided. For private bores, this was rounded to the 
nearest 10 m. 
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Table 3 Groundwater samples from the present study, their proximal land use, location, bore depths, and 
interpreted aquifers. Cenozoic undifferentiated = unable to be attributed to a specific aquifer of Cenozoic age. 

Identifier Location Description Depth (m) Aquifer* Notes 

G1 CSIRO site 
(Australia 
Telescope 
Compact Array)  

Site bore 41.7  Cenozoic undifferentiated  

G2 Australian Cotton 
Research Institute 

Groundwater bore #1 for site 
use 

49.6 Cenozoic undifferentiated  

G3 Farm  Private landowner bore ~100 Cenozoic undifferentiated Collected only 
during November 
2022, due to 
change of 
ownership. 

G4 Farm  Private landowner bore ~60 Cenozoic undifferentiated  

G5 Farm  Private landowner bore ~40 Cenozoic undifferentiated  

G6 Farm  Private landowner bore ~40 Cenozoic undifferentiated  

G7 Farm Private landowner bore ~50 Cenozoic undifferentiated  

G8 Farm  Private landowner bore ~140 Cenozoic undifferentiated  

G9 Gwabegar Domestic water supply 
(pretreatment) bore 

296.2 Orallo Formation  

G10 Pilliga Domestic water supply 
(pretreatment) bore 

518.2 Pilliga Sandstone  

G11 Pilliga Artesian 
Bore Bath 

Outlet flowing into bath 564.5 Pilliga Sandstone  

G13 Australian Cotton 
Research Institute 

Groundwater bore #2 for site 
use 

72.5 Cenozoic undifferentiated 

 
Collected only 
during June 2023, 
due to flooding in 
November 2022. 

G14 Narrabri Lawn 
Cemetery 

Bore for site use 84 Cenozoic undifferentiated Collected only 
during June 2023. 

* likely aquifers were identified from depth, however, exact prediction is challenging due to the complexity of the 
system and topography features in the landscape. 
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Table 4 Surface water samples from the present study, their location and description 

Identifier Location Description Notes 

W1 Yarrie Lake Lake water, ~1 m off the shore Sample from the northern shore, off 
Lake Cct, Yarrie Lake. 

W2 Bohena Creek Creek water sample South of Westport Road, Narrabri 

W3 Long Gully Creek water sample Near Gould St, Narrabri 

W4 Pine Creek Creek water sample Off Pine Creek Road, Turrawan 

W5 Tulla Mullen Creek Creek water sample Off Yarranabee Road, Baan Baa 

W6 Andy’s Creek Creek water sample Andy’s Creek in the Pilliga woodland, 
southwest of Old No 1 Break Road, off 
the Newell Hwy. Collected only during 
November 2022, due to an absence of 
water in June 2023. 

W7 Wiggans Creek Creek water sample Off Delwood Road, The Pilliga. 
Collected only during November 
2022, due to an absence of water in 
June 2023. 

W8 Duck Creek  Creek water sample South of Oil Well Road, The Pilliga. 
Collected only during November 
2022, due to an absence of water in 
June 2023. 

W9 Farm Dam Private farmland, dam water 
sample 

 

W10 Etoo Creek Dam Dam water sample ENE of Etoo Creek Road, Gwabegar 

W11 Tinegie Creek Creek water sample NE of Tinegie Creek Road, Gwabegar. 
Collected only during November 
2022, due to an absence of water in 
June 2023. 

W12 Roadside dam/ 
large pond 

Pond water sample SW of Crow Road on the eastern side 
of the Newell Highway 

W13 Spring Creek Creek water sample NE of Cains Crossing Road, Narrabri. 
Only collected in June 2023. 

W14 O’Briens Creek Creek water sample Near Gould Street, Narrabri West. 
Only collected in June 2023. 

W15 Namoi River Creek water sample Near Bridge Street, Narrabri. Only 
collected in June 2023. 

W16 Narrabri Creek River water sample Near Cameron Street, Narrabri. Only 
collected in June 2023. 
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Table 5 Soil samples from the present study, their location and description 

Identifier Location Description 

S1 Smiths Lane, 
Bohena Creek 

In remnant woodland with Acacia harpophylla on roadside. Dark cracking 
clay soil, likely vertosol. 

S2 CSIRO Australian 
Telescope Compact 
Array site 

In Callitris woodland on sandy textured, likely sodosolic soil. 

S3 Gun Club Road, 
Narrabri 

Jack’s Creek State Forest sample in woodland. 

S4 Australian Cotton 
Research Institute 

Black vertosol, tilled soil used for agricultural/crop research. Used as one of 
the main soils for numerous experiments in the present study. 

S5 Pilliga Forest Way, 
near Staffords Well 
Road 

Woodland soil, sandy textured, sodosolic soil. In Pilliga East State Forest. 

S6 Corner of 
Kurrajong Creek Rd 
and Mayfield Rd. 

Probably chromosol soil. 

S7 North of Rocky 
Glen, Roadside 

Borah Creek Rd. Possible ferrosol soil. Collected only in November 2022. 
Limited access to the Pilliga forest due to flooding. 

S8 Off No 1 Break Rd, 
Roadside 

Likely tenosol soil.  

S9 Off Newell Highway Probably tenosol soil. 

S10 East into the Pilliga 
Woodland near, 
Yamminba Rest 
area. 

Probably sodosolic soil. 

S11 Off Newell 
Highway, south 
west of Wiggans 
Creek crossing. 

Probably tenosol soil. Not collected in June 2023 due to roadworks limiting 
access to the forest. 

S12 Near Station Creek. Probably tenosol soil. Not collected in June 2023 due to roadworks limiting 
access to the forest. 

S13 Pilliga woodland, 
near Pilliga Rest 
Area 

Soil type unclear, tenosol or sodosol soil. Not collected in June 2023 due to 
roadworks limiting access to the forest. 

S14 Pilliga woodland, 
west of the Newell 
Highway, south of 
Garlands Road. 

Soil type unclear, likely tenosol. Not collected in June 2023 due to 
roadworks limiting access to the forest. 

S15 Off X-Line Rd, The 
Pilliga. 

Soil type unclear, likely tenosol. Not collected in June 2023 due to 
roadworks limiting access to the forest. 

S16 Roadside, into the 
Pilliga woodland off 
the Newell 
Highway 

Soil type unclear, likely tenosol or sodosol. 

S17 Pilliga woodland 
near William 
Bridges Rest Area 

Sodosolic soil. 

S18 Farm in the 
Tarrario area 

Vertosol soil under crop production. Not collected in June 2023 due to 
change of ownership. 

S19 Farm soil Sandy loam, possible tenosol or sodosol soil. 
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S20 Etoo Creek Dam Sodosol soil. 

S21 Tiengie Creek, 
Roadside 

Unknown soil type, possible tenosol soil, contains some alluvium from the 
waterway. 

S22 South of Yarrie 
Lake 

Vertosol soil. 

S23 Southeast of Yarrie 
Lake, Rosevale 
Road 

Vertosol soil. 

S24 SW of Crow Road 
on the eastern side 
of the Newell 
Highway 

Sodosolic soil. Used as one of the main soils for numerous experiments in 
the present study. 

S25 Delwood Road, The 
Pillaga. 

Sodosolic soil. Not collected in June 2023 due to roadworks limiting access 
to the forest. 

S26 Borah Creek Road Sodosolic soil. Not collected in November 2022 due to access issues. 

S27 Weeping Myall 
Woodland soil 

Soil from under Weeping Myall (Acacia pendula), northwest of Narrabri. 
Not collected in November 2022 due to access issues. 

S28 Tuppiari Road Mixed land use, likely sodosolic soil. Not collected in November 2022 due to 
access issues. 

S29 West Port Road Sodosolic soil. Not collected in November 2022 due to access issues. 

S30 Dog Proof Fence 
Road 

Sodosolic soil. Not collected in November 2022 due to access issues. 

S31 North-eastern 
most corner of Dog 
Proof fence road 

Possible rudosol soil. Not collected in November 2022 due to access issues. 

S32 Nuable Road, 
roadside adjacent 
to Brigalow Nature 
Reserve 

Vertosol soil. Not collected in November 2022 due to access issues. 

 

3.2 Chemical baselining 

Water chemistry, including pH, electrical conductivity, alkalinity, various carbon pools, nitrogen, 
phosphorus, sulphate, chloride, mercury, fluoride, ammonia, bromide, dissolved major cations and 
total metals were quantitatively analysed in a NATA credited laboratory (ALS).  

The analytical procedures used by ALS have been developed in-house from established 
internationally recognized procedures such as those published by the USEPA (U.S. Environmental 
Protection Agency), APHA (American Public Health Association) and NEPM (National 
Environmental Protection Measure) with details in Table 6. 
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Table 6 Method details (ALS) for water chemistry analytes 

Analytes ALS methods 

pH EA005P 

Electrical Conductivity EA010P 

Bromide ED009 

Alkalinity ED037P 

Sulphate as SO42- ED041G 

Chloride ED045G 

Dissolved major cations ED093F 

Total metals EG020T 

Total recoverable mercury EG035T 

Fluoride EK050P 

Ammonia EK055G 

Nitrite as N EK057G 

Nitrate as N EK058G 

Nitrite plus Nitrate as N (NOx) EK059G 

Total Kjeldahl Nitrogen as N EK061G 

Total nitrogen as N EK062G 

Total phosphorus as P EK067G 

Reactive total phosphorus  EK071G 

Ionic balance EN055 

Dissolved organic carbon EP002 

Total organic carbon EP005 

Total inorganic carbon EP006 

Total carbon EP007 

 

3.3 Baselining prokaryotic and fungal communities 

Microbial baselining in the current study was all conducted using eDNA approaches regardless of 
whether the samples were surface water, groundwaters or soils. All baseline microbial community 
profiling was analysed by Molecular Research LP DNA, Texas, USA (MR DNA) using Illumina Tru-
Seq PCR-free library preparation kits and sequencing was conducted on an Illumina miSEQ DNA 
sequencer using 250 paired end read length. 
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3.3.1 DNA extractions 

All DNA in this project was extracted using the DNeasy PowerSoil® kit (Qiagen Cat No./ID: 12855), 
using the manufacturers method9, with minor modifications. The input material differed 
depending on the sample type.  

For surface and groundwater samples (300 mL), all samples were filtered through Millipore 0.1 µm 
polyvinylidene difluoride (PVDF) filters under gentle vacuum. These filters were aseptically moved 
into sterile, 9 cm petri dishes which were stored at -20°C prior to DNA extraction. Immediately 
prior to DNA extraction, the filter was sliced into 5 mm strips using a new sterile scalpel blade. 
Approximately ½ of the PVDF filter was added to the tubes used in the DNA extraction kit for bead 
beating using sterilised forceps. The bead beating tubes were then processed as per the 
manufacturer’s instructions. 

For soils, no pre-extraction concentration was undertaken. Instead, 0.25 g of soil was added 
directly to the bead beating tubes using a sterilised spatula. The bead beating tubes were then 
processed as per the manufacturer’s instructions.  

3.3.2 16S or ITS PCRs 

Two different primer sets were used in this study, both assays followed the Earth Microbiome 
Project.  

16S 

The primers used in this study were: 515F: GTGYCAGCMGCCGCGGTAA; 806R: 
GGACTACNVGGGTWTCTAAT. These primers amplify both bacterial and archaeal phyla from 
samples. The primers have been extensively tested, and while all primers have some bias (towards 
particular microbial groups), these biases are somewhat limited using these primers. The Earth 
Microbiome Project 16S Illumina amplicon protocol was followed in this study10.  

ITS 

The ITS primers are designed to amplify fungal microbial eukaryotic lineages from samples. The 
primers target the ITS region, which has been shown to be variable between fungal species and 
relatively unchanged within individuals from the same species. The Earth Microbiome Project ITS 
Illumina amplicon protocol was followed in this study11. 

 

 

9 Qiagen DNeasy PowerSoil® kit protocol https://www.qiagen.com/au/Resources/ResourceDetail?id=329362e4-03e6-4ae1-9e4e-
bbce41abe4b7&lang=en 

 

10 https://earthmicrobiome.org/protocols-and-standards/16s/ 

11 https://earthmicrobiome.org/protocols-and-standards/its/ 
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3.3.3 DNA sequencing analysis and bioinformatics 

16S and ITS amplicon datasets were processed using the Greenfield Hybrid Amplicon Pipeline 
(GHAP)12. Analyses for 16S and ITS followed the typical workflow: in brief, data was demultiplexed, 
subjected to quality control prior to merging, clustered into Operational Taxonomic Units (OTUs) 
and mapped back to the resultant OTU table. For ease of understanding, an OTU can be 
considered the same as a microbial species.  

Sample contamination was addressed by an in-house method which determines the level at which 
a given OTU signal is untrustworthy.  

3.4 Microcosm experiments 

This study aimed to simulate chemical contamination events by collecting samples of soils and 
waters from their natural environments, placing them in sterile containers and spiking them with 
chemicals used in the CSG industry. These ‘microcosms’, represented smaller, encapsulated 
versions of natural water and soil systems from the Narrabri area and allowed laboratory analyses 
of indigenous microbial communities (Mandelbaum et al., 1997). Microcosm experiments also 
mimicked the natural environment using a night-day cycle for soils with an air atmosphere, and an 
oxygen-free atmosphere in darkness for groundwaters. 

Establishment of microbial degradation experiments involved spiking of selected groundwater (G2 
and G8), surface water (W12) and soil (S4 and S24) samples with the chemicals of interest (Figure 
27 and Table 7). 

All groundwater microcosms were established in 50 mL glass serum vials under an anoxic 
atmosphere that comprised ~95% argon, 1-2% hydrogen and the balance nitrogen, at atmospheric 
pressure. Each vial used for the experiment contained 21 mL of filter-sterile groundwater. This was 
subsequently inoculated with 4 mL of “live” groundwater collected under an CO2 atmosphere (see 
Section 3.1) and chemicals of interest were added to achieve concentrations as shown in Table 7. 
All vessels were established in replicates of ten. Vessels were incubated under static conditions for 
approximately 90 days, at ~22°C in the dark. 

  

 

 
12 https://researchdata.edu.au/greenfield-hybrid-analysis-pipeline-ghap/981523 
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Table 7 Concentration (mg L-1) of chemicals for the community impact assessment experiment 

Chemical Concentration (mg L-1) 

AEM#1 4.02 

AEM#2 50 

HCM#1 50 

MEA 0.46 

DAZ 0.11 

GLU 30 

MBO  0.7 

All surface water microcosms were established in 70 mL gamma-sterile specimen jars (Figure 27). 
Each jar used for the experiment contained 25 mL of surface water. Chemicals of interest were 
added to achieve concentrations as shown in (Table 7). All experiments were established in 
replicates of ten. Jars were incubated under static conditions with lids slightly loose to allow 
oxygen transfer for approximately 90 days, at ~22°C with a day/night cycle (12hr/12hr). 

All soil microcosms were also established in 70 mL gamma-sterile specimen jars (Figure 27). Each 
jar used for the experiment contained 25 mL of soil. Chemicals of interest were added to achieve 
concentrations as shown in Table 7. All experiments were established in replicates of ten. Jars 
were incubated under static conditions with lids slightly loose to allow oxygen transfer for 
approximately 30 days, at ~22°C with a day/night cycle (12hr/12hr). 

Zero-time controls for all microcosm experiments were set up without the addition of any 
chemicals and immediately harvested to determine the composition of the microbial communities 
at the start of the experiments (see Figure 27). Zero-time controls were set up in replicates of ten. 
The zero-time controls represent the original microbial community present in the samples prior to 
the chemical degradation experiments.  

Storage controls for all microcosm experiments were set up without the addition of any chemicals 
(see Figure 27). These controls investigated the changes in the microbial community composition 
resulting from the experimental procedure. Storage controls were set up in replicates of ten and 
were incubated with experimental microcosms. In this way, the storage control provides an 
indication of how microbial communities change during the incubation period, without the 
addition of any chemicals. 

At the end of incubations, all material was harvested for DNA extraction by filtration through a 0.1 
µm PVDF filter for surface water and groundwater samples and subjected to DNA extraction using 
the DNeasy PowerSoil® kit (Qiagen Cat No./ID: 12855), following the manufacturer’s method (see 
Section 3.3.1 for further details). DNA extractions for soil experiments were carried out using 0.25 
g of soil directly (see Section 3.3.1 for further details). Microbial community profiling of the 
resultant DNA was done by Molecular Research LP DNA, Texas, USA (MR DNA) (see Section 3.3 for 
further details). 
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Figure 27 Microbial degradation experiment schematic 

 

3.5 Chemical assessment of microbial degradation of specific 
compounds  

Microbial degradation of target chemicals was assessed by chemical analyses after microcosm 
experiments were completed. Chemical analyses for AEM#1 (69011-36-5), monoethanolamine 
(141-43-5), AEM#2 (78330-21-9), dazomet (533-74-4) and methyl isothiocynate (556-61-6), MBO 
(66204-44-2) and 5-methyl-oxazolidine (58328-22-6) were undertaken by ACS Laboratories 
Australia. Chemical analyses for total petroleum hydrocarbons (HCM#1 and #2) and 
glutaraldehyde (111-30-8) were undertaken by Australian Laboratory Services (ALS).  

3.6 Microbial use of chemicals as a sole source of carbon  

A laboratory trial known as a ‘sole carbon growth experiment’ was conducted to examine the 
ability of individual microbial species or strains to utilise a specific chemical as their sole source of 
carbon and energy. The objective was to identify microbes capable of degrading specific 
chemicals, such as pollutants that could pose a health or environmental risk.  

These experiments used defined mineral medium that lacks a carbon source. A single, known 
carbon source was added to this medium. Growth on this medium thus indicated the use of this 
carbon source to create biomass. In this experiment, a modified minimal salts medium (MSM) 
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(Coleman et al., 2002; Hartmans et al., 1992) was used. To carbon-free MSM, various carbon 
sources (dazomet, oxazolidine, glutaraldehyde, ethoxylated alcohols, isotridecanol) were 
individually added (see Figure 28). To reduce the effect of carry over carbon from the initial 
inoculum (a dilution of soil or water), all inoculated cultures in MSM were sub-cultured weekly 
into fresh MSM with each of the specific carbon sources for a total of eight weeks and only the 
final weeks growth was considered (see Figure 28). 

Since soil harbours a large microbial biomass, soils were diluted prior to starting the sole carbon 
experiments. To achieve this, 10 g of soil was placed in 90 mL of growth medium to which 
approximately 50 μL of Tween 80 (a surfactant) was added. This was subsequently mixed by hand 
to disperse the soil and 1 mL used in 24 mL of growth medium/sole carbon chemical mix. This final 
mix represents a sole carbon microcosm for the period of one week. 

Waters, by contrast, were not diluted by this method as they harbour a lower microbial biomass. 
For the waters, 1 mL from each source was directly placed in 24 mL growth medium/sole carbon 
chemical mix to act as microcosms. 

After one week, 1 mL of liquid was taken from each microcosm and placed into a fresh mixture of 
growth medium/sole carbon chemical. This was continued over a period of seven weeks by which 
the surviving microbial biomass would be sequentially diluted (see Figure 28). This dilution 
removed heterotrophs feeding on any dead biomass and selecting for the growth of 
microorganisms solely capable of degrading the chemical of interest.  

At the end of eight weeks, all material was harvested for DNA extraction by filtration through a 0.1 
µm PVDF filter for water samples and subject to DNA extraction using the DNeasy PowerSoil® kit 
(Qiagen Cat No./ID: 12855), according to the manufacturer’s method (see Section 3.3.1 for further 
details). DNA extractions for soil experiments were carried out using 0.25g of soil directly (see 
Section 3.3.1 for further details). Microbial community profiling of the resultant DNA was done by 
Molecular Research LP DNA, Texas, USA (MR DNA) (see Section 3.3 for further details). 
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Figure 28 Sole carbon growth experiment schematic 

Groundwater samples G2 and G8 used in experiments; soil samples S4 and S24 used in experiments; surface water sample W12 used in 
experiments.  
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3.7 Statistics 

Various statistical approaches were used in the current study including independent t-tests, 
correlations, PERMANOVA and SIMPER. Various statistical ordinations were used including 
Principal Component Analysis (PCAs) and Non-metric Multidimensional Scaling (nMDS). These are 
briefly introduced below. 

3.7.1 Independent t-tests 

An independent t-test (also called the student t-test) is a statistical test used to compare the 
averages (means) of two separate groups to see if they are significantly different from each other 
(Student, 1908). It is called ‘independent’ because the two groups have had separate processes 
(often a treatment and control) applied. This is different compared to paired t-tests which are 
used to test the same sample, before and after some experimental change. 

3.7.2 Correlations 

Pearson's correlation coefficient (often represented as 𝑟𝑟 or r) is a statistical measure that 
quantifies the strength and direction of the linear relationship between two continuous variables 
(Pearson, 1904). An r-value of 1 indicates the two variables are completely positively correlated, 
while a value of -1 indicates the variables are completely negatively correlated (Figure 29). 

 

Figure 29 Example scatter plots (with regression lines) showing correlation of two variables at different strengths 

 

3.7.3 PERMANOVA 

PERMANOVA (Permutational Multivariate Analysis of Variance) is a statistical test used to assess 
whether there are significant differences between groups based on multivariate data (Anderson, 
2017). It is a non-parametric method that compares the dissimilarity between samples within and 
between groups by permuting the data to generate a distribution of test statistics under the null 
hypothesis. 

The technique is particularly useful when the data involve multiple variables or measurements 
(such as community composition, species abundance etc), and the assumptions of traditional 
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ANOVA (such as normality) are not met. PERMANOVA is undertaken on a distance matrix (a 
dataset that records how similar different samples are). This distance matrix used commonly for 
ecology data is the Bray-Curtis measure, which is a mathematical approach for comparing the 
number of shared and different species between communities (Beals, 1984; Bray and Curtis, 
1957). 

3.7.4 SIMPER 

When a significant difference between communities is detected using PERMANOVA, the SIMPER 
(SIMilarity PERcentage) method is used to determine which species are most responsible for this 
difference (Clarke, 1993). SIMPER is applied to identify which species are representative of the 
different treatments.  

3.7.5 Ordination methods (PCA and nMDS) 

nMDS (Non-metric Multidimensional Scaling) is a non-parametric technique used to reduce the 
dimensionality of complex data while preserving the rank order of dissimilarities (i.e., how 
different the samples are from one another). Like other PERMANOVA, nMDS uses a distance 
matrix as a starting point. One similar technique is principal components analysis (PCA). PCA is a 
linear dimensionality reduction technique used to transform a set of possibly correlated variables 
into a smaller number of uncorrelated variables called principal components. The goal of PCA is to 
simplify the dataset by reducing its dimensionality while retaining as much of the variability (or 
information) as possible. Both techniques, essentially reduce multidimensional data to simpler 
(fewer dimensions) representations that approximate the major trends within the data. Of the two 
techniques, nMDS is used more frequently in ecological settings. For a discussion of both see 
Jackson, (1993), Smith and Mather, (2012), and Roberts, (2020).  

3.7.6 Software used in the present study 

Both 16S and ITS amplicon datasets were processed using the Greenfield Hybrid Amplicon Pipeline 
(GHAP)13. DNA sequence analyses followed the typical workflow. In brief, data was demultiplexed, 
subjected to quality control prior to merging, OTU clustering and mapping reads back to the 
resultant OTU table. 

Analyses in the present study were conducted in a range of programs including Microsoft Excel 
and Past 3 (Hammer et al., 2001), along with a range of customised analysis and visualisations in 
Python 3.7.3 and R languages (R Core Team, 2017). Most visualisations were conducted in Python 
using Matplotlib (Hunter, 2007), with Pandas and, in some cases, Seaborn (McKinney, 2010; 
Waskom, 2021). Statistics in Python were undertaken using SciPy and Scikit-learn (Pedregosa et 

 

 
13 GHAP is available at  https://doi.org/10.4225/08/59f98560eba25 

https://doi.org/10.4225/08/59f98560eba25
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al., 2011; Virtanen et al., 2020). For R, the vegan module (Oksanen et al., 2017) was also used for 
some ecological statistics.  



62  |  CSIRO Australia’s National Science Agency 

4 Results and discussion 

4.1 Physico-chemistry of water and soil samples 

4.1.1 Groundwater samples of the region 

Of the groundwater samples examined in the present study, the majority are relatively soft, 
neutral pH waters. The mean pH of these groundwater samples is 7.6 (±0.16 Standard Error of the 
Mean; SEM), however, the distribution of pH values has a wide range from 6.03 (G5-Jun 23) to 
8.48 (G10- Jun 23), as a number of moderately acidic and mildly alkaline groundwaters were 
observed (Figure 30). For example, G5 and G6, collected at shallow depths (~40 m) from a private 
landholder in the Jack’s Creek area have pH values ranging from 6.03 to 6.58 regardless of time of 
sampling. In contrast, G1 and G7 (the bore at the CSIRO telescope site and a sample from a 
different landholder bore) are both consistently alkaline, with pH values ranging from 8.06 to 8.4. 

 

Figure 30 Dot plot of groundwater samples from the present study and their pH 

The mean is shown as an unbroken red line, while horizontal dotted lines show the standard error of the mean. 

 

Unsurprisingly, there was very little variation between the samples collected in November 2022 
and June 2023, except G5 with 0.55 pH unit difference between the two time points. The G5 
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sample was collected from a relatively shallow (~40 m) bore and its difference in pH between the 
time points may be related to meteoric water ingress during the heavy rainfall that proceeded the 
November 2022 sampling or may simply represent natural variation in this aquifer. 

The groundwater samples were also relatively fresh as evidenced by the electrical conductivity 
(EC) measurements, a measure of the saltiness of the water. The EC of the groundwater samples 
are all under 1150 µS cm-1 with a mean EC of 699 µS cm-1 (Figure 31). For reference, pure water 
has an EC close to zero, typical seawater has an EC of ~50,000 µS cm-1, while the EC of most 
municipal tap water is between 100-1000 µS cm-1, thus the groundwater samples here are similar 
in their dissolved salt content to tap water. EC of the groundwater samples did not change over 
time.  

 

Figure 31 Dot plot of groundwater samples from the present study and their electrical conductivity (in µS cm-1) 

The mean is shown as an unbroken red line, while horizontal dotted lines show the standard error of the mean. 

 

There is a strong relationship between groundwater sample pH and EC (Figure 32). This is 
considered to be driven by bicarbonate and sodium contents as demonstrated by the strong 
correlation between EC and bicarbonate as well as sodium (r > 0.9) (Figure 32) since it is obvious 
that bicarbonate and sodium are the main drivers of EC in the groundwater samples.  
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Figure 32 Linear regression plots for pH, total inorganic carbon (TIC; mg L-1) and sodium (mg L-1), all vs electrical 
conductivity on the y-axis (in µS cm-1) 

Pearsons R value and a p-value for the correlation are shown for each plot in their respective titles. 

 

As one may expect, most of the carbon associated with these groundwaters is total inorganic 
carbon (TIC) and only small amounts of organic carbon were detected, but not in all samples. 
Indeed, most samples contained no detectable organic carbon and those that did ranged from 2-
12 mg L-1. To put that concentration in context, the sample G9 (the bore that supplies domestic 
water supply for Gwabegar) had 12 mg L-1 of organic carbon but 124 mg L-1 of TIC. TIC values were 
consistently higher in samples collected in winter compared to samples collected in summer 
except G5 and G6 samples. TIC values in most of the samples collected in winter were half or one-
third of TIC in samples collected in summer, apart from the fact that TIC values in both G5 and G6 
samples (4-18 mg L-1) regardless of time were much lower than other groundwater samples (35-
141 mg L-1) except G14 (9 mg L-1).  

In terms of the dominant cations, most groundwaters were proportionally dominated by sodium, 
or to a lesser extent, calcium ions, with all waters having relatively lower magnesium 
concentrations (Figure 33). Typically, sodium arises in groundwater by the weathering of 
evaporites or silicates, while calcium in groundwater is likely from the weathering of various 
carbonates and silicates. Mostly the weathering zone would be deeper in the subsurface, but 
some samples may pick up minerals from meteoric water recharge through soils. Groundwater 
sample G5, for example, is only at 40 m depth and contains very little calcium, a small proportion < 
20% magnesium and the remainder as sodium. Given the widespread nature of sodosolic soils in 
the region this is unsurprising.  
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Figure 33 Ternary plot of the proportions of major cations (Ca2+, Mg2+ and Na+) for groundwater samples 

 

With regard to anions, most samples were dominated by bicarbonate (Figure 34). Indeed, 
proportionally bicarbonate makes up more than 85% of the samples. Some notable exceptions to 
this were G4, G5 and G14. G5 was the most distant to the other samples, being proportionately 
dominated by chlorides (Figure 34). 
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Figure 34 Ternary plot of the proportions of major anions (HCO3-, Cl- and SO42-) for groundwater samples 

 

In terms of other metals, apart from calcium, magnesium and sodium mentioned in sections 
above, potassium is also detected in the groundwater samples with concentrations mostly from 1 
to 9 mg L-1 (Figure 35). The G5 and the related G6 samples, again as the exceptions, have 
considerably higher potassium with concentrations from 15 to 22 mg L-1 (Figure 35), further 
illustrating the different geological situation of these samples compared to other samples in the 
study. Only G14, a sample from the Lawn Cemetery bore (Kamilaroi Hwy) in Narrabri, contains 
similar potassium concentration (16 mg L-1). Iron concentrations ranged between 0 to 1.42 mg L-1 

and iron was not detected in G1, G5, G10, G11 and G14’s seasonal collections, present in G2, G6, 
G7 for one of the seasonal collections and present in G4, G8 and G9 for both seasonal collections 
(Figure 36). The biggest seasonal variation for iron is in G6, with iron absent in the November 2022 
sampling and 1.42 mg L-1 in the June 2023 sampling. Aluminium is not detected in most of the 
samples except G2, G4, G5 and G13 with trace levels from 0.01 to 0.03 mg L-1 (data not shown). 
Although samples were analysed for antimony, beryllium, cadmium, mercury, selenium, silver, 
uranium and vanadium, none of these analytes were detected in any of the groundwaters 
examined (data not shown).  



Chemical and microbial baseline studies and microbial degradation experiments of CSG chemicals in Narrabri NSW |  67 

 

Figure 35 Dot plot showing the concentration of potassium in mg L-1 in the groundwater samples for this study 

The mean is shown as an unbroken red line, while horizontal dotted lines show the standard error of the mean. 

 

 

Figure 36 Dot plot showing the concentration of iron in mg L-1 in the groundwater sample for this study 

The mean is shown as an unbroken red line, while horizontal dotted lines show the standard error of the mean. 
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Nitrogen in groundwater samples of the region was generally low, even in areas with significant 
agricultural activity on the surface. For example, samples from G2, a bore at ACRI had an average 
of 0.045 mg L-1 ammonia across the two sampling times, while nitrate for this sample was 2.24 mg 
L-1 on average (data not shown). For comparison, a survey of nitrate concentrations in Australia 
showed that a substantial number (~11%) of the groundwaters in Queensland had medium (20-50 
mg L-1) or elevated (>50 mg L-1) concentrations of nitrate (Thorburn et al., 2003).  

4.1.2 Surface water samples of the region 

Regardless of time of collection, most of the surface waters examined in the present study had 
moderately neutral pH (Figure 37). The mean pH was 6.84 (±0.11 SEM) with the lowest pH (5.29) 
being detected in W1 (Yarrie Lake) collected in November 2022 and the highest pH (7.76) being 
detected in W15 collected from the Namoi River via access from Bridge St in Narrabri. The low pH 
of Yarrie Lake sample collected in November 2022 represents something of an outlier, and a 
collection from the same location in 2023 had a pH above 7. The reasons for this low pH are 
unclear, but maybe related to rainwater ingress into the lake during the flood event of 2022 or the 
presence of significant tannic or humic acids from plant material. No published data could be 
found on water chemistry of Yarrie Lake for comparison. Apart from the outlier W1, for the 
samples with seasonal collections, most of these samples have higher pH in November 2022 
compared to June 2023 except W3 and W12.  

 

Figure 37 Dot plot of pH of surface water samples collected in this present study 

The mean is shown as an unbroken red line, while horizontal dotted lines show the standard error of the mean. 

The surface water EC values in the present study had a mean of 212 µS cm-1 (±32 SEM) (Figure 39). 
Due to the dilution effect from flooding and ingress of freshwater, samples with seasonal 
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samplings demonstrate significant changes in EC with samples collected from November 2022 
consistently lower than samples collected in June 2023 except W5 (Table 8). This is also reflected 
from the mean EC values of all the samples from the November 2022 and June 2023 collections 
which were 153 µS cm-1 in November 2022, and 270 µS cm-1 in June 2023.  

Table 8 Changes in EC between samples collected from November 2022 and June 2023 

Sample Change in EC %* 

W1 55 

W2 45 

W3 83 

W4 80 

W5 -1.7 

W9 77 

W10 50 

W12 92 

*Change is the percentage change between June 2023 and November 2022. For example, 55% is a 55% increase in EC in June 2023 compared to 
November 2022. While -1.7% is a 1.7% decrease in EC from June 2023 compared to the value in November 2022. 

 

There were some samples, notably W9 and W12, that had quite low EC values (Figure 38). Both 
W9 and W12 were collected from dams, with W9 being on private farmland and W12 being 
located off the Newell Highway southwest of Crow Road. Conversely, the higher EC samples from 
W15 and W16 were from Namoi River and Narrabri Creek sites near town. Same as groundwater 
samples, EC values of the surface water samples are positively correlated with both TIC and 
sodium concentrations, however, do not seem to be correlated with pH values as groundwater 
samples do (Figure 39).  



70  |  CSIRO Australia’s National Science Agency 

 

Figure 38 Dot plot of EC of surface water samples collected in this present study 

The mean is shown as an unbroken red line, while horizontal dotted lines show the standard error of the mean. 

 

 

 

Figure 39 Linear regression plots for pH, total inorganic carbon (TIC mg L-1) and sodium (mg L-1) vs electrical 
conductivity on the y-axis (in µS cm-1) 

 

The proportions of the major cations (sodium, calcium and magnesium) varied among the surface 
water samples with sodium being the predominant cation except W15 and W16 (Figure 40). all 
three major cations in W15 and W16 are in much higher concentrations (sodium: 42-57 mg L-1; 
magnesium: 22-23 mg L-1; calcium: 40-43 mg L-1) compared to the rest of the surface water 
samples with sodium, magnesium and calcium ranging from 3 to 33 mg L-1, 0 to 16 mg L-1 and from 
0 to 15 mg L-1, respectively. Sodium, as the predominant cation in the surface water samples is in 
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much lower concentrations (24 mg L-1 in average) compared with sodium the groundwater 
samples (130 mg L-1 in average). W9, a sample taken from a dam near the site of collection of G5 
and G6 on the same farmland, contained no calcium or magnesium and only small amounts (7 mg 
L-1 ± 1 SEM) of sodium. Consistently, G5 and G6 also had very little calcium (2 mg L-1), a small 
amount of magnesium (4-13 mg L-1) and a lower amount of sodium (30-54 mg L-1) (presumably 
from dissolution of minerals in rocks), suggesting likely connectivity between the surface and 
ground waters, however, further work would be required to confirm this supposition.  Seasonal 
variations of major cation proportions are not obvious for most of the samples except W4 with 
elevated calcium in sample collected in June 2023.  

 

Figure 40 Ternary plot of the proportions of major cations (Ca2+, Mg2+ and Na+) for surface water samples 

 

Iron and aluminium are the other two abundant metals in the surface water samples apart from 
the above major cations. W1, W3, W5 and W14 contains much higher iron (16.9 to 45.4 mg L-1) 
and aluminium (19.6 to 40.1 mg L-1) than the rest of the surface water samples with iron and 
aluminium ranging from 0.12 to 13.2 mg L-1 and 0.3 to 8.2 mg L-1, respectively (Figure 41 and 
Figure 42). The surface water samples contain much higher iron and aluminium compared to the 
ground water samples in which Iron and aluminium are either absent or only in trace amounts. 
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Concentrations of these two metals varied differently between seasons in different sampling 
locations. Concentrations of iron and aluminium from summer to winter decrease in W1, W2, W4 
and W12, while increase in W3, W5 and W9 (Figure 41 and Figure 42). This is probably related to 
the amount of rainfalls and inputs of these metals from surrounding environment.  

 

Figure 41 Dot plot showing iron concentration (mg L-1) of surface water samples from this study 

The mean is shown as an unbroken red line, while horizontal dotted lines show the standard error of the mean. 
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Figure 42 Dot plot showing aluminium concentration (mg L-1) of surface water samples from this study 

The mean is shown as an unbroken red line, while horizontal dotted lines show the standard error of the mean. 

 

Some metals, such as antimony, cadmium, mercury, selenium or silver, were not detected in any 
surface water sample collected in 2022 and 2023 (Figure 43). Other metals such as beryllium, 
boron, molybdenum, tin and uranium, were only detected in trace amounts. Beryllium was 
detected in four samples (W1, W3, W5 and W14) with a maximum concentration of 0.002 mg L-1. 
Boron was only detected in W1 and W10 with concentrations being 0.05-0.06 mg L-1 and 
molybdenum was detected in W4 and W15 with concentration being 0.001 mg L-1. Tin and 
uranium were only detected in single waters (W1 and W7, respectively) with both concentrations 
being 0.001 mg L-1.  
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Figure 43 Box plot of metal content of surface water samples collected in this present study 

 

Various other metals were also examined. Prior to their discussion, it should be noted that 
samples were not filtered and thus, some suspended soil/sediment particles may be included in 
the measurement of total metals, potentially increasing their concentrations. It does, however, 
seem reasonable to assume that this phenomenon, if it occurred, would be broadly consistent 
across the samples. The majority of samples using this approach had metal concentrations at or 
near ANZECC14 default guidance values for freshwater environments that were slightly to 
moderately disturbed. Three notable exceptions to this observation were samples from W3 (Long 
Gully, near Gould St, Narrabri West), W5 (Tulla Mullen Creek near Baan Baa) and W14 (O’Briens 
Creek near Mooloobar Rd in Narrabri West) which showed significantly higher concentrations of 
chromium, cobalt, copper, nickel, lead, vanadium and zinc (Figure 43 and Figure 44).  

Indeed, these three samples (W3, W5 and W14) were consistently higher in these metals 
compared to other surface waters examined. To illustrate this observation, a dot plot which 
highlights W3, W5 and W14 compared to all other samples (in light blue) has been constructed 
(Figure 44). These elevated concentrations were more pronounced in the June 2023 sampling than 
the November 2022 sampling presumably due to the flooding that was occurring at this earlier 

 

 
14 Australian and New Zealand Environment and Conservation Council.  

https://www.waterquality.gov.au/anz-guidelines/resources/previous-guidelines/anzecc-armcanz-2000 
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timepoint. Even with the flooding, the November 2022 samples had more elevated metal 
concentrations than most other samples examined (Figure 44). 

 

 

Figure 44 Dot plot of chromium, cobalt, copper, nickel, lead, vanadium and zinc concentrations for surface water 
samples 

All collected surface water samples (light blue circles), except for W3, W5 and W14. 

Given the nature of the testing undertaken, it seems likely that either these water samples or 
sediment particles associated with these samples are enriched in a fairly diverse range of metals. 
This may be naturally occurring or may be the result of some other environmental contamination. 
At the time of writing, the cause of the elevated levels is unknown. The local council and NSW EPA 
were advised of these observations and an additional resampling was undertaken (see Box 1). 
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Box 1. 2024 Resampling to test for elevated total metals 

On becoming aware of these results, GISERA commissioned a small follow up study to 
resample W3, W5 and W14 and to collect some additional samples from around Narrabri Lake 
adjacent to W14. 

Samples 

Duplicate samples were collected at W3, W5 and W14. In addition, multiple samples were 
collected from Narrabri Lake in September 2024 (Figure B1).  

 
Figure B1 Map showing the resampling locations in Narrabri West (left) and near Baan Baa (right) 

Note that for W3 (Long Gully) and W5 (Tulla Mullen Creek) duplicate samples were taken, while for W14 (O’Briens Creek) five extra locations 
were sampled along with the original W14 location.  

Note that the original site of collection of W14 is represented by W14.S2 on the map. Maps reproduced using Google Maps (2024). 

Results 

These samples were retested for dissolved metals at a NATA credited laboratory (ALS). In broad 
terms W3 and W14 had lower total metal concentrations in 2024 than in 2022/2023, though 
some metals for W5 were largely unchanged (Figure B2).  
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Figure B2 Strip plot of total metals analyses of surface water samples 

W3, W5 and W14 from 2022/2023 (shown as squares) and retesting of these same three samples in 2024 (shown as triangles). Other 
samples from surface waters in the study are shown as light grey circles for comparison. Note that W14.S2 (2024) is the same location as 
W14_JUN from 2023. 

Data from around Narrabri Lake (W14.S3, W14.S4, W14.S5 and W14.S6) along with a sample 
from O’Briens Creek under the Newell Hwy (W14.S1) reveal that all these locations have 
considerably lower dissolved metals compared to their measures in 2023 (Figure B3). Note 
that W14.S2 (2024) is the same location as W14_JUN from 2023.  
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Figure B3 Bar plot showing the concentrations of total metals in individual surface water samples around 
Narrabri Lake or O’Briens Creek 

The purple square points show the observed mean concentration in 2023 in O’Briens Creek. 

In terms of major anions (bicarbonate, chloride and sulphate), most samples of the region were 
dominated by bicarbonate (e.g. W1, W4 or W15) or an approximately even spread of bicarbonate 
to chloride (e.g. W2, W8 or W11) and most samples either completely lacked sulphate or had less 
than a 20% contribution by this anion (Figure 45). The most sulphate rich sample was W16 
(Narrabri Creek near Cameron St in Narrabri) which had ~17% sulphate as a major anion (Figure 
45). 
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Figure 45 Ternary plot of the proportions of major anions (HCO3-, Cl- and SO42-) for surface water samples 

 

4.1.3 Soil samples of the region 

In terms of structure, the most common soil types collected contained significant amounts of 
coarse sand (<0.2 mm-2 mm) (Table 9 and Figure 46). In some cases, sand comprised a large 
portion of the inorganic matter in the soils. For example, S10, taken near Yamminba Rest area in 
the south of the Narrabri Gas Project area contained over 80% coarse sand, and the median 
proportion for coarse sand in soils collected for this study was over 50% (Table 9).  
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Table 9 Particle sizes (%) in soils collected during the June 2023 sampling 

Sample Clay  

(<2 µm) 

Silt  

(2-20 µm) 

Fine Sand  
(0.02-0.2 mm) 

Coarse Sand  
(0.2-2.0 mm) 

Gravel  
(>2 mm) 

S1 38 19 19 23 1 

S2 16 10 8 65 1 

S3 26 22 12 38 2 

S4 49 30 19 2 0 

S5 20 13 12 54 1 

S6 36 28 15 16 5 

S8 9 8 8 74 1 

S9 4 11 7 77 1 

S10 9 7 3 81 0 

S16 20 10 13 57 0 

S17 15 5 8 65 7 

S19 20 7 17 54 2 

S20 19 8 13 59 1 

S22 21 8 9 61 1 

S23 25 13 15 47 0 

S24 15 8 9 67 1 

S26 19 10 8 58 5 

S27 53 28 8 8 2 

S28 19 7 27 46 1 

S29 30 22 20 25 3 

S30 26 12 11 50 1 

S31 24 9 14 52 1 

S32 41 21 23 15 0 
      

Median 20 10 12 54 1 

 

Some samples were, however, collected outside of the NGP area to act as controls and 
comparisons to the sandier soils of the region. For example, S4, a vertosol from the Australian 
Cotton Research Institute comprised almost 50% clay (Table 9). Other clay rich soils were also 
included in the study for example, S27 and S32 were both roadside samples taken outside of a 
stand of Weeping Myall Woodland and near the Brigalow Nature Reserve. Both these soils were 
similar to S4 in that they represent remnant woodland on the main agriculturally important soil in 
the region.
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Figure 46 Principal Component Analysis (PCA) showing an ordination of the particle size distribution from the June 2023 soil samples 

PC1 and PC2 are shown and represent 94% and 3% of the variance in the dataset. Samples close together in the ordination are similar for these characteristics. It should be noted that as almost 95% of the variance in the data is captured on the x axis (PC1). Vertical differences (PC2) are, in general, much less important in terms of 
sample difference. 
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This difference between the vertosols and sodosol of the region was carried through to other 
experiments in the current study with microbial degradation of chemicals tested in S4 and S24. 
The difference between these two important soils in this study is marked with S4 being mostly clay 
and silt, while S24 is mostly coarse and fine sand (Table 9 and Figure 46). 

Another important determinant of soil structure (other than particle size distribution) is the 
amount of organic matter (or total organic carbon (TOC)). The majority of samples examined in the 
present study contained 1-4% TOC (Figure 47). Some samples, particularly associated with 
woodland soils (e.g. S1, S8 and S10) contained 10-12% TOC, mostly associated with litterfall and 
recalcitrant carbon. TOC is highly variable between replicates, within some sample locations, such 
as S10 collected in November 2022 and S26 collected in June 2023 with TOC differences of 8.9 and 
7.4, respectively (Figure 47). 
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Figure 47 Dot plot showing concentration of organic matter (%) across the 92 soil samples collected in the present study 

The mean is shown as an unbroken red line, while horizontal dotted lines show the standard error of the mean.
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In addition to organic carbon, a range of other chemical analytes were tested for in the 92 soil 
samples in the present study. In broad terms, the chemistry of the samples was largely unaffected 
by the season of collection and most analytes were not significantly different between time points. 
There were, however, some exceptions. For example, moisture content of soils differed 
significantly (p<0.00001) between the two seasonal collections with soils (Figure 48).  

 

Figure 48 Histogram with KDE (an estimate of the distribution as a line) for the moisture content (%) across the 92 
soil samples collected in the present study 

Overlapping bars are shown in grey. 

 

Unsurprisingly, given the high rainfall and flooding, moisture was significantly elevated and most 
samples collected during the November 2022 time point had moisture contents at or above 10% 
(Figure 48). In contrast, the majority of samples from June 2022 had moisture content less than 5% 
(Figure 48). The only other significantly altered chemistry between the two time points were 
chloride and soluble nitrite/nitrate. Likely correlated with this event were the lower chloride 
content of some soils at the November sampling. This, presumably, was a result of leaching of this 
chloride by rainwater (Figure 49, left). Conversely, some samples from the November collection 
showed elevated nitrite and nitrate (Figure 49, right), which may have been the result of 
nitrification of ammonia.  
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Figure 49 Histograms with a KDE (an estimate of the distribution as a line) for chloride (left) and nitrite + nitrate 
(right) 

Overlapping bars are shown in grey. 

Chloride analyses (left); Nitrite + Nitrate analyses (right). Soil samples collected in November 2022 (blue) or June 2023 (orange).  

Units for these plots are both ppm (mg L-1). 

 

All other analytes examined (see Section 3.2) were not significantly different between the seasonal 
collections. Most soils were mildly acidic in pH, though some alkaline soils were also identified 
(Figure 50). This correlated somewhat with soil type, with the vertosolic soils tending to be less 
acidic than the sandy soils. For example, S4 from the Australian Cotton Research Institute were 
around ~pH 8, this is similar to previous work at this site which suggests pH above 7.5 (Hulugalle et 
al., 1999).  



86  |  CSIRO Australia’s National Science Agency 

 

Figure 50 Dot plot showing the pH across the 92 soil samples collected in the present study 

The mean of the entire dataset (n=92) is shown as an unbroken red line, while horizontal dotted lines show the standard error of the mean. 
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A range of metals were examined in the soil samples including barium, calcium, magnesium, 
manganese, potassium and sodium (Figure 51); as well as arsenic, chromium, cobalt, copper, lead, 
nickel, vanadium and zinc (Figure 52). In addition, boron, cadmium, mercury and selenium were 
analysed, though, these metals were below their limits of reporting (50, 1, 0.1 and 5ppm, 
respectively) in all soil samples. Beryllium was only detected in two soils S1 and S4, at 2 and 1 
ppm, respectively (data not shown). 

The levels observed are broadly consistent with other soils. For example, the mean chromium 
concentration of soil samples from this study was ~14 mg kg-1 (± 1.6 mg SEM). In a broad study of 
soils from the US the mean concentration was ~37 mg kg-1 (Shacklette and Boerngen, 1984). Some 
of these other metals are low by international standards, for example, average vanadium content 
of soils in China are ~82 mg kg-1, and while three soils had concentrations of vanadium higher than 
this, most the median vanadium concentration was around 20 mg kg-1 (Li et al., 2020). Lead and 
copper were also observed in all soils at fairly low levels, for example, the mean for lead and 
copper in this study were 5 (± 0.52 SEM) and 5 (± 0.97 SEM), respectively. This is less than some 
international norms; for example, lead and copper in UK soils average ~42mg kg-1 (Davies, 1983) 
and 10 mg kg-1 (Reaves and Berrow, 1984), respectively.  
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Figure 51 Boxplot of barium, calcium, magnesium, manganese, potassium and sodium content of soil samples 
collected in this present study 

 

 

Figure 52 Boxplot of arsenic, chromium, cobalt, copper, lead, nickel, vanadium and zinc content of soil samples 
collected in this present study 
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4.2 Microbial baseline data for the Narrabri region 

4.2.1 Groundwater bacterial baseline data 

The cell numbers in groundwaters are generally low (Pedersen, 1996). Typically this is due to the 
low nutrient loading and organic carbon content of the water that would be required to support 
higher cell numbers. Additionally, given that a significant portion of the subsurface microbiome is 
adhered to surfaces of minerals, sampling the water alone likely represents something of an 
underestimate (Escudero et al., 2018; McMahon and Parnell, 2014; Patel et al., 2024). This low cell 
number meant that some samples did not yield DNA that could support analyses, particularly in 
the November 2022 collection.  

Regardless, significant baseline data were collected for groundwater bacterial communities in the 
region. Almost 6,600 prokaryotic species were detected from the groundwaters, with individual 
~300 mL samples hosting an average of just under 1000 OTUs (≈ species). There was a significant 
difference (p<0.01) between the samples collected in November 2022 and June 2023, though the 
reason for these differences is unclear. 

The most abundant phyla across the samples were the Campylobacterota (formerly a class, 
Epsilonproteobacteria, within the Proteobacteria) (see Supplementary data). Interestingly, despite 
its high mean phylum abundance, it was represented by only a small number of OTUs (n=9). These 
included sequences from the Campylobacter, Helicobacter, Malaciobacter, Sulfuricurvum, 
Sulfurimonas and Sulfurispirillum genera. The next most abundant group was the 
Nitrososphaerota, a group that includes various ammonia-oxidising, autotrophic species (Tourna 
et al., 2011). Such species have been observed in other aquifers, for example, in the Northern 
Territory GISERA has previously seen numerous ammonia-oxidising Nitrososphaeria species were 
observed in aquifers in the Beetaloo Basin region in central Australia (Tran-Dinh et al., 2022). 
Other phyla observed included the Pseudomonadota, Nitrospira, Chlorobiota, Bacillota, and 
Fusobacteriota. The distribution of these phyla differed across the samples. For example, the 
Pseudomonadota were observed at similar levels across most samples in the present study (see 
Supplementary data). In contrast, other phyla (for example the Fusobacteriota) were much more 
common in some samples (for example, G10), while largely absent from G2, G5 and G8 samples 
(see Supplementary data). 

Examination of the data at genus level reveals that the most abundant genera were Gallionella, 
Arcobacter, Perlucidibaca, Ferrigenum and Gemella. There are some trends in the kinds of 
microbes that are being observed. For example, there appears to be an iron-oxidising community 
that includes some taxa known to produce stalks (Chan et al., 2011). This community includes: a 
strain of Ferrigenium kumadai, Gailonella capsiferriformans, and a Ferriphaselus species (see 
Supplementary data; Table 10). All three species are reported to oxidise iron under hypoxic 
conditions (Fabisch et al., 2016; Garry et al., 2024; Khalifa et al., 2018) and most of these taxa are 
absent from the deeper bore samples where oxygen is likely excluded (G9, 10 and 11). Indeed, 
these species are particularly common in shallow (~40 m) depths. Such depths are likely 
unconfined, alluvial aquifers and the presence of these organisms in these samples makes more 
sense in the light of oxygen entering into this environment through recharge.  
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Table 10 Taxonomic information of top 10 most abundant prokaryotic OTUs in groundwater samples 

OTU Closest match* Identity (%)† 

OTU49 Ferrigenium kumadai An22 (NR 179187) 100 

OTU26 Gallionella capsiferriformans ES-2 (NR 074658) 99.2 

OTU2 Curvibacter delicatus NBRC 14919 (NR 113696) 100 

OTU7 Ralstonia pickettii ATCC 27511 (NR 043152) 100 

OTU729 Sideroxydans lithotrophicus ES-1 (NR 074731) 98.8 

OTU77 Amnimonas aquatica HR-E (NR 165751) 99.2 

OTU23 Sulfurisoma sediminicola BSN1 (NR 125471) 98.4 

OTU141 Sideroxydans lithotrophicus ES-1 (NR 074731) 97.2 

OTU3479 Serpentinimonas maccroryi B1 (NR 181589) 98.4 

OTU7331 Ferriphaselus amnicola OYT1 (NR 114334) 98.8 

* Closest matches on GenBank database. † Percentage identity match to GenBank sequence. 

Another key physiological character of the species detected in groundwaters was autotrophy; the 
ability to fix inorganic carbon (carbon dioxide or bicarbonate) to organic carbon. This makes sense 
in an environment like the subsurface where outside of organic rock formations, organic carbon is 
relatively scarce. Of the most common species for example, Ferrigenium, Sideroxydans, 
Sulfuristona and Ferriphaselus are likely capable of at least facultative autotrophy. Similarly, the 
common phylum Nitrosospheria also includes a range of ammonia-oxidising autotrophs, 
highlighting the importance of this process in aquifer environments. Indeed, it may be that 
autotrophic microbes represent primary producers in this environment and subsequently support 
other heterotrophic species. Thus the presence of taxa like Amnimonas aquatica in some samples, 
a taxon not known for autotrophy (Lee et al., 2019), may be supported through the growth of key 
autotrophic species and their production of biomass and extracellular materials.  

4.2.2 Surface water bacterial data 

Given the significant flood event in late 2022, it is unsurprising that the microbiomes detected in 
the surface waters between the two sampling times were significantly different (p<0.0006). One 
feature of surface waters is the presence of a variety of eukaryotes including various algal species 
along with bacteria. It is noteworthy that the photosynthetic components of algal cells 
(chloroplasts) are bacterial in origin and have their own DNA. Some of this DNA matches the 
primers (16S) used in this study to profile bacteria (Apprill et al., 2015; Parada et al., 2016), as 
such, algal OTUs can be co-reported with bacterial OTUs. Thus, the total OTUs reported for this 
environment include a number of non-bacterial OTUs. These include some relatively abundant 
sequences recovered from various surface water samples (Table 11). 
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Table 11 A selection of algal OTUs recovered from surface water samples from 16S DNA of chloroplasts 

OTU Closest match* Identity (%)† 

OTU40 Cyclotella cryptica chloroplast 100 

OTU1085 Pseudo-nitzchia sp. chloroplast 98.8 

OTU65 Synura sp. chloroplast 100 

OTU89 Micractinium sp. chloroplast 100 

OTU59 Unknown algal chloroplast 98.8 

OTU95 Synura sp. chloroplast 96.0 

* Closest matches on GenBank database. † Percentage identity match to GenBank sequence. 

 

In general, microbial ecology of freshwater habitats (especially the water column itself) are more 
poorly studied than soils, sediments or even marine waters. Consequently, microbes that occur in 
these environments tend to be less well characterised and less well understood in terms of their 
functional roles in this habitat.  

The identification of algae is mirrored by the bacterial communities which include many 
photosynthetic cyanobacterial species. Indeed, Cyanobacteriota were the most commonly 
identified phylum (see Supplementary data). While cyanobacteria were the most commonly 
identified phylum across the study, in broad terms they were more common in June than 
November. This is likely also due to the flood event which in part increased the abundance of non-
cyanobacterial taxa through the incorporation of soil and sediment into fast-flowing waters during 
the flood, this disturbance and the lack of light penetration into the water also likely 
disadvantaged the cyanobacteria (and algae more generally) and may have also contributed to 
their generally lower abundance in November. 

In addition to Cyanobacteriota, numerous other phyla were detected commonly including the 
Actinomyceota, Fusobacteriota, Campylobacteriota, Pseudomonadota and Verrucomicrobiota (see 
Supplementary data). Some of these phyla were relatively uniformly observed across the samples 
e.g. the Actinomyceota or the Pseudomonadota, while others like the Fusobacteriota had a more 
uneven distribution, being relatively common in some samples but absent (or nearly so) from 
other samples.  

Among the more commonly detected species in the current study was a strain of Polynucleobacter 
acidiphobus (OTU17)(Table 12). This genus is known principally as endosymbionts of freshwater 
ciliates from the genus Euplotes (Hypotrichia) (Hahn et al., 2011a), though the type strain of P. 
acidiphobus, at least, appears to be a free-living organism. Given the genetically close relationship 
between OTU17 and P. acidiphobus the strain here likely engages in the same behaviour as the 
described species. This species appears to be widespread occurring in all water samples examined 
in the present study regardless of time point. It is also widespread in other freshwater 
environments globally, occurring in Africa (Hahn et al., 2011a), the Americas (Hahn et al., 2011b; 
Horner-Devine et al., 2003; Shaw et al., 2008; Simpson et al., 2004), Asia (Wu et al., 2006; Zhou et 
al., 2017) in Europe (Hahn et al., 2011a), on Pacific islands (Donachie et al., 2004), and here in the 
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present study in Australia. It is noteworthy that here one water sample (W1; Yarrie Lake; 
November 2022) was pH ~5, and numerous samples were in the pH 6 range, calling into question 
observations (from the organism’s description) that this taxon does not occur in mildly acidic 
waters.  

Like P. acidophobus, OTU41 (a member of the Fonsibacter LD12 subclade, and probably a strain of 
F. ubiquis that is closely related to the type strain LSUCC0530. Like OTU17, this strain appears to 
be a common member of the bacterial community in freshwater environments in a range of 
habitats globally (Newton et al., 2011), including environments in North America (Henson et al., 
2018) and Europe (Salcher et al., 2011), in the present study, in Australia. Interestingly, W1 (Yarrie 
Lake) aside, this taxon was absent from other surface water samples in November 2022 (see 
Supplementary data). It is, however, present in most samples from June 2023 (see Supplementary 
data). It is notable that most surface water samples, except W1, W10 and W12 came from rivers, 
streams or creeks in the region and it may be that microbial communities in creeks, streams and 
rivers were disproportionately impacted by the flood event in 2022. Similarly, OTU1864, which is 
species of Verrucomicrobiota and perhaps part of the class Spartobacteria, only occurred in the 
June 2023 collection and was completely absent from all November collections, suggesting it too is 
sensitive to flooding. 

In addition to microbes that appear to be affected negatively by the flooding of 2022, numerous 
microbes appear to benefit from this event. For example, OTUs 63 and 110 appear to be more 
common (at least in some samples; W9 and W11) during the flooding (see Supplementary data). 
OTU110 is a Rhodocyclaceae species that is probably in a novel genus. Its closest relatives were 
sequences from the Karasawa River in Japan (Genbank: LC094645), from floating rice-beds in 
China (Genbank: JQ994356) and Étang de Thau (a string of lagoons in coastal France; Genbank: 
JN679957). This taxon appears to be most commonly associated with water and presumably its 
presence here is enhanced by the increased water availability during the flood. Like OTU110, 
OTU_63 also appears to be a water-associated taxon, this species has no close described relatives, 
however, its 16S sequence is 100% identical to sequences (Genbank: KY516348, KP687139, 
JF488106 and MF438632) recovered from lakes and rivers (Balmonte et al., 2016; Martinez-Garcia 
et al., 2012; Schiff et al., 2017).  

Regardless, surface water microbial community baseline data reveal a host of typical, but poorly 
studied, bacteria that form part of the bacterioplankton in the Narrabri region. In general, 
waterways of this region exceed the trigger values set for eutrophication set by ANZECC 15and 
used in NSW. This is, in part, unsurprisingly, given the moderate disturbance that has occurred in 
the region for some time in association with cropping, grazing, forestry and other practices. 

 

 

 
15 Australian and New Zealand Environment and Conservation Council. https://www.waterquality.gov.au/anz-guidelines/resources/previous-
guidelines/anzecc-armcanz-2000 
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Table 12 Taxonomic information of top 10 most abundant prokaryotic OTUs in surface water samples 

OTU Closest match* Identity (%)† 
OTU17 Polynucleobacter acidiphobus MWH-PoolGreenA3 (NR 125545) 100 
OTU41 Fonsibacter sp. (SAR11) 100 
OTU83 Planktophila sulfonica 100 
OTU69 Aquirufa antheringensis 30S-ANTBAC (NR 165029) 100 
OTU522 Rhodoluna planktonica (NR 125488) 98.4 
OTU63 Fontisphaera persica B-154 (NR 189261) 90.1 
OTU110 Burkholderia pyrrocinia ATCC 15958 (NR 112060) 95.3 
OTU323 Rhodoluna lacicola MWH-Ta8 (NR 125493) 98.0 
OTU58 Sediminibacterium salmoneum NBRC 103935 NJ-44 (NR 044197) 100 
OTU145 Ramlibacter monticola G-3-2 (NR 159166) 100 

* Closest matches on GenBank database. † Percentage identity match to GenBank sequence. 

 

4.2.3 Soil bacterial data 

Across the soils examined in this study a total of 37,754 distinct OTUs (≈ species) were found. The 
most abundant phyla were the Actinobacteria, followed by the Proteobacteria, which, represented 
~37% and 24% of all OTUs. There were significant differences between the different collections, 
however, these were relatively minor in terms of the quantum of difference, i.e. no abundant 
phyla differed, for instance, by more than an order of magnitude. For example, Actinobacteria 
represented ~32% of all OTUs in June 2023, and 42% of all OTUs in November 2022. Conversely, 
the Acidobacteria represented ~16% of all OTUs in June 2023, but only 9% of OTUs in November 
2022. These high-level differences could be related to temperature differences between the two 
timepoints (the average min/max in November is 15-30°C, compared to the June average min/max 
of 5-19°C) or maybe related to soil moisture, with the flood event of November 2022 increasing 
soil moisture markedly around the time of collection. Both abundant phyla were bacterial, though 
the Thaumarchaeota, an archaeal phylum was also common representing between four and two 
percent of OTUs at the November 2022, and June 2023, timepoints, respectively.  

Across the OTUs, ~1191 bacterial genera were observed. This is a relatively high number for a 
single study, though it should be noted that this study takes in a range of soils from different 
habitats and land-use types. From these phyla, the most common genera detected was the 
actinobacterial taxon Conexibacter (Table 13). Indeed, there were 156 OTUs that were related to 
Conexibacter. Conexibacter is a relatively newly described taxon, having been first identified in 
forest soils near Milan, Italy (Monciardini et al., 2003). Conexibacter species have also been found 
in numerous other environments, including soils from Senegal were they comprise quite 
significant amounts of the bacterial microbiome (Diatta et al., 2020). The type species of this 
genus, C. woesei is characterised by its long flagella which form spiral networks through which 
individual cells of this species can aggregate. The species observed in the soils of the Narrabri 
region were not C. woesei but were likely in the genus. Abundance across the study area varied, 
with some samples having quite significant numbers of Conexibacter. For example, S3 (a sandy soil 



94  |  CSIRO Australia’s National Science Agency 

from farmland in the Jack’s Creek area) had high abundance of Conexibacter (>10% of all bacteria 
detected) regardless of the sampling time, suggesting this is a common taxon in these soils (see 
Supplementary data). Other soils had relatively low abundances for this genus, S4 for instance 
(which was a vertosol soil collected at the ACRI research site) had less than 0.5% Conexibacter 
species, across both time points) (see Supplementary data).The function of this genus is unclear, 
however, some members are capable of degrading complex carbon sources. Lei et al., (2023) for 
example, detail a strain of Conexibacter (LD01) that appears to be able to grow on lincomycin (a 
pyrrolidine linked pyranose moiety). Such complex carbon may occur in moribund organic matter 
or may be included in plant root exudates.  

Other commonly detected genera include the members of subdivision 3 of the Acidobacteria 
another actinobacterial genus, Rubrobacter and numerous species from the archaeal genus 
Nitrososphaera (Table 13). Knowledge of the ecology and function of Acidobacteria genera is 
limited (Fierer et al., 2007; Kuramae and de Assis Costa, 2019). The genus Rubrobacter is known 
for its radiation tolerance, halotolerance and moderate thermotolerance (Hatzenpichler et al., 
2008). It may be that these species occur in the top layers of soil, where they are exposed to heat 
and ultraviolet radiation from the sun, or it may be that the occurrence of these species is related 
to the sodic soils of the region having high sodium concentrations, relative to other cations. 
Further work would be required to confirm this speculation. For the acidobacterial species, 
subdivision 3 likely represents a family (the Bryobacteraceae), which has been proposed by 
Dedysh et al., 2017, after the type species Bryobacter which was described as moss-associated 
(and comes from a sphagnum bog). Given the paucity of information about these species its role in 
the Narrabri area is unclear. Lastly, the Nitrososphaera species are mostly ammonia oxidising 
autotrophs that use the energy from oxidising ammonia to nitrite in order to fix CO2 (Tourna et al., 
2011), they are ubiquitous in oxic environments and their range includes the project area in this 
study.  

Table 13 Taxonomic information of top 10 most abundant prokaryotic OTUs in soil samples 

OTU Closest match* Identity (%)† 
OTU44 Conexibacter woesei ID131577; DSM 14684; JCM 11494 (NR 028979) 96.8 
OTU25 Baekduia soli BR7-21 (NR 178337) 96.4 
OTU37 uncultured Holophaga sp. (AJ519386) 95.7 
OTU5 Bradyrhizobium liaoningense 2281; USDA 3622 (NR 041785) 100 
OTU43 Crossiella cryophila NRRL B-16238 (NR 024964) 97.2 
OTU3 Arthrobacter nitrophenolicus SJCon (NR 178397) 100 
OTU15 Rubrobacter spartanus HPK2-2 (NR 158052) 97.2 
OTU312 Conexibacter woesei DSM 14684 (NR 074830) 94.1 
OTU31 Nitrososphaera viennensis EN76 (NR 134097) 94.8 
OTU57 Angustibacter speluncae YC2-20 (NR 158006) 98.8 

* Closest matches on GenBank database. † Percentage identity match to GenBank sequence. 
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4.2.4 Surface waters fungal data 

In total 1586 species (fOTUs) were detected from the surface water samples examined in the 
present study. The samples included representatives from the Ascomycota and Basidiomycota as 
well as the Chytridiomycota and Zygomycota. Unlike soils, the Glomeromycota were not detected 
in the surface waters, despite the 2022 flood event that likely mobilised at least some soil 
materials into the surface waters of the region. This may be in part due to the relatively large size 
of the arbuscular mycorrhiza spores which are typically >100 µm in diameter (Davison et al., 2018; 
Paz et al., 2021).  

Regardless, this flood event strongly impacted the diversity of fungi detected in the surface waters 
of the region (p<0.0004). Aggregating the fungi to genera for example, demonstrated that surface 
waters collected during the flooding in November 2022 had a significantly increased fungal 
diversity compared to June 2023 (Figure 53).  

 

Figure 53 Boxplot showing fungal diversity in surface waters per sample in the November 22 vs June 23 field 
campaigns 

The number of species detected at these two timepoints differed significantly (p<0.0004). 

 

Along with each sample in June 2023 being less diverse, the water samples collected in November 
2022 were also more distinct from each other (Figure 54). In other words, the flooding event acted 
to increase fungal diversity and distinctiveness between different creeks and other surface waters 
in the Narrabri region (Figure 53 and Figure 54). These events are relatively common in the region 
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due to the relatively flat geography of the region16. This is likely due to the recruitment of soil 
material into flood waters which had localised effects on which microbes were present in 
individual samples. For this reason, flooding likely masks any apparent seasonality of samples and 
it is not possible to describe seasonal changes in surface water fungal communities. Furthermore, 
for the purposes of microbial baselining of the region, the June 2023 samples should be 
considered a useful starting point for profiling the relatively low fungal diversity in surface waters 
of the region. 

 

Figure 54 Non-metric MultiDimensional Scaling (nMDS) ordination of the fungal communities in surface waters in 
the November 22 vs June 23 field campaigns 

The blue dots show samples collected during the flood event in November 2022, the black dots show samples collected in June 2023. In this plot, 
dots that are close to each other show similar microbial communities. 

 

Examining the microbial diversity in the June 2023 surface waters reveals that most of the 
common fungi detected in water samples were poorly classified. Generally, the fungal 
microbiomes for surface waters in the Narrabri region broadly mirror some other studies. The key 
property of freshwater fungal communities are (1) that they are poorly studied (Bärlocher and 

 

 
16 NSW State Emergency Service brochure. https://www.ses.nsw.gov.au/media/1954/brochure-narrabri_res.pdf 

https://www.ses.nsw.gov.au/media/1954/brochure-narrabri_res.pdf
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Boddy, 2016), and (2) they contain a large number of poorly defined fungal taxa with more yeast 
and chytrid taxa than are detected in soils (Bärlocher and Boddy, 2016; Sutcliffe et al., 2018).  

Starting first with taxa that were detected across many samples, the only species that was 
detected across all the samples was fOTU12292. This species was a yeast from the Saccharomyces 
genus most closely related to S. cariocanus (Naumov et al., 2000). Similarly, a chytrid, fOTU7167 
was detected in ~60% of samples and is most closely related to, but distinct from Rhizophydium 
carpophilum (Letcher et al., 2006).  

These chytrid fOTUs can also be quite abundant in individual samples, but not common to all 
samples. For example, a species of chytrid (fOTU72) was found to represent almost a quarter of all 
fungal sequences from two of the samples (W4 and W15). These samples were from the Namoi 
River in Narrabri township and Pine Creek southeast of Turrawan, a distance of ~20 km. This 
suggests this taxon is widespread in the region.  

Finally, it should be noted that some of the recovered amplicons may not be fungal at all. For 
example, fOTU5439 was found at 75% of all sites, however, it is unclear which organism this DNA 
sequence was recovered from, it may be an algal sequence. Similarly, other non-fungal species 
recovered include species that maybe amoebal or rhizarian. This is not uncommon as other 
eukaryotic groups have the ITS region and subsequently can be amplified in the place of the target 
organisms (fungi) where fungal diversity is low.  

4.2.5 Soil fungal data 

Across the soils of the region, 2846 distinct fungal OTUs (fOTUs) were detected comprising ~270 
described fungal genera. These included representatives from the Ascomycota, Basidiomycota, 
Chytridiomycota, Glomeromycota and the Zygomycota. For the majority of samples, the 
Ascomycota or Basidiomycota were the most abundant phyla, and have been discussed below. 
The most abundant Chytridiomycota, Glomeromycota and Zygomycota species were members of 
the Spizellomyces, (fOTU416), Glomus (fOTU748), and Mortierella (fOTU66) genera, respectively.  

Overall, the most abundant genus detected in the samples was a group of ascomycetous Peziza-
like genera. Peziza-like fungi include a range of saprotrophic and ectomycorrhizal species (Hansen 
and Pfister, 2006; Tedersoo et al., 2006). Most species detected in the Narrabri region were only 
distantly related to known Peziza species and may fall outside this genus. DNA comparisons of 
some of the Peziza-like fungi detected in the current study indicated that they are related to other 
fungi previously detected in association with roots. For example, fOTU9 (the most abundant of 
these fungi) was detected in a range of soils during both the November and June sampling trips. It 
is most closely related to root associated fungi previously detected in northern Australia 
(Raghavendra et al., 2017). 

Along with these fungi, a range of known ectomycorrhizal taxa were among the most commonly 
identified fungi in the present study. These included species of Clavulina, Cortinarius, Inocybe, 
Laccaria, Lactarius, Pisolithus, Russula, Scleroderma and Tometella. These species were very 
abundant in individual samples but were often not abundant across every sample. This is likely due 
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to different ectomycorrhizal relationships between individual host plants and their associated 
fungi.  

It should also be noted that many of these ectomycorrhizal fungi appear to be novel. For example, 
the two most common Russula, Lactarius and Laccaria species are only distantly related to known 
species. For example, fOTU1, a Lactarius species is only distantly shares ~90% ITS identity with 
Lactarius clarkae (Lactifluus clarkae), its closest relative. Comparisons of the ITS DNA region with 
known species reveal that this species is ~96% identical to L. clarkae and L. subclarkae. This level of 
identity likely suggests this is a novel Lactarius species. One notable exception to this were some 
of the Pisolithus OTUs which mapped closely to known species. This species has been subject to 
more work in Australia (Cairney, 2002; Hitchcock et al., 2003; Hitchcock et al., 2011; Leonard and 
McMullan-Fisher, 2013) and numerous Australian species such as P. albus (fOTU1635), P. 
marmoratus (fOTU27) or P. microcarpus (fOTU536) were detected in the current study. Overall, 
however, this study demonstrates that the Narrabri region hosts a range of diverse and poorly 
characterised ectomycorrhizal fungal species. 

In contrast to this pattern of sporadic high abundance of ectomycorrhizal fungi, a number of other 
fungi were abundant at in a relatively large number (15+) samples. These fungi included various 
species of fusaria in the genera Gibberella, Hypocrea (or the anamorphic Fusarium). Similarly, 
various Chaetomium species and Penicillium species (including some Eupenicillium and 
Talaromyces spp.) were also abundant in many samples. This is in keeping with the life-strategy of 
these species which involves the production of vast numbers of air or dust dispersed spores 
(conidia) which mean these species commonly occur in, but may not be metabolically active in, 
many different soils (Cooke and Rayner, 1984; Warcup, 1967). It should be noted that the 
microbial community profiling carried out using DNA sequencing, is unable to distinguish between 
DNA from spores and DNA from metabolically active fungal cells.  

Seasonality 

Between the November 2022 and June 23, along with expected differences in the climate at these 
times, i.e. cooler weather in June, the November 2022 sampling occurred after a very significant 
rainfall event that caused widespread flooding in the Narrabri region. In terms of soil fungi, there 
was a significant difference (p<0.003) between the types of fungi detected at these time points, 
though some species appear to be present, regardless of season.  

For example, across the soil samples collected in November (2022) ectomycorrhizal Russula 
species comprised ~8.6% of fungal OTUs detected, this was not markedly different to the June 
(2023) sampling campaign when Russula species comprised 9.5% of all fungal OTUs detected in 
soils. This suggests that the extramatrical mycelium of ectomycorrhizal Russula species is present 
regardless of soil temperature or rainfall events. It is important to note that here, data presented 
are aggregated to the genus level, and there may be patterns of abundance below this level that 
are not described. Regardless, there are also clear examples of the opposite phenomenon. For 
instance, Lactarius (Lactifluus) constituted ~3.7% of detected fungal OTUs in the June (2023) 
sampling but are largely absent from the November (2022) sampling, representing just ~0.01% of 
fungal OTUs at this time point. Similar seasonal changes in abundance have been observed in 
other Lactarius species. The work of Castaño et al., 2017, for example, previously demonstrated 
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significant changes in biomass of L. vinosus in Spanish forests across a 12 month period related to 
seasonality. 

4.3 Chemical degradation and community impact assessment 

Following the method described in section 3.4, community impact assessment experiments were 
set up (Figure 27), aiming to investigate the chemical degradation and microbial community 
impact by adding these chemicals into the soil, surface water, and groundwater samples collected 
from the Narrabri region. Briefly, an aliquot of an aqueous solution of either a specific chemical 
(biocides – DAZ, GLU, or MBO) or a mixture of chemicals (the drilling or the workover cocktails) 
was added to microcosms of each of two groundwaters (G2 and G8), a surface water (W12) and 
soils (S4 and S24). Residue chemicals and microbial community in microcosm experiments were 
analysed after incubation (30 days for soil experiments and 90 days for groundwater and surface 
water experiments) and compared with zero time and storage controls.  

Ground water samples 

Biocides (DAZ, GLU and MBO), HCM#1 and MEA were not detected in groundwater samples, while 
AEMs were detected in both groundwater samples, with AEM#1 ranging from 0.84 to 1.83 mg L-1 

and AEM#2 ranging from 5.2 to 7.4 mg L-1 (Table 14). Absence of tested biocides and MEA 
indicated that these chemicals were completely biodegraded (Table 14, Figure 55).  

The absence of DAZ in both groundwater samples after the experiment might not be due to 
microbial degradation since DAZ tends to be hydrolysed to methyl isothiocynate (MITC), 
formaldehyde and other compounds (Consolazio et al., 2019) upon reaction with water. MITC was 
also analysed, and it is also absent in both groundwater samples.  

AEMs seemed more resistant to microbial degradation in these groundwater samples compared to 
other chemicals with 54 to 79% of AEM#1 and 85 to 90% of AEM#2 being degraded during the 
experiment period (Figure 55). It is worth noting that biodegradation of HCM#1 and HCM#2 in the 
groundwater samples will be included in the addendum to the report.  

Surface water samples 

All tested chemicals or chemical mixtures were not detected in the surface water sample after the 
community impact assessment experiment (Table 14), indicating complete degradation of these 
chemicals in the surface water sample during the experiment (Table 14, Figure 55). MITC, the 
breakdown product of DAZ, was also not detected in the surface water after the experiment. It is 
noted that biodegradation of HCM#1 and HCM#2 in the surface water sample will be included in 
the addendum to the report. 
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Table 14 Mean (± std. error of the mean) of chemicals in groundwater and surface water microcosm experiments 
after incubation 

Sample AEM#1 AEM#2 MEA MBO DAZ GLU 

G2 0.84 
(±0.03) 

5.2 
(±0.45) 

<0.01 <0.01 <0.005 <1 

G8 1.83 
(±0.42) 

7.4 
(±4.6) 

<0.01 <0.01 <0.005 <1 

W12 <0.01 <0.01 <0.01 <0.01 <0.005 <1 

All concentrations in mg L-1 

 

 

Figure 55 Percentages of chemicals biodegraded during the community impact assessment experiment in water 
samples 

 

Soil samples 

All tested biocides (DAZ, MBO and GLU) and HCM#1 were not detected in both soil samples after 
the community impact assessment experiment (Table 15), indicating the added MBO, GLU and 
HCM#1 were completely biodegraded during the experiment (Table 16 and Figure 56). For DAZ, 
because of the rapid hydrolysis as mentioned above, the absence of DAZ in both soil samples after 
the experiment was unlikely due to biodegradation. This is also consistent with the lack of 
microbial growth detected in the experiment with DAZ as the sole carbon source. MITC, the 
breakdown product of DAZ, was not detected in both soils either after the experiment. 

AEM#1 was not detected in S4 soil but detected in S24 with trace amounts (0.15-0.2 µg kg-1), while 
AEM#2 were detected in trace amounts (0.09-4.12 µg kg-1) in both soil samples (Table 15). Trace 
amounts of detected AEMs indicate >99.99 % of the added AEMs were biodegraded during the 
experiment (Table 16 and Figure 56).  

MEA was detected in both soil samples with an average of 0.03 mg kg-1 in S24 and 0.12 mg kg-1 in 
S4 (Table 15), however, MEA was also detected in both soils not used in the experiment which 
have similar MEA concentrations with an average of 0.05 mg kg-1 in S24 and 0.12 mg kg-1 in S4 . 
Since phosphatidylethanolamine is part of cell membrane of microbes (Sohlenkamp and Geiger, 
2016), it is considered that the detected MEA in both soils used in the experiment was mainly 
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attributed to cell membrane of the microbes in soils. Hence, it is likely that the added MEA was 
completely biodegraded in S4 and 96% biodegraded in S24 during the experiment (Table 16 and 
Figure 59) after removing the contribution from cell membrane.  

It is noted that biodegradation of HCM#2 in soil samples will be included in the addendum to the 
report. 

 

Table 15 Mean (± std. error of the mean) of chemicals in soil microcosm experiments after incubation 

Sample AEM#1 
(μg kg-1) 

AEM#2 
(μg kg-1) 

MEA 
(mg kg-1) 

MBO  
(mg kg-1) 

DAZ  
(mg kg-1) 

GLU 
(mg kg-1) 

HCM#1 
(mg kg-1) 

S4 <0.05 0.23 
(±0.13) 

0.12 
(±0.01) 

<0.01 <0.02 <50 <1 

S24 0.17 
(±0.02) 

2.66 
(±1.46) 

0.03 
(±0.01) 

<0.01 <0.02 <50 <1 

 

Table 16 Percentages of chemicals being biodegraded during the community impact assessment experiment 

Sample AEM#1 AEM#2 MEA MBO DAZ GLU HCM#1 

G2 79 90 100 100 100 100 n/a 

G8 54 85 100 100 100 100 n/a 

W12 100 100 100 100 100 100 n/a 

S4 100 99.9996 100 100 100 100 100 

S24 99.996 99.9953 96 100 100 100 100 

n/a: not available 

 

 

Figure 56 Percentages of chemicals biodegraded during the community impact assessment experiment in the soil 
samples 
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4.3.1 Community impact assessment 

The microbiological effects of adding chemicals to groundwaters, surface waters, and soils of the 
Narrabri region were investigated to determine how the indigenous microbial communities 
present in each sample type would be impacted by chemicals entering these environments. 
Statistical analyses were used to determine the impact on microbial communities relative to the 
zero time and storage controls. 

An important difference between the sole carbon experiments and these community impact 
assessments were that for the community impact assessment, some chemicals were considered in 
mixtures. These two mixtures were the ‘drilling’ mixture: which included MEA and AEM#2, along 
with the ‘workover’ mixture which included hydrocarbons and AEM#1. All three biocides: DAZ, 
GLU and MBO were considered separately. 

The impacts of chemicals or chemical mixtures varied with sample type (Table 17). For the soil 
sample S4, only the biocides DAZ and GLU significantly altered the microbial community (Table 
17). In contrast S24 was impacted by the presence of all chemicals except the mixture used for 
drilling (Table 17). The surface water sample W12 was impacted by the addition of all chemicals 
other than MBO. While neither groundwater sample, G2 and G8, was impacted by the drilling or 
workover mixture, the biocides had varied effects in these samples (Table 17). 

It should be noted that PERMANOVA, like many statistical tests, uses an alpha level of 0.05. The 
difference between 0.049 and 0.051 is negligible, and as such values close to 0.05 are worth 
consideration. In the present study, there were some results above 0.05, i.e. 0.062 and 0.0691, 
while these results were not statistically significantly different, there may still have been effects 
here, but the impact was more subtle and so a decisively statistically, different community was not 
indicated. Further work may be required here to exclude community change as a result of addition 
of particular chemicals. 

 

Table 17 PERMANOVA post hoc comparisons between the addition of a chemical treatment with the storage 
control for bacterial communities 

Chemical Treatment G2 G8 W12 S4 S24 

DAZ 0.001 0.2345 0.0009 0.0054 0.0003 

Drilling mix 0.2679 0.1476 0.031 0.5022 0.062 

GLU 0.0008 0.0116 0.0006 0.0007 0.0007 

MBO 0.0048 0.1343 0.2516 0.2469 0.0262 

Workover mix 0.2236 0.0691 0.0006 0.0837 0.0031 

Significant p-values (<0.05) are in bold 
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Dazomet 

The presence of DAZ altered the microbial communities in all samples except for G8 (Table 17). In 
G2, large changes were observed in response to DAZ. For example, OTU2 had a median abundance 
in the G2 storage control of ~50% (Table 18). In contrast, when DAZ was present this taxon was 
reduced to median abundances under 3% (Table 18). This suggests that OTU2, which was a strain 
of Curvibacter delicatus, was strongly negatively impacted by DAZ or its breakdown products, a 
similarly strongly negative response was observed to DAZ by OTU8, which was a strain of 
Methylocystis echinoides, which declined from almost 10% abundance to close to zero when DAZ 
was added (Table 18). Some other species did increase in response to DAZ, the most significant of 
which was OTU6, a novel species of Dechloromonas most closely related to but distinct from D. 
agitate. Dechloromonas species are best known for their abilities to dehalogenate a range of 
halogenated organic compounds (Fetzner, 1998; Mohn and Tiedje, 1992; Smidt and De Vos, 2004). 
It should be noted though, that neither DAZ or its breakdown products contain halogenated 
components, and as such growth of Dechloromonas on DAZ and its breakdown products likely 
indicates use of these components by OTU8.  

 

Table 18 SIMPER analysis of the top 15 taxa that account for most of the dissimilarities between the DAZ treatment 
relative to the storage control in G2 microbial communities 

Taxon Av. 
dissim 

Contrib. 
% 

Cumulative % DAZ median ± IQR DAZ Minimum - 
Maximum 

S median ± 
IQR 

S Minimum - 
Maximum 

OTU2 20.89 25.15 25.15 2.89 ± 4.47 0.0 - 17.32 51.01 ± 16.43 5.46 - 72.69 

OTU6 9.57 11.53 36.68 13.0 ± 25.04 0.0 - 63.92 3.75 ± 3.16 0.33 - 10.87 

OTU8 8.19 9.87 46.55 0.0 ± 0.12 0.0 - 11.93 9.61 ± 16.74 0.73 - 53.48 

OTU10 3.77 4.53 51.08 3.21 ± 7.14 0.0 - 33.5 0.0 ± 0.66 0.0 - 9.61 

OTU12 3.74 4.50 55.58 0.16 ± 2.9 0.0 - 42.03 0.0 ± 0.49 0.0 - 8.14 

OTU5 2.87 3.46 59.04 0.82 ± 3.87 0.0 - 6.18 1.93 ± 1.78 0.0 - 29.14 

OTU42 1.67 2.01 61.05 4.1 ± 2.62 0.0 - 13.81 2.67 ± 2.21 0.57 - 5.02 

OTU111 1.63 1.96 63.01 0.9 ± 5.05 0.0 - 11.07 0.37 ± 1.01 0.0 - 5.08 

OTU64 1.48 1.79 64.8 0.0 ± 2.4 0.0 - 5.51 0.0 ± 0.4 0.0 - 13.03 

OTU19 1.44 1.73 66.53 0.0 ± 0.0 0.0 - 13.87 0.0 ± 0.0 0.0 - 8.8 

OTU124 1.43 1.73 68.26 0.2 ± 2.27 0.0 - 15.04 0.25 ± 0.88 0.0 - 1.7 

OTU54 1.31 1.57 69.83 0.0 ± 3.47 0.0 - 11.29 0.0 ± 0.0 0.0 - 0.06 

OTU117 1.27 1.53 71.36 1.22 ± 1.36 0.0 - 12.75 0.0 ± 0.02 0.0 - 0.08 

OTU185 1.25 1.51 72.87 0.0 ± 0.23 0.0 - 12.67 0.0 ± 0.0 0.0 - 6.39 

OTU78 1.19 1.43 74.30 0.0 ± 2.71 0.0 - 11.16 0.0 ± 0.0 0.0 - 0.0 

Av. dissim – Average dissimilarity; Contrib. % - Contribution percentage; Cumulative % -Cumulative percentage; DAZ median ± IQR – DAZ median ± 
Interquartile Range; S median ± IQR – Storage median ± Interquartile Range 

 

In W12, similar patterns were observed with OTUs 136, 5 and 61 being sensitive to DAZ presence 
(Table 19). OTUs 136, 5 and 61 were a possible Nitrobacter species, a strain of Bradyrhizobium 
liaoningense and a poorly described microbe that is known from bacterioplankton in other sites, 
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respectively. Interestingly both the OTU136 and 5 were probably nitrogen fixing species and it may 
be that DAZ poses greater risks to these organisms in some way, though a broader analysis would 
be required to confirm this observation. Such observations of DAZ impact on microbes important 
in the nitrogen cycle has been recorded previously. For example, Fang and co-workers 
demonstrated that the presence of DAZ and its breakdown products adversely impacted the 
abundance of 16S and nitrogen cycling genes, though the same study demonstrates that DAZ in 
parallel temporarily increased bacterial diversity – presumably through growth of other taxa able 
to capitalise either on the moribund cells of affected bacteria or on the breakdown products of 
DAZ (Fang et al., 2018). Further work is required to ascertain the holistic impacts of DAZ. In 
addition to OTUs 136, 5 and 61, OTUs 52 and 88 were also negatively impacted and, like OTUs 136 
and 5, were related to each other, with both being cyanobacteria and either strains of Leptodemis 
alaskaensis (OTU88) or a new species of Leptodemis. Regardless, the presence of two species of 
the Leptolyngbyaceae family in the most affected species raises the possibility that like nitrogen-
fixing Pseudomonadota, DAZ has phylogenetically-targeted effects on groups of microbes.  

In contrast, several taxa increased in the presence of DAZ. These included OTUs 4, 45 and 39, 
which were a strain of Mycolicibacterium smegmatis, a novel species of Reyranella, and a novel 
species of Pseudorhodoplanes (Table 19). No literature is available on these genera with respect to 
their DAZ tolerance or catabolism, however, their presence here clearly indicates they benefit 
from the presence of DAZ and its breakdown products in some way.  

 

Table 19 SIMPER analysis of the top 15 taxa that account for most of the dissimilarities between the DAZ treatment 
relative to the storage control in W12 microbial communities 

Taxon Av. 
dissim 

Contrib. 
% 

Cumulative % DAZ median ± IQR DAZ Minimum - 
Maximum 

S median ± 
IQR 

S Minimum - 
Maximum 

OTU4 4.04 5.33 5.33 3.4 ± 2.41 1.13 - 23.07 1.61 ± 5.08 0.67 - 33.14 

OTU45 3.49 4.60 9.93 4.14 ± 9.98 0.0 - 25.61 1.44 ± 1.83 0.09 - 4.84 

OTU39 3.39 4.48 14.41 6.56 ± 8.34 0.0 - 15.81 1.1 ± 0.71 0.12 - 2.36 

OTU136 2.50 3.30 17.71 0.45 ± 2.58 0.0 - 5.27 5.16 ± 7.08 0.26 - 13.49 

OTU61 1.75 2.31 20.02 0.41 ± 0.63 0.0 - 3.12 1.71 ± 3.7 0.35 - 14.74 

OTU5 1.56 2.06 22.08 0.98 ± 0.75 0.0 - 3.17 2.28 ± 1.86 0.25 - 14.88 

OTU126 1.50 1.99 24.06 0.0 ± 0.0 0.0 - 0.02 0.03 ± 1.62 0.0 - 17.77 

OTU52 1.50 1.98 26.04 0.0 ± 0.57 0.0 - 1.1 2.25 ± 4.22 0.27 - 8.35 

OTU7813 1.48 1.96 28.00 0.04 ± 1.14 0.0 - 18.42 0.02 ± 0.06 0.0 - 0.09 

OTU88 1.37 1.81 29.82 0.0 ± 0.16 0.0 - 0.18 2.89 ± 1.04 0.68 - 4.28 

OTU109 1.09 1.44 31.26 0.0 ± 0.01 0.0 - 0.02 0.95 ± 2.78 0.09 - 7.08 

OTU82 0.94 1.24 32.49 0.68 ± 3.03 0.0 - 5.83 0.2 ± 0.22 0.0 - 0.4 

OTU92 0.93 1.22 33.71 1.16 ± 3.31 0.0 - 5.37 0.18 ± 0.21 0.0 - 0.51 

OTU17 0.92 1.21 34.92 0.32 ± 2.04 0.0 - 5.67 1.31 ± 1.13 0.29 - 2.87 

OTU174 0.88 1.16 36.08 0.01 ± 0.43 0.0 - 11.15 0.09 ± 0.12 0.0 - 0.19 

Av. dissim – Average dissimilarity; Contrib. % - Contribution percentage; Cumulative % -Cumulative percentage; DAZ median ± IQR – DAZ median ± 
Interquartile Range; S median ± IQR – Storage median ± Interquartile Range 
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For S4, presence of DAZ caused the common taxon, OTU3, to almost halve in abundance (Table 
20). This taxon was present at ~16% in the storage control soils, but the addition of DAZ caused its 
abundance to decrease to a median of ~9%. This taxon, a strain of Arthrobacter nitrophenolicus, is 
capable of degradation of quite complex material. For example, the species is known to degrade 
chlorinated nitrophenols (Arora and Jain, 2013). Data presented here, however, suggests the 
taxon was sensitive to the presence of DAZ. Other sensitive taxa included OTU3350 (a 
Falsirhodobacter species), which declined ~10X in the presence of DAZ. Unlike some of the other 
chemicals examined, few obviously advantaged species were detected in this soil. 

 

Table 20 SIMPER analysis of the top 15 taxa that account for most of the dissimilarities between the DAZ treatment 
relative to the storage control in S4 microbial communities 

Taxon Av. 
dissim 

Contrib. 
% 

Cumulative % DAZ median ± IQR DAZ Minimum - 
Maximum 

S median ± 
IQR 

S Minimum - 
Maximum 

OTU3 3.67 14.36 14.36 8.76 ± 4.92 3.15 - 16.73 14.76 ± 3.07 11.37 - 24.14 

OTU14 1.09 4.25 18.61 7.22 ± 2.25 3.75 - 11.41 7.02 ± 2.01 6.37 - 10.75 

OTU15 0.99 3.87 22.48 6.33 ± 1.5 4.26 - 10.99 5.03 ± 1.68 4.06 - 6.53 

OTU24 0.67 2.61 25.09 3.33 ± 1.76 0.92 - 5.8 3.57 ± 0.68 2.88 - 4.92 

OTU66 0.34 1.32 26.41 1.84 ± 0.73 1.06 - 3.65 2.22 ± 0.29 1.43 - 2.63 

OTU3350 0.32 1.26 27.67 0.05 ± 0.06 0.01 - 0.16 0.08 ± 0.05 0.04 - 4.27 

OTU74 0.30 1.19 28.85 1.81 ± 0.67 0.25 - 2.77 1.85 ± 0.29 1.47 - 2.23 

OTU269 0.27 1.05 29.91 0.52 ± 0.29 0.12 - 3.22 0.51 ± 0.08 0.41 - 0.65 

OTU326 0.25 0.96 30.87 1.39 ± 0.45 0.81 - 2.01 0.86 ± 0.17 0.74 - 1.16 

OTU121 0.23 0.91 31.78 0.62 ± 0.36 0.13 - 2.53 0.6 ± 0.12 0.36 - 0.69 

OTU145 0.23 0.89 32.67 1.18 ± 0.29 0.69 - 2.29 1.48 ± 0.23 1.07 - 1.73 

OTU36 0.20 0.79 33.45 0.68 ± 0.35 0.26 - 1.26 0.93 ± 0.17 0.55 - 1.89 

OTU776 0.17 0.66 34.11 0.97 ± 0.35 0.68 - 1.85 0.82 ± 0.26 0.65 - 1.09 

OTU287 0.16 0.63 34.75 0.49 ± 0.35 0.09 - 1.41 0.39 ± 0.13 0.22 - 0.51 

OTU129 0.16 0.62 35.36 0.88 ± 0.37 0.4 - 1.7 0.91 ± 0.28 0.81 - 1.18 

Av. dissim – Average dissimilarity; Contrib. % - Contribution percentage; Cumulative % -Cumulative percentage; DAZ median ± IQR – DAZ median ± 
Interquartile Range; S median ± IQR – Storage median ± Interquartile Range 

 

These observations contrasted with the microbial community from S24 which showed both the 
increase and decrease in abundance of certain taxa when DAZ was present. For example, in the 
presence of DAZ, OTU193 a strain of Geomesophilobacter sediminis, decreased from almost 3% in 
the storage control to 0.007%, a decrease of over 400X (Table 21). The converse was true for 
OTU234, a strain of Tumebacillus ginsengisoli, which was only present at ~0.07% in the storage 
control microbial community, but increased to ~1.5% in those microcosms that were dosed with 
DAZ. Because DAZ produces a number of breakdown products: methyl isothiocyanate, 
methylamine, formaldehyde and others, it is difficult to know which specific breakdown products, 
or the conditions they create, are advantageous for species like T. ginsengisoli.  
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Table 21 SIMPER analysis of the top 15 taxa that account for most of the dissimilarities between the DAZ treatment 
relative to the storage control in S24 microbial communities 

Taxon Av. 
dissim 

Contrib. 
% 

Cumulative % DAZ median ± IQR DAZ Minimum - 
Maximum 

S median ± 
IQR 

S Minimum - 
Maximum 

OTU37 1.64 4.43 4.43 7.32 ± 2.71 4.64 - 8.72 3.76 ± 1.28 2.06 - 6.37 

OTU193 1.48 3.97 8.40 0.01 ± 0.0 0.0 - 0.01 2.36 ± 3.96 0.01 - 6.92 

OTU20 0.82 2.20 10.59 1.2 ± 1.19 0.98 - 3.01 1.17 ± 0.6 0.4 - 7.81 

OTU56 0.80 2.15 12.74 1.8 ± 1.13 1.01 - 3.07 0.61 ± 0.44 0.29 - 5.63 

OTU234 0.74 1.99 14.73 1.03 ± 1.97 0.38 - 3.31 0.05 ± 0.03 0.03 - 0.24 

OTU75 0.65 1.76 16.49 1.77 ± 1.93 0.57 - 3.97 0.66 ± 0.73 0.35 - 2.98 

OTU123 0.62 1.67 18.16 1.89 ± 0.13 1.68 - 2.15 0.69 ± 0.11 0.43 - 0.84 

OTU91 0.57 1.54 19.70 0.85 ± 0.29 0.37 - 1.44 2.05 ± 0.76 0.77 - 3.08 

OTU36 0.56 1.52 21.21 1.53 ± 2.03 0.47 - 3.71 1.19 ± 0.64 0.73 - 2.04 

OTU451 0.50 1.35 22.56 0.23 ± 0.1 0.15 - 0.44 0.22 ± 0.18 0.09 - 6.59 

OTU558 0.48 1.28 23.84 0.0 ± 0.0 0.0 - 0.0 0.0 ± 0.03 0.0 - 6.6 

OTU5 0.47 1.27 25.12 2.99 ± 0.5 2.61 - 4.15 3.52 ± 1.22 2.15 - 4.76 

OTU44 0.37 0.98 26.10 1.72 ± 0.46 1.07 - 2.01 0.89 ± 0.19 0.48 - 1.14 

OTU86 0.33 0.88 26.98 0.65 ± 0.11 0.56 - 1.13 0.07 ± 0.04 0.03 - 0.09 

OTU128 0.31 0.83 27.81 0.73 ± 0.18 0.68 - 1.09 0.44 ± 0.42 0.15 - 2.48 

Av. dissim – Average dissimilarity; Contrib. % - Contribution percentage; Cumulative % -Cumulative percentage; DAZ median ± IQR – DAZ median ± 
Interquartile Range; S median ± IQR – Storage median ± Interquartile Range 

 

Drilling mixture: MEA and AEM#2  

For all groundwaters and soils no significant effect was observed on the microbial community after 
adding these chemicals (Table 17). Only W12 showed microbial community alteration from the 
presence of these chemicals. This change was characterised by a small number of species that 
changed significantly. For example, OTU4 decreased in abundance in the presence of MEA and 
AEM#2 (Table 22). Other notable taxa that decreased in the presence of these chemicals were 
OTUs 52, 126 and 88 (Table 22). Conversely, OTUs 10 and 81 increased in the presence of MEA and 
AEM#2 (Table 22).  

When examining taxa sensitive to these chemicals, OTU4 (Mycolicibacterium smegmatis) and a 
taxon related to the genus Sandarakinorhabdus were identified. The reason for their sensitivity is 
not known and while the effect was relatively modest for OTU4, the effect on OTU126 was 
substantial, and this taxon dropped in abundance by 100x in W12 that was stored in the 
laboratory (0.03%) compared with MEA and AEM#2 added (0.00023%)(Table 22). The reasons for 
these changes are not well understood. While M. smegmatis is relatively well studied, it is a non-
pathogenic model for other Mycobacterium species, data on the taxon in non-clinical 
environments and its tolerance of stressors are lacking. Sandarakinorhabdus is much more poorly 
studied, and the reasons for its intolerance of these chemicals is unknown. A further complication 
is that it is not clear what contribution the components in this mixture had towards this negative 
impact. It may be for example, that strains were sensitive to MEA or AEM#2 alone, or that their 
presence together had additional negative effects. 
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In contrast, OTUs 10 and 81 increased significantly in the presence of these compounds. OTU81 is 
a particularly poorly understood actinomycetous member of the bacterioplankton, and as such the 
reasons for its enrichment in the presence of the drilling mixture compounds was unknown. 
OTU10 by contrast, is from the comparatively well-studied Corynebacterium genus and was 
conspecific with C. suicordis. This is somewhat problematic, as Corynebacterium can come from 
human skin as well as from the environment. Its presence here, in the W12 samples requires at 
least some exploration. This species has been detected in a range of aquatic samples in association 
with humans and animals (Vela et al., 2003). Its presence here in W12 may be the result of its 
natural occurrence in this water body, or it may be the result of animals living in this water body. 
Regardless, in this experiment this taxon increased in abundance in the presence of MEA or 
AEM#2 suggesting the taxon benefits in some manner from these additions. Either through direct 
catabolism of the components of the drilling mixture or as a result of reduced competition or 
some other advantage under these settings. For MEA at least, it would appear that some 
Corynebacterium have the genes (ethanolamine-ammonia lyases) to degrade these products 
(Swaney and Kalan, 2020). 

 

Table 22 SIMPER analysis of the top 15 taxa that account for most of the dissimilarities between the drilling mixture 
treatment relative to the storage control in W12 microbial communities 

Taxon Av. dissim Contrib. % Cumulative % D median ± IQR D Minimum - 
Maximum 

S median ± IQR S Minimum - 
Maximum 

OTU4 3.38 4.76 4.76 0.92 ± 0.95 0.02 - 8.15 1.61 ± 5.08 0.67 - 33.14 

OTU136 2.74 3.86 8.62 8.13 ± 7.63 0.06 - 13.13 5.16 ± 7.08 0.26 - 13.49 

OTU10 2.01 2.84 11.45 0.0 ± 5.03 0.0 - 17.98 0.0 ± 0.08 0.0 - 0.16 

OTU52 1.81 2.55 14.00 0.54 ± 2.91 0.12 - 11.3 2.25 ± 4.22 0.27 - 8.35 

OTU81 1.80 2.54 16.54 2.26 ± 6.24 0.0 - 10.56 0.1 ± 0.35 0.0 - 0.72 

OTU61 1.69 2.38 18.92 1.71 ± 1.55 0.0 - 3.08 1.71 ± 3.7 0.35 - 14.74 

OTU109 1.69 2.37 21.30 0.61 ± 3.89 0.0 - 11.74 0.95 ± 2.78 0.09 - 7.08 

OTU5 1.67 2.36 23.65 0.42 ± 0.88 0.0 - 4.2 2.28 ± 1.86 0.25 - 14.88 

OTU19 1.51 2.13 25.78 0.0 ± 4.02 0.0 - 13.08 0.0 ± 0.0 0.0 - 0.0 

OTU126 1.51 2.12 27.90 0.0 ± 0.0 0.0 - 0.0 0.03 ± 1.62 0.0 - 17.77 

OTU122 1.29 1.81 29.71 2.29 ± 1.76 0.01 - 9.1 0.35 ± 0.33 0.05 - 1.65 

OTU88 1.09 1.53 31.24 0.37 ± 0.97 0.0 - 3.59 2.89 ± 1.04 0.68 - 4.28 

OTU99 1.05 1.47 32.72 0.24 ± 1.99 0.0 - 9.78 0.25 ± 0.26 0.09 - 1.75 

OTU157 1.02 1.43 34.15 0.8 ± 2.04 0.0 - 8.64 0.12 ± 0.22 0.01 - 0.41 

OTU45 0.94 1.32 47.00 0.05 ± 2.39 0.0 - 4.53 1.44 ± 1.83 0.09 - 4.84 

Av. dissim – Average dissimilarity; Contrib. % - Contribution percentage; Cumulative % -Cumulative percentage; D median ± IQR – Drilling median ± 
Interquartile Range; S median ± IQR – Storage median ± Interquartile Range 
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Workover mixture: Hydrocarbons and AEM#1 

The workover mixture in the current study included HCM#1, HCM#2 (see discussion in Section 
4.4.4) and AEM#1. Only W12 and S24 had microbial communities that were significantly altered by 
addition of these compounds.  

For W12, OTUs 17 and 98 increased significantly in abundance; these were a strain of 
Polynucleobacter acidiphobus and a novel freshwater alphaproteobacterial species (Table 23). 
Unfortunately, OTU98 is so poorly defined (i.e. it’s not related to any known taxa at family level) 
that it is difficult to speculate on its potential to use these chemicals for growth. In contrast, 
Polynucleobacter species have been experimentally demonstrated to be enriched when 
hydrocarbons were present (Xin et al., 2023). This suggests that Polynucleobacter benefits in some 
fashion from the presence of these compounds, though it is unclear which chemical and whether 
direct catabolism is the cause of its increase. This is compounded by the lack of 
physiological/genetic information for P. acidiphobus. Related Polynucleobacter species do not 
appear to host genes for aromatic or aliphatic (alkane) degradation at least in those strains 
currently available in the KEGG database (Kanehisa et al., 2016a; Kanehisa et al., 2016b; Ogata et 
al., 1999). In contrast to OTUs 17 and 98, several species were adversely impacted by the presence 
of these chemicals, these included OTUs 52, 88, 61 and 136, which were also all sensitive to DAZ 
(Table 19) and are variously discussed above.  

 

Table 23 SIMPER analysis of the top 15 taxa that account for most of the dissimilarities between the workover 
mixture treatment relative to the storage control in W12 microbial communities 

Taxon Av. 
dissim 

Contrib. % Cumulative 
% 

W median ± IQR W Minimum - 
Maximum 

S median ± 
IQR 

S Minimum - 
Maximum 

OTU17 6.29 7.42 7.42 9.61 ± 11.87 1.05 - 31.0 1.31 ± 1.13 0.29 - 2.87 

OTU4 3.37 3.98 11.39 0.35 ± 1.56 0.0 - 5.11 1.61 ± 5.08 0.67 - 33.14 

OTU98 3.15 3.72 15.11 7.29 ± 7.37 0.0 - 13.97 0.0 ± 0.0 0.0 - 0.0 

OTU5 3.14 3.70 18.81 1.85 ± 4.36 0.04 - 26.59 2.28 ± 1.86 0.25 - 14.88 

OTU136 2.71 3.21 22.02 0.03 ± 0.42 0.0 - 1.08 5.16 ± 7.08 0.26 - 13.49 

OTU39 2.15 2.54 24.56 5.56 ± 3.82 1.28 - 9.89 1.1 ± 0.71 0.12 - 2.36 

OTU61 1.90 2.25 26.81 0.0 ± 0.0 0.0 - 0.0 1.71 ± 3.7 0.35 - 14.74 

OTU52 1.62 1.91 28.72 0.0 ± 0.0 0.0 - 0.0 2.25 ± 4.22 0.27 - 8.35 

OTU126 1.51 1.78 30.50 0.0 ± 0.0 0.0 - 0.0 0.03 ± 1.62 0.0 - 17.77 

OTU10 1.38 1.63 32.13 0.75 ± 1.67 0.0 - 15.31 0.0 ± 0.08 0.0 - 0.16 

OTU88 1.35 1.60 33.73 0.0 ± 0.21 0.0 - 0.41 2.89 ± 1.04 0.68 - 4.28 

OTU111 1.33 1.58 35.30 1.34 ± 2.04 0.0 - 8.21 0.0 ± 0.0 0.0 - 0.01 

OTU109 1.05 1.24 36.54 0.01 ± 0.16 0.0 - 0.86 0.95 ± 2.78 0.09 - 7.08 

OTU100 0.98 1.16 37.69 0.05 ± 0.34 0.0 - 12.97 0.0 ± 0.0 0.0 - 0.0 

OTU96 0.93 1.10 38.79 0.0 ± 0.04 0.0 - 0.09 1.24 ± 1.96 0.66 - 4.3 

Av. dissim – Average dissimilarity; Contrib. % - Contribution percentage; Cumulative % -Cumulative percentage; W median ± IQR – Workover 
median ± Interquartile Range; S median ± IQR – Storage median ± Interquartile Range 
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Results from S24 for the workover mixture showed a high level of intra-treatment variation (Table 
24). That is, within the seven replicates for the workover mixture for S24 there was high degrees 
of variation in the range of relative abundances for some OTUs. For instance, OTUs 193 and 188, 
0.01 – 6.21 and 0.0 – 14.3, respectively (Table 24). This may be due to the relatively hydrophobic 
nature of S24 and its inability to mix well with the workover mixture. Given this high degree of 
variation, inferring which taxa responded in particular ways was problematic. One example of 
relative clarity was for OTU75, which was notably higher when the workover mixture was present 
than in its absence. OTU75 was a strain of Massilia horti, a soil bacterium recently described from 
a sandy loam in North Carolina, USA (Peta et al., 2021). At least some Massilia species appear to 
host activity against hydrocarbons. For example, Massilia varians has a complete pathway for 
benzoate degradation (Kanehisa et al., 2016a; Kanehisa et al., 2016b; Ogata et al., 1999) , while 
Massilia sp. W5 hosts these genes along with additional pathways for benzene and polyaromatic 
degradation (Kanehisa et al., 2016a; Kanehisa et al., 2016b; Lou et al., 2016; Ogata et al., 1999). 
This observation demonstrates that M. horti occurs in Australia and that it too appears to host 
significant capacity for degrading hydrocarbons.  

 

Table 24 SIMPER analysis of the top 15 taxa that account for most of the dissimilarities between the workover 
mixture treatment relative to the storage control in S24 microbial communities 

Taxon Av. 
dissim 

Contrib. % Cumulative 
% 

W median ± IQR W Minimum - 
Maximum 

S median ± 
IQR 

S Minimum - 
Maximum 

OTU193 1.40 4.25 4.25 0.02 ± 2.58 0.01 - 6.21 2.36 ± 3.96 0.01 - 6.92 

OTU188 1.05 3.19 7.44 0.0 ± 0.04 0.0 - 14.32 0.0 ± 0.0 0.0 - 0.47 

OTU75 0.94 2.85 10.29 3.32 ± 1.11 1.0 - 3.64 0.66 ± 0.73 0.35 - 2.98 

OTU20 0.84 2.56 12.84 1.45 ± 1.46 0.31 - 2.63 1.17 ± 0.6 0.4 - 7.81 

OTU56 0.74 2.25 15.09 1.33 ± 0.99 0.39 - 3.12 0.61 ± 0.44 0.29 - 5.63 

OTU37 0.70 2.11 17.20 3.69 ± 1.56 2.64 - 5.36 3.76 ± 1.28 2.06 - 6.37 

OTU36 0.59 1.80 19.00 0.11 ± 0.04 0.08 - 0.21 1.19 ± 0.64 0.73 - 2.04 

OTU5 0.54 1.64 20.65 2.65 ± 0.35 2.03 - 3.61 3.52 ± 1.22 2.15 - 4.76 

OTU451 0.54 1.63 22.28 0.2 ± 0.37 0.07 - 0.68 0.22 ± 0.18 0.09 - 6.59 

OTU558 0.48 1.44 23.72 0.0 ± 0.0 0.0 - 0.0 0.0 ± 0.03 0.0 - 6.6 

OTU94 0.35 1.07 24.79 2.24 ± 0.21 1.91 - 2.5 1.6 ± 0.32 1.08 - 1.87 

OTU128 0.32 0.98 25.77 0.61 ± 0.58 0.07 - 1.34 0.44 ± 0.42 0.15 - 2.48 

OTU91 0.32 0.97 26.74 2.25 ± 0.25 1.52 - 2.52 2.05 ± 0.76 0.77 - 3.08 

OTU123 0.32 0.97 27.72 1.32 ± 0.13 1.12 - 1.46 0.69 ± 0.11 0.43 - 0.84 

OTU48 0.27 0.80 28.53 1.14 ± 0.23 0.87 - 1.41 0.68 ± 0.14 0.34 - 0.9 

Av. dissim – Average dissimilarity; Contrib. % - Contribution percentage; Cumulative % -Cumulative percentage; W median ± IQR – Workover 
median ± Interquartile Range; S median ± IQR – Storage median ± Interquartile Range 
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Glutaraldehyde 

Glutaraldehyde impacted microbial communities whenever it was present (Table 17; Table 25 - 
Table 29). This was not surprising as GLU is acutely toxic and highly reactive (Leung, 2001b). It is 
highly likely that its half-life in soils was in the order of low numbers of hours, while it may have 
persisted more in waters, particularly groundwater due to their inherently low microbial cell 
densities and organic matter content. It is somewhat difficult to study tolerance of, or degradation 
of GLU due to the widespread use of GLU as a fixative in preparation for Scanning Electron 
Microscopy (SEM). Such papers which include the names of various bacterial species and their 
fixation for imaging using SEM make searching for literature on GLU more problematic than for 
other chemical additives. 

For G2, taxa that were particularly sensitive to GLU were OTUs 2 and 8, with the former declining 
from relative abundances of ~50% to under 6%, and the latter declining from over 9% to close to 
zero (Table 25). OTUs 2 and 8 have been discussed previously and declined significantly when DAZ 
was present, highlighting that these taxa appear to be sensitive to a range of biocides. OTU4 in 
contrast increased from almost zero to just under 50% of the relative abundance (Table 25). This 
OTU (a strain of Mycolicibacterium smegmatis) has been discussed previously as it was sensitive to 
the addition of the drilling mixture. Its significant increase here demonstrates that this taxon can 
dynamically respond to different stressors with different responses, and its growth here indicates 
that the taxon is advantaged by the presence of GLU.  

 

Table 25 SIMPER analysis of the top 15 taxa that account for most of the dissimilarities between the GLU treatment 
relative to the storage control in G2 microbial communities 

Taxon Av. 
dissim 

Contrib. % Cumulative 
% 

GLU median ± 
IQR 

GLU Minimum - 
Maximum 

S median ± 
IQR 

S Minimum - 
Maximum 

OTU2 18.35 22.74 22.74 5.85 ± 12.86 1.58 - 28.83 51.01 ± 16.43 5.46 - 72.69 

OTU4 17.26 21.40 44.13 48.94 ± 36.94 0.0 - 60.77 0.0 ± 0.01 0.0 - 2.92 

OTU8 8.52 10.56 54.70 0.0 ± 0.0 0.0 - 0.01 9.61 ± 16.74 0.73 - 53.48 

OTU5 6.28 7.788 62.49 13.04 ± 11.39 0.0 - 27.74 1.93 ± 1.78 0.0 - 29.14 

OTU80 3.89 4.83 67.31 7.06 ± 7.75 0.0 - 26.19 0.0 ± 0.0 0.0 - 0.03 

OTU6 3.21 3.97 71.29 5.3 ± 2.56 0.0 - 30.36 3.75 ± 3.16 0.33 - 10.87 

OTU12 2.16 2.68 73.97 0.03 ± 0.75 0.0 - 22.99 0.0 ± 0.49 0.0 - 8.14 

OTU189 1.51 1.88 75.84 0.0 ± 0.0 0.0 - 21.19 0.0 ± 0.0 0.0 - 0.0 

OTU34 1.49 1.85 77.69 1.38 ± 2.57 0.0 - 13.83 0.0 ± 0.0 0.0 - 1.76 

OTU197 1.47 1.82 79.51 0.0 ± 0.01 0.0 - 20.58 0.0 ± 0.0 0.0 - 0.0 

OTU2521 0.99 1.23 80.75 1.71 ± 1.05 0.0 - 6.05 0.0 ± 0.0 0.0 - 0.06 

OTU64 0.99 1.23 81.97 0.0 ± 0.0 0.0 - 0.0 0.0 ± 0.4 0.0 - 13.03 

OTU42 0.97 1.20 83.17 0.98 ± 1.87 0.0 - 4.4 2.67 ± 2.21 0.57 - 5.02 

OTU19 0.87 1.08 84.25 0.0 ± 0.0 0.0 - 4.74 0.0 ± 0.0 0.0 - 8.8 

OTU106 0.85 1.05 85.31 0.0 ± 0.0 0.0 - 11.89 0.0 ± 0.0 0.0 - 0.0 

Av. dissim – Average dissimilarity; Contrib. % - Contribution percentage; Cumulative % -Cumulative percentage; GLU median ± IQR – Glutaraldehyde 
median ± Interquartile Range; S median ± IQR – Storage median ± Interquartile Range 



For G8, as for G2, there were a number of negatively impacted taxa including OTUs 1, 11 and 23 (Table 26). These were a strain of Azospira oryzae, 
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For G8, as for G2, there were a number of negatively impacted taxa including OTUs 1, 11 and 23 
(Table 26). These were a strain of Azospira oryzae, and two novel species of Oryzomonas and 
Sulfurisoma, respectively. In contrast, OTU2750 increased markedly when GLU was present. This 
strain of Methyloversatilis – and the genera more broadly, are known for their use of single carbon 
compounds, though they also have genes for the manipulation of glutarate (Aranda et al., 2024; 
Kalyuzhnaya et al., 2006). The conversion of GLU to glutarate typically occurs abiotically under oxic 
conditions, the absence of such oxygen from the groundwater microcosms likely means that 
degradation proceeds differently. In anoxic sediment, for example, anaerobic metabolism of GLU 
results in the production of 1,5 pentanediol (Leung, 2001b). The present study did not test for 1,5 
pentanediol, so it is unclear whether this degradation product accumulated in groundwater 
microcosms. 

 

Table 26 SIMPER analysis of the top 15 taxa that account for most of the dissimilarities between the GLU treatment 
relative to the storage control in G8 microbial communities 

Taxon Av. 
dissim 

Contrib. % Cumulative 
% 

GLU median ± 
IQR 

GLU Minimum - 
Maximum 

S median ± 
IQR 

S Minimum - 
Maximum 

OTU1 12.21 15.96 15.96 9.3 ± 40.38 0.0 - 51.3 32.29 ± 13.08 22.03 - 57.66 

OTU11 8.99 11.75 27.71 0.75 ± 3.28 0.0 - 5.06 25.72 ± 14.29 0.82 - 28.34 

OTU4 4.50 5.88 33.59 0.06 ± 1.11 0.0 - 54.02 0.09 ± 1.1 0.0 - 9.13 

OTU23 4.27 5.58 39.18 0.21 ± 0.51 0.0 - 1.52 9.06 ± 6.75 0.02 - 18.41 

OTU2750 3.76 4.91 44.09 3.15 ± 13.59 0.0 - 21.7 0.08 ± 0.04 0.02 - 0.72 

OTU16 3.11 4.06 48.15 0.0 ± 0.0 0.0 - 43.49 0.0 ± 0.0 0.0 - 0.0 

OTU10 2.80 3.66 51.81 0.04 ± 0.09 0.0 - 27.08 0.0 ± 3.71 0.0 - 9.51 

OTU5 2.66 3.47 55.28 0.38 ± 0.78 0.0 - 33.31 0.0 ± 0.39 0.0 - 2.98 

OTU19 1.80 2.35 57.63 0.0 ± 0.0 0.0 - 17.7 0.0 ± 1.51 0.0 - 7.41 

OTU244 1.78 2.33 59.96 0.01 ± 0.07 0.0 - 0.12 0.04 ± 3.79 0.0 - 17.31 

OTU603 1.76 2.30 62.25 0.96 ± 7.47 0.0 - 8.96 0.28 ± 0.17 0.12 - 0.46 

OTU78 1.68 2.19 64.44 0.01 ± 2.96 0.0 - 14.65 0.0 ± 0.88 0.0 - 5.19 

OTU6 1.50 1.96 66.41 0.93 ± 2.4 0.0 - 5.48 2.29 ± 5.0 0.25 - 7.82 

OTU173 1.46 1.91 68.31 0.0 ± 0.0 0.0 - 20.44 0.0 ± 0.0 0.0 - 0.0 

OTU55 1.39 1.82 70.13 0.06 ± 0.18 0.0 - 0.35 1.14 ± 4.71 0.0 - 8.93 

Av. dissim – Average dissimilarity; Contrib. % - Contribution percentage; Cumulative % -Cumulative percentage; GLU median ± IQR – Glutaraldehyde 
median ± Interquartile Range; S median ± IQR – Storage median ± Interquartile Range 

 

The microbial community in W12, like G2, responded to GLU addition by an increase in relative 
abundance of OTU4 (Table 27). The reasons for its growth are unclear, but its presence here and in 
sole-carbon assays with GLU (see Section 4.4) suggest that Mycolicibacterium smegmatis is at least 
tolerant of GLU and may be able to degrade this compound as a sole carbon source. The presence 
of OTU5 which increased a similar quantum to M. smegmatis, is somewhat puzzling as the taxon 
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Bradyrhizobium liaoningense, is not known to be tolerant of GLU, however, related species of 
Bradyrhizobium can tolerant quite high concentrations of other biocidal components (Shahid and 
Khan, 2019). Shahid and Khan (2019) for instance, demonstrated that B. japonicum was tolerant of 
2.4 g L-1 of hexaconazole. It may be that, like B. japonicum, B. liaoningense are tolerant of GLU. 
W12 also had taxa that were sensitive to the presence of GLU. For example, the cyanobacteria 
OTU52 (a Leptodesmis spp.,) was shown to decline significantly in the presence of GLU. This taxon 
was also sensitive to DAZ and may be represent a useful indicator species for a range of chemicals. 

 

Table 27 SIMPER analysis of the top 15 taxa that account for most of the dissimilarities between the GLU treatment 
relative to the storage control in W12 microbial communities 

Taxon Av. 
dissim 

Contrib. % Cumulative 
% 

GLU median ± 
IQR 

GLU Minimum - 
Maximum 

S median ± 
IQR 

S Minimum - 
Maximum 

OTU4 7.90 9.14 9.14 19.97 ± 10.01 5.79 - 31.96 1.61 ± 5.08 0.67 - 33.14 

OTU5 7.25 8.39 17.54 15.91 ± 8.32 1.66 - 30.59 2.28 ± 1.86 0.25 - 14.88 

OTU20 4.03 4.66 22.20 0.03 ± 1.18 0.0 - 53.67 0.05 ± 0.73 0.0 - 1.0 

OTU136 2.94 3.41 25.61 0.19 ± 2.34 0.0 - 15.35 5.16 ± 7.08 0.26 - 13.49 

OTU113 2.88 3.33 28.94 1.39 ± 7.74 0.0 - 23.44 0.0 ± 0.01 0.0 - 0.02 

OTU1054 2.84 3.29 32.23 4.61 ± 2.15 1.23 - 19.41 0.23 ± 0.25 0.1 - 1.21 

OTU72 1.91 2.21 34.44 3.29 ± 2.85 0.0 - 11.67 0.01 ± 0.02 0.0 - 0.37 

OTU61 1.90 2.21 36.65 0.0 ± 0.0 0.0 - 0.0 1.71 ± 3.7 0.35 - 14.74 

OTU34 1.66 1.92 38.56 1.84 ± 4.79 0.01 - 8.22 0.0 ± 0.0 0.0 - 0.0 

OTU52 1.62 1.87 40.43 0.0 ± 0.0 0.0 - 0.0 2.25 ± 4.22 0.27 - 8.35 

OTU126 1.51 1.74 42.18 0.0 ± 0.0 0.0 - 0.0 0.03 ± 1.62 0.0 - 17.77 

OTU88 1.41 1.63 43.81 0.0 ± 0.0 0.0 - 0.0 2.89 ± 1.04 0.68 - 4.28 

OTU4646 1.16 1.34 45.15 0.09 ± 0.8 0.0 - 14.38 0.01 ± 0.0 0.0 - 0.04 

OTU109 1.09 1.27 46.41 0.0 ± 0.0 0.0 - 0.0 0.95 ± 2.78 0.09 - 7.08 

OTU144 1.06 1.23 47.64 0.0 ± 2.9 0.0 - 9.04 0.0 ± 0.0 0.0 - 0.0 

Av. dissim – Average dissimilarity; Contrib. % - Contribution percentage; Cumulative % -Cumulative percentage; GLU median ± IQR – Glutaraldehyde 
median ± Interquartile Range; S median ± IQR – Storage median ± Interquartile Range 

 

In comparison to other samples, the effect of GLU on S4 was negative for many species examined 
and no obvious GLU-degrading taxa were identified. Among the more negatively impacted taxa 
were OTUs 3, 14, 15 and 24 (Table 28). These were a strain of Arthrobacter nitrophenolicus 
(OTU3), two related archaeal taxa that were the Nitrososphaeraecae family (OTUs 14 and 24) and 
a species of Rubrobacter (OTU15). 
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Table 28 SIMPER analysis of the top 15 taxa that account for most of the dissimilarities between the GLU treatment 
relative to the storage control in S4 microbial communities 

Taxon Av. 
dissim 

Contrib. % Cumulative 
% 

GLU median ± 
IQR 

GLU Minimum - 
Maximum 

S median ± 
IQR 

S Minimum - 
Maximum 

OTU3 5.06 10.97 10.97 5.79 ± 4.22 1.16 - 9.26 14.76 ± 3.07 11.37 - 24.14 

OTU10 1.92 4.17 15.14 0.0 ± 3.54 0.0 - 19.82 0.0 ± 0.0 0.0 - 0.0 

OTU14 1.82 3.94 19.08 6.68 ± 5.23 0.01 - 10.56 7.02 ± 2.01 6.37 - 10.75 

OTU19 1.40 3.03 22.11 0.0 ± 0.88 0.0 - 17.8 0.01 ± 0.0 0.0 - 0.01 

OTU15 0.97 2.11 24.21 5.84 ± 1.19 0.41 - 8.82 5.03 ± 1.68 4.06 - 6.53 

OTU24 0.74 1.60 25.82 3.23 ± 2.18 0.0 - 4.55 3.57 ± 0.68 2.88 - 4.92 

OTU47 0.59 1.29 27.10 0.0 ± 0.05 0.0 - 8.21 0.0 ± 0.0 0.0 - 0.0 

OTU345 0.58 1.26 28.36 0.67 ± 1.74 0.0 - 3.53 0.27 ± 0.11 0.1 - 0.29 

OTU36 0.47 1.01 29.37 1.21 ± 0.69 0.0 - 4.15 0.93 ± 0.17 0.55 - 1.89 

OTU53 0.46 1.00 30.37 0.0 ± 0.78 0.0 - 4.89 0.0 ± 0.0 0.0 - 0.0 

OTU145 0.46 0.99 31.36 0.55 ± 0.57 0.0 - 1.28 1.48 ± 0.23 1.07 - 1.73 

OTU54 0.38 0.82 32.18 0.0 ± 0.0 0.0 - 5.31 0.0 ± 0.0 0.0 - 0.0 

OTU66 0.36 0.78 32.96 2.13 ± 0.73 0.0 - 2.93 2.22 ± 0.29 1.43 - 2.63 

OTU73 0.36 0.77 33.73 0.02 ± 0.01 0.0 - 4.94 0.03 ± 0.01 0.02 - 0.05 

OTU74 0.37 0.73 34.46 1.71 ± 0.74 0.0 - 2.51 1.85 ± 0.29 1.47 - 2.23 

Av. dissim – Average dissimilarity; Contrib. % - Contribution percentage; Cumulative % -Cumulative percentage; GLU median ± IQR – Glutaraldehyde 
median ± Interquartile Range; S median ± IQR – Storage median ± Interquartile Range 

 

Unlike S4, S24 microcosms showed both taxa that increased and decreased in abundance when 
GLU was present (Table 29). In brief, OTU193 decreased significantly, while OTUs 234 and 46 both 
increased in the presence of GLU. OTU193 was a strain of Geomesophilobacter sediminis which is 
presumably sensitive to the presence of GLU. OTU234 has been discussed previously as it increases 
in S24 in response to DAZ addition. This strain of Tumebacillus ginsengisoli appears to response 
positively to a range of chemical stressors and may be an important cataboliser of unusual 
compounds in this environment. OTU46 is a strain of Sphingomonas limnosediminicola, which like 
T. ginsengisoli, benefits in some way from the presence of GLU.  
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Table 29 SIMPER analysis of the top 15 taxa that account for most of the dissimilarities between the GLU treatment 
relative to the storage control in S24 microbial communities 

Taxon Av. 
dissim 

Contrib. % Cumulative 
% 

GLU median ± 
IQR 

GLU Minimum - 
Maximum 

S median ± 
IQR 

S Minimum - 
Maximum 

OTU193 1.477 3.876 3.876 0.0 ± 0.0 0.0 - 0.01 2.36 ± 3.96 0.01 - 6.92 

OTU234 1.28 3.358 7.234 1.67 ± 1.78 1.24 - 5.8 0.05 ± 0.03 0.03 - 0.24 

OTU46 0.8551 2.243 9.477 1.78 ± 1.35 1.17 - 3.57 0.59 ± 0.13 0.35 - 0.99 

OTU20 0.7469 1.959 11.44 0.34 ± 0.25 0.26 - 0.71 1.17 ± 0.6 0.4 - 7.81 

OTU36 0.7192 1.887 13.32 2.74 ± 1.06 1.67 - 3.59 1.19 ± 0.64 0.73 - 2.04 

OTU123 0.6113 1.604 14.93 2.01 ± 0.49 0.82 - 2.76 0.69 ± 0.11 0.43 - 0.84 

OTU37 0.6065 1.591 16.52 3.93 ± 0.53 2.29 - 4.98 3.76 ± 1.28 2.06 - 6.37 

OTU56 0.5818 1.526 18.04 0.24 ± 0.22 0.11 - 1.63 0.61 ± 0.44 0.29 - 5.63 

OTU451 0.5444 1.428 19.47 0.02 ± 0.02 0.0 - 0.07 0.22 ± 0.18 0.09 - 6.59 

OTU558 0.4755 1.248 20.72 0.0 ± 0.0 0.0 - 0.0 0.0 ± 0.03 0.0 - 6.6 

OTU91 0.4202 1.102 21.82 1.76 ± 1.15 0.92 - 2.75 2.05 ± 0.76 0.77 - 3.08 

OTU75 0.4058 1.065 22.89 1.24 ± 0.73 0.41 - 1.9 0.66 ± 0.73 0.35 - 2.98 

OTU5 0.3993 1.048 23.93 3.81 ± 0.42 3.31 - 4.22 3.52 ± 1.22 2.15 - 4.76 

OTU44 0.3962 1.04 24.97 1.67 ± 0.53 1.1 - 2.38 0.89 ± 0.19 0.48 - 1.14 

OTU201 0.3532 0.9266 25.9 1.2 ± 0.26 0.69 - 1.53 0.32 ± 0.69 0.09 - 1.12 

Av. dissim – Average dissimilarity; Contrib. % - Contribution percentage; Cumulative % -Cumulative percentage; GLU median ± IQR – Glutaraldehyde 
median ± Interquartile Range; S median ± IQR – Storage median ± Interquartile Range 

 

MBO 

Only microbial communities from G2 and S24 were significantly perturbed with the addition of the 
biocide MBO (Table 17).  

The presence of MBO affected G2 communities, pushing the abundance of OTUs 6 and 58 higher 
and negatively impacting a number of species including OTU2 (Table 30). OTU2 is a strain of 
Curvibacter delicatus, and as discussed previously this taxon declined significantly when either 
GLU or DAZ was present. Its sensitivity here to MBO further highlights the intolerance of this taxon 
to all tested biocides. This taxon may thus be a useful indicator taxon to monitor environmental 
disturbance. Interestingly, the presence of MBO, like DAZ, appears to benefit OTU6 (a species of 
Dechloromonas). OTU58, which is a strain of Sediminibacterium salmoneum, the type species of 
which was isolated from sediment of the Guanting Reservoir in China (Qu and Yuan, 2008), 
presumably benefits in some fashion from the presence of MBO. As for other positively 
responding taxa, its increase may be due to direct catabolism of the compound, tolerance of the 
compound creating new niches or other physicochemical effects of the chemical on the 
groundwater in the microcosms.  
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Table 30 SIMPER analysis of the top 15 taxa that account for most of the dissimilarities between the MBO 
treatment relative to the storage control in G2 microbial communities 

Taxon Av. 
dissim 

Contrib. % Cumulative 
% 

MBO median ± 
IQR 

MBO Minimum - 
Maximum 

S median ± 
IQR 

S Minimum - 
Maximum 

OTU_2 19.12 26.05 26.05 8.26 ± 11.57 0.0 - 26.27 51.01 ± 16.43 5.46 - 72.69 

OTU_8 9.89 13.47 39.52 12.21 ± 25.21 0.0 - 54.11 9.61 ± 16.74 0.73 - 53.48 

OTU_6 6.50 8.85 48.37 11.38 ± 17.17 0.0 - 31.98 3.75 ± 3.16 0.33 - 10.87 

OTU_12 3.83 5.21 53.58 6.05 ± 12.97 0.01 - 20.71 0.0 ± 0.49 0.0 - 8.14 

OTU_5 2.74 3.74 57.32 0.47 ± 1.38 0.0 - 4.13 1.93 ± 1.78 0.0 - 29.14 

OTU_10 1.50 2.05 59.37 0.05 ± 4.03 0.0 - 7.65 0.0 ± 0.66 0.0 - 9.61 

OTU_42 1.45 1.98 61.35 4.03 ± 2.58 0.0 - 9.84 2.67 ± 2.21 0.57 - 5.02 

OTU_19 1.43 1.95 63.3 0.0 ± 0.09 0.0 - 13.63 0.0 ± 0.0 0.0 - 8.8 

OTU_90 1.41 1.93 65.22 0.0 ± 0.0 0.0 - 19.79 0.0 ± 0.0 0.0 - 0.0 

OTU_149 1.28 1.74 66.96 0.0 ± 1.06 0.0 - 14.33 0.63 ± 0.75 0.0 - 2.38 

OTU_35 1.25 1.70 68.66 0.51 ± 5.15 0.0 - 6.61 0.01 ± 0.4 0.0 - 1.6 

OTU_30 1.05 1.43 70.09 0.01 ± 0.34 0.0 - 12.41 0.07 ± 0.7 0.02 - 1.39 

OTU_58 1.05 1.42 71.51 2.29 ± 2.64 0.0 - 7.3 0.82 ± 1.44 0.0 - 3.44 

OTU_64 0.99 1.35 72.86 0.0 ± 0.0 0.0 - 0.0 0.0 ± 0.4 0.0 - 13.03 

OTU_159 0.88 1.21 74.06 0.0 ± 0.0 0.0 - 12.38 0.0 ± 0.0 0.0 - 0.0 

Av. dissim – Average dissimilarity; Contrib. % - Contribution percentage; Cumulative % -Cumulative percentage; MBO median ± IQR – MBO median ± 
Interquartile Range; S median ± IQR – Storage median ± Interquartile Range 

 

The most negatively impacted taxon from S24 on addition of MBO was OTU193 (Table 31). This 
strain of Geomesophilobacter sediminis would appear to be sensitive to additions of all the 
biocides and declined in DAZ, GLU and here when MBO was present. Like OTU2, OTU193 may be a 
useful indicator taxon for biocide presence in soils of the region. Though it should be noted that 
the taxon is largely absent from the vertosolic soils of the region and may only be useful in sodsolic 
soil regions.  
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Table 31 SIMPER analysis of the top 15 taxa that account for most of the dissimilarities between the MBO 
treatment relative to the storage control in S24 microbial communities 

Taxon Av. 
dissim 

Contrib. % Cumulative 
% 

MBO median ± 
IQR 

MBO Minimum - 
Maximum 

S median ± 
IQR 

S Minimum - 
Maximum 

OTU193 1.45 4.64 4.64 0.03 ± 0.12 0.0 - 0.34 2.36 ± 3.96 0.01 - 6.92 

OTU36 1.11 3.54 8.18 2.51 ± 2.65 0.34 - 6.89 1.19 ± 0.64 0.73 - 2.04 

OTU20 0.76 2.43 10.61 1.59 ± 0.61 0.52 - 2.24 1.17 ± 0.6 0.4 - 7.81 

OTU37 0.63 2.02 12.63 4.42 ± 0.76 3.1 - 4.9 3.76 ± 1.28 2.06 - 6.37 

OTU56 0.57 1.82 14.45 0.96 ± 0.37 0.24 - 2.26 0.61 ± 0.44 0.29 - 5.63 

OTU451 0.50 1.60 16.05 0.24 ± 0.1 0.13 - 0.41 0.22 ± 0.18 0.09 - 6.59 

OTU558 0.48 1.52 17.57 0.0 ± 0.0 0.0 - 0.0 0.0 ± 0.03 0.0 - 6.6 

OTU5 0.43 1.37 18.94 3.07 ± 0.6 2.89 - 3.71 3.52 ± 1.22 2.15 - 4.76 

OTU75 0.39 1.24 20.18 1.21 ± 0.8 0.27 - 1.62 0.66 ± 0.73 0.35 - 2.98 

OTU91 0.37 1.19 21.37 2.36 ± 0.74 0.78 - 2.52 2.05 ± 0.76 0.77 - 3.08 

OTU46 0.32 1.01 22.38 0.8 ± 0.61 0.49 - 2.68 0.59 ± 0.13 0.35 - 0.99 

OTU128 0.27 0.87 23.25 0.62 ± 0.12 0.46 - 1.12 0.44 ± 0.42 0.15 - 2.48 

OTU334 0.26 0.83 24.08 0.02 ± 0.13 0.0 - 0.24 0.82 ± 0.76 0.01 - 1.1 

OTU1320 0.23 0.73 24.81 0.01 ± 0.01 0.0 - 0.03 0.07 ± 0.3 0.01 - 2.45 

OTU145 0.22 0.72 25.53 0.44 ± 0.24 0.23 - 1.27 0.39 ± 0.72 0.29 - 1.57 

Av. dissim – Average dissimilarity; Contrib. % - Contribution percentage; Cumulative % -Cumulative percentage; MBO median ± IQR – MBO median ± 
Interquartile Range; S median ± IQR – Storage median ± Interquartile Range 

Summary of microbial community impact of chemical additions 

Overall, data from the present study demonstrated that the effect of chemicals on microbial 
communities in groundwater, surface water or soil depend on the individual chemical and the 
microbial community with which it is interacting. Numerous microbial communities showed no 
perturbation with chemical addition (summarised in Table 17). For those microbiomes that were 
altered by chemical addition, most microbial communities had taxa that responded positively or 
negatively to these additions. 

Three species were identified that were sensitive to more than one chemical addition. For 
example, OTUs 2, 52 and OTU193 (from G2, W12 and S24, respectively) were sensitive to the 
addition of three of the five chemicals. OTU2, for example, was sensitive to the addition of all the 
biocides (DAZ, GLU and MBO) as was OTU193. In contrast, OTU52 was sensitive to both dazomet 
and glutaraldehyde, but insensitive to MBO. It was, however, negatively impacted by the presence 
of the drilling mixture of chemicals. 

In contrast, a small number of taxa (OTU6 and OTU234) were detected that appeared to respond 
positively to the presence of more than one chemical. OTU6, for example, increased in abundance 
when DAZ or MBO were present, while OTU234 increased when DAZ or GLU was present.  

There were also some taxa that responded positively in the presence of some chemicals and 
negatively in the presence of others. For example, OTU4 increased in abundance when DAZ or GLU 
were present but decreased in the presence of the drilling mixture. Conversely, OTU5 decreased in 
the present of DAZ but increased in the presence of GLU.  
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4.3.2 Fungal community changes 

In comparison to bacterial communities, fungal communities were less affected by addition of 
chemicals (Table 32). Regardless of whether soils or surface waters were tested, the drilling 
chemicals (MEA and AEMs) had no discernible impact on fungal communities in soils or surface 
water. The same pattern was observed for MBO which did not alter fungal communities in either 
soils or surface waters. Generally, there is no evidence of microbial effects from the additions of 
MEA, AEMs or MBO beyond the effect of adding water to the sample (in the case of soils) and 
incubating these samples in the laboratory. One possibility is that addition of these chemicals did 
cause a change in the community, but this was transient, and this change was reversed during the 
month-long (e.g. three months in the case of W12) incubation, however, other experiments would 
be required to confirm this speculation. 

 

Table 32 PERMANOVA post hoc comparisons between the addition of a chemical treatment with the storage 
control for fungal  

Chemical Treatment S4 S24 W12 

DAZ 0.0015 0.0007 0.1581 

Drilling mix 0.5565 0.7396 0.1607 

GLU 0.0871 0.0007 0.0007 

MBO 0.4524 0.8616 0.1659 

Workover mix 0.1268 0.0014 0.0017 

Significant p-values (<0.05) are in bold 

 

Other chemicals had mixed effects. For example, DAZ addition affected fungal communities in 
soils, but not the surface water tested, while addition of GLU inconsistently affected fungal 
communities in soil, but also affected the community in the surface water (Table 32). That DAZ 
had no impact on water communities likely reflects the rapid hydrolysis of DAZ in water. This 
hydrolysis is pH dependant, with faster rates at more moderate pH levels. For example, a study by 
Consolazio et al. (2019), demonstrated that dazomet had a half-life of 3-8 hours in water. Further, 
Consolazio et al. (2019) report that ferrous (Fe2+) iron concentrations of 0.08 mM (~4.5 ppm) 
resulted in catalysis of the process, increasing the rate of reaction almost 200%. In contrast, DAZ 
significantly impacted fungal community structure in both S4 and S24 (Table 32). These impacts 
were bidirectional, with DAZ additions increasing the relative abundance of some species and 
decreasing the abundance of others.  
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For example, fOTU6 and fOTU41 increased by ~10% each when DAZ was added to S24. 
Interestingly, both fOTU6 and fOTU41 were Talaromyces (anamorph17 Penicillium) species, which 
must benefit in some manner from the addition of DAZ (see Section 2.9). There are, however, 
reports of Penicillium species increasing in abundance after DAZ application (Gao et al., 2022; Zhu 
et al., 2020). For example, Zhu et al., (2020) report this increase in soils treated to supress 
watermelon wilt (Zhu et al., 2020). Similar results have also been reported in studies of soil 
fumigation in other crops. For example, Wang et al., (2021b) reported increases in Penicillium 
species abundance when dazomet is applied to soils (Wang et al., 2021b). fOTU6 is genetically 
identical with three sequences available in Genbank (MK808942, OZ012304 & MK808941, two of 
which were recovered from roots of Schizachyrium scoparium (Rudgers et al., 2022), while 
OZ012304 comes from water associated with industrial activity in Spain (unpublished). fOTU41 
appears to be a novel species of Talaromyces, most closely related to, but distinct from, 
Talaromyces purpureus. In contrast, in the same soil, fOTUs 24, 39 and 62 all decreased by ~7-9% 
when DAZ was present. Two of these fOTUs (fOTU24 and 62) though are sequences that do not 
appear to be fungal, so it is difficult to determine their origin and importance. fOTU39 appears to 
be a poorly identified species of Lasiosphaeriaceae. Most members of this large family are 
saprobes, though this taxon is likely conspecific (>99% identity) with a root-associated fungus 
(EP1-7; Genbank EU677764) recovered from Epacris pulchella (Ericaceae) at Lovers Jump Creek in 
Sydney (Curlevski et al., 2009).  

It should be noted that while a similar level of community alteration was observed in S4 compared 
to S24, the taxa that changed were mostly different species. This is unsurprising as the two soils 
are structurally and chemically quite distinct, with S4 being a vertosol, while S24 was a sodosol. In 
S4, fOTUs 43, 118 and 139 all increased their abundance significantly in the presence of DAZ. 
fOTU43 appears to be a Gyrothrix species previously (and repeatedly) recovered from cotton 
growing regions in the south of the USA (Davinic et al., 2012). This presumably indicates this taxon 
is associated with leaves of cotton, as S4 is from the Australian Cotton Research Institute. Both the 
other fOTUs detected were relatively well-known saprobes, for example fOTU118 was a species of 
Rhizopus (Rhizopus sexualis) while fOTU139 is a Chaetomium species, probably C. subaffine 
(JN209929). Increases in abundance of Rhizopus and Chaetomium species, like Penicillium species, 
have been recorded previously. Eo and co-workers (2014) for example, note that Rhizopus is 
resistant to DAZ treatment and has been isolated from treated Ginseng crop soils, similar 
observations have been made for Chaetomium species (Gao et al., 2022). Like S24, there were 
numerous fOTUs which were sensitive to DAZ addition, including fOTUs 17, 154 and fOTU5198. 
Some of these are fairly novel species, for example, fOTU17, appears to be a novel taxon from the 
Xylariales, likely in its own family, while fOTU154 is also a Xylariales species, probably a novel 
genus in the Microdochiaceae, and notably most of its closest related sequences were also 
recovered from cotton growing areas in the southern USA (Davinic et al., 2012). fOTU5198 is a 
possibly chytrid, though it would appear to be poorly described as its closest relatives come from a 

 

 
17 In mycology, an anamorph refers to the asexual, form of a fungus. Note that these anamorphic fungi still produce ‘spores’, though they are 
asexually derived. Some fungi are only known from the anamorphic form. In contrast the sexual form is called the teleomorph. In pre-molecular 
taxonomy, anamorphic and telemorphic forms of the same fungus had different names.  
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range of different chytrid orders. Like some of the other fungi here, the sequences most related to 
this taxon were recovered from the southern USA under cotton by Davinic and co-workers (2012). 

The responses observed for DAZ were the same for GLU, which despite its ‘generalised’ mode of 
action, did appear to positively and negatively impact select taxa. For example, for S24, fOTUs 5, 6 
and 142 benefited from the addition of GLU. For fOTU5, for example, after storage this taxon 
comprised just 0.3% of the fungal amplicon pool. The addition of GLU, however, resulted in this 
taxon increasing to over 29% of the fungal amplicon pool. This taxon is an Umbelopsis species 
from the Mucoromycota (formerly the Zygomycetes). fOTU6 has been discussed previously for S4 
(and DAZ), its presence here in a different (but geographically only 40 km distant) soil is not that 
unusual. This is because Penicillium species (and their close relatives the Aspergilli) produce vast 
quantities of air borne spores which are spread by wind (Ramírez-Camejo et al., 2012). It is also 
challenging to search the literature for GLU degradation as the compound is used widely as a 
biological cross-linker and fixative and used in preparation of samples for microscopy, though 
significant literature exists of resistance to GLU by microbes in clinical or veterinary settings 
(Collins, 1986; Huang et al., 2019; Simões et al., 2011; Tennen et al., 2000). One further 
complication is that GLU is a highly reactive molecule where the mode of biological action is to 
chemically bind irreversibly to organic matter. This binding not only destroys the GLU molecule, 
but also results in the formation of a vast array of different compounds.  

4.4 Sole carbon microbial chemical use study 

In these experiments a carbon-free medium was used, to which a known concentration of a 
particular carbon source was included (see Section 3.6). It is important to note that some of these 
carbon sources were not single compounds, but instead represent mixtures. For example, in the 
treatments with MEA, it represents the sole source of carbon in the microcosm. In contrast, for 
AEMs, this carbon source was a mixture of other ethoxylated alcohols.  

Provision of a sole carbon source, regardless of whether the addition is a compound or a mixture, 
means that in these experiments microbial growth is contingent on microbes able to degrade that 
compound (or those compounds) and use the carbon for metabolism and biomass production. So 
for example, growth on MEA (Figure 19) requires ethanolamine ammonia-lyase activity or 
analogous enzyme activity (Kaval and Garsin, 2018). This specific enzyme splits ethanolamine into 
ammonia/ammonium and acetaldehyde. This provides not only a source of carbon (in 
acetaldehyde) but also a source of nitrogen. Acetaldehyde is generally then converted to acetate 
prior to its use in central metabolism. 

These experiments by their nature are reductionist. Growth here indicates use of the compound 
or mixture as a sole source of carbon. There are some important limitations to this approach: 

1) Frequently microorganisms that degrade breakdown products of the target compound are 
often recruited with the ‘main’ degrader(s). 

2) Growth does not necessarily indicate that the organisms that grow in these experiments 
are the main degraders/users of these compounds in groundwaters, surface waters or 
soils, but it does indicate that microbes in these environments include this capacity. 
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4.4.1 General overview 

Microbes were enriched in culture using various chemicals. Growth was more pronounced in oxic 
conditions (using soil or surface water as inoculum) compared to anoxic conditions (using 
groundwaters). Under anoxic conditions, growth was difficult to observe within the experimental 
timeframe, and at the conclusion of the experiment it was determined that no enrichment had 
occurred and that no taxa capable of utilising any of the tested substrates as sole carbon sources 
were identified in the anoxic cultures. This result is likely due to the combination of low microbial 
cell numbers in groundwaters from the region and the limited nutrient availability in the waters. 

4.4.2 Contaminant taxa 

On some substrates, visible microbial growth was difficult to detect. Despite this, DNA sequencing 
of these samples consistently revealed the presence of numerous, sometimes similar, 
microorganisms. While these taxa undoubtedly have some catabolic abilities their presence should 
be viewed somewhat sceptically given their routine occurrence in air samples (see for example, 
Chan et al., 2009) or filtered water (Da Silva et al., 2022; Hahn, 2004; Phelps et al., 1980). This 
distinction between genuine microbial growth and the ‘contaminant signature’ is particularly 
critical when drawing conclusions from experiments involving low biomass systems. These taxa are 
noted here for the readers convenience, and while results that include these species should not be 
excluded completely, one should be cautious in suggesting that these taxa are important, naturally 
occurring organisms that could degrade xenobiotics. These taxa include: 

• Corynebacterium species (C. afermentans, C. suicordis or C. tuberculostearicum), 

• Micrococcus luteus 

• Kocuria tytonis 

• Moraxella (often M. osloensis)  

4.4.3 Alcohol ethoxylates 

Two different alcohol ethoxylate mixtures (AEMs) were examined in the present study (see Section 
2.10.1); the first (AEM#1) was a mixture of isoalkyl ethers, where the alkyl component (the 
hydrocarbon chain) varied in length between 11 and 14 carbons, though the most common alkyl 
length was 13 carbons. For this mixture the number of ‘ethylene oxide’ repeats was set to 10 and 
did not vary regardless of alkyl chain length.  

The second mixture (AEM#2) contained three compounds where the length of the alkyl chain was 
set (in all compounds) at 13 carbons, but the number of ‘ethylene oxide’ repeated units varied 
from 1-3; yielding a mixture of an isotriadecanol mono-, di-, and triethoxylate.  

Under anoxic conditions it is possible to degrade alcohol ethoxylates, however, the level of 
branching in the alkyl chain and inclusion of propylene oxide units inhibit degradation in a more 
substantial way than in oxic conditions (Mosche, 2004), which may be due to steric interference or 
oxygen availability for monooxygenase enzymes. 
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Using AEM#1 as the sole source of carbon resulted in the enrichment of a mixture of taxa that 
included: Stenotrophomonas cyclobalanopsidis, S. maltophilia, Cupravidus oxalaticus and two 
species of Pseudomonas: P. monteilii, and P. viridiflava (Table 33). Using AEM#2, similar taxa were 
enriched (Table 34). In addition, Ralstonia species, specifically R. picketti and R. syzygii, were also 
enriched in the presence of alcohol ethoxylates.  

S. cyclobalanopsidis and S. maltophilia are both motile, facultatively anaerobic bacterial species 
(Bian et al., 2020; Palleroni and Bradbury, 1993) with members of this genus occupying a wide 
range of habitats including soil (Kumar et al., 2023). Numerous Stenotrophomonas have been 
demonstrated to use alcohol ethoxylates. For example, S. sp. Z5 (a relative of S. maltophilia) 
isolated from the River Warta in Poland, was demonstrated to degrade a C12 alkyl ethoxylate with 
10 ethoxylate units to PEG like compounds (Budnik et al., 2016). While no direct evidence of 
catabolism of alcohol ethoxylates has been demonstrated for OTU5482, its enrichment here, and 
its activity against complex xenobiotics (Chen et al., 2021) suggests it too likely degrades these 
compounds. Multiple Pseudomonas species have been implicated in the degradation of alcohol 
ethyoxylates. For example, along with Stenotrophomonas species, Budnik and co-workers isolated 
Pseudomonas species from river water that engage in central fission of alcohol ethoxylates (Budnik 
et al., 2016).  

 

Table 33 Taxa able to grow on AEM#1 as a sole source of carbon 

Sample OTU Abd (%) Taxonomic match | Identity (%) 

S4 OTU105 20.1 Stenotrophomonas cyclobalanopsidis TPQG1-4 (NR 180613) | 100% 

S4 OTU120 19.29 Pseudomonas viridiflava (NR 117825) |  

S4 OTU5482 13.05 Cupriavidus oxalaticus DSM 1105 (NR 025018) 

S4 OTU1961 10.76 Stenotrophomonas hibiscicola ATCC 19867 (NR 024709) 

S4 OTU22 9.19 Pseudomonas monteilii CIP 104883 (NR 024910) 

S24 OTU7 86.14 Ralstonia pickettii ATCC 27511 (NR 043152) 

S24 OTU5 7.33 Bradyrhizobium liaoningense 2281; USDA 3622 (NR 041785) 

S24 OTU154 1.58 Pseudolabrys taiwanensis CC-BB4 (NR 043515) 

S24 OTU18038 1.06 Pseudolabrys taiwanensis CC-BB4 (NR 043515) 

S24 OTU578 0.89 Azospirillum brasilense ATCC 29145; NCIMB 11860 (NR 042845) 

W12 OTU5 58.86 Bradyrhizobium liaoningense 2281; USDA 3622 (NR 041785) 

W12 OTU120 26.8 Pseudomonas viridiflava (NR 117825) 

W12 OTU5123 5.43 Mesorhizobium huakuii NBRC 15243 (NR 113738) 

W12 OTU5455 2.58 Pseudomonas meliae MAFF 301463 (NR 178225) 

W12 OTU2216 2.51 Bradyrhizobium japonicum USDA 6 USDA 6 (NR 112552) 

Abd (%) – relative abundance 
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Table 34 Taxa able to grow on AEM#2 as a sole source of carbon 

Sample OTU Abd (%) Taxonomic match | Identity (%) 

S4 OTU5482 30.69 Cupriavidus oxalaticus DSM 1105 (NR 025018) 

S4 OTU22 30.58 Pseudomonas monteilii CIP 104883 (NR 024910) 

S4 OTU120 10.97 Pseudomonas viridiflava (NR 117825) 

S4 OTU105 6.21 Stenotrophomonas cyclobalanopsidis TPQG1-4 (NR 180613) 

S4 OTU25465 4.93 Stenotrophomonas maltophilia LMG 958 (NR 119220) 

S24 OTU7 62.80 Ralstonia pickettii ATCC 27511 (NR 043152) 

S24 OTU118 15.68 Rhizobium tropici CIAT 899 CIAT 899 (NR 102511) 

S24 OTU5 14.96 Bradyrhizobium liaoningense 2281; USDA 3622 (NR 041785) 

S24 OTU578 2.03 Azospirillum brasilense ATCC 29145; NCIMB 11860 (NR 042845) 

S24 OTU1131 1.89 Ralstonia syzygii ATCC 49543 (NR 040803) 

W12 OTU5 57.10 Ralstonia pickettii ATCC 27511 (NR 043152) 

W12 OTU120 35.25 Rhizobium tropici CIAT 899 CIAT 899 (NR 102511) 

W12 OTU5455 2.12 Bradyrhizobium liaoningense 2281; USDA 3622 (NR 041785) 

W12 OTU22 1.62 Azospirillum brasilense ATCC 29145; NCIMB 11860 (NR 042845) 

W12 OTU12 1.40 Ralstonia syzygii ATCC 49543 (NR 040803) 
Abd (%) – relative abundance 

It is also noteworthy that multiple Ralstonia species were enriched when AEM were present. This 
is perhaps unsurprising as Ralstonia species, including R. picketti, have previously been implicated 
in the catabolism of a range of complex organic compounds (Kasuya et al., 1998; Kotik et al., 2009; 
Matsumoto et al., 2008). Their enrichment here, on both AEM#1 and AEM#2, likely indicates these 
taxa are also capable of degradation of various type of alcohol ethyoxylates. 

4.4.4 Hydrocarbons 

Two mixtures of hydrocarbons were obtained for this study. The first was a mixture of aliphatic 
components (from C12-15) including n-alkanes, branched (and iso-) alkanes and cyclic alkanes 
(HCM#1). The second was a mixture of isoalkanes (C11-15; HCM#2). After completion of the 
experimental program, it was noticed that some of the species present in enrichments with 
HCM#2 were quite different from microbes in HCM#1. This was surprising as the chemical 
composition of HCM#2 should, in large part, be present in HCM#1 and one might expect the 
degrading/enriched microbes to be similar. This prompted a check of material purchased for the 
present study from an international, chemical supplier. Despite being labelled correctly, including 
the CAS RN number, GCMS analyses of contents of this material, did not contain any hydrocarbons 
and instead appear to be a mixture of siloxanes. 

Three outcomes and/or caveats of this discovery are discussed below: 

1. The results for HCM#2 (which was a mislabelled mixture of siloxanes) are not included in 
this report as siloxanes are not used by the coal seam gas industry in Narrabri. 
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2. Regardless of their omission, the results from HCM#1 should be broadly indicative of 
HCM#2 as both include isoalkanes. This was confirmed by GCMS. 

3. The experiments that include HCM#2 will be repeated using a newly obtained and 
confirmed source of these chemicals and the results supplied as an addendum to the final 
report for this project. 

For S4, growth on HCM#1 enriched a species of Rhodococcus, likely a strain of R. qingshengii. The 
type strain of this Rhodococcus species was originally described from carbendazim-contaminated 
soils, and it possesses suitable genes for the conversion of n-alkanes and cyclic alkanes to alcohols 
(alkane 1-monooxygenases) (Xu et al., 2007). This species also appears to have the capacity to 
degrade monoaromatic compounds under oxic conditions, for example, it has the complete 
pathway of genes for the breakdown of benzoate via catechol (Kanehisa et al., 2016a; Kanehisa et 
al., 2016b; Ogata et al., 1999).  

Use of HCM#1 also enriched another Rhodococcus species, likely a strain of R. marinonascens 
(Table 35). Like R. qingshengii, R. marinonascens likely can degrade alkanes, supposition that is 
supported by genetic evidence for this taxon (Táncsics et al., 2015). Along with these rhodococci, a 
strain of Pedobacter chitinilyticus was also detected on HCM#1 in S4. Pedobacter have been 
repeatedly demonstrated to occur in oil-contaminated soils and degrade aromatic hydrocarbons 
(Chang et al., 2017; Kwon et al., 2019; Sun et al., 2015; Vázquez et al., 2013; Yang et al., 2015; 
Zhao et al., 2013), though their ability to degrade alkanes does not appear to be universal, as 
many species appear to lack alkane 1-monooxygenases. It may be that these Pedobacter species 
are engaged in niche partitioning and instead of utilising the alkanes as Rhodococcus does are 
instead focussed on aromatic components, though further work would be required to confirm this 
speculation. ‘Curvibacter’ delicatus was also identified in this hydrocarbon enrichment. This taxon 
is likely not a Curvibacter species (Van Le et al., 2023), and its ability to use hydrocarbons at this 
time is unknown.  

Growth of microbes from S24 with HCM#1 also enriched essentially a dual culture that included a 
strain of R. qingshengii and a strain of Cupriavidus necator (Syn. Alcaligenes eutrophus, Ralstonia 
eutropha). The redetection of R. qingshengii further emphasises this taxon’s ubiquity and its role 
in hydrocarbon degradation. This taxon is reasonably widespread across soils in the present study 
occurring in most soils of the region at relatively low abundance (see Supplementary data). The 
presence of C. necator is somewhat intriguing as the species has not been reported to degrade 
alkanes. It has, however, been shown to degrade a range of hydrocarbon including ethylene and 
the aromatic compounds benzene and xylene (Berezina and Paternostre, 2010; Pérez-Pantoja et 
al., 2008), benzoic acid, benzaldehyde and toluene (Berezina et al., 2015), polyethylene (Montazer 
et al., 2019), polychlorinated biphenyls (Van Dyke et al., 1996), and 
dichlorodiphenyltrichloroethane (DDT) (Pan et al., 2016). Inspection of the KEGG annotation of the 
C. necator N-1 genome reveals a host of aromatic hydrocarbon degrading genes, though the taxon 
appears to lack specific alkane degrading genes (Kanehisa et al., 2016a; Kanehisa et al., 2016b; 
Ogata et al., 1999). It may be that like Pedobacter species, this taxon is growing on the aromatic 
fraction present in HCM#1 added to these enrichment cultures. Other strains were detected in the 
soil 24 enrichment on HCM#1, including a Bosea species, and strains of Bradyrhizobium 
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liaoningense and Phenylobacterium haematophilum. These species represent minor components 
of the S24 enrichment on HCM#1 and, given the paucity of information about these taxa, their 
roles are unclear, though they may be degrading components within the mixture or breakdown 
products. Unsurprisingly, the bacterial species enriched on HCM#1 from W12 are quite different 
from those taxa identified in the soils, though Bradyrhizobium liaoningense occurred in both 
enrichments. The dominant taxon for W12 growing on HCM#1 was a strain of Mycolicibacterium 
smegmatis. This species is known to have a significant array of genes that have activity against 
both aliphatic and aromatic hydrocarbons (Kanehisa et al., 2016a; Kanehisa et al., 2016b; Ogata et 
al., 1999), and its growth here presumably indicates these genes are being used to access carbon 
from HCM#1.  

 

Table 35 Taxa able to grow on HCM#1 as a sole source of carbon 

Sample OTU Abd (%) Taxonomic match | Identity (%) 

S4 OTU16 51.35 Rhodococcus qingshengii JCM 15477 djl-6  | 100% 

S4 OTU2 17.88 Curvibacter delicatus NBRC 14919 (NR 113696) |100% 

S4 OTU216 5.8 Pedobacter chitinilyticus CM134L-2 (NR 180020) | 99.2% 

S4 OTU434 4.29 Pseudomonas nitroreducens DSM 14399 (NR 114975) | 100% 

S4 OTU3349 3.99 Rhodococcus marinonascens DSM 43752 (NR 026183) | 99.6% 

S24 OTU29 43.47 Cupriavidus necator N-1; ATCC 43291 (NR 028766) |100% 

S24 OTU16 43.34 Rhodococcus qingshengii JCM 15477 djl-6 (NR 043535) | 100% 

S24 OTU291 2.85 Phenylobacterium haematophilum (NR 041991) | 99.6% 

S24 OTU5 2.58 Bradyrhizobium liaoningense 2281; USDA 3622 (NR 041785) | 100% 

S24 OTU17957 1.13 Bosea minatitlanensis AMX51; DSM 13099 (NR 028787) | 98.4% 

W12 OTU4 44.91 Mycolicibacterium smegmatis ATCC 19420 (NR 025311) | 100% 

W12 OTU5 37.37 Bradyrhizobium liaoningense 2281; USDA 3622 (NR 041785) | 100% 

W12 OTU33 14.35 Lysinibacillus sphaericus DSM 28 (NR 042073) 

W12 OTU3747 0.93 Mycolicibacterium mucogenicum ATCC 49650 (NR 042919) 

W12 OTU687 0.85 Nitrobacter vulgaris Z (NR 042449) 

Abd (%) – relative abundance 

4.4.5 Monoethanolamine 

MEA is both an alcohol and an amine, essentially the compound is a short, two-carbon chain with 
an alcohol group (-OH) on one end and an amine group (-NH2) on the other end (Figure 19). From 
a metabolic perspective, the compound is used by cells to make phosphatidylethanolamine, a 
major cell membrane lipid in most living organisms. For this reason, growth on MEA is reasonably 
widespread. In model (and pathogenic) species like Salmonella, MEA is degraded to ammonia and 
ethanol by ethanolamine-ammonia lyases. Ethanol is then routinely converted to acetaldehyde 
and acetate which then enters central metabolism. Use of ammonia/ammonium by bacteria is 
almost universal. Using MEA as a sole carbon source a strain of Ochrobactrum (Brucella) 
pseudogrignonensis was enriched and was the dominant taxon enriched from soil 4. Rarer taxa 
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including S. cyclobalanopsidis, a species of Shinella along with strains of Bosea vestrisii, Neobacillus 
bataviensis were also enriched, though they collectively made up only 10% of amplicons from the 
recovered enrichment. There are little data on Ochrobactrum/Brucella species in terms of their 
ability to use ethanolamine and other species in this group seem to lack ethanolamine-ammonia 
lyases. It may be that their growth on this substrate leverages other enzymes, or that their 
ethanolamine-ammonia lyases are divergent and not readily recognised by KEGG and the 
annotation pipelines it uses. The same group of taxa were enriched on monoethanolamine for soil 
24 and water 12. This is somewhat surprising, but given that these samples are collocated (both 
come from a site near X-line Road) it may be that water 12 (which was turbid) includes significant 
soil/sediment microbes. Like soil 4, however, those microbes that were enriched are not known to 
degrade ethanolamine, at least via the typical pathway. Regardless, growth on ethanolamine was 
marked and obvious, suggesting the compound is readily utilised, though further work is required 
to ascertain the mechanistic aspects that underpin this ability. 

Table 36 Growth on monoethanolamine (MEA) as a sole source of carbon 

Sample OTU Abd (%) Taxonomic match | Identity (%) 

S4 OTU_13 90.61 Brucella pseudogrignonensis CCUG 30717 (NR 042589) |100% 

S4 OTU_105 5.31 Stenotrophomonas cyclobalanopsidis TPQG1-4 (NR 180613) | 
100% 

S4 OTU_1652 1.36 Shinella zoogloeoides NBRC 102405 (NR 114067) | 98.4% 

S4 OTU_423 0.77 Bosea vestrisii 34635 34635 (NR 028799) | 100% 

S4 OTU_36 0.7 Neobacillus bataviensis NBRC 102449 (NR 114093) | 100% 

S24 OTU_35 46.79 Sphingomonas aquatilis JSS-7; KCTC 2881 (NR 024997) | 100% 

S24 OTU_30 32.8 Mesorhizobium terrae NIBRBAC000500504 (NR 180479) | 
100% 

S24 OTU_219 11.39 Aliterella atlantica CENA595 (NR 177002) | 93.7% 

W12 OTU_35 42.85 Sphingomonas aquatilis JSS-7; KCTC 2881 (NR 024997) | 100% 

W12 OTU_30 13.06 Mesorhizobium terrae NIBRBAC000500504 (NR 180479) | 
100% 

W12 OTU_219 8.03 Aliterella atlantica CENA595 (NR 177002) | 93.7% 
Abd (%) – relative abundance 

 

4.4.6 Dazomet 

No obvious growth was observed on DAZ and taxa identified were those described in Section 
4.4.2. This occurred regardless of whether the sample was from S4, S24 or W12. If growth does 
occur on dazomet it is minimal and slow. It should be noted that in water, DAZ is rapidly 
hydrolysed to MITC, the active compound, and any growth, were it to occur, would likely be on 
MITC or other dazomet breakdown products. Further work on dazomet would be useful to 
determine if lower concentrations of the compound can be catabolised by the taxa detected. 
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4.4.7 Glutaraldehyde 

Taxa detected when glutaraldehyde was the sole carbon source and W12 was the inoculum were 
those suspect taxa described in 4.4.2. Growth for W12 was minimal, and like dazomet it seems 
unlikely that these taxa were growing in the presence of this biocide. For S4 and S24, however, a 
range of other taxa were detected including most prominently the closely related Cupriavidus 
necator (S4) and Ralstonia picketti (S24). Cupriavidus and Ralstonia are sister genera within the 
Burkholderiaceae, and there has been some fairly reclassification (and movement between these 
two genera) within these taxa (Moriuchi et al., 2019). Both these taxa contain fairly extensive 
catabolic capabilities (Sohn et al., 2021), so their growth on glutaraldehyde or its hydration 
product glutaric acid is not surprising. Both taxa encode complete pathways for the degradation of 
glutarate to glutaryl-CoA, then to crotonoyl-CoA before conversion to acetyl-CoA and degradation 
in the citric acid cycle (Kanehisa et al., 2016a; Kanehisa et al., 2016b; Ogata et al., 1999). 

4.4.8 3,3’-methylenebis(5-methyloxazolidine) 

For S4 it is unclear whether growth occurred when 3,3’-methylenebis(5-methyloxazolidine) was 
the sole source of carbon. As for dazomet, growth was limited on this substrate and for S4 at least, 
those taxa that were detected using this inoculum were the suspect taxa described in Section 
4.4.2. For S24, however, a mixture of other taxa including Mycolicibacterium smegmatis, 
Bradyrhizobium liaoningense and Lysinibacillus sphaericus were detected. The breakdown 
products of this biocide are 5-methyloxazolidine and, in turn, formaldehyde. None of these taxa 
are particularly well known for their degradation of these kinds of compounds, though most (like 
other prokaryotes) have many genes for recycling and reorganising heterocyclic compounds. 
These are principally used for creating and manipulating compounds into nucleic acid 
purines/pyrimadines. The presence of these taxa here is somewhat surprising, however, it 
suggests that they are capable of growth on 3,3’-methylenebis(5-methyloxazolidine) and its 
breakdown products as a sole source of carbon. 
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5 Conclusions 

This study has extensively sampled soils, surface waters and groundwaters from in and around the 
Narrabri Gas Project area. The work has provided extensive baselining of both chemistry and 
microbial community data; indeed, it has provided the most comprehensive baseline dataset on 
soil and surface water microbiology in the region and extends existing groundwater data south 
and east of Narrabri. The fungal community dataset is the first, large scale study reported for non-
vertosolic/non-cropping soils and surface waters from the region.  

The microcosm experiments which aimed to test the biodegradability of ‘chemical of potential 
concern’ used by the gas industry demonstrated that most of these chemicals tested completely 
degraded in the region’s groundwater, surface waters and soils. This chemical degradation was 
more rapid in soils than in waters, and was consistent with results from previous GISERA studies. It 
is noteworthy, however, that significant amounts of AEM persisted in groundwater microcosms,  
and trace amounts of this mixture persisted in soils after three months (one month for soils) 
incubation. It may that degradation in groundwater is simply slow, and would be completed with 
sufficient time. Conversely, it may be that degradation would not proceed further, and may 
remain incomplete for significant periods of time. Experimental data would be required to resolve 
this uncertainty. 

Further the study identified numerous indigenous microorganisms in groundwaters, surface 
waters and soils that are likely capable of degrading the ‘higher hazard potential’ chemicals tested; 
and conversely a number of taxa were identified as sensitive to chemical additions in these 
environments. Such taxa may be useful targets for biomonitoring for potential chemical 
contamination events.  

It is worth noting that while this study provides important baseline data, and identifies useful taxa 
for biomonitoring such datasets and species represent a snapshot in time (in this case 2022 and 
2023). Additional programs developed by other stakeholders may be valuable in extending these 
data especially in the event of further development in the region. 

 



128  |  CSIRO Australia’s National Science Agency 

References  

Alfreider, A., Krössbacher, M., Psenner, R., 1997. Groundwater samples do not reflect bacterial 
densities and activity in subsurface systems. Water Research 31, 832-840. 

Ali, A., 2023. Biodiversity–ecosystem functioning research: Brief history, major trends and 
perspectives. Biological Conservation 285, 110210. 

Amann, R., Glöckner, F.-O., Neef, A., 1997. Modern methods in subsurface microbiology: in situ 
identification of microorganisms with nucleic acid probes. FEMS microbiology reviews 20, 
191-200. 

Anderson, M.J., 2017. Permutational Multivariate Analysis of Variance (PERMANOVA), Wiley 
StatsRef: Statistics Reference Online, pp. 1-15. 

Anthony, M.A., Bender, S.F., van der Heijden, M.G.A., 2023. Enumerating soil biodiversity. 
Proceedings of the National Academy of Sciences 120, e2304663120. 

Apprill, A., McNally, S., Parsons, R., Weber, L., 2015. Minor revision to V4 region SSU rRNA 806R 
gene primer greatly increases detection of SAR11 bacterioplankton. Aquatic Microbial 
Ecology 75, 129-137. 

Aranda, A., Primo-Catalunya, D., Pijuan, M., Balcázar, J.L., Dennehy, J.J., 2024. Draft genome 
sequence of Methyloversatilis sp. strain NSM2, isolated from a wastewater treatment 
plant. Microbiology resource announcements 13, e0095224. 

Arora, P.K., Jain, R.K., 2013. Arthrobacter nitrophenolicus sp. nov. a new 2-chloro-4-nitrophenol 
degrading bacterium isolated from contaminated soil. 3 Biotech 3, 29-32. 

Arzanlou, M., Chai, W.C., Venter, H., 2017. Intrinsic, adaptive and acquired antimicrobial resistance 
in Gram-negative bacteria. Essays in biochemistry 61, 49-59. 

ASRIS, 2011. Australian Soils Resource Information System. 
Babu, G.R.V., Vijaya, O.K., Ross, V.L., Wolfram, J.H., Chapatwala, K.D., 1996. Cell-free extract(s) of 

Pseudomonas putida catalyzes the conversion of cyanides, cyanates, thiocyanates, 
formamide, and cyanide-containing mine waters into ammonia. Applied microbiology and 
biotechnology 45, 273-277. 

Balmonte, J.P., Arnosti, C., Underwood, S., McKee, B.A., Teske, A., 2016. Riverine bacterial 
communities reveal environmental disturbance signatures within the Betaproteobacteria 
and Verrucomicrobia. Frontiers in microbiology 7, 1441-1441. 

Balzer, M., Facey, J., Hitchcock, J., Brooks, A., Westhorpe, D., Mitrovic, S., 2021. The importance of 
tributary inflows on productivity. A study of the Barwon-Darling River. NSW Department of 
Planning and Environment, Sydney, NSW, p. 52. 

Bardgett, R.D., 2023. The hidden majority in soil. Proceedings of the National Academy of Sciences 
120, e2312358120. 

Bärlocher, F., Boddy, L., 2016. Aquatic fungal ecology – How does it differ from terrestrial? Fungal 
ecology 19, 5-13. 

Barman, B.N., Preston, H.G., 1992. The effects of pH on the degradation of isothiazolone biocides. 
Tribology international 25, 281-287. 

Bauer, M.A., Kainz, K., Carmona-Gutierrez, D., Madeo, F., 2018. Microbial wars: Competition in 
ecological niches and within the microbiome. Microbial cell 5, 215-219. 

Berezina, N., Paternostre, L., 2010. Transformation of aromatic compounds by C. necator. 
Chemical engineering transactions 20, 259-264. 



Chemical and microbial baseline studies and microbial degradation experiments of CSG chemicals in Narrabri NSW |  129 

Berezina, N., Yada, B., Lefebvre, R., 2015. From organic pollutants to bioplastics: insights into the 
bioremediation of aromatic compounds by Cupriavidus necator. New biotechnology 32, 47-
53. 

Berrett, C., 2012. Upper Namoi groundwater source – status report 2011. NSW Department of 
Primary Industries, Office of Water, Sydney. 

Bian, D.-r., Xue, H., Piao, C.-g., Li, Y., 2020. Stenotrophomonas cyclobalanopsidis sp. nov., isolated 
from the leaf spot disease of Cyclobalanopsis patelliformis. Antonie van Leeuwenhoek 113, 
1447-1454. 

Blackwell, C.M., Scarlett, F.A., Turner, J.M., 1976. Ethanolamine catabolism by bacteria, including 
Escherichia coli. Biochemical Society transactions 4, 495-497. 

Blackwell, C.M., Turner, J.M., 1978. Microbial metabolism of amino alcohols. Formation of 
coenzyme B12-dependent ethanolamine ammonia-lyase and its concerted induction in 
Escherichia coli. Biochemical journal 176, 751-757. 

Bohmann, K., Evans, A., Gilbert, M.T.P., Carvalho, G.R., Creer, S., Knapp, M., Yu, D.W., de Bruyn, 
M., 2014. Environmental DNA for wildlife biology and biodiversity monitoring. Trends in 
Ecology and Evolution 29, 358-367. 

Boll, M., Albracht, S.S.P., Fuchs, G., 1997. Benzoyl-CoA reductase (dearomatizing), a key enzyme of 
anaerobic aromatic metabolism - A study of adenosinetriphosphatase activity, ATP 
stoichiometry of the reaction and EPR properties of the enzyme. European journal of 
biochemistry 244, 840-851. 

Bradbeer, C., 1965a. The clostridial fermentations of choline and ethanolamine. 1. Preparation and 
properties of cell-free extracts. The Journal of biological chemistry 240, 4669-4674. 

Bradbeer, C., 1965b. The clostridial fermentations of choline and ethanolamine. II. Requirement 
for a cobamide coenzyme by an ethanolamine deaminase. The Journal of biological 
chemistry 240, 4675-4681. 

Breese, K., Boll, M., Alt‐Mörbe, J., Schägger, H., Fuchs, G., 1998. Genes coding for the benzoyl‐CoA 
pathway of anaerobic aromatic metabolism in the bacterium Thauera aromatica. European 
journal of biochemistry 256, 148-154. 

Budnik, I., Zembrzuska, J., Lukaszewski, Z., 2016. Bacterial strains isolated from river water having 
the ability to split alcohol ethoxylates by central fission. Environmental science and 
pollution research international 23, 14231-14239. 

Cain, R.B., 1994. Biodegradation of detergents. Current Opinion in Biotechnology 5, 266-274. 
Cairney, J.W.G., 2002. Pisolithus: Death of the Pan-Global Super Fungus. The New phytologist 153, 

199-201. 
Carty, C.J., Smith, B.C., 2003. 2001 Bundock Creek seismic Survey Report on PEL0238 Gunnedah 

Basin, New South Wales. Eastern Star Gas, p. 150. 
Castaño, C., Alday, J.G., Parladé, J., Pera, J., Martínez de Aragón, J., Bonet, J.A., 2017. Seasonal 

dynamics of the ectomycorrhizal fungus Lactarius vinosus are altered by changes in soil 
moisture and temperature. Soil biology & biochemistry 115, 253-260. 

Chan, C.S., Fakra, S.C., Emerson, D., Fleming, E.J., Edwards, K.J., 2011. Lithotrophic iron-oxidizing 
bacteria produce organic stalks to control mineral growth; implications for biosignature 
formation. ISME Journal 5, 717-727. 

Chan, P.L., Yu, P.H.F., Cheng, Y.W., Chan, C.Y., Wong, P.K., 2009. Comprehensive characterization 
of indoor airborne bacterial profile. Journal of environmental sciences (China) 21, 1148-
1152. 

Chang, G.W., Chang, J.T., 1975. Evidence for the B12-dependent enzyme ethanolamine deaminase 
in Salmonella. Nature (London) 254, 150-151. 



130  |  CSIRO Australia’s National Science Agency 

Chang, S., Zhang, G., Chen, X., Long, H., Wang, Y., Chen, T., Liu, G., 2017. The complete genome 
sequence of the cold adapted crude-oil degrader: Pedobacter steynii DX4. Environmental 
microbiome 12, 45-48. 

Chen, F., Li, X., Dong, Y., Li, J., Li, Y., Li, H., Chen, L., Zhou, M., Hou, H., 2021. Biodegradation of 
phthalic acid esters (PAEs) by Cupriavidus oxalaticus strain E3 isolated from sediment and 
characterization of monoester hydrolases. Chemosphere (Oxford) 266, 129061. 

Clarke, K.R., 1993. Non‐parametric multivariate analyses of changes in community structure. 
Australian Journal of Ecology 18, 117-143. 

Cleland, E.D., 2015. Changes in the bird community in the Pilliga Forests, New South Wales, 
between 1918 and 2004. Australian Field Ornithology 32, 118-142. 

Cluzeau, D., Guernion, M., Chaussod, R., Martin-Laurent, F., Villenave, C., Cortet, J., Ruiz-Camacho, 
N., Pernin, C., Mateille, T., Philippot, L., Bellido, A., Rougé, L., Arrouays, D., Bispo, A., Pérès, 
G., 2012. Integration of biodiversity in soil quality monitoring: Baselines for microbial and 
soil fauna parameters for different land-use types. European journal of soil biology 49, 63-
72. 

Cobb, W.T., 1973. The influence of sulfur and carbohydrate nutrition of Fusarium oxysporum f. 
lycopersici on resistance to methylisothiocyanate, Department of Botany and Plant 
Pathology. Oregon State University, Corvallis, Oregon, p. 70. 

Cole, J.R., Wang, Q., Fish, J.A., Chai, B., McGarrell, D.M., Sun, Y., Brown, C.T., Porras-Alfaro, A., 
Kuske, C.R., Tiedje, J.M., 2014. Ribosomal Database Project: Data and tools for high 
throughput rRNA analysis. Nucleic Acids Research 42, 633-642. 

Coleman, N.V., Mattes, T.E., Gossett, J.M., Spain, J.C., 2002. Biodegradation of cis-Dichloroethene 
as the Sole Carbon Source by a β-Proteobacterium. Applied and Environmental 
Microbiology 68, 2726-2730. 

Collins, F.M., 1986. Bactericidal activity of alkaline glutaraldehyde solution against a number of 
atypical mycobacterial species. Journal of Applied Bacteriology 61, 247-251. 

Consolazio, N., Lowry, G.V., Karamalidis, A.K., 2019. Hydrolysis and degradation of dazomet with 
pyrite: Implications for persistence in produced waters in the Marcellus Shale. Applied 
Geochemistry 108, 104383. 

Cooke, R.C., Rayner, A.D.M., 1984. Ecology of saprotrophic fungi. Longman, London. 
Cristescu, M.E., 2014. From barcoding single individuals to metabarcoding biological communities: 

Towards an integrative approach to the study of global biodiversity. Trends in Ecology and 
Evolution 29, 566-571. 

Curlevski, N.J.A., Chambers, S.M., Anderson, I.C., Cairney, J.W.G., 2009. Identical genotypes of an 
ericoid mycorrhiza-forming fungus occur in roots of Epacris pulchella (Ericaceae) and 
Leptospermum polygalifolium (Myrtaceae) in an Australian sclerophyll forest: Identical 
genotypes of ericoid mycorrhiza-forming fungus. FEMS microbiology ecology 67, 411-420. 

Da Silva, L.M., Santiago, M.B., De Aguiar, P.A.F., Ramos, S.B., Da Silva, M.V., Martins, C.H.G., 2022. 
Detection of Waterborne and Airborne Microorganisms in a Rodent Facility. Anais da 
Academia Brasileira de Ciências 94, e20220150-e20220150. 

Danks, M., Lebel, T., Vernes, K., Andrew, N., 2013. Truffle-like fungi sporocarps in a eucalypt-
dominated landscape: patterns in diversity and community structure. Fungal diversity 58, 
143-157. 

Darling, J.A., Galil, B.S., Carvalho, G.R., Rius, M., Viard, F., Piraino, S., 2017. Recommendations for 
developing and applying genetic tools to assess and manage biological invasions in marine 
ecosystems. Marine Policy 85, 54-64. 

Davies, B.E., 1983. A graphical estimation of the normal lead content of some British soils. 
Geoderma 29, 67-75. 



Chemical and microbial baseline studies and microbial degradation experiments of CSG chemicals in Narrabri NSW |  131 

Davinic, M., Moore-Kucera, J., Acosta-Martinez, V., 2012. Pyrosequencing based assessment of 
bacterial and fungal community structures as affected by an integrated livestock-cotton 
production and cotton monoculture. GenBank. 

Davison, J., Moora, M., Öpik, M., Ainsaar, L., Ducousso, M., Hiiesalu, I., Jairus, T., Johnson, N., 
Jourand, P., Kalamees, R., Koorem, K., Meyer, J.-Y., Püssa, K., Reier, Ü., Pärtel, M., 
Semchenko, M., Traveset, A., Vasar, M., Zobel, M., 2018. Microbial island biogeography: 
isolation shapes the life history characteristics but not diversity of root-symbiotic fungal 
communities. The ISME Journal 12, 2211-2224. 

Dedysh, S.N., Kulichevskaya, I.S., Huber, K.J., Overmann, J., 2017. Defining the taxonomic status of 
described subdivision 3 acidobacteria: Proposal of Bryobacteraceae fam. nov. International 
journal of systematic and evolutionary microbiology 67, 498-501. 

Deiner, K., Bik, H.M., Mächler, E., Seymour, M., Lacoursière-Roussel, A., Altermatt, F., Creer, S., 
Bista, I., Lodge, D.M., de Vere, N., Pfrender, M.E., Bernatchez, L., 2017. Environmental DNA 
metabarcoding: Transforming how we survey animal and plant communities. Molecular 
Ecology 26, 5872-5895. 

Delgado-Baquerizo, M., Maestre, F.T., Reich, P.B., Jeffries, T.C., Gaitan, J.J., Encinar, D., Berdugo, 
M., Campbell, C.D., Singh, B.K., 2016. Microbial diversity drives multifunctionality in 
terrestrial ecosystems. Nature Communications 7, 1-8. 

Deshpande, V., Wang, Q., Greenfield, P., Charleston, M., Porras-Alfaro, A., Kuske, C.R., Cole, J.R., 
Midgley, D.J., Tran-Dinh, N., 2016. Fungal identification using a Bayesian classifier and the 
Warcup training set of internal transcribed spacer sequences. Mycologia 108. 

Desmarchelier, P.M., Reichelt, J.L., 1982. Genetic relationships among clinical and environmental 
isolates ofVibrio cholerae from Australia. Current microbiology 7, 53-57. 

Diatloff, A., Brockwell, J., 1976. Ecological studies of root-nodule bacteria introduced into field 
environments. 4. Symbiotic properties of Rhizobium japonicum and competitive success in 
nodulation of two Glycine max cultivars by effective and ineffective strains. 

Diatta, S., Tall, L., Ndour, Y., Sembene, M., Assigbetsé, K., 2020. Composition and Diversity of Soil 
Bacterial Communities along an Environmental Gradient in the Sudano-Sahelian Region of 
Senegal. Open journal of soil science 10, 58-89. 

Díaz, E., Jiménez, J.I., Nogales, J., 2013. Aerobic degradation of aromatic compounds. Current 
opinion in biotechnology 24, 431-442. 

Ditzler, C., Scheffe, K., Monger, H.C., 2017. Soil Survey Manual. 
Donachie, S.P., Hou, S., Lee, K.S., Riley, C.W., Pikina, A., Belisle, C., Kempe, S., Gregory, T.S., 

Bossuyt, A., Boerema, J., Liu, J., Freitas, T.A., Malahoff, A., Alam, M., 2004. The Hawaiian 
archipelago; a microbial diversity hotspot. Microbial ecology 48, 509-520. 

Dordet-Frisoni, E., Faucher, M., Sagné, E., Baranowski, E., Tardy, F., Nouvel, L.X., Citti, C., 2019. 
Mycoplasma chromosomal transfer: A distributive, conjugative process creating an infinite 
variety of mosaic genomes. Frontiers in microbiology 10, 2441-2441. 

EHS, 2022. Qualitative Tier 2 Assessment – Oxazolidone. EHS Support. 
EHS, 2024a. Qualitative Tier 2 Assessment – Isotridecanol, ethoxylated. EHS Support, p. 8. 
EHS, 2024b. Qualitative Tier 2 Assessment – Monoethanolamine. EHS Support, p. 7. 
EHS, 2024c. Qualitative Tier 2 Assessment – Oxazolidone. EHS Support, p. 7. 
Elliott, T.F., Bougher, N.L., O'Donnell, K., Trappe, J.M., 2014. Morchella australiana sp. nov., an 

apparent Australian endemic from New South Wales and Victoria. Mycologia 106, 113-118. 
Escudero, C., Oggerin, M., Amils, R., 2018. The deep continental subsurface: the dark biosphere. 

International microbiology 21, 3-14. 
Fabisch, M., Freyer, G., Johnson, C.A., Buechel, G., Akob, D.M., Neu, T.R., Kuesel, K., 2016. 

Dominance of "Gallionella capsiferriformans" and heavy metal association with Gallionella-
like stalks in metal-rich pH 6 mine water discharge. Geobiology 14, 68-90. 



132  |  CSIRO Australia’s National Science Agency 

Fang, W., Yan, D., Wang, X., Huang, B., Wang, X., Liu, J., Liu, X., Li, Y., Ouyang, C., Wang, Q., Cao, A., 
2018. Responses of nitrogen-cycling microorganisms to dazomet fumigation. Frontiers in 
microbiology 9, 2529-2529. 

Faulkner, A., Turner, J.M., 1974. Microbial metabolism of amino alcohols. Aminoacetone 
metabolism via 1 aminopropan 2 ol in Pseudomonas sp. N.C.I.B. 8858. Biochemical journal 
138, 263-276. 

Fetzner, S., 1998. Bacterial dehalogenation. Applied microbiology and biotechnology 50, 633-657. 
Fierer, N., Bradford, M.A., Jackson, R.B., 2007. Toward an ecological classification of soil bacteria. 

Ecology (Durham) 88, 1354-1364. 
Fink, J., 2015. Water-Based Chemicals and Technology for Drilling, Completion, and Workover 

Fluids. Elsevier Science & Technology, United States. 
Flipphi, M., Kocialkowska, J., Felenbok, B., 2002. Characteristics of physiological inducers of the 

ethanol utilization (alc) pathway in Aspergillus nidulans. Biochemical journal 364, 25-31. 
Fuchs, G., Boll, M., Heider, J., 2011. Microbial degradation of aromatic compounds — from one 

strategy to four. Nature Reviews Microbiology 9, 803-816. 
Gadagbui, B., Vincent, M., Willis, A., 2014. Methyl Isothiocyanate, in: Wexler, P. (Ed.), Encyclopedia 

of Toxicology (Third Edition). Academic Press, Oxford, pp. 310-313. 
Gao, Z., Yang, S., Wang, Z., Wang, Z., Xi, X., He, J., Jia, H., 2022. Effects of different fumigation on 

continuous cropping soil in peach orchard. Acta Agriculturae Universitatis Zhejiangensis 34, 
2251-2258. 

Garry, M., Farasin, J., Drevillon, L., Quaiser, A., Bouchez, C., Le Borgne, T., Coffinet, S., Dufresne, A., 
2024. Ferriphaselus amnicola strain GF-20, a new iron-and thiosulfate-oxidizing bacterium 
isolated from a hard rock aquifer. FEMS microbiology ecology 100. 

Garsin, D.A., 2010. Ethanolamine utilization in bacterial pathogens: roles and regulation. Nature 
reviews. Microbiology 8, 290-295. 

Geoscienc Australia, 2013. Geoscience Australia Stratigraphic Units Database. Geoscience 
Australia, Canberra. 

Ghosal, D., Ghosh, S., Dutta, T.K., Ahn, Y., 2016. Current state of knowledge in microbial 
degradation of polycyclic aromatic hydrocarbons (PAHs): A review. Frontiers in 
microbiology 7, 1369. 

Gibbons, S.M., Gilbert, J.A., 2015. Microbial diversity — exploration of natural ecosystems and 
microbiomes. Current opinion in genetics & development 35, 66-72. 

Govindjee, Shevela, D., 2011. Adventures with cyanobacteria: A personal perspective. Frontiers in 
plant science 2, 28-28. 

Green, D., Petrovic, J., Moss, P., Burrell, M., 2011. Water resources and management overview: 
Namoi catchment. NSW Office of Water, Sydney, NSW, Sydney, NSW, p. 36. 

Gupta, V.V.S.R., Kirkby, K., Smith, L., Penton, C.R., 2018. Disease suppression: Soil fungal 
community diversity and interactions., in: Gupta, V., Barnett, S., Kroker, S. (Eds.), 10th 
Australasian Soilborne Diseases Symposium. Australian Plant Pathology Society, Adelaide, 
Australia. 

Gurba, L., Golab, A., Jaworska, J., Douglass, J., Hyland, K., 2009. CO2 geological storage 
opportunities in the Gunnedah Basin, and the Southern Bowen Basin, NSW. Cooperative 
Research Centre for Greenhouse Gas Technologies, Canberra, Australia. 

Gurba, L.W., Weber, C.R., 2001. Effects of igneous intrusions on coalbed methane potential, 
Gunnedah Basin, Australia. International Journal of Coal Geology 46, 113-131. 

Hahn, M.W., 2004. Broad diversity of viable bacteria in ‘sterile’ (0.2 μm) filtered water. Research in 
microbiology 155, 688-691. 



Chemical and microbial baseline studies and microbial degradation experiments of CSG chemicals in Narrabri NSW |  133 

Hahn, M.W., Lang, E., Brandt, U., Spröer, C., 2011a. Polynucleobacter acidiphobus sp. nov., a 
representative of an abundant group of planktonic freshwater bacteria. International 
journal of systematic and evolutionary microbiology 61, 788-794. 

Hahn, M.W., Lang, E., Tarao, M., Brandt, U., 2011b. Polynucleobacter rarus sp. nov., a free-living 
planktonic bacterium isolated from an acidic lake. International journal of systematic and 
evolutionary microbiology 61, 781-787. 

Hammer, Ø., Harper, D.A.T., Ryan, P.D., 2001. Past: Paleontological statistics software package for 
education and data analysis. Palaeontologia Electronica 4, 1-9. 

Hansen, K., Pfister, D.H., 2006. Systematics of the pezizomycetes - The operculate discomycetes. 
Mycologia 98, 1029-1040. 

Haque, S.Z., Haque, M., 2017. The ecological community of commensal, symbiotic, and pathogenic 
gastrointestinal microorganisms – an appraisal. Clinical and Experimental Gastroenterology 
10, 91-103. 

Hartmans, S., Kaptein, A., Tramper, J., de Bont, J.A.M., 1992. Characterization of a Mycobacterium 
sp. and a Xanthobacter sp. for the removal of vinyl chloride and 1,2-dichloroethane from 
waste gases. Applied microbiology and biotechnology 37, 796-801. 

Hatzenpichler, R., Lebedeva, E.V., Spieck, E., Stoecker, K., Richter, A., Daims, H., Wagner, M., 2008. 
Moderately thermophilic ammonia-oxidizing crenarchaeote from a hot spring. Proceedings 
of the National Academy of Sciences - PNAS 105, 2134-2139. 

Hawke, J.M., Cramsie, J.N., 1984. Contribution to the geology of the Great Australian Basin in New 
South Wales, Geological Survey of New South Wales. NSW Department of Mineral 
Resources. 

Henson, M.W., Lanclos, V.C., Faircloth, B.C., Thrash, J.C., 2018. Cultivation and genomics of the 
first freshwater SAR11 (LD12) isolate. The ISME Journal 12, 1846-1860. 

Herr, A., Aryal, S.K., Brandon, C., Crawford, D., Crosbie, R., Davis, P., Dunne, R., Gonzalez, D., 
Hayes, K.R., Henderson, B.L., Hosack, G., Ickowicz, A., Janardhanan, S., Marvanek, S., 
Mitchell, P.J., Merrin, L.E., Herron, N.F., O'Grady, A.P., Post, D.A., 2018a. Impact and risk 
analysis for the Namoi subregion. Product 3-4 for the Namoi subregion from the Northern 
Inland Catchments Bioregional Assessment. Department of the Environment and Energy, 
Bureau of Meteorology, CSIRO and Geoscience Australia, Australia. 

Herr, A., Northey, J., Mitchell, P.J.A., Aryal, S.K., Merrin, L.E., E., S., 2018b. Conceptual modelling 
for the Namoi subregion. Product 2.3 for the Namoi subregion from the Northern Inland 
Catchments Bioregional Assessment. Department of the Environment and Energy, Bureau 
of Meteorology, CSIRO and Geoscience Australia, Australia. 

Hill, M., 2002. Mineral and petroleum resources and potential. NSW Western Regional 
Assessment. Brigalow Belt South Bioregion (Stage 2), Geological Survey of NSW. NSW 
Department of Mineral Resources. 

Hitchcock, C.J., Chambers, S.M., Anderson, I.C., Cairney, J.W.G., 2003. Development of markers for 
simple sequence repeat-rich regions that discriminate between Pisolithus albus and P. 
microcarpus. Mycological research 107, 699-706. 

Hitchcock, C.J., Chambers, S.M., Cairney, J.W.G., 2011. Genetic population structure of the 
ectomycorrhizal fungus Pisolithus microcarpus suggests high gene flow in south-eastern 
Australia. Mycorrhiza 21, 131-137. 

Hoque, M.A.-A., Pradhan, B., Ahmed, N., Sohel, M.S.I., 2021. Agricultural drought risk assessment 
of Northern New South Wales, Australia using geospatial techniques. Science of The Total 
Environment 756, 143600. 

Horner-Devine, C.M., Leibold, M.A., Smith, V.H., Bohannan, B.J.M., 2003. Bacterial diversity 
patterns along a gradient of primary productivity. Ecology letters 6, 613-622. 



134  |  CSIRO Australia’s National Science Agency 

Huang, L., Wang, M., Mo, T., Liu, M., Biville, F., Zhu, D., Jia, R., Chen, S., Zhao, X., Yang, Q., Wu, Y., 
Zhang, S., Huang, J., Tian, B., Liu, Y., Zhang, L., Yu, Y., Pan, L., Rehman, M.U., Chen, X., 
Cheng, A., 2019. Role of LptD in resistance to glutaraldehyde and pathogenicity in 
riemerella anatipestifer. Frontiers in microbiology 10, 1443-1443. 

Hulugalle, N.R., Entwistle, P.C., Mensah, R.K., 1999. Can lucerne ( Medicago sativa L.) strips 
improve soil quality in irrigated cotton ( Gossypium hirsutum L.) fields? Applied soil ecology 
: a section of Agriculture, ecosystems & environment 12, 81-92. 

Hunter, J.D., 2007. Matplotlib: A 2D graphics environment. Computing in Science and Engineering 
9, 90-95. 

Husárová, S., Vaïtilingom, M., Deguillaume, L., Traikia, M., Vinatier, V., Sancelme, M., Amato, P., 
Matulová, M., Delort, A.-M., 2011. Biotransformation of methanol and formaldehyde by 
bacteria isolated from clouds. Comparison with radical chemistry. Atmospheric 
environment (1994) 45, 6093-6102. 

Hyne, N.J., 2019. Nontechnical Guide to Petroleum Geology, Exploration, Drilling and Production, 
4th ed. PennWell Books, LLC, Tulsa, OK. 

Idyll Spaces Environmental Consultants, 2008. Report 2 Flora Assessment. Idyll Spaces 
Environmental Consultants, Bonville, NSW. 

Iverach, C.P., Cendón, D.I., Beckmann, S., Hankin, S.I., Manefield, M., Kelly, B.F.J., 2020. 
Constraining source attribution of methane in an alluvial aquifer with multiple recharge 
pathways. The Science of the total environment 703, 134927-134927. 

Jackson, D.A., 1993. Multivariate analysis of benthic invertebrate communities: the implication of 
choosing particular data standardizations, measures of association, and ordination 
methods. Hydrobiologia 268, 9-26. 

Ji, J., Kakade, A., Zhang, R., Zhao, S., Khan, A., Liu, P., Li, X., 2019a. Alcohol ethoxylate degradation 
of activated sludge is enhanced by bioaugmentation with Pseudomonas sp. LZ-B. 
Ecotoxicology and environmental safety 169, 335-343. 

Ji, J.H., Liu, Y.F., Zhou, L., Mbadinga, S.M., Pan, P., Chen, J., Liu, J.F., Yang, S.Z., Sand, W., Gu, J.D., 
Mu, B.Z., 2019b. Methanogenic Degradation of Long n-Alkanes Requires Fumarate-
Dependent Activation. Applied and environmental microbiology 85. 

Jones, A., Turner, J.M., 1973. Microbial metabolism of amino alcohols. 1-Aminopropan-2-ol and 
ethanolamine metabolism via propionaldehyde and acetaldehyde in a species of 
Pseudomonas. Biochemical journal 134, 167-182. 

Kalyuzhnaya, M.G., De Marco, P., Bowerman, S., Pacheco, C.C., Lara, J.C., Lidstrom, M.E., 
Chistoserdova, L., 2006. Methyloversatilis universalis gen. nov., sp. nov., a novel taxon 
within the Betaproteobacteria represented by three methylotrophic isolates. International 
journal of systematic and evolutionary microbiology 56, 2517-2522. 

Kanehisa, M., Sato, Y., Kawashima, M., Furumichi, M., Tanabe, M., 2016a. KEGG as a reference 
resource for gene and protein annotation. Nucleic Acids Research 44, D457-D462. 

Kanehisa, M., Sato, Y., Morishima, K., 2016b. BlastKOALA and GhostKOALA: KEGG Tools for 
Functional Characterization of Genome and Metagenome Sequences. Journal of Molecular 
Biology 428, 726-731. 

Kasuya, K.-i., Takagi, K.-i., Ishiwatari, S.-i., Yoshida, Y., Doi, Y., 1998. Biodegradabilities of various 
aliphatic polyesters in natural waters. Polymer degradation and stability 59, 327-332. 

Kaval, K.G., Garsin, D.A., 2018. Ethanolamine utilization in bacteria. mBio 9, 1-13. 
Keck, F., Vasselon, V., Tapolczai, K., Rimet, F., Bouchez, A., 2017. Freshwater biomonitoring in the 

Information Age. Frontiers in Ecology and the Environment 15, 266-274. 
Kelly, B., Merrick, N., Dent, B., Milne-Home, W., Yates, D., 2007. Groundwater Knowledge and 

Gaps in the Namoi Catchment Management Area. National Centre for Groundwater 
Management, University of Technology, Sydney. 



Chemical and microbial baseline studies and microbial degradation experiments of CSG chemicals in Narrabri NSW |  135 

Kennedy, A.C., 1999. Bacterial diversity in agroecosystems: Special issue: Invertebrate biodiversity 
as bioindicators of sustainable landscapes. Practical use of invertebrates to assess 
sustainable land use. Agriculture, ecosystems & environment 74, 65-76. 

Khalifa, A., Nakasuji, Y., Saka, N., Honjo, H., Asakawa, S., Watanabe, T., 2018. Ferrigenium kumadai 
gen. nov., sp nov., a microaerophilic iron-oxidizing bacterium isolated from a paddy field 
soil. International journal of systematic and evolutionary microbiology 68, 2587-2592. 

Klein, V.J., Irla, M., López, M.G., Brautaset, T., Brito, L.F., 2022. Unravelling Formaldehyde 
Metabolism in Bacteria: Road towards Synthetic Methylotrophy. Microorganisms (Basel) 
10, 220. 

Knox, O., Anderson, C., Ross, J., Tann, C., Vadakattu, G., 2016. Organisms with potential to assist in 
the control of Helicoverpa armigera in Australian cotton production systems. CSIRO 
Publishing. 

Knox, O.G.G., Anderson, C.M.T., Nehl, D.B., Gupta, V.V.S.R., 2006. Observation of 
Tylenchorhynchus ewingi in association with cotton soils in Australia. Australasian plant 
disease notes 1, 47-48. 

Knox, O.G.G., Gupta, V.V.S.R., Lardner, R., 2014. Field evaluation of the effects of cotton variety 
and GM status on rhizosphere microbial diversity and function in Australian soils. Soil 
Research 52, 203-215. 

Knox, O.G.G., Nehl, D.B., Mor, T., Roberts, G.N., Gupta, V., 2008. Genetically Modified Cotton Has 
No Effect on Arbuscular Mycorrhizal Colonisation of Roots. 

Korbel, K.L., Hancock, P.J., Serov, P., Lim, R.P., Hose, G.C., 2013. Groundwater Ecosystems Vary 
with Land Use across a Mixed Agricultural Landscape. Journal of environmental quality 42, 
380-390. 

Korsch, R.J., Totterdell, J.M., 2009. Subsidence history and basin phases of the Bowen, Gunnedah 
and Surat Basins, eastern Australia. Australian journal of earth sciences 56, 335-353. 

Kotik, M., Štěpánek, V., Marešová, H., Kyslík, P., Archelas, A., 2009. Environmental DNA as a source 
of a novel epoxide hydrolase reacting with aliphatic terminal epoxides. Journal of 
molecular catalysis. B, Enzymatic 56, 288-293. 

Kumar, A., Rithesh, L., Kumar, V., Raghuvanshi, N., Chaudhary, K., Abhineet, Pandey, A.K., 2023. 
Stenotrophomonas in diversified cropping systems: friend or foe? Frontiers in microbiology 
14, 1214680-1214680. 

Kumar, S., Meena, R.S., Sheoran, S., Jangir, C.K., Jhariya, M.K., Banerjee, A., Raj, A., 2022. Chapter 5 
- Remote sensing for agriculture and resource management, in: Jhariya, M.K., Meena, R.S., 
Banerjee, A., Meena, S.N. (Eds.), Natural Resources Conservation and Advances for 
Sustainability. Elsevier, pp. 91-135. 

Kuramae, E.E., de Assis Costa, O.Y., 2019. Acidobacteria, Fourth Edition ed. Elsevier Inc, pp. 1-8. 
Kwon, K., Kwon, Y.M., Kim, S.-J., McGenity, T.J., McGenity, T.J., McGenity, T.J., 2019. Aerobic 

Hydrocarbon-Degrading Bacteroidetes. Springer International Publishing AG, Switzerland, 
pp. 73-91. 

Ławniczak, Ł., Woźniak‐Karczewska, M., Loibner, A.P., Heipieper, H.J., Chrzanowski, Ł., 2020. 
Microbial degradation of hydrocarbons—basic principles for bioremediation: A review. 
Molecules (Basel, Switzerland) 25, 856. 

Le, D.P., Nguyen, C.P.T., Kafle, D., Scheikowski, L., Montgomery, J., Lambeth, E., Thomas, A., 
O’Keeffe, K., Shakeshaft, B., Young, A., McKay, A., Twine, A., Hudson, E., Jackson, R., Smith, 
L.J., 2022. Surveillance, Diversity and Vegetative Compatibility Groups of 
Fusarium oxysporum f. sp. vasinfectum Collected in Cotton Fields in Australia (2017 to 
2022). Pathogens (Basel) 11, 1537. 

Leahy, J.G., Colwell, R.R., 1990. Microbial degradation of hydrocarbons in the environment. 
Microbiological Reviews 54, 305-305. 



136  |  CSIRO Australia’s National Science Agency 

Lee, Y., Park, H.Y., Jeon, C.O., 2019. Amnimonas aquatica gen. nov., sp. nov., Isolated from a 
Freshwater River. Current microbiology 76, 478-484. 

Leese, F., Bouchez, A., Abarenkov, K., Altermatt, F., Borja, Á., Bruce, K., Ekrem, T., Čiampor, F., 
Čiamporová-Zaťovičová, Z., Costa, F.O., Duarte, S., Elbrecht, V., Fontaneto, D., Franc, A., 
Geiger, M.F., Hering, D., Kahlert, M., Kalamujić Stroil, B., Kelly, M., Keskin, E., Liska, I., 
Mergen, P., Meissner, K., Pawlowski, J., Penev, L., Reyjol, Y., Rotter, A., Steinke, D., van der 
Wal, B., Vitecek, S., Zimmermann, J., Weigand, A.M., 2018. Why We Need Sustainable 
Networks Bridging Countries, Disciplines, Cultures and Generations for Aquatic 
Biomonitoring 2.0: A Perspective Derived From the DNAqua-Net COST Action. Advances in 
Ecological Research 58, 63-99. 

Lei, H., Zhang, J., Huang, J., Shen, D., Li, Y., Jiao, R., Zhao, R., Li, X., Lin, L., Li, B., 2023. New insights 
into lincomycin biodegradation by Conexibacter sp. LD01: Genomics characterization, 
biodegradation kinetics and pathways. Journal of hazardous materials 441, 129824-
129824. 

Leonard, P.L., McMullan-Fisher, S.J.M., 2013. Fungimap newsletter. Fungimap newsletter., 4-8. 
Letcher, P.M., Powell, M.J., Churchill, P.F., Chambers, J.G., 2006. Ultrastructural and molecular 

phylogenetic delineation of a new order, the Rhizophydiales ( Chytridiomycota). 
Mycological research 110, 898-915. 

Leung, H.W., 2001a. Aerobic and anaerobic metabolism of glutaraldehyde in a river water-
sediment system. Archives of environmental contamination and toxicology 41, 267-273. 

Leung, H.W., 2001b. Ecotoxicology of glutaraldehyde: review of environmental fate and effects 
studies. Ecotoxicology and environmental safety 49, 26-39. 

Li, Y.n., Zhang, B., Liu, Z., Wang, S., Yao, J., Borthwick, A.G.L., 2020. Vanadium contamination and 
associated health risk of farmland soil near smelters throughout China. Environmental 
Pollution 263, 114540. 

Loke, S.M.M.C., 2007. The ecology of arbuscular mycorrhizal fungal communities in cotton 
cropping soils in Eastern Australia. The University of Sydney, NSW, Australia. 

Lou, J., Gu, H., Wang, H., An, Q., Xu, J., 2016. Complete genome sequence of Massilia sp. WG5, an 
efficient phenanthrene-degrading bacterium from soil. Journal of biotechnology 218, 49-
50. 

Madan, V., Beck, M.H., 2006. Occupational allergic contact dermatitis from N,N-methylene-bis-5-
methyl-oxazolidine in coolant oils. Contact dermatitis 55, 39-41. 

Madigan, M.T., Bender, K.S., Buckley, D.H., Sattley, W.M., Stahl, D.A., 2022. Brock biology of 
microorganisms, Sixteenth edition, global edition ed. Pearson Education, Harlow. 

Mandelbaum, R.T., Shati, M.R., Ronen, D., 1997. In situ microcosms in aquifer bioremediation 
studies. FEMS microbiology reviews 20, 489-502. 

Markovetz, A.J., Kallio, R.E., 1971. Subterminal Oxidation of Aliphatic Hydrocarbons by 
Microorganisms. CRC critical reviews in microbiology 1, 225-237. 

Martin, F.M., van der Heijden, M.G.A., 2024. The mycorrhizal symbiosis: research frontiers in 
genomics, ecology, and agricultural application. New Phytologist 242, 1486-1506. 

Martinez-Garcia, M., Brazel, D.M., Swan, B.K., Arnosti, C., Chain, P.S.G., Reitenga, K.G., Xie, G., 
Poulton, N.J., Gomez, M.L., Masland, D.E.D., Thompson, B., Bellows, W.K., Ziervogel, K., Lo, 
C.C., Ahmed, S., Gleasner, C.D., Detter, C.J., Stepanauskas, R., Ravel, J., 2012. Capturing 
single cell genomes of active polysaccharide degraders: An unexpected contribution of 
verrucomicrobia. PloS one 7, e35314-e35314. 

Matei, A., Puscas, C., Patrascu, I., Lehene, M., Ziebro, J., Scurtu, F., Baia, M., Porumb, D., Totos, R., 
Silaghi-Dumitrescu, R., 2020. On the stability of glutaraldehyde in biocide compositions. 
International journal of molecular sciences 21, 3372. 



Chemical and microbial baseline studies and microbial degradation experiments of CSG chemicals in Narrabri NSW |  137 

Matsumoto, N., Fujita, M., Hiraishi, T., Abe, H., Maeda, M., 2008. Adsorption Characteristics of 
P(3HB) Depolymerase as Evaluated by Surface Plasmon Resonance and Atomic Force 
Microscopy. Biomacromolecules 9, 3201-3207. 

McGee, P.A., Pattinson, G.S., Heath, R.A., Newman, C.A., Allen, S.J., 1997. Survival of propagules of 
arbuscular mycorrhizal fungi in soils in eastern Australia used to grow cotton. The New 
phytologist 135, 773-780. 

McKinney, W., 2010. Data Structures for Statistical Computing in Python, in: van der Walt, S., 
Millman, J. (Eds.), Proceedings of the 9th Python in Science Conference, pp. 56-61. 

McMahon, S., Parnell, J., 2014. Weighing the deep continental biosphere. FEMS microbiology 
ecology 87, 113-120. 

McMurry, J., 2023. Organic chemistry, Tenth edition ed. OpenStax, Houston, Texas. 
Middelhoven, W.J., de Jong, I.M., de Winter, M., 1991. Arxula adeninivorans, a yeast assimilating 

many nitrogenous and aromatic compounds. Antonie van Leeuwenhoek 59, 129-137. 
Middelhoven, W.J., de Kievit, H., Biesbroek, A.L., 1985. Yeast species utilizing uric acid, adenine, n-

alkylamines or diamines as sole source of carbon and energy. Antonie van Leeuwenhoek 
51, 289-301. 

Midgley, D.J., McGee, P.A., Stewart, M.I., Saleeba, J.A., 2011. Diverse assemblages of 
ascomycetous fungi occur in woodland, grassland and cropping soils of northern-central 
New South Wales, Australia. Australasian Mycologist : Journal of the Australasian 
Mycological Society. 29, 29-36. 

Midgley, D.J., Saleeba, J.A., Stewart, M.I., McGee, P.A., 2007a. Novel soil lineages of Archaea are 
present in semi-arid soils of eastern Australia. Canadian Journal of Microbiology 53, 129–
138-129–138. 

Midgley, D.J., Saleeba, J.A., Stewart, M.I., Simpson, A.E., McGee, P.A., 2007b. Molecular diversity 
of soil basidiomycete communities in northern-central New South Wales, Australia. 
Mycological Research 111, 370-378. 

Mitrovic, S.M., Westhorpe, D.P., Kobayashi, T., Baldwin, D.S., Ryan, D., Hitchcock, J.N., 2014. Short-
term changes in zooplankton density and community structure in response to different 
sources of dissolved organic carbon in an unconstrained lowland river: Evidence for food 
web support. Journal of plankton research 36, 1488-1500. 

Mohn, W.W., Tiedje, J.M., 1992. Microbial reductive dehalogenation. Microbiological Reviews 56, 
482-507. 

Monciardini, P., Cavaletti, L., Schumann, P., Rohde, M., Donadio, S., 2003. Conexibacter woesei 
gen. nov., sp. nov., a novel representative of a deep evolutionary line of descent within the 
class Actinobacteria. International journal of systematic and evolutionary microbiology 53, 
569-576. 

Mondal, A.H., Nehl, D.B., Allen, S.J., 2004. First report of Thielaviopsis basicola on soybean in 
Australia. Australasian plant pathology 33, 451-452. 

Montazer, Z., Habibi Najafi, M.B., Levin, D.B., 2019. Microbial degradation of low-density 
polyethylene and synthesis of polyhydroxyalkanoate polymers. Canadian journal of 
microbiology 65, 224-234. 

Moriuchi, R., Dohra, H., Kanesaki, Y., Ogawa, N., 2019. Complete genome sequence of 3-
chlorobenzoate-degrading bacterium Cupriavidus necator NH9 and reclassification of the 
strains of the genera cupriavidus and ralstonia based on phylogenetic and whole-genome 
sequence analyses. Frontiers in microbiology 10, 133-133. 

Mosche, M., 2004. Anaerobic degradability of alcohol ethoxylates and related non-ionic 
surfactants. Biodegradation (Dordrecht) 15, 327-336. 

Mösche, M., 2004. Anaerobic degradability of alcohol ethoxylates and related non-ionic 
surfactants. Biodegradation 15, 327-336. 



138  |  CSIRO Australia’s National Science Agency 

Naumov, G.I., James, S.A., Naumova, E.S., Louis, E.J., Roberts, I.N., 2000. Three new species in the 
Saccharomyces sensu stricto complex: Saccharomyces cariocanus, Saccharomyces 
kudriavzevii and Saccharomyces mikatae. International journal of systematic and 
evolutionary microbiology 50, 1931-1942. 

NCBI, 2024a. PubChem Compound Summary for CID 3485, Glutaral. National Center for 
Biotechnology Information. 

NCBI, 2024b. PubChem Compound Summary for CID 10788, Dazomet. National Center for 
Biotechnology Information. 

Needelman, B., 2013. What are soils? Nature Education Knowledge 4, 2. 
Nehl, D.B., Allen, S.J., Mondal, A.H., Lonergan, P.A., 2004. Black root rot: a pandemic in Australian 

cotton. Australasian plant pathology 33, 87-95. 
Newman, D.K., Orphan, V.J., Reysenbach, A.L., 2012. Molecular Biology’s Contributions to 

Geobiology. Wiley, United Kingdom, pp. 228-249. 
Newton, R.J., Jones, S.E., Eiler, A., McMahon, K.D., Bertilsson, S., 2011. A Guide to the Natural 

History of Freshwater Lake Bacteria. Microbiology and Molecular Biology Reviews 75, 14-
49. 

Northey, J., Pinetown, K., Sander, R., 2014. Coal and coal seam gas resource assessment for the 
Namoi subregion. Product 1.2 for the Namoi subregion from the Northern Inland 
Catchments Bioregional Assessment. Department of the Environment, Bureau of 
Meteorology, CSIRO and Geoscience Australia, Australia. 

NSW DPE, 2022. eSPADE, 2.2 ed. NSW Department of Planning and Environment. 
NSW Natural Resources Commission, 2023. Review of the Water Sharing Plan for the Namoi and 

Peel Unregulated River Water Sources 2012. NSW Natural Resources Commission, Sydney 
NSW, p. 118. 

OEH, 2012. The land and soil capability assessment scheme – Second approximation. Office of 
Environment and Heritage, Departement of Premier and Cabinet NSW, Sydney, NSW. 

Office of Environment and Heritage, 2017. Pilliga Outwash Parks Statement of Management 
Intent. Office of Environment and Heritage, Sydney, NSW. 

Ogata, H., Goto, S., Sato, K., Fujibuchi, W., Bono, H., Kanehisa, M., 1999. KEGG: Kyoto encyclopedia 
of genes and genomes. Nucleic Acids Research 27, 29-34. 

Ogle, H.J., Stirling, A.M., Dart, P.J., 1993. Pathogenicity of fungi associated with seedling disease of 
cotton. Animal production science 33, 923-929. 

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., Minchin, P.R., O'Hara, 
R.B., Simpson, G.L., Solymos, P., Stevens, M.H.H., Szoecs, E., Wagner, H., 2017. vegan: 
Community Ecology Package. 

Olsen, G.J., Lane, D.J., Giovannoni, S.J., Pace, N.R., Stahl, D.A., 1986. Microbial ecology and 
evolution: a ribosomal RNA approach. Annual review of microbiology 40, 337-365. 

Oparah, I.A., Hartley, J.C., Deaker, R., Gemell, G., Hartley, E., Kaiser, B.N., 2024. Symbiotic 
effectiveness, abiotic stress tolerance and phosphate solubilizing ability of new chickpea 
root-nodule bacteria from soils in Kununurra Western Australia and Narrabri New South 
Wales Australia. Plant and soil 495, 371-389. 

Overholt, W.A., Schwing, P., Raz, K.M., Hastings, D., Hollander, D.J., Kostka, J.E., 2019. The core 
seafloor microbiome in the Gulf of Mexico is remarkably consistent and shows evidence of 
recovery from disturbance caused by major oil spills. Environmental microbiology 21, 4316-
4329. 

OzArk Environment and Heritage, 2020. Aboriginal Cultural Heritage Study. Part One: Report 
prepared for the Narrabri Shire Council. OzArk Environment and Heritage, Dubbo, NSW, 
Dubbo, NSW, p. 108. 

Pace, N.R., 1997. A Molecular View of Microbial Diversity and the Biosphere. Science 276, 734-740. 



Chemical and microbial baseline studies and microbial degradation experiments of CSG chemicals in Narrabri NSW |  139 

Palleroni, N.J., Bradbury, J.F., 1993. Stenotrophomonas, a new bacterial genus for Xanthomonas 
maltophilia (Hugh 1980) Swings et al. 1983. International journal of systematic bacteriology 
43, 606-609. 

Pan, X., Lin, D., Zheng, Y., Zhang, Q., Yin, Y., Cai, L., Fang, H., Yu, Y., 2016. Biodegradation of DDT by 
Stenotrophomonas sp. DDT-1: Characterization and genome functional analysis. Scientific 
reports 6, 21332. 

Parada, A.E., Needham, D.M., Fuhrman, J.A., 2016. Every base matters: Assessing small subunit 
rRNA primers for marine microbiomes with mock communities, time series and global field 
samples. Environmental Microbiology 18, 1403-1414. 

Parson Brinckerhoff, 2011. Characterisation of hydrogeochemistry and risks to groundwater 
quality. Impact of groundwater pumping on groundwater quality: National Water 
Commission – Raising National Water Standards Programme. Prepared for NSW 
Department of Primary Industries- Office of Water. Parsons Brinckerhoff, Sydney, NSW, p. 
390. 

Patel, D., Blouin, V., Kirkpatrick, J., Lazar, C.S., 2024. Rock Surface Colonization by Groundwater 
Microorganisms in an Aquifer System in Quebec, Canada. Diversity (Basel) 16, 374. 

Pattinson, G.S., McGee, P.A., 1997. High densities of arbuscular mycorrhizal fungi maintained 
during long fallows in soils used to grow cotton except when soil is wetted periodically. The 
New phytologist 136, 571-580. 

Pawlowski, J., Kelly-Quinn, M., Altermatt, F., Apothéloz-Perret-Gentil, L., Beja, P., Boggero, A., 
Borja, A., Bouchez, A., Cordier, T., Domaizon, I., Feio, M.J., Filipe, A.F., Fornaroli, R., Graf, 
W., Herder, J., van der Hoorn, B., Iwan Jones, J., Sagova-Mareckova, M., Moritz, C., Barquín, 
J., Piggott, J.J., Pinna, M., Rimet, F., Rinkevich, B., Sousa-Santos, C., Specchia, V., Trobajo, R., 
Vasselon, V., Vitecek, S., Zimmerman, J., Weigand, A., Leese, F., Kahlert, M., 2018. The 
future of biotic indices in the ecogenomic era: Integrating (e)DNA metabarcoding in 
biological assessment of aquatic ecosystems. Science of The Total Environment 637-638, 
1295-1310. 

Paz, C., Öpik, M., Bulascoschi, L., Bueno, C.G., Galetti, M., 2021. Dispersal of Arbuscular 
Mycorrhizal Fungi: Evidence and Insights for Ecological Studies. Microbial ecology 81, 283-
292. 

Pearson, K., 1904. Mathematical Contributions to the Theory of Evolution. XII. On a Generalised 
Theory of Alternative Inheritance, with Special Reference to Mendel's Laws. Philosophical 
Transactions of the Royal Society of London, Series A: Mathematical and Physical Sciences 
203, 53-86. 

Pedersen, K., 1996. Investigations of subterranean bacteria in deep crystalline bedrock and their 
importance for the disposal of nuclear waste. Canadian journal of microbiology 42, 382-
391. 

Pedregosa, F., Varoquaux, G., Gramfort, A., Michel, V., Thirion, B., Grisel, O., Blondel, M., 
Prettenhofer, P., Weiss, R., Dubourg, V., Vanderplas, J., Passos, A., Cournapeau, D., 
Brucher, M., Perrot, M., Duchesnay, É., 2011. Scikit-learn: Machine learning in Python. 
Journal of machine learning research 12, 2825-2830. 

Pérez-Pantoja, D., De la Iglesia, R., Pieper, D.H., González, B., 2008. Metabolic reconstruction of 
aromatic compounds degradation from the genome of the amazing pollutant-degrading 
bacterium Cupriavidus necator JMP134. FEMS microbiology reviews 32, 736-794. 

Peta, V., Raths, R., Bücking, H., 2021. Massilia horti sp. Nov. and noviherbaspirillum arenae sp. 
nov., two novel soil bacteria of the oxalobacteraceae. International journal of systematic 
and evolutionary microbiology 71. 

Phelps, W.J., Baughn, R., Black, H.S., 1980. Passage of Corynebacterium aquaticum through 
Membrane Filters. In Vitro: Journal of the Tissue Culture Association 16, 751-753. 



140  |  CSIRO Australia’s National Science Agency 

Philippot, L., Griffiths, B.S., Langenheder, S., 2021. Microbial Community Resilience across 
Ecosystems and Multiple Disturbances. Microbiology and molecular biology reviews 85, 
e00026-00020. 

Pinar-Méndez, A., Wangensteen, O.S., Præbel, K., Galofré, B., Méndez, J., Blanch, A.R., García-
Aljaro, C., 2022. Monitoring Bacterial Community Dynamics in a Drinking Water Treatment 
Plant: An Integrative Approach Using Metabarcoding and Microbial Indicators in Large 
Water Volumes. Water (Basel) 14, 1435. 

Polain, K., Knox, O., Wilson, B., Guppy, C., Lisle, L., Nachimuthu, G., Osanai, Y., Siebers, N., 2021. 
Distribution of subsoil microbial activity and biomass under Australian rotational cotton as 
influenced by system, crop status and season. Soil research (Collingwood, Vic.) 59, 547-558. 

Porter, A.W., Young, L.Y., 2014. Benzoyl-CoA, a universal biomarker for anaerobic degradation of 
aromatic compounds. Advances in applied microbiology 88, 167-203. 

Prescott, L.M., 1999. Microbiology, 4th ed. WCB/McGraw-Hill, Boston, Mass. 
Qu, J.-H., Yuan, H.-L., 2008. Sediminibacterium salmoneum gen. nov., sp. nov., a member of the 

phylum Bacteroidetes isolated from sediment of a eutrophic reservoir. International 
journal of systematic and evolutionary microbiology 58, 2191-2194. 

R Core Team, 2017. R: A language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. 

Raghavendra, A.K.H., Bissett, A.B., Thrall, P.H., Morin, L., Steinrucken, T.V., Galea, V.J., Goulter, 
K.C., van Klinken, R.D., 2017. Characterisation of above-ground endophytic and soil fungal 
communities associated with dieback-affected and healthy plants in five exotic invasive 
species. Fungal Ecology 26, 114-124. 

Raiber, M., Jorge, M., Suckow, A., Deslandes, A., Gerber, C., 2022. Assessment of the influence of 
geological structures on aquifer connectivity in the Pilliga Forest area, NSW – an integrated 
hydrogeological, geophysical, hydrochemical and environmental tracer approach. CSIRO, p. 
217. 

Raiber, M., Suckow, A., 2018. Hydrochemistry of the Pilliga Sandstone aquifer in NSW – data 
availability, preliminary assessment of spatial patterns and conceptual model uncertainties. 
CSIRO, GISERA, Canberra, p. 63. 

Ramírez-Camejo, L.a., Zuluaga-Montero, A., Lázaro-Escudero, M., Hernández-Kendall, V., Bayman, 
P., 2012. Phylogeography of the cosmopolitan fungus Aspergillus flavus: is everything 
everywhere? Fungal biology 116, 452-463. 

Reaves, G.A., Berrow, M.L., 1984. Total copper contents of Scottish soils. Journal of Soil Science 35, 
583-592. 

Roberts, D.W., 2020. Comparison of distance-based and model-based ordinations. Ecology 
(Durham) 101, 1-12. 

Rojo, F., 2009. Degradation of alkanes by bacteria: Minireview. Environmental Microbiology 11, 
2477-2490. 

Rosendahl, S., McGee, P., Morton, J.B., 2009. Lack of global population genetic differentiation in 
the arbuscular mycorrhizal fungus Glomus mosseae suggests a recent range expansion 
which may have coincided with the spread of agriculture. Molecular ecology 18, 4316-
4329. 

Ross, A.A., Rodrigues Hoffmann, A., Neufeld, J.D., 2019. The skin microbiome of vertebrates. 
Microbiome 7, 79-14. 

Rudgers, J.A., Fox, S., Porras‐Alfaro, A., Herrera, J., Reazin, C., Kent, D.R., Souza, L., Chung, Y.A., 
Jumpponen, A., 2022. Biogeography of root‐associated fungi in foundation grasses of North 
American plains. Journal of biogeography 49, 22-37. 

Ruming, K., 2015. Exploration in the house 2015: high precision zircon dating of tuffs in the 
Sydney-Gunnedah Basin, Exploration in the House 2015, p. 19. 



Chemical and microbial baseline studies and microbial degradation experiments of CSG chemicals in Narrabri NSW |  141 

Salam, M.A., Al-Amin, M.Y., Salam, M.T., Pawar, J.S., Akhter, N., Rabaan, A.A., Alqumber, M.A.A., 
2023. Antimicrobial Resistance: A Growing Serious Threat for Global Public Health. 
Healthcare (Basel) 11, 1946. 

Salcher, M.M., Pernthaler, J., Posch, T., 2011. Seasonal bloom dynamics and ecophysiology of the 
freshwater sister clade of SAR11 bacteria 'that rule the waves' (LD12). The ISME Journal 5, 
1242-1252. 

Salmachi, A., Rajabi, M., Wainman, C., Mackie, S., McCabe, P., Camac, B., Clarkson, C., 2021. 
History, Geology, In Situ Stress Pattern, Gas Content and Permeability of Coal Seam Gas 
Basins in Australia: A Review, Energies. 

Sanderson, S., 2013. Bibbliwindi Gas Exploration Pilot Expansion Environmental Impact Statement 
(EIS). Prepared by RPS Australia East for Santos NSE (Eastern). RPS Australia East Pty Ltd, 
Sydney, NSW. 

Schiff, S.L., Tsuji, J.M., Wu, L., Venkiteswaran, J.J., Molot, L.A., Elgood, R.J., Paterson, M.J., Neufeld, 
J.D., 2017. Millions of Boreal Shield Lakes can be used to Probe Archaean Ocean 
Biogeochemistry. Scientific reports 7, 46708-46708. 

Schinteie, R., Tran-Dinh, N., Vergara, T.J., Midgley, D.J., 2019. An estimation of chemical compound 
concentrations used in onshore gas production, a review of their degradation, and 
associated policy frameworks in South Australia. 

Schloss, P.D., Handelsman, J., 2004. Status of the Microbial Census. MICROBIOLOGY AND 
MOLECULAR BIOLOGY REVIEWS 68, 686-691. 

Schlumberger Water Services, 2011. Namoi Catchment Water Study Independent Expert Phase 2 
Report. Prepared for the Department of Trade and Investment, Regional Infrastructure and 
Services, NSW. Schlumberger Water Services (Australia) Pty Ltd, Perth, WA. 

Schlumberger Water Services, 2012. Namoi Catchment Water Study Independent Expert Phase 3 
Report. Prepared for the Department of Trade and Investment, Regional Infrastructure and 
Services, NSW. Schlumberger Water Services (Australia) Pty Ltd, Perth, WA. 

Seutin, G., White, B.N., Boag, P.T., 1991. Preservation of avian blood and tissue samples for DNA 
analyses. Canadian Journal of Zoology 69, 82-90. 

Shacklette, H.T., Boerngen, J.G., 1984. Element concentrations in soils and other surficial materials 
of the conterminous United States. U.S. geological survey professional papers. 

Shahid, M., Khan, M.S., 2019. Fungicide tolerant Bradyrhizobium japonicum mitigate toxicity and 
enhance greengram production under hexaconazole stress. Journal of environmental 
sciences (China) 78, 92-108. 

Shaw, A.K., Halpern, A.L., Beeson, K., Tran, B., Venter, J.C., Martiny, J.B.H., 2008. It's all relative: 
ranking the diversity of aquatic bacterial communities. Environmental microbiology 10, 
2200-2210. 

Simões, L.C., Lemos, M., Araújo, P., Pereira, A.M., Simões, M., 2011. The effects of glutaraldehyde 
on the control of single and dual biofilms of Bacillus cereus and Pseudomonas fluorescens. 
Biofouling (Chur, Switzerland) 27, 337-346. 

Simpson, J.M., Santo Domingo, J.W., Reasoner, D.J., 2004. Assessment of equine fecal 
contamination: the search for alternative bacterial source-tracking targets. FEMS 
microbiology ecology 47, 65-75. 

Singh, S.N., Kumari, B., Mishra, S., 2011. Microbial Degradation of Alkanes. Springer Berlin 
Heidelberg, Berlin, Heidelberg, pp. 439-469. 

Smerdon, B.D., Marston, F.M., Ransley, T.R., 2012. Water resource assessment for the Surat 
region. Summary of a report to the Australian Government from the CSIRO Great Artesian 
Basin Water Resource Assessment. CSIRO Water for a Healthy Country Flagship, Australia. 

Smidt, H., De Vos, W.M., 2004. Anaerobic microbial dehalogenation. Annual review of 
microbiology 58, 43-73. 



142  |  CSIRO Australia’s National Science Agency 

Smith, J.M., Mather, M.E., 2012. Using assemblage data in ecological indicators: A comparison and 
evaluation of commonly available statistical tools. Ecological indicators 13, 253-262. 

Sohlenkamp, C., Geiger, O., 2016. Bacterial membrane lipids: diversity in structures and pathways. 
FEMS Microbiology Reviews 40, 133-159. 

Sohn, Y.J., Son, J., Jo, S.Y., Park, S.Y., Yoo, J.I., Baritugo, K.-A., Na, J.G., Choi, J.-i., Kim, H.T., Joo, J.C., 
Park, S.J., 2021. Chemoautotroph Cupriavidus necator as a potential game-changer for 
global warming and plastic waste problem: A review. Bioresource technology 340, 125693-
125693. 

Speight, J.G., 2016. Handbook of hydraulic fracturing. John Wiley & Sons, Inc., Hoboken, New 
Jersey. 

State of the Catchments, 2010. State of the Catchments: Soil condition Namoi region. NSW 
Government, p. 12. 

Stokes, H.W., Holmes, A.J., Nield, B.S., Holley, M.P., Nevalainen, K.M.H., Mabbutt, B.C., Gillings, 
M.R., 2001. Gene Cassette PCR: Sequence-Independent Recovery of Entire Genes from 
Environmental DNA. Applied and Environmental Microbiology 67, 5240-5246. 

Student, 1908. The Probable Error of a Mean. Biometrika 6, 1-25. 
Sun, W., Dong, Y., Gao, P., Fu, M., Ta, K., Li, J., 2015. Microbial communities inhabiting oil-

contaminated soils from two major oilfields in Northern China: Implications for active 
petroleum-degrading capacity. The journal of microbiology 53, 371-378. 

Sutcliffe, B., Chariton, A.A., Harford, A.J., Hose, G.C., Greenfield, P., Midgley, D.J., Paulsen, I.T., 
2018. Diverse fungal lineages in subtropical ponds are altered by sediment-bound copper. 
Fungal ecology 34, 28-42. 

Swaney, M.H., Kalan, L.R., 2020. Corynebacterium Comparative Genomics Reveals a Role for 
Cobamide Sharing in the Skin Microbiome. Cold Spring Harbor Laboratory Press, Cold 
Spring Harbor. 

Tadros, N.Z., 1988. Structural subdivision of the Gunnedah Basin. Quarterly Notes - Geological 
Survey of New South Wales 73, 1-20. 

Tadros, N.Z., 1993. The Gunnedah Basin, New South Wales. Geological Survey of New South 
Wales, Memoir Geology 12. 

Tadros, N.Z., 1995. Gunnedah basin, in: Ward, C.R., Harrington, H.J., Mallett, C.W., Beeston, J.W. 
(Eds.), Geology of Australian coal basins. Geological Society of Australia, Coal Geology 
Group, Sydney, pp. 247-298. 

Tan, B., Nesbø, C., Foght, J., 2014. Re-analysis of omics data indicates Smithella may degrade 
alkanes by addition to fumarate under methanogenic conditions. The ISME Journal 8, 2353-
2356. 

Tan, B., Semple, K., Foght, J., 2015. Anaerobic alkane biodegradation by cultures enriched from oil 
sands tailings ponds involves multiple species capable of fumarate addition. FEMS 
microbiology ecology 91. 

Tanaka, K., 1992. Anaerobic oxidation of 1,5-pentanediol, 2-butanol, and 2-propanol by a newly 
isolated sulfate-reducer. Journal of fermentation and bioengineering 73, 362-365. 

Táncsics, A., Benedek, T., Szoboszlay, S., Veres, P.G., Farkas, M., Máthé, I., Márialigeti, K., Kukolya, 
J., Lányi, S., Kriszt, B., 2015. The detection and phylogenetic analysis of the alkane 1-
monooxygenase gene of members of the genus Rhodococcus. Systematic and Applied 
Microbiology 38, 1-7. 

Tedersoo, L., Hansen, K., Perry, B.A., Kjøller, R., 2006. Molecular and morphological diversity of 
pezizalean ectomycorrhiza. The New phytologist 170, 581-596. 

Tennen, R., Setlow, B., Davis, K.L., Loshon, C.A., Setlow, P., 2000. Mechanisms of killing of spores of 
Bacillus subtilis by iodine, glutaraldehyde and nitrous acid. Journal of applied microbiology 
89, 330-338. 



Chemical and microbial baseline studies and microbial degradation experiments of CSG chemicals in Narrabri NSW |  143 

Thoms, M., Norris, R., Harris, J., Williams, D., Cottingham, P., 1999. Environmental scan of the 
Namoi River Valley. Prepared for the Department of Land and Water Conservation and the  

Namoi River Management Committee. Cooperative Research Centre for Freshwater Ecology, 
Canberra, p. 72. 

Thorburn, P.J., Biggs, J.S., Weier, K.L., Keating, B.A., 2003. Nitrate in groundwaters of intensive 
agricultural areas in coastal Northeastern Australia. Agriculture, Ecosystems & Environment 
94, 49-58. 

Tidswell, E.C., Russell, N.J., White, G.F., 1996. Ether-bond scission in the biodegradation of alcohol 
ethoxylate nonionic surfactants by Pseudomonas sp. strain SC25A. Microbiology (Society 
for General Microbiology) 142, 1123-1131. 

Tongway, D.J., Ludwig, J.A., 1990. Vegetation and soil patterning in semi-arid mulga lands of 
Eastern Australia. Australian Journal of Ecology 15, 23-34. 

Totterdell, J.M., Moloney, J., Korsch, R.J., Krassay, A.A., 2009. Sequence stratigraphy of the 
Bowen–Gunnedah and Surat Basins in New South Wales. Australian Journal of Earth 
Sciences 56, 433-459. 

Tourna, M., Stieglmeier, M., Spang, A., KÃ¶nneke, M., Schintlmeister, A., Urich, T., Engel, M., 
Schloter, M., Wagner, M., Richter, A., Schleper, C., 2011. Nitrososphaera viennensis, an 
ammonia oxidizing archaeon from soil. Proceedings of the National Academy of Sciences - 
PNAS 108, 8420-8425. 

Tran-Dinh, N., Gong, S., Pinetown, K., Vergara, T.J., Schinteie, R., Mariani, C., Greenfield, P., 
Midgley, D.J., 2022. Environmental monitoring and microbial degradation of onshore shale 
gas activity chemicals and fluids. CSIRO 

GISERA. 
Valentini, A., Taberlet, P., Miaud, C., Civade, R., Herder, J., Thomsen, P.F., Bellemain, E., Besnard, 

A., Coissac, E., Boyer, F., Gaboriaud, C., Jean, P., Poulet, N., Roset, N., Copp, G.H., Geniez, 
P., Pont, D., Argillier, C., Baudoin, J.-M., Peroux, T., Crivelli, A.J., Olivier, A., Acqueberge, M., 
Le Brun, M., Møller, P.R., Willerslev, E., Dejean, T., 2016. Next-generation monitoring of 
aquatic biodiversity using environmental DNA metabarcoding. Molecular Ecology 25, 929-
942. 

van der Heijden, M.G.A., Martin, F.M., Selosse, M.-A., Sanders, I.R., 2015. Mycorrhizal ecology and 
evolution: the past, the present, and the future. New Phytologist 205, 1406-1423. 

Van Dyke, M.I., Lee, H., Trevors, J.T., 1996. Survival of luxAB-marked Alcaligenes eutrophus H850 
in PCB-contaminated soil and sediment. Journal of chemical technology and biotechnology 
(1986) 65, 115-122. 

Van Le, V., Ko, S.R., Kang, M., Jeong, S., Oh, H.M., Ahn, C.Y., 2023. Comparative Genome analysis of 
the Genus Curvibacter and the Description of Curvibacter microcysteis sp. nov. and 
Curvibacter cyanobacteriorum sp. nov., Isolated from Fresh Water during the 
Cyanobacterial Bloom Period. Journal of microbiology and biotechnology 33, 1428-1436. 

Vargas, D.A., Betancourt-Barszcz, G.K., Chávez-Velado, D.R., Sánchez, A., Bueno López, R., Sanchez-
Plata, M.X., 2023. Bio-Mapping of Microbial Indicators and Pathogen Quantitative Loads in 
Commercial Broiler Processing Facilities in South America. Foods 12, 3600. 

Vázquez, S., Nogales, B., Ruberto, L., Mestre, C., Christie-Oleza, J., Ferrero, M., Bosch, R., Mac 
Cormack, W.P., 2013. Characterization of bacterial consortia from diesel-contaminated 
Antarctic soils: Towards the design of tailored formulas for bioaugmentation. International 
biodeterioration & biodegradation 77, 22-30. 

Vela, A.I., Mateos, A., Collins, M.D., Briones, V., Hutson, R.A., Dominguez, L., Fernandez-
Garayzabal, J.F., 2003. Corynebacterium suicordis sp. nov., from pigs. International Journal 
of Systematic and Evolutionary Microbiology 53, 2027-2031. 



144  |  CSIRO Australia’s National Science Agency 

Virtanen, P., Gommers, R., Oliphant, T.E., Haberland, M., Reddy, T., Cournapeau, D., Burovski, E., 
Peterson, P., Weckesser, W., Bright, J., van der Walt, S.J., Brett, M., Wilson, J., Millman, K.J., 
Mayorov, N., Nelson, A.R.J., Jones, E., Kern, R., Larson, E., Carey, C.J., Polat, İ., Feng, Y., 
Moore, E.W., VanderPlas, J., Laxalde, D., Perktold, J., Cimrman, R., Henriksen, I., Quintero, 
E.A., Harris, C.R., Archibald, A.M., Ribeiro, A.H., Pedregosa, F., van Mulbregt, P., 
Vijaykumar, A., Bardelli, A.P., Rothberg, A., Hilboll, A., Kloeckner, A., Scopatz, A., Lee, A., 
Rokem, A., Woods, C.N., Fulton, C., Masson, C., Häggström, C., Fitzgerald, C., Nicholson, 
D.A., Hagen, D.R., Pasechnik, D.V., Olivetti, E., Martin, E., Wieser, E., Silva, F., Lenders, F., 
Wilhelm, F., Young, G., Price, G.A., Ingold, G.L., Allen, G.E., Lee, G.R., Audren, H., Probst, I., 
Dietrich, J.P., Silterra, J., Webber, J.T., Slavič, J., Nothman, J., Buchner, J., Kulick, J., 
Schönberger, J.L., de Miranda Cardoso, J.V., Reimer, J., Harrington, J., Rodríguez, J.L.C., 
Nunez-Iglesias, J., Kuczynski, J., Tritz, K., Thoma, M., Newville, M., Kümmerer, M., 
Bolingbroke, M., Tartre, M., Pak, M., Smith, N.J., Nowaczyk, N., Shebanov, N., Pavlyk, O., 
Brodtkorb, P.A., Lee, P., McGibbon, R.T., Feldbauer, R., Lewis, S., Tygier, S., Sievert, S., 
Vigna, S., Peterson, S., More, S., Pudlik, T., Leslie, T., 2020. Author Correction: SciPy 1.0: 
fundamental algorithms for scientific computing in Python (Nature Methods, (2020), 17, 3, 
(261-272), 10.1038/s41592-019-0686-2). Nature methods 17, 352. 

Wang, F., Li, M., Huang, L., Zhang, X.-H., 2021a. Cultivation of uncultured marine microorganisms. 
Marine life science & technology 3, 117-120. 

Wang, W., Shao, Z., 2013. Enzymes and genes involved in aerobic alkane degradation. Frontiers in 
Microbiology 4, 41620-41620. 

Wang, Y., Jin, Y., Han, P., Hao, J., Pan, H., Liu, J., 2021b. Impact of Soil Disinfestation on Fungal and 
Bacterial Communities in Soil With Cucumber Cultivation. Frontiers in microbiology 12, 
685111-685111. 

Warcup, J.H., 1967. Chapter 3 - Fungi In Soil. Elsevier Inc, pp. 51-110. 
Waskom, M.L., 2021. seaborn: statistical data visualization. Journal of Open Source Software 6, 

3021-3021. 
Webb, G.A., Simpson, J.A., 1991. Notes on Some Australian Fungus Beetles and Their Hosts and 

Parasites (Coleoptera). The Coleopterists bulletin 45, 42-44. 
Wellman, P., McDougall, I., 1974. Potassium‐argon ages on the Cainozoic volcanic rocks of New 

South Wales. Journal of the Geological Society of Australia 21, 247-272. 
Welsh, W., Hodgkinson, J., Strand, J., Northey, J., Aryal, S., O’Grady, A., Slatter, E., Herron, N., 

Pinetown, K., Carey, H., Yates, G., Raisbeck-Brown, N., Lewis, S., 2014. Context statement 
for the Namoi subregion. Product 1.1 from the Northern Inland. Department of the 
Environment, Bureau of Meteorology, CSIRO and Geoscience Australia, Australia. 

Whipp, R.K., Lunt, I.D., Spooner, P.G., Bradstock, R.A., 2012. Changes in forest structure over 60 
years: tree densities continue to increase in the Pilliga forests, New South Wales, Australia. 
Australian Journal of Botany 60, 1-8. 

Witkowska, D., Ginter-Kramarczyk, D., Holderna-Odachowska, A., Budnik, I., Kaczorek, E., 
Lukaszewski, Z., Zembrzuska, J., 2018. Biodegradation of oxyethylated fatty alcohols by 
bacterium pseudomonas alcaligenes; AE biodegradation by pseudomonas alcaligenes. 
TENSIDE SURFACTANTS DETERGENTS 55, 43-48. 

Wray, R.A.L., 2009. Palaeochannels of the Namoi River Floodplain, New South Wales, Australia: the 
use of multispectral Landsat imagery to highlight a Late Quaternary change in fluvial 
regime. Australian Geographer 40, 29-49. 

WRM Water and Environment Pty Ltd and the Narrabri Shire Floodplain Risk Management 
Committee, 2016. Narrabri Flood Study: Namoi River, Mulgate Creek and Long Gully. 
Prepared for Narrabri Shire Council. WRM Water & Environment Pty Ltd and the Narrabri 
Shire Floodplain Risk Management Committee. 



Chemical and microbial baseline studies and microbial degradation experiments of CSG chemicals in Narrabri NSW |  145 

Wu, Q.L., Zwart, G., Schauer, M., Kamst-Van Agterveld, M.P., Hahn, M.W., 2006. Bacterioplankton 
Community Composition along a Salinity Gradient of Sixteen High-Mountain Lakes Located 
on the Tibetan Plateau, China. Applied and Environmental Microbiology 72, 5478-5485. 

Xin, Q., Saborimanesh, N., Greer, C.W., Farooqi, H., Dettman, H.D., 2023. The effect of 
temperature on hydrocarbon profiles and the microbial community composition in North 
Saskatchewan River water during mesoscale tank tests of diluted bitumen spills. The 
Science of the total environment 859, 160161-160161. 

Xu, J.-L., He, J., Wang, Z.-C., Wang, K., Li, W.-J., Tang, S.-K., Li, S.-P., 2007. Rhodococcus qingshengii 
sp. nov., a carbendazim-degrading bacterium. International journal of systematic and 
evolutionary microbiology 57, 2754-2757. 

Yang, Y., Wang, J., Liao, J., Xie, S., Huang, Y., 2015. Abundance and diversity of soil petroleum 
hydrocarbon-degrading microbial communities in oil exploring areas. Applied microbiology 
and biotechnology 99, 1935-1946. 

Yeo, S.W., 2002. Flooding in Australia: A Review of Events in 1998. Natural Hazards 25, 177-191. 
Yoder, M., Tandingan De Ley, I., King, I.W., Mundo-Ocampo, M., Mann, J., Blaxter, M., Poiras, L., 

De Ley, P., 2006. DESS: A versatile solution for preserving morphology and extractable DNA 
of nematodes. Nematology 8, 367-376. 

Young, R.W., Young, A.R.M., Price, D.M., Wray, R.A.L., 2002. Geomorphology of the Namoi alluvial 
plain, northwestern New South Wales. Australian Journal of Earth Sciences 49, 509-523. 

Yurimoto, H., Kato, N., Sakai, Y., 2005. Assimilation, dissimilation, and detoxification of 
formaldehyde, a central metabolic intermediate of methylotrophic metabolism. Chemical 
record 5, 367-375. 

Zembrzuska, J., Budnik, I., Lukaszewski, Z., 2016. Parallel pathways of ethoxylated alcohol 
biodegradation under aerobic conditions. The Science of the total environment 557-558, 
612-619. 

Zhao, J.-K., Li, X.-M., Zhang, M.-J., Jin, J.-h., Jiang, C.-Y., Liu, S.-J., 2013. Parapedobacter 
pyrenivorans sp. nov., isolated from a pyrene-degrading microbial enrichment, and 
emended description of the genus Parapedobacter. International journal of systematic and 
evolutionary microbiology 63, 3994-3999. 

Zhou, T., Zheng, X., Tang, J., Qin, J., Wang, Y., 2017. Effect of three commercial microbial products 
on bacterial community in a freshwater fish polyculture system. Aquaculture Research 48, 
4449-4460. 

Zhu, F., Xiao, J., Zhang, Y., Wei, L., Liang, Z., 2020. Dazomet application suppressed watermelon 
wilt by the altered soil microbial community. Scientific reports 10, 21668-21668. 

 

 



146  |  CSIRO Australia’s National Science Agency 

As Australia’s national science agency and 
innovation catalyst, CSIRO is solving the 
greatest challenges through innovative 
science and technology. 
CSIRO. Unlocking a better future for everyone. 

Contact us 
1300 363 400 
+61 3 9545 2176 
csiro.au/contact 
csiro.au 

For further information 
CSIRO Energy 
Richard Schinteie 
+61 2 9413 7954 
richard.schinteie@csiro.au 
csiro.au/energy 
 

 
 

 

http://www.csiro.au/contact
http://www.csiro.au/

	Contents
	Figures
	Tables

	Acknowledgments
	Executive summary
	1 Glossary
	2 Aims and introduction
	2.1 Project aims
	2.2 Land use in the Narrabri Region
	2.3 Basic geology of the Narrabri region
	Geology of the Gunnedah Basin
	2.3.1 Geology of the Surat Basin
	2.3.2 Geology of Cenozoic alluvium

	2.4 Hydrogeology of the region
	2.5 Surface waters of the region
	2.6 Introduction to soils
	2.6.1 Soils in the present study
	Vertosol
	Sodosols and other soils


	2.7 Introduction to microbial diversity and ecosystem function
	2.8 Molecular approaches to microbiology
	2.9 State of knowledge: microbial communities in the NGP
	2.10  Chemicals of potential concern used in gas production
	2.10.1 Alcohol ethoxylates
	Alcohol ethoxylate mixture #1
	Alcohol ethoxylate mixture #2
	2.10.2 Hydrocarbons
	2.10.3 Monoethanolamine
	2.10.4 Dazomet and methyl isothiocyanate
	2.10.5 Glutaraldehyde
	2.10.6 3,3'-Methylenebis(5-methyloxazolidine)

	2.11  Microbial degradation of chemicals
	2.11.1 Microbial degradation of alcohol ethoxylates
	2.11.2 Microbial degradation of hydrocarbons
	2.11.3 Microbial degradation of monoethanolamine
	2.11.4 Microbial degradation of dazomet or methyl isothiocyanate (MITC)
	2.11.5 Microbial degradation of glutaraldehyde
	2.11.6 Microbial degradation of 3,3'-methylene-bis(5-methyloxazolidine)

	2.12  Other microbial or ecological responses to chemicals
	2.12.1 Resistance to chemicals
	2.12.2 Ecological considerations
	2.12.3 Alteration of groundwater, surface water or soil chemistry


	3 Brief methods
	3.1 Sampling information
	3.1.1 Chemical baseline sampling
	3.1.2 Preservation of microbial communities
	3.1.3 Collection of ‘live’ microbes
	3.1.4 Sample locations

	3.2 Chemical baselining
	3.3 Baselining prokaryotic and fungal communities
	3.3.1 DNA extractions
	3.3.2 16S or ITS PCRs
	16S
	ITS

	3.3.3 DNA sequencing analysis and bioinformatics

	3.4 Microcosm experiments
	3.5 Chemical assessment of microbial degradation of specific compounds
	3.6 Microbial use of chemicals as a sole source of carbon
	3.7 Statistics
	3.7.1 Independent t-tests
	3.7.2 Correlations
	3.7.3 PERMANOVA
	3.7.4 SIMPER
	3.7.5 Ordination methods (PCA and nMDS)
	3.7.6 Software used in the present study


	4 Results and discussion
	4.1 Physico-chemistry of water and soil samples
	4.1.1 Groundwater samples of the region
	4.1.2 Surface water samples of the region
	4.1.3 Soil samples of the region

	4.2 Microbial baseline data for the Narrabri region
	4.2.1 Groundwater bacterial baseline data
	4.2.2 Surface water bacterial data
	4.2.3 Soil bacterial data
	4.2.4 Surface waters fungal data
	4.2.5 Soil fungal data
	Seasonality


	4.3 Chemical degradation and community impact assessment
	4.3.1 Community impact assessment
	Dazomet
	Drilling mixture: MEA and AEM#2
	Workover mixture: Hydrocarbons and AEM#1
	Glutaraldehyde
	MBO
	Summary of microbial community impact of chemical additions

	4.3.2 Fungal community changes

	4.4 Sole carbon microbial chemical use study
	4.4.1 General overview
	4.4.2 Contaminant taxa
	4.4.3 Alcohol ethoxylates
	4.4.4 Hydrocarbons
	4.4.5 Monoethanolamine
	4.4.6 Dazomet
	4.4.7 Glutaraldehyde
	4.4.8 3,3’-methylenebis(5-methyloxazolidine)


	5 Conclusions
	References

