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Abstract: Organic compounds in Australian coal seam gas produced water (CSG water) 
are poorly understood despite their environmental contamination potential. In this study, 
the presence of some organic substances is identified from government-held CSG  
water-quality data from the Bowen and Surat Basins, Queensland. These records revealed 
the presence of polycyclic aromatic hydrocarbons (PAHs) in 27% of samples of CSG water 
from the Walloon Coal Measures at concentrations <1 µg/L, and it is likely these 
compounds leached from in situ coals. PAHs identified from wells include naphthalene, 
phenanthrene, chrysene and dibenz[a,h]anthracene. In addition, the likelihood of coal-derived 
organic compounds leaching to groundwater is assessed by undertaking toxicity leaching 
experiments using coal rank and water chemistry as variables. These tests suggest higher 
molecular weight PAHs (including benzo[a]pyrene) leach from higher rank coals, whereas 
lower molecular weight PAHs leach at greater concentrations from lower rank coal. Some 
of the identified organic compounds have carcinogenic or health risk potential, but they are 
unlikely to be acutely toxic at the observed concentrations which are almost negligible 
(largely due to the hydrophobicity of such compounds). Hence, this study will be useful to 
practitioners assessing CSG water related environmental and health risk. 
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1. Introduction 

The commercial production of CSG (coal seam gas, also known as “coalbed methane”, “coal seam 
methane” or “coalbed natural gas”) in the Bowen and Surat Basins, Queensland (QLD) has emerged as 
an important unconventional natural gas supply and cleaner energy alternative than conventional fossil 
fuels. CSG production requires the withdrawal of groundwater from coal seams and associated strata 
to depressurize the coal, allowing natural gas (mainly methane) held in coal micropores to desorb and 
flow through the coal’s fractures to a production well for extraction. The groundwater withdrawn from 
coal measures is referred to here as “CSG water”, but is also commonly known as “produced water”, 
“formation water” or “associated water”. In 2009–2010, an estimated 17 gigalitres (GL) of CSG water 
was extracted from Queensland gas fields supplying the domestic gas market [1]. As CSG production 
increases to supply international liquefied natural gas (LNG) markets, annual volumes of extracted 
CSG water are estimated to increase to over ten times the 2009/2010 production rate (e.g., to about  
200 GL/year by 2030) [2]. 

CSG water is distinct from “flowback water”, which is the fluid recovered from a gas production 
well soon after water, sand and other chemical additives have been injected during hydraulic fracturing 
(“fracking”). Where hydraulic fracturing occurs, the “flowback water” is extracted and its volume is 
usually 110%–150% the volume of the injected fracturing fluid considering the contribution of 
formation water. Any produced water after the 110%–150% volume recovery of flowback water 
should be considered CSG water [3]. Furthermore, distinctions should be made between coal seam gas 
and other unconventional gas resources such as shale gas and underground coal gasification (UCG), to 
avoid incorrectly applying environmental management strategies which are specific to other types of 
technology in the gas industry. 

The withdrawal and disposal of CSG water is perhaps the most important environmental 
management issue associated with CSG production, due to the large volumes of water being extracted, 
its specific water quality and its natural variations [4,5]. The often highly sodic and alkaline chemical 
composition of CSG water in Queensland presents potential risks to surface soils, shallow aquifers and 
watersheds [6,7]. Under the Environmental Protection Act 1994, CSG water is defined as a waste 
product of gas extraction. However, the Queensland government (Department of Environment and 
Heritage Protection) strongly encourages the beneficial reuse of CSG water for the environment, 
landholder and rural communities as best management practice [8]. 

1.1. Co-Produced Water and Human Health 

Whereas attention has been given to assessing environmental risk related to CSG water, little 
scientific consideration is given to human health impacts. Community groups opposed to CSG 
development often make unqualified public statements insinuating human toxicity risk from CSG 
production water (e.g., [9]). Additionally, several studies [10–13] hypothesize the link between coal 
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derived organic compounds in rural groundwater and kidney disease (Balkan Endemic Nephropathy, 
BEN). However, very few studies directly assess CSG water composition and its potential for adverse 
human health impacts. Closing this knowledge gap would best constrain the risk (if any) to 
landholders and communities in QLD that access water supply from coal associated aquifers  
(e.g., Walloon Coal Measures), communities receiving potable supply from treated CSG water [14] 
and stakeholders who may be exposed directly or indirectly to CSG water [15]. 

Most studies of CSG water quality focus on its inorganic composition, including salinity, high 
sodicity and trace metal occurrence [16–25]. For example, the vast majority of QLD CSG waters 
contain elevated Na+, HCO3− and sometimes Cl− as the dominant ions, have fresh to brackish salinity 
(200–10,000 mg/L) and neutral to basic pH (pH 7–9) [6,26]. However, the concentrations of the major ions 
in CSG water are often site or basin specific, reflecting localized lithological and hydrological controls. 

Less literature exists regarding the organic composition of CSG water. Coal is a complex, organic 
sedimentary rock that contains many compounds that are known, or have the potential to be, hazardous 
to human health. These include polycyclic aromatic hydrocarbons (PAHs), heterocyclic compounds, 
phenolics, biphenyls and aromatic amines. Since CSG water is groundwater in contact with coal, there 
is potential for leaching of trace levels of organic compounds from those coals. Among the more 
important factors that influence the inventory of potentially mobile organic compounds in coal are 
maceral type, coal rank, coal age and the nature of microbial degradation acting on those coals [27]. 
While there is a theoretical likelihood for potentially toxic organic compounds in CSG water, studies 
testing and discussing this are scarce (see [27–29]). 

In Queensland, publicly available baseline and monitoring data regarding organic substances in 
CSG water is mainly limited to company environmental impact assessments and consultant reports [30,31]. 
These data are often limited to the common aromatic compound classes—PAHs, phenolics and BTEXs 
(benzene, toluene, ethylbenzene and xylene)—which are all usually reported below detection limits 
from well and holding pond samples. 

The organic composition of CSG water from the Powder River Basin (WY, USA) was described as 
part of a larger study on the potential health effects of coal derived organics [28]. At ultra-trace 
detection levels (<1 µg/L), the most commonly observed group of organic compounds from the 
Powder River Basin CSG waters were the PAHs (with total PAH concentrations ranging up to  
23 µg/L), along with trace levels of phenols, biphenyls, heterocyclic compounds and aromatic amines. 
Similar compounds have been reported (at trace levels) in CSG water from other US gas plays such as 
the Black Warrior Basin, Tongue River Basin, Williston Basin and Illinois Basin [32]. In addition to 
the semi-volatile aromatics, BTEX compounds have been detected in CSG water from wells targeting 
the San Juan and Raton basins in the United States, with benzene concentrations ranging from below 
detection limits, up to 500 µg/L [26]. BTEX compounds have also been reported from eight CSG 
exploration wells in the Surat Basin, but little specific information is publicly available [27]. 

In assessing human health risk, presence of chemical compounds alone does not automatically 
equate to higher risk. Concentrations, bioavailability and exposure pathways are equally important 
variables impacting risk but identification of potential toxins in source material (CSG water) are the 
first requirement in risk assessment. The high density of CSG production wells in the Surat and Bowen 
Basins of southern Queensland provides an excellent opportunity to characterize the organic 
composition of CSG water. This study determines the concentration and types of some likely coal-derived 
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organic compounds in CSG water from production wells targeting Jurassic Walloon Coal Measures of 
the Surat Basin and the Permian Bandanna Formation of the Bowen Basin from a 2010 dataset. In 
addition, in order to test for leachable organic compounds from coal and therefore potential 
contaminants in CSG water, we undertook a series of leachate experiments on fresh coal samples of 
differing rank. Preliminary experimental results are presented to characterize the release of aromatic 
compounds from coal to water. These findings are pertinent to future human health and environmental 
risk assessment as the first step in clarifying the presence of potential toxins. 

1.2. Study Areas 

The Permian to Triassic Bowen Basin is the northern extension of the Bowen-Gunnedah-Sydney 
Basin system of eastern Australia. To the west the Bowen Basin is linked to the Galilee and Cooper 
Basins and to the south, it is overlain by the Surat Basin (Figure 1). CSG fields currently in production 
in Queensland include both Bowen and Surat Basin coal seams (Bandanna Formation and Walloon 
Coal Measures, respectively). 

Figure 1. Coal seam gas (CSG) water study areas and localities for coal samples used in 
leaching experiments. The red boxes mark high production areas where CSG water is 
extracted from the Bandanna Formation (Bowen Basin) and Walloon Coal Measures  
(Surat Basin). The desktop CSG water quality data was taken from these areas. 
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1.2.1. Bandanna Formation, Bowen Basin 

The late Permian Bandanna Formation consists of siltstone, lithic sandstone, carbonaceous shale 
and coal. The depositional setting of the Bandanna Formation is interpreted as a large fluvio-deltaic 
system infilling a lake, or a land-locked sea, which is recorded in the underlying Black Alley Shale [33]. 
The seams targeted for gas production in the study area consist of high vitrinite coals (up to 70%) with 
a mean maximum vitrinite reflectance (Rv, max) of approximately 0.9% [34]. The Bandanna coals of 
the study area are high volatile-A (HvA) bituminous to medium volatile (Mv) bituminous in rank and 
in general, they occur in relatively thicker and more laterally extensive seams than that of the Walloon 
Coal Measures of the eastern Surat Basin [35,36]. 

1.2.2. Walloon Coal Measures, Eastern Surat Basin 

The Walloon Coal Measures consists of lithic sandstones, siltstones and claystones with thin coal 
seams [37,38]. The depositional setting of the Walloon Coal Measures was an alluvial plain, traversed 
by meandering streams. Coal measures occurred mainly as swampy overbank and flood plain deposits. 
Coal seams thicknesses are variable and are often split as a result of from constant stream channel 
switching [37,39,40]. Coal seams targeted for CSG production are the Juandah and Taroom coal 
measures which are separated by the Tangalooma Sandstone and unconformably overlain by the 
Springbok Sandstone. The coals of the study area are sub-bituminous to high volatile-C (HvC) 
bituminous with an Rv, max between 0.35% and 0.65% [36,38]. CSG well depths of the study area are 
451–825 m and rank increases with depth [36,38]. 

2. Methods 

2.1. CSG Water Organic Analyses 

Desktop analysis of government-held water quality data from gas producing wells was conducted to 
characterise some organic compounds in CSG water. The data were originally collected by the CSG 
industry and supplied to QLD Government as a regulatory requirement. It is assumed that all relevant 
quality assurance and control checks were conducted by the samplers and analysts that produced these 
datasets, although chain of custody data were not available. 

The dataset included organic analyses from 58 production wells targeting the Permian Bandanna 
Formation from 2009 to 2010 and 47 production wells from the Walloon Coal Measures from 2010. 
Additional organic analyses were from the holding pond of the Walloon Coal Measures production 
area from 2010. Analytes are common organic compound classes of environmental importance  
(e.g., PAHs, phenolics and BTEXs). 

2.2. Leaching Experiments 

A series of leaching experiments was undertaken on a range of coals of differing rank in order to 
determine the potential leachability of semi-volatile PAHs and phenolic compounds. The patterns of 
aromatic compounds in coal change with increasing coal maturity [41–43] and therefore the water 
leachable aromatic fraction may also change. The experiments aimed to assess the difference in 
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mobility of PAHs and phenolics from coals of different rank (lignite to bituminous) when leached 
using different water types (acidic to basic). The toxicity characteristic leaching procedure (TCLP) is a 
standard method (United States Environmental Protection Agency, USEPA, Washington, DC, USA) to 
determine the mobility of both organic and inorganic analytes present in liquid and solid materials 
(USEPA Method No. 1311) and was here adapted and applied to solid coal samples. Table 1 shows the 
leaching conditions used in this study. In addition to TCLPs performed with the standard acetic acid 
fluid, adapted TCLP experiments were also performed with deionized water and a synthetic CSG 
water solution. Coal samples were leached in triplicate with deionized water including a batch of tests 
conducted with powdered coal samples (<400 µm). Coal samples were leached in duplicate with the 
synthetic CSG water (Table 1). 

Table 1. Leaching experiments and conditions. All experiments were performed at room 
temperature (25 °C) for 18.5 h. 

Sample# Coal Leachant 
A-LIG-1 Lignite TCLP Extraction fluid # 1 
A-SUB-1 HvA-bituminous TCLP Extraction fluid # 1 
A-BIT-1 Mv-bituminous TCLP Extraction fluid # 1 
N-LIG-1 Lignite Deionised water 
N-SUB-1 HvA-bituminous Deionised water 
N-BIT-1 Mv-bituminous Deionised water 
B-LIG-1 Lignite Synthetic CSG 
B-SUB-1 HvA-bituminous Synthetic CSG 
B-BIT-1 Mv-bituminous Synthetic CSG 
N-LIG-2 Lignite Deionised water 
N-SUB-2 HvA-bituminous Deionised water 
N-BIT-2 Mv-bituminous Deionised water 
B-LIG-2 Lignite Synthetic CSG 
B-SUB-2 HvA-bituminous Synthetic CSG 
B-BIT-2 Mv-bituminous Synthetic CSG 
P-LIG-3 Lignite * Deionised water 
P-SUB-3 HvA-bituminous * Deionised water 
P-BIT-3 Mv-bituminous * Deionised water 

NB-1 n/a Deionised water 
BB-1 n/a Synthetic CSG 

Notes: n/a = control samples, * powdered (<400 µm) coal samples. 

The deionized water leachant for all leach experiments was Milli-Q ultra-filtered water. The 
synthesized CSG water used was mixed according to the observed ionic character of production 
waters. Most often, the dominant ions in QLD CSG water are sodium (Na+), bicarbonate (HCO−3) and 
chloride (Cl−). To achieve this Na-HCO3-Cl chemical type, analytical grade sodium chloride (NaCl) 
and sodium bicarbonate (NaHCO3) were dissolved in Milli-Q water. The final pH of the synthetic CSG 
water used in each extraction varied from 8.6 to 8.9 with an average total dissolved solids (TDS) 
concentration of 1350 mg/L. 
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All glassware used in the leaching experiments was cleaned carefully to minimize contamination. 
Prior to use in leach experiments or filtrations of leachates: glassware and Teflon lined caps were hot 
soaked in detergent overnight, scrubbed and rinsed successively in tap water, deionised water and 
acetone. If any excessive contamination was observed on the equipment, it was soaked overnight in 
20% nitric acid prior to the regular rinsing process. Glassware and glass fiber filters were baked in an 
oven overnight at 150 °C before use in experiments and sample collection the next day. Glassware 
used to collect filtered samples was pre-contaminated with a small volume of filtrate and that volume 
was discarded before additional filtering took place. Controls were treated in the same way as samples 
during the experiments. 

Extraction and Analysis 

All TCLP leachates were vacuum filtered through 0.6–0.8 µm glass fiber filters with glass and 
porcelain filtration apparatus and collected in amber glass bottles with Teflon-lined caps. In brief, all 
filtered TCLP samples were stored at <4 °C for sample preservation prior to liquid/liquid extraction 
with dichloromethane for analysis. Analysis was conducted using a Finnigan SSq 710 gas 
chromatography/mass spectrometer operating in full scan mode according to Queensland Health and 
Forensic Scientific Services (QHFSS) SOP No. 15639 for PAHs and phenols. 

2.3. Coal Samples 

All coal samples used in the leach experiments were taken from open-cut coal operations in eastern 
Australia. The coal samples and their properties are shown in Table 2. The surface portion of each coal 
sample was chipped away to maximize fresh exposed coal. 

Table 2. Coal samples used for leaching experiments and basic properties. Figure 1 shows 
the locations of basins and coal mines relevant to this study. 

Sample Locality Age 
Carbon %  

(d.a.f *) 
Vitrinite Reflectance  

(Rv, Max) 
Rank 

LIG Gippsland Basin, Victoria Middle Miocene 66 0.3% Lignite B 

SUB Moreton Basin, Queensland Middle Jurassic 80 0.57% 
High volatile  
bituminous A 

BIT 
Sydney-Gunnedah Basin,  

New South Wales 
Early Permian 85 0.67% 

Medium volatile  
bituminous 

Note: * Dry, ash free. 

3. CSG Water Results 

CSG waters from production wells targeting the Bandanna Formation contain no PAH or BTEX 
compounds above detection limits. The minimum detection limit for PAHs in the Bandanna Formation 
analyses was 1 µg/L, except for benzo[a]pyrene (0.5 µg/L). BTEX compounds were analyzed at 1 to  
2 µg/L detection limits. These detection limits are equal to those applied to organic analyses in publicly 
available reports which also reported nil detections for aromatic compounds e.g., [31]. Currently, there 
is no standard set for analytical detection levels of aromatic compounds from coal seam gas water. 
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Detection limits used in the Walloon Coal Measures CSG water samples (circa 0.01 µg/L) were 
two orders of magnitude lower than the Bandanna Formation analysis. The concentrations and 
detection limits for select organic compounds from CSG waters of the Walloon Coal Measures are 
shown in Table 3. 13 of the 47 wells analyzed (27%) had ultra-trace concentrations of PAH 
compounds. All 47 wells had nil detections for phenolic compounds and the 14 wells analyzed for 
BTEX compounds also reported nil detections. 

The most commonly detected PAHs were naphthalene and phenanthrene which were both detected 
in seven sampled wells. The maximum naphthalene and phenanthrene concentrations from a single well 
were 0.046 µg/L and 0.02 µg/L, respectively. Of all detected PAHs, naphthalene was detected at the 
highest concentration, followed by benzo[b+k]fluoranthene (0.033 µg/L). The benzo[b+k]fluoranthene 
analyte is the total concentration of the benzo[b]fluoranthene and benzo[k]fluoranthene compounds 
and individual concentrations of each cannot be ascertained. Of the 47 sampled wells, only five 
produced CSG water with more than one individual PAH compound and the maximum total PAH 
concentration reported from any single well was 0.083 µg/L. 

Table 3. Concentrations of polycyclic aromatic hydrocarbons (PAHs) from Walloon Coal 
Measures’ CSG waters, as sampled from production wells. Only detected PAHs are shown. 
BDL = below detection limit. 

PAHs 
Detection Limit  

(µg/L) 
Range (µg/L) 

% of Wells with  
Detections 

Naphthalene 0.01 BDL–0.046 23 
Phenanthrene 0.01 BDL–0.046 20 

Pyrene 0.01 BDL–0.01 2 
Chrysene 0.01 BDL–0.016 2 

Benzo[b+k]fluoranthene 0.01 BDL–0.033 9 
Dibenz[a,h]anthracene 0.01 BDL–0.014 9 

3.1. CSG Water Holding Pond 

The CSG water holding pond of the Walloon production area was sampled six times over a one 
month period in 2010. In this dataset, naphthalene and phenol were the only detected compounds at 
0.06 µg/L and 0.3 µg/L, respectively. Both analytes were only detected once during the sampling 
program. None of the higher molecular weight PAHs were detected in the holding pond. 

3.2. Leaching Experiment Results 

No PAHs or phenolic compounds were reported in the leachates of the standard TCLPs performed 
with the acetic acid solution from any coal rank. The minimum detection levels for that group of 
TCLPs were 0.5–1 µg/L for PAHs and 1–2 µg/L for phenolics. These results suggest that even during 
a high energy agitation in an acid fluid, these aromatic compounds will not leach at considerable 
concentrations. Analytical detection levels for the deionized and synthetic CSG water solutions  
were lowered appropriately to assess whether these hydrophobic substances will leach at ultra-trace  
(0.01 µg/L) concentrations. 
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PAHs were present in the deionized water (Table 4) and synthetic CSG water (Table 5) leachates. 
Individual PAH compounds leached from coal samples included: naphthalene, phenanthrene, 
fluoranthene, pyrene, chrysene, benz[a]anthracene, benzo[b+k]fluoranthene and benzo[a]pyrene. 
Naphthalene was detected at the highest concentrations (0.42 to 0.67 µg/L) and only leached from 
lignite. The only other PAH compound to leach from lignite samples was phenanthrene (at a 
concentration of 0.01 µg/L) and only in one synthetic CSG water leach. In four of the five tests 
performed with lignite, phenol leached at average concentrations of 0.3 µg/L. 

Table 4. Concentration ranges of selected organics from toxicity characteristic leaching 
procedure (TCLP) experiments performed with deionized water. BDL = below detection limit. 

Polycyclic aromatic  
hydrocarbons 

Detection Limit  
(µg/L) 

Coal Rank 
Lignite HvA-Bituminous Mv-Bituminous 

Naphthalene 0.01 0.43–0.67 BDL BDL 
Acenaphthylene 0.01 BDL BDL BDL 
Acenaphthene 0.01 BDL BDL BDL 

Fluorene 0.01 BDL BDL BDL 
Phenanthrene 0.01 BDL BDL BDL-0.01 
Anthracene 0.01 BDL BDL BDL 

Fluoranthene 0.01 BDL BDL-0.03 BDL-0.03 
Pyrene 0.01 BDL BDL-0.02 BDL-0.05 

Benz[a]anthracene 0.01 BDL BDL BDL-0.02 
Chrysene 0.01 BDL BDL BDL-0.01 

Benzo[b+k]fluoranthene 0.01 BDL BDL BDL-0.01 
Benzo[a]pyrene 0.01 BDL BDL BDL-0.01 

Indeno[1,2,3-cd]pyrene 0.01 BDL BDL BDL 
Dibenz[a,h]anthracene 0.01 BDL BDL BDL 

Benzo[ghi]perylene 0.01 BDL BDL BDL 

Phenolics 
Detection Limit  

(µg /L) 
Lignite HvA-Bituminous Mv-Bituminous 

Phenol 0.25 BDL–0.32 BDL BDL 
2-Chlorophenol 0.25 BDL BDL BDL 
2-Methylphenol 0.25 BDL BDL BDL 
4-Methylphenol 0.25 BDL BDL BDL 
2-Nitrophenol 0.25 BDL BDL BDL 

2,4-Dimethylphenol 0.25 BDL BDL BDL 
2,4-Dichlorophenol 0.25 BDL BDL BDL 
2,6-Dichlorophenol 0.25 BDL BDL BDL 

4-Chloro-3-methylphenol 0.25 BDL BDL BDL 
2,4,6-Trichlorophenol 0.25 BDL BDL BDL 
2,4,5-Trichlorophenol 0.25 BDL BDL BDL 

2,4-Dinitrophenol 2.5 BDL BDL BDL 
4-Nitrophenol 1 BDL BDL BDL 

2,3,4,6-Tetrachlorophenol 0.3 BDL BDL BDL 
2-Methyl-4,6-dinitrophenol 0.5 BDL BDL BDL 

Pentachlorophenol 1 BDL BDL BDL 
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Table 5. Concentration ranges of selected organics from TCLP experiments performed 
with synthetic CSG water. 

Polycyclic aromatic  
hydrocarbons 

Detection Limit  
(µg/L) 

Coal Rank 
Lignite HvA-Bituminous Mv-Bituminous 

Naphthalene 0.01 0.58–0.64 BDL BDL 
Acenaphthylene 0.01 BDL BDL BDL 
Acenaphthene 0.01 BDL BDL BDL 

Fluorene 0.01 BDL BDL BDL 
Phenanthrene 0.01 0.01 BDL BDL 
Anthracene 0.01 BDL BDL BDL 

Fluoranthene 0.01 BDL BDL BDL 
Pyrene 0.01 BDL BDL BDL 

Benz[a]anthracene 0.01 BDL BDL BDL 
Chrysene 0.01 BDL BDL BDL 

Benzo[b+k]fluoranthene 0.01 BDL BDL BDL 
Benzo[a]pyrene 0.01 BDL BDL BDL 

Indeno[1,2,3-cd]pyrene 0.01 BDL BDL BDL 
Dibenz[a,h]anthracene 0.01 BDL BDL BDL 

Benzo[ghi]perylene 0.01 BDL BDL BDL 

Phenolics 
Detection Limit  

(µg/L) 
Lignite HvA-Bituminous Mv-Bituminous 

Phenol 0.25 0.26–0.31 BDL BDL 
2-Chlorophenol 0.25 BDL BDL BDL 
2-Methylphenol 0.25 BDL BDL BDL 
4-Methylphenol 0.25 BDL BDL BDL 
2-Nitrophenol 0.25 BDL BDL BDL 

2,4-Dimethylphenol 0.25 BDL BDL BDL 
2,4-Dichlorophenol 0.25 BDL BDL BDL 
2,6-Dichlorophenol 0.25 BDL BDL BDL 

4-Chloro-3-methylphenol 0.25 BDL BDL BDL 
2,4,6-Trichlorophenol 0.25 BDL BDL BDL 
2,4,5-Trichlorophenol 0.25 BDL BDL BDL 

2,4-Dinitrophenol 2.5 BDL BDL BDL 
4-Nitrophenol 1 BDL BDL BDL 

2,3,4,6-Tetrachlorophenol 0.3 BDL BDL BDL 
2-Methyl-4,6-dinitrophenol 0.5 BDL BDL BDL 

Pentachlorophenol 1 BDL BDL BDL 

The bituminous coals leached individual PAH compounds with less consistency than the lignite 
sample. The HvA-bituminous sample leached PAH compounds in only two of the five TCLPs and 
only in deionized water. PAHs leached from the HvA-bituminous coal were pyrene (0.01 to 0.02 µg/L) 
and fluoranthene (0.01 to 0.03 µg/L) (Figure 2). The Mv-bituminous coal leached PAH compounds in 
three of the five TCLPs performed with that coal and only in deionized water, not to synthetic CSG 
water. The leachate of a powdered Mv-bituminous coal (in deionized water) contained similar PAHs 
as only one of the roughly crushed Mv-bituminous leachates. 



Geosciences 2014, 4 229 
 

Figure 2. Aromatics (mostly PAHs) leached from coal samples with deionized water and their 
relative concentrations. PAHs reported from Walloons CSG water samples are also shown. 

 

4. CSG Water Discussion 

The PAH compounds identified in the Walloons CSG water are likely coal derived, based on their 
similarity to: known PAH composition in coals [43,44], PAHs leached from coals herein (Tables 4 and 5), 
and PAHs identified in CSG Water of the Powder River Basin [28]. Naphthalene and phenanthrene are 
the most water soluble PAHs, likely accounting for their increased presence in CSG waters relative to 
the higher molecular weight PAHs (see Table 6). However, the lower molecular weight PAHs detected 
in the Walloon Coal Measures CSG water (naphthalene, phenanthrene and pyrene) are considered to 
be less harmful to human health than the higher molecular weight PAHs [45]. The detected PAHs with 
4 and 5 aromatic rings—chrysene, benzo[b]fluoranthene and dibenz[a]anthracene—are suspected human 
carcinogens [45,46], based largely on data from toxicological tests in rodents. The higher molecular 
weight PAHs, such as benzo[a]pyrene and dibenzo[a,l]pyrene (5 and 6 rings, respectively), are 
suggested to cause cancer through metabolic activation in cells and formation of stable adducts that 
damage DNA [47–49]. Benzo[a]pyrene (BaP) is the only PAH with a trigger threshold (0.01 µg/L) in 
Australian drinking water guidelines (ADWG). The ADWG state that insufficient data are available to 
set a guideline limit for other PAHs (National Health and Medical Research Council, Canberra, ACT, 
Australia, 2004). Orem et al. [28] summarized international PAH guidelines in drinking water according 
to the United States Environmental Protection Agency (USEPA) and World Health Organization 
(WHO). Under the ADWG, USEPA and WHO guidelines, no single Walloon CSG well produced 
water that would exceed the regulatory levels for PAHs. The drinking water guidelines are provided 
purely as a relative index to the aromatic concentrations in CSG water and do not imply that  
untreated CSG water is ever used as potable supply in Queensland. Under Australian environmental  
guidelines [50], such as those applied to water quality in aquatic ecosystems, only naphthalene has a 
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trigger value (16 µg/L for a 95% species protection level) whereas all higher molecular weight PAHs 
have insufficient data available to set guideline values. 

None of the higher molecular weight, potentially harmful PAHs present at very low concentrations 
in the CSG water from Walloon wells were present in the holding pond. This is an important 
consideration when reviewing CSG water quality data from production wells, particularly in the 
context of ultra-trace organics and also because the holding pond is the feedstock for treatment and 
beneficial reuse of CSG water. If a small number of wells produce CSG water containing minute 
amounts of suspected harmful PAHs and the vast majority of wells do not produce CSG water with 
those compounds above the detection limit, then the PAHs may be further diluted by mixing in  
the holding ponds. Therefore analysis—particularly of the very insoluble PAH compounds discussed 
here—may result in nil detection of those compounds from the ponds, despite their presence in water 
from individual wells. Other processes, such as rainwater input, the binding of PAHs to soils and 
sediments [51] and UV degradation [52,53] may also reduce PAH concentrations in ponded water. 

Orem et al. [28] identified PAHs including naphthalene, phenanthrene, fluorene and pyrene in CSG 
water from a small number of wells targeting the Powder River Basin coals. However, that work more 
commonly identified functional derivatives of PAH compounds (e.g., alkylated naphthalene, 
methylpyrene, dimethylphenanthrene) that are not regular water quality analytes in Queensland and 
often have unknown toxicities. Derivative forms of PAHs are a significant part of the molecular 
composition of coals [54] and necessitate higher resolution analysis of QLD CSG water to quantify 
their occurrence and any potential health risks those compounds may pose. 

4.1. Leaching Experiment Discussion 

The concentrations of organics leached from lignite were an order of magnitude greater than the 
bituminous samples (Figure 2). This concurs with the increased solubilization of lower rank coals 
relative to higher rank coals as described by some authors [27,55]. In aqueous leaching experiments of 
various coals, Maharaj et al. [56] also observed higher concentrations of aromatics in some (but not 
all) lignite leachates relative to bituminous samples. Naphthalene and phenol are more soluble than the 
higher molecular weight PAHs (Table 6 [57,58]) and also more likely to be cleaved from the less 
condensed aromatic framework of a low rank coal [55]. This is consistent with the increased presence 
and concentration of lower molecular weight PAHs (and their derivatives) in organic results from CSG 
wells targeting lignite to sub-bituminous coals of the Powder River Basin [28]. 

PAHs detected in Mv-bituminous leachate were of 3, 4 and 5 aromatic ring structures, including 
pyrene, fluoranthene, chrysene, benzo[a]anthracene, benzo[b+k]fluoranthene and benzo[a]pyrene. 
Benzo[a]pyrene (BaP) is a known carcinogen with very low solubility and high affinity to remain in 
the organic phase [59,60]. It is detected in the Mv-bituminous leachate results at its threshold 
concentration in the ADWG (0.01 µg/L). The filtered coal leachates likely contained other dissolved 
humic material from the coals given the observed yellow/brown colour. The presence of this organic 
matter may have enhanced the solubility of BaP and other higher molecular weight PAHs [61]. 
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Table 6. Aromatic compounds detected in Walloon Coal Measures CSG water and 
leaching experiments with their physico-chemical properties [57,58]. 

Compound 
Molar Mass  

(g/mol) 
Solubility at  
25 °C (µg/L) 

Log KoW * 
No. of  

Aromatic Rings 
Phenol 94.1 83,000,000 1.46 1 

Naphthalene 128.2 31,000 3.37 2 
Phenanthrene 178.2 465 4.46 3 
Fluoranthene 202.3 260 4.9 3 

Pyrene 202.1 133 4.88 4 
Benz[a]anthracene 228.3 11 5.63 4 

Chrysene 228.3 1.9 5.63 4 
Benzo[b]fluoranthene 252.3 2.4 6.04 4 
Benzo[k]fluoranthene 252.3 2.4 6.21 4 

Benzo[a]pyrene 252.3 3.8 6.06 5 
Dibenz[a]anthracene 278.3 0.4 6.86 5 

Note: * Log Kow refers to the octanol-water partition coefficient whereby higher values denote compounds 
more likely to partition into organic phases rather than aqueous phases. 

The 3–5 ring PAHs present in the deionized water leachates of bituminous coals were not detected 
in the synthetic CSG water leachates. PAHs leached in deionized water were exceedingly low and their 
absence in the synthetic CSG water may relate to the decreased ability of that fluid to leach and 
dissolve very non-polar substances as ionic strength increases [62,63]. The lack of phenol in the 
bituminous leachates may relate to their increased coal maturity. As coalification increases (and O and 
H decrease) the concentrations of hydroxylated aromatics are lowered relative to those present in lower 
rank coals [44]. 

4.2. Aromatic Compound Mobilization from Coal 

The macromolecular network of coal contains aromatics in two phases. During coalification, 
resistant plant biopolymers are turned into a progressively denser, aromatic, three-dimensional 
network [42]. Within the network structure, a “mobile” phase of smaller molecules is more weakly 
bonded and can more easily leach to the environment [64]. The mobility of these compounds makes 
them of greater human health concern. The PAHs present in the leachates of coal samples most likely 
represent constituents of the mobile phase. 

The leach results suggest that types of compounds leached from coals to deionized water become 
increasingly aromatic with increasing coal rank. The lowest rank coal leached 1 and 2 ring aromatics at 
the highest concentrations and the highest rank coal leached 3, 4 and 5 ring aromatics at the lowest 
concentrations (Figure 2). Conversely, Stout et al. [43] observed more 4–6 ring PAHs in extracts of 
lignite and sub-bituminous coals compared with greater 2–3 ring PAHs in higher rank coals of the 
western United States. In addition, those authors showed an increasing concentration of total PAHs in 
coal with coalification (up to the bituminous rank) (see Figure 4 of [43]). However, the types of 
aromatics in the molecular structure of coal do not have a systematic relationship to coal maturity 
alone. Detailed maceral composition (currently unavailable for these samples) and coal origin is also a 
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major factor [44,54]. Laumann et al. [54] observed that when considering coals of different origin from 
multiple basins, 2–3 ring PAHs dominate molecular composition regardless of coal maturity. 

Results from previous studies [43,54] in which compounds were extracted with organic solvent are 
not directly comparable to this study, however. Extract composition from natural water will likely 
differ depending on PAH sorb/desorb behaviour, the ability of coal to act as a geosorbent, PAH 
solubility in natural waters and the co-elution of PAHs to other dissolved humic material. For example, 
the very low concentrations of the higher molecular weight (and potentially harmful) 3–5 PAHs 
detected in the bituminous leachates may be better explained by their very low solubilities in water and 
higher binding affinities (Log Kow) for organic matter (Table 6), rather than their relative abundances 
in coal samples. 

Attempting to predict types and concentrations of leached aromatic compounds based purely on 
coal properties of individual seams may prove unrealistic when trying to correlate these results to the 
concentration of compounds in water samples from actual CSG production fields. Complications in 
such modelling would arise when sampling water from open-hole completed wells, where many 
potentially variable coal seams and their inter-seam sediments are targeted for gas extraction. Also, the 
inflow of groundwater from aquifers hydraulically connected to the coal seams may dilute any 
expected compounds, thus site specific hydrogeological conditions must be considered. Where 
hydraulic fracturing has occurred, organic additives used in injection fluids (see Table 2 of [3]) may 
also have the potential to solubilize coal derived hydrocarbons [29] to CSG waters, particularly where 
flowback recovery does not appropriately “flush” the formation water. Furthermore, some insoluble 
aromatic compounds reported in this study occur very close to their detection limits and thus their 
analytical reproducibility in CSG water may be infrequent. 

4.3. Human Health Risk 

The first phase of human health risk assessment includes hazard identification and dose response. 
That is, identification of a substance or situation that has the potential to cause adverse health effects 
and at what levels of exposure (dose). Risk, as a measure of likelihood of occurrence and severity of 
outcome, is usually then assessed based on site-specific characterization of pathways of human 
exposure including acute, cumulative and multiple exposures. Additionally, physiological response to 
dose may predict the severity of human response or adverse health effects. 

This study provides evidence that a minority of Queensland CSG water samples contain some 
organic compounds recognized as potential health hazards. The significance of these findings however, 
lies in the relatively small number of samples containing the compounds and the very low 
concentrations in which they are present. These factors greatly reduce the likelihood of human 
exposure at doses significant to induce adverse physiological response, at least in short-term exposure 
scenarios. If present, many potentially harmful coal derived substances can be reduced to negligible 
levels with common CSG water treatment methods [4,26,31]. Yet more publicly available research 
employing low detection level (<1 µg/L) analysis of the wide range of potentially dissolved organics in 
CSG water would assist in refining risk assessments and site-specific treatment methods. 

The risk is less clear for hazard accumulation and multiple exposure scenarios and this uncertainty 
indicates the need for further analysis of both models of organic compound accumulation and migration 
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in ground and surface water before and after treatment and definition of potential pathways of human 
exposure to these waters. Additionally, future toxicology studies targeting the key compounds identified 
in this study can clarify the dose-response relationship to adverse health outcomes. A broader 
understanding of these issues will provide the basis for informed and appropriate industry regulation to 
best monitor for and militate against release of hazardous substances through CSG production. 

4.4. Detection Limits and Reporting 

In some instances, the detection level (DL) of some organic compound classes in CSG water may 
be too high to adequately assess the occurrence of potentially harmful compounds. Aromatic compounds 
such as BaP have regulatory limits (0.01 µg/L) 50 times less concentrated than the minimum DL of the 
Bandanna Formation dataset (0.5 µg/L) of this work and the small number of publicly available QLD 
CSG water organic datasets. Analysis at this level prevented a comparison of dissolved aromatics from 
Walloon and Bandanna production fields. In addition, relatively high DLs still leave a knowledge gap 
regarding the occurrence of generally insoluble, but environmentally regulated coal derived organics. 
BaP was leached from coal in this study at its regulatory limit, thus highlighting the importance of 
appropriate DLs in CSG water analysis. 

Sometimes (even where DLs are sufficiently low) average concentrations of organic compounds 
across production fields are reported rather than ranges of detected levels. Whilst such reporting is 
practical for characterizing CSG water quality for legislative requirements and bulk treatment 
technologies, rare relatively high concentrations of organic compounds detected from individual wells 
may be ameliorated by the field average. It is therefore best practice to present organic concentrations 
of CSG water from individual wells in monitoring and regulatory data, as well as production  
field averages. 

5. Conclusions 

Analyses conducted in this study show that BTEX compounds and phenolic compounds were 
absent from CSG waters in the Bandanna Formation (Bowen Basin) and Walloon Coal Measures 
(Surat Basin) from production wells operating between 2009 and 2010. Coal seam gas water in the 
Surat Basin can contain ultra-trace ranges of polycyclic aromatic hydrocarbons (PAHs) including: 
naphthalene, phenanthrene, chrysene, benzo[b]fluoranthene and dibenz[a]anthracene, which are most 
likely sourced from the sub-bituminous to bituminous coals of the Walloon Coal Measures. Some of 
these compounds are suspected toxins. However, no single producing well contained organic 
compounds in concentrations that would exceed Australian Drinking Water Guidelines, or USEPA and 
WHO drinking water guidelines for PAHs. In addition, the holding pond for the Walloons production 
area contained none of the 3–5 ring PAHs detected in water samples from the CSG wells. 

One aim of this study was to assess the potential differences between structure and concentration of 
organics leached from different ranked coals. However, coal leaching results could not be compared 
directly to CSG water sample analyses which had been previously collected by CSG producers, 
because of the higher detection limits associated with these sample analyses (e.g., detections ≥1 µg/L 
for the Bandanna Formation CSG water). An analysis with a minimum detection level circa 0.01 µg/L 
is more in line with trigger levels for regulated compounds such as benzo[a]pyrene, a known 
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carcinogen which was shown to leach from a bituminous coal in a laboratory setting. Should CSG 
operators have approval for untreated beneficial use of CSG water (e.g., discharge to streams, land 
irrigation, managed aquifer injection), it is recommended that the BaP limits of detection used in PAH 
analysis should be set at 0.01 µg/L (the most stringent regulatory level). 

PAHs are present within coal samples at appreciable concentrations [44,54], but only ultra-trace 
concentrations of the more toxic higher molecular weight PAHs are likely to leach to waters because 
they are hydrophobic organic substances. Variable aromatic structures (PAHs and phenols) will likely 
leach from coals of different rank. Higher molecular weight PAH compounds were leached to water 
(including chrysene, benzo[a]anthracene and benzo[a]pyrene) from the highest rank coal analyzed in 
this study, whilst lower molecular weight compounds leached at greater concentrations from the lowest 
coal rank. This trend seems to correlate with conceptual trend of increasing aromaticity of the coal 
molecular structure with increasing rank, but maceral composition and the presence of other dissolved 
organic material could be playing a role in which water soluble PAHs are present in leachates. None of 
the 4 and 5 ringed PAHs leached to the more saline synthetic CSG water, and this may indicate that 
brackish to saline CSG waters further reduce the solubilities of very hydrophobic organic toxins. 
Further work with a range of controlled leaching experiments would be required to fully understand 
this process. Additional experimental work is recommended to assess the potential of organic 
additives, present in hydraulic fracturing fluids, to mobilize hydrocarbons from coal to flowback water 
(and to assess potential CSG water contamination by flowback water). 

Coal is a heterogeneous material and each coal seam gas field may present a unique inventory of 
organic compounds needing characterization and assessment to fully understand coal-groundwater 
interactions and ultimately water quality. Moreover, there is potentially a far wider range of organic 
compounds mobilized from coals to CSG water beyond the common environmental analytes of this 
study, including heterocyclic compounds, biphenyls, aromatic amines and non-aromatic compounds. 

The high density of CSG wells in southern Queensland provides an excellent opportunity to better 
understand the relationship between coal and groundwater. In turn, such studies form the basis of 
human health risk assessment and may be significant in understanding the etiology of disease linked to 
coal-derived organic compounds such as Balkan Endemic Nephropathy. Moreover, communities  
that access untreated groundwater from coal-associated aquifers (e.g., Powder River Basin, WY and  
Surat Basin, QLD) can use such studies to gain a better understanding of the potential risks posed by 
water soluble coal-derived organics. 

Improved stakeholder confidence in CSG operations and water issues will only result from access 
to appropriate, peer reviewed research, to which this study may contribute. Finally, CSG water 
characterization studies are crucial in developing industry best practice, as well as government 
regulation, monitoring and management strategies for CSG water to safeguard the environment and 
human health in parallel with expanding CSG production. 
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