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[bookmark: _Toc450809734][bookmark: _Toc467146100]Foreword
[bookmark: _Toc450809735][bookmark: _Toc467146101]Purpose of the Assessment
This report is one in a series of technical reports that make up the National Assessment of Chemicals Associated with Coal Seam Gas Extraction in Australia (the Assessment).
Many chemicals used in the extraction of coal seam gas are also used in other industries. The Assessment was commissioned by the Australian Government in June 2012 in recognition of increased scientific and community interest in understanding the risks of chemical use in this industry. The Assessment aimed to develop an improved understanding of the occupational, public health and environmental risks associated with chemicals used in drilling and hydraulic fracturing for coal seam gas in an Australian context.
This research assessed and characterised the risks to human health and the environment from surface handling of chemicals used in coal seam gas extraction during the period 2010 to 2012. This included the transport, storage and mixing of chemicals, and the storage and handling of water pumped out of coal seam gas wells (flowback or produced water) that can contain chemicals. International evidence[footnoteRef:2] showed the risks of chemical use were likely to be greatest during surface handling because the chemicals were undiluted and in the largest volumes. The Assessment did not consider the effects of chemical mixtures that are used in coal seam gas extraction, geogenic chemicals, or potential risks to deeper groundwater. [2:  See Jeffrey et al. 2017a; Adgate et al. 2014; Flewelling and Sharma 2014; DEHP 2014a; Stringfellow et al. 2014; Groat and Grimshaw 2012; Vidic et al. 2013; Myers 2012; Rozell and Reaven 2012; The Royal Society and The Royal Academy of Engineering 2012; Rutovitz et al. 2011.] 

The Assessment findings significantly strengthen the evidence base and increase the level of knowledge about chemicals used in coal seam gas extraction in Australia. This information directly informs our understanding of which chemicals can continue to be used safely, and which chemicals are likely to require extra monitoring, industry management and regulatory consideration.
[bookmark: _Toc450809736][bookmark: _Toc467146102]Australia’s regulatory framework
Australia has a strong framework of regulations and industrial practices which protects people and the environment from adverse effects of industrial chemical use. For coal seam gas extraction, there is existing legislation, regulations, standards and industry codes of practice that cover chemical use, including workplace and public health and safety, environmental protection, and the transport, handling, storage and disposal of chemicals. Coal seam gas projects must be assessed and approved under relevant Commonwealth, state and territory environmental laws, and are subject to conditions including how the companies manage chemical risk.
[bookmark: _Toc450809737][bookmark: _Toc467146103]Approach
Technical experts from the National Industrial Chemicals Notification and Assessment Scheme (NICNAS), the Commonwealth Scientific and Industrial Research Organisation (CSIRO), and the Department of the Environment and Energy conducted the Assessment. The Assessment drew on technical expertise in chemistry, hydrogeology, hydrology, geology, toxicology, ecotoxicology, natural resource management and risk assessment. The Independent Expert Scientific Committee on Coal Seam Gas and Large Coal Mining Development (IESC) provided advice on the Assessment. Experts from the United States Environmental Protection Authority, Health Canada and Australia reviewed the Assessment and found the Assessment and its methods to be robust and fit-for-purpose.
The Assessment was a very large and complex scientific undertaking. No comparable studies had been done in Australia or overseas and new models and methodologies were developed and tested in order to complete the Assessment. The Assessment was conducted in a number of iterative steps and inter-related processes, many of which needed to be done in sequence (Figure F.1). There were two separate streams of analysis - one for human health and one for the environment. The steps included for each were: literature reviews; identifying chemicals used in drilling and hydraulic fracturing for coal seam gas extraction; developing conceptual models of exposure pathways; models to predict soil, surface and shallow groundwater concentrations of identified chemicals; reviewing information on human health hazards; and identifying existing Australian work practices, to assess risks to human health and the environment.
The risk assessments did not take into account the full range of safety and handling precautions that are designed to protect people and the environment from the use of chemicals in coal seam gas extraction. This approach is standard practice for this type of assessment. In practice, safety and handling precautions are required, which means the likelihood of a risk occurring would actually be reduced for those chemicals that were identified as a potential risk to humans or the environment.
[image: ]
[bookmark: _Ref431329822][bookmark: _Ref444080307][bookmark: _Toc444507182][bookmark: _Toc460408595][bookmark: _Toc467146151]Figure F.1  Steps in the Assessment
[bookmark: _Toc450809738][bookmark: _Toc467146104]Collaborators
The Australian Government Department of the Environment and Energy designs and implements policies and programs, and administers national laws, to protect and conserve the environment and heritage, promote action on climate change, advance Australia's interests in the Antarctic, and improve our water use efficiency and the health of Australia's river systems.
Within the Department, the Office of Water Science is leading the Australian Government’s efforts to improve understanding of the water-related impacts of coal seam gas and large coal mining. This includes managing the Australian Government’s program of bioregional assessments and other priority research, and providing support to the Independent Expert Scientific Committee on Coal Seam Gas and Large Coal Mining Development (IESC). The IESC provides independent, expert scientific advice on coal seam gas and large coal mining proposals as requested by the Australian Government and state government regulators, and advice to the Australian Government on bioregional assessments and research priorities and projects.
The National Industrial Chemicals Notification and Assessment Scheme (NICNAS) is a statutory scheme administered by the Australian Government Department of Health. NICNAS aids in the protection of the Australian people and the environment by assessing the risks of industrial chemicals and providing information to promote their safe use.
CSIRO, the Commonwealth Scientific and Industrial Research Organisation, is Australia’s national science agency and one of the largest and most diverse research agencies in the world. The agency’s research is focused on building prosperity, growth, health and sustainability for Australia and the world. CSIRO delivers solutions for agribusiness, energy and transport, environment and natural resources, health, information technology, telecommunications, manufacturing and mineral resources.
[bookmark: _Toc467146105]This report: Literature review: Identification of potential pathways to shallow groundwater of fluids associated with hydraulic fracturing
This literature review provides background on the potential for contamination of shallow groundwater in Australia by coal seam gas hydraulic fracturing-related fluids. The information in this literature review was used to develop scenarios for the ‘assessing risks to workers and the public’ and ‘assessing risks to the environment’ stages of the Assessment. Potential contamination can be caused by:
leakage from storage impoundments
improperly constructed well casings
spills from transporting and handling of the hydraulic fracturing chemicals
intentional surface applications of the above mentioned fluids for beneficial use.
A review of coal seam gas practices in Australia showed that hydraulic fracturing is practised only for coal measures that have too low permeabilities for gas extraction to be economical. For example, from the nearly 4 500 coal seam gas wells in the Bowen and Surat Basins in Queensland, only 8 per cent have been stimulated using hydraulic fracturing (data until September 2011). This percentage could increase to 10 to 40 per cent over time. For New South Wales, estimates are that hydraulic fracturing could be applied at possibly 25 per cent of all sites.
In Australian coal seam gas fields, the volumes of water used for hydraulic fracturing are large and range from 0.15 to 1.5 ML per well across different coal measures in the Surat and Bowen Basins. The variation in hydraulic fracturing fluid volumes used is a reflection of the variation in hydrogeological characteristics of the coal seam layers, in particular the variation in permeability, gas saturation, and whether the coal layers are confined or unconfined.
This report summarises available national and international literature on spills from fluids used during coal seam gas drilling and hydraulic fracturing operations, and leaks to soil and shallow groundwater of flowback water and produced water from surface impoundments.
The international literature highlighted that in the United States, accidents with hydraulic fracturing were mainly due to improper handling or leaking equipment. Likewise, a review of hydraulic fracturing for shale gas in the United Kingdom stated that the accidental release or spill of hydraulic fracturing-related fluids associated with surface operations may pose a greater contamination risk than hydraulic fracturing itself. Reported incidents from the European continent involving hydraulic fracturing operations include groundwater contamination due to accidental release from waste water pipes.
The review of Australian coal seam gas literature has also identified several potential contamination pathways from surface spills through soil and shallow groundwater to several potential receptors, such as rivers, water wells, wetlands, springs, stygofauna, etc. Additional potential pathways were also identified for deeper aquifers. The following list summarises the most frequently reported pathways associated with the use of drilling and hydraulic fracturing chemicals based on current Australian work practices (i.e. chemical handling, storage, transport, mixing and injection; and management of flowback and produced water from coal seam gas wells):
incidental spills on the surface from storage tanks, trucks, valves, etc.
releases from supply and discharge lines and hoses
infiltration into soil from storage basins, dams or waste disposal sites due to leakage and flooding.
A total of 48 compliance-related incidents involving coal seam gas waters were reported in the years 2009 to 2013, mainly in Queensland (34) and New South Wales (4). For 10 additional incidents the location was not provided. Of the 48 compliance-related incidents reported:
the majority (30) were spills involving the release of coal seam gas water (i.e. flowback and / or produced water) during operations
discharge (controlled or uncontrolled) release of coal seam gas water to the environment (5)
overflow during flooding (7)
exceedance release limits (3)
other types of contamination (1)
leaks through pond liners (2).
Although 30 spills of hydraulic fracturing fluids and flowback and / or produced fluids from surface impoundments have been reported, the degree of detail with which those cases are described is generally insufficient to provide reliable quantitative data for input to exposure assessments. To account for uncertainties about contaminant source composition and concentration, subsurface properties and processes, and receptor characteristics, exposure assessments will require realistic upper bound assumptions that produce high-end estimates. This approach results in a highly conservative exposure estimates that tend towards protecting public and environmental health by not underestimating risk in the face of uncertainty and variability. This applies to parameters that govern the leakage and subsequent migration of contaminants into soil and shallow groundwater.
Although the primary focus of this report was to review the literature about drilling and hydraulic fracturing chemicals and their potential release to the environment, preliminary data were collected on chemical compositions of produced water to provide insight to the type of naturally occurring chemicals and their concentrations. Produced waters were shown to contain metals and metalloids, organics (such as polycyclic aromatic hydrocarbons), and radionuclides extracted from the coal seam. Several of the metals and metalloids (i.e. arsenic, barium, boron, cadmium, chromium, copper, lead, manganese, molybdenum) measured in coal seam gas produced water had concentrations exceeding the Australian Drinking Water Guidelines.
This literature review covers information available to the end of 2013. The review was completed in 2013, with minor updates between 2013 and 2016.
[bookmark: _Toc467146106]Abbreviations
	General abbreviations
	Description

	ADE
	Advection dispersion equation

	AE
	Arrow Energy

	AGL
	Australian Gas Light Company

	ANZECC
	Australian and New Zealand Environmental and Conservation Council 

	APLNG
	Australia Pacific Liquefied Natural Gas 

	API
	American Petroleum Institute

	ARI
	Average recurrence interval

	ARMCANZ
	Agriculture and Resource Management Council of Australia and New Zealand

	BTEX
	Benzene, toluene, ethylbenzene, xylenes

	CAS
	Chemical Abstract Service

	CBM
	Coal bed methane

	CFP
	Conduit Flow Process Package (MODFLOW)

	COPC
	Chemicals of potential concern

	CPU
	Central processing unit

	CSG
	Coal seam gas

	CSIRO
	Commonwealth Scientific and Industrial Research Organisation

	CWiMi
	Centre for Water in the Minerals Industry

	DAF
	Dilution Attenuation Factor

	DEHP
	Queensland Department of Environment and Heritage Protection

	DERM
	Queensland Department of Environment and Resource Management

	DF
	Dilution Factor

	DNRM
	Queensland Department of Natural Resources and Mines

	DoEE
	Department of the Environment and Energy

	DTI
	New South Wales Department of Trade and Investment

	EC
	Electrical conductivity

	FD
	Finite difference

	GMS
	Groundwater Modelling System

	GW
	Groundwater

	HDPE
	High density polyethylene

	HF
	Hydraulic fracturing

	HFB
	Horizontal Flow Barrier Package (MODFLOW)

	IESC
	Independent Expert Scientific Committee on Coal Seam Gas and Large Coal Mining Development

	MMOC
	Modified method of characteristics

	NAPL
	Nonaqueous phase liquid, such as petroleum

	NICNAS
	National Industrial Chemicals Notification and Assessment Scheme

	NSW
	New South Wales

	NYSDEC
	New York State Department of Environmental Conservation

	ODE
	Ordinary differential equation

	QGC
	Queensland Gas Company

	Qld
	Queensland

	QWC
	Queensland Water Commission

	RO
	Reverse osmosis

	SANTOS
	South Australia Northern Territory Oil Search

	SAR
	Sodium adsorption ratio

	SW
	Surface water

	TNT
	Trinitrotoluene

	TVD scheme
	total variation diminishing scheme

	UK
	United Kingdom

	URS
	United Research Services

	US EPA
	United States Environmental Protection Agency

	UZF
	Unsaturated Zone Flow Package (MODFLOW)




	Units or symbols
	Description

	a
	Volumetric air content (cm3/cm3)

	α
	Dispersivity (m)

	Cs
	Solubility limit (mg/L)

	D
	Hydrodynamic dispersion coefficient D (m2/s)

	Dp
	Molecular diffusion coefficient (m2/s)

	
	Temporal weighting coefficient (-)

	GL
	Gigalitre

	h
	Soil pressure head (m)

	J
	Total solute mass flux density (mass flux per unit area per unit time) (mg/m2/s)

	Kd
	Distribution coefficient, also referred to as soil-water partition coefficient (L/kg)

	ML
	Megalitre

	ƞ
	Total porosity (cm3/cm3)

	ƞe
	Effective porosity (cm3/cm3)

	θ
	Volumetric soil water content (cm3/cm3)

	θ (h)
	Soil moisture characteristic, also referred to as soil water retention curve

	PJ
	Petajoule

	R
	Retardation factor (-)

	v
	Pore-water velocity, also referred to as tracer velocity (m/s)

	y
	Year
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[bookmark: _Toc467146107]Glossary
	Term
	Description

	Adsorption
	The binding of molecules to a particle surface. This process can bind methane and carbon dioxide, for example, to coal particles

	Advection
	The process whereby solutes are transported by the bulk mass of flowing fluid

	Aquifer
	Rock or sediment in formation, group of formations or part of a formation, which is saturated and sufficiently permeable to transmit quantities of water to wells and springs

	Aquitard
	A saturated geological unit that is less permeable than an aquifer and incapable of transmitting useful quantities of water. Aquitards often form a confining layer over an artesian aquifer

	Baseline survey
	A survey carried out prior to any disturbance to determine the natural background levels of certain substances

	Bounding estimate
	A bounding estimate captures the highest possible exposure, or theoretical upper bound, for a given exposure pathway

	Cleats
	Cleats are natural fractures in coal. They usually occur in two sets that are perpendicular to one another and perpendicular to bedding.  The cleats in one direction form first and exhibit a high level of continuity.  These are called ‘face cleats’.  Cleats perpendicular to face cleats are called ‘butt cleats’

	Coal measure
	Geological strata of the carboniferous period usually containing coal deposits

	Coal seam
	Coal seams or coal deposits are layers containing coal (sedimentary rock). Coal seams store both water and gas. Coal seams generally contain more salty groundwater than aquifers that are used for drinking water or agriculture

	Coal seam gas
	A form of natural gas (generally 95 to 97% pure methane, CH4) typically extracted from permeable coal seams at depths of 300 to 1 000 m. Also called coal seam methane (CSM) or coalbed methane (CBM).

	Confined aquifer
	An aquifer that is isolated from the atmosphere by an impermeable layer. Pressure in confined aquifers is generally greater than atmospheric pressure

	Conservative approach / assessment
	An assessment aimed at deliberately overestimating the potential risks to humans and the environment (after US EPA 1992)

	Contaminant
	Biological (e.g. bacterial and viral pathogens) and chemical (see toxicants) introductions capable of producing an adverse response (effect) in a biological system, seriously injuring structure or function or causing death

	De-pressurisation
	The lowering of static groundwater levels through the partial extraction of available groundwater, usually by means of pumping from one or several groundwater bores

	De-watering
	The lowering of static groundwater levels through complete extraction of all readily available groundwater, usually by means of pumping from one or several groundwater bores

	Dispersion or hydrodynamic dispersion
	The spread of solutes, colloids, particulate matter, or heat by the combined processes of diffusion and physical mixing of fluids along the path of groundwater flow. This leads to a reduction of concentration at the macroscopic scale

	Dispersivity
	A geometric property of a porous medium which determines the dispersion characteristics of the medium by relating the components of pore velocity to the dispersion coefficient

	Drilling fluids
	Fluids that are pumped down the wellbore to lubricate the drill bit, carry rock cuttings back up to the surface, control pressure and for other specific purposes. Also known as drilling muds

	Dual porosity
	A feature of soil/rock whereby fluids may be present within porous matrix blocks (which possess a different storage capacity or ‘primary porosity’) or within the open fractures (which possess a certain storage capacity or ‘secondary porosity’). Significant flow rates are present in both the fractures and the matrix

	Effective porosity
	The fraction of pores that are connected to each other and contribute to flow. Materials with low or no total porosity can become very permeable if a small number of highly connected fractures are present

	Flowback water
	The initial flow of water returned to a well after fracture stimulation and prior to production

	Formation water
	Naturally occurring water that is within or surrounding the coal, rock or other formations underground

	Geogenic chemical 
	A naturally occurring chemical originating, for example, from geological formations

	Green’s function approach 
	 A general technique for solving partial differential equations

	Groundwater
	Water occurring naturally below ground level (whether in an aquifer or other low-permeability material), or water occurring at a place below ground that has been pumped, diverted or released to that place for storage. This does not include water held in underground tanks, pipes or other works

	High-end estimates
	A high-end exposure estimate is a plausible estimate of the individual exposure for those persons at the upper end of an exposure distribution. Conceptually, the high end of the distribution means above the 90th percentile of the population distribution, but not higher than the individual in the population who has the highest exposure

	Hydraulic fracturing
	Also known as ‘fracking’, ‘fraccing’ or ‘fracture stimulation’, is one process by which hydrocarbon (oil and gas) bearing geological formations are ‘stimulated’ to enhance the flow of hydrocarbons and other fluids towards the well. In most cases is only undertaken where the permeability of the formation is initially insufficient to support sustained flow of gas. The hydraulic fracturing process involves the injection of fluids, gas, proppant and other additives under high pressure into a geological formation to create a conductive fracture. The fracture extends from the well into the coal reservoir, creating a large surface area through which gas and water are produced and then transported to the well via the conductive propped fracture channel

	Hydraulic gradient
	The change in hydraulic head between different locations within or between aquifers or other formations, as indicated by bores constructed in those formations

	Hydraulic head
	The potential energy contained within groundwater as a result of elevation and pressure. It is indicated by the level to which water will rise within a bore constructed at a particular location and depth. For an unconfined aquifer, it will be largely subject to the elevation of the water table at that location. For a confined aquifer, it is a reflection of the pressure that the groundwater is subject to and will typically manifest in a bore as a water level above the top of the confined aquifer, and in some cases above ground level

	Hydraulic pressure
	The total pressure that water exerts on the materials comprising the aquifer. Also known as pore pressure.

	Hydrodynamic dispersion
	The spread of solutes, colloids, particulate matter, or heat by the combined processes of diffusion and physical mixing of fluids along the path of groundwater flow. This leads to a reduction of concentration at the macroscopic scale

	Hyporheic zone
	The saturated interstitial areas beneath the streambed and into the stream banks that contain some proportion of channel water or that have been altered by channel infiltration water

	Macropores
	The spaces within the cleat system and other natural fractures in the coal matrix. They are responsible for transport of water and methane through seams. Less than 10% of the gas content, however, resides in macropores (mainly as free gas)

	Matrix (rock matrix)
	The finer grained mass of rock material in which larger grains/crystals are embedded

	Methane
	The flammable gas (CH4), which forms the largest component of natural gas

	Micropores
	The capillaries and cavities at molecular dimensions in the coal matrix that are essential for gas storage in the adsorbed state

	Molecular diffusion
	The process whereby solutes are transported at the microscopic level due to variations in the solute concentrations within the fluid phases

	Permeability
	The measure of the ability of a rock, soil or sediment to yield or transmit a fluid. The magnitude of permeability depends largely on the porosity and the interconnectivity of pores and spaces in the ground

	Porosity
	The proportion of the volume of rock consisting of pores, usually expressed as a percentage of the total rock or soil mass

	Preferential flow
	Preferential flow refers to the uneven and often rapid and short-circuiting movement of water and solutes through porous media (typically soil) characterised by small regions of enhanced flux (such as faults, fractures or other high permeability pathways), which contributes most of the flow, allowing much faster transport of a range of contaminants through that pathway

	Produced water
	Water that is pumped out of the coal seams to release the natural gas during the production phase. Some of this water is returned fracturing fluid and some is natural ‘formation water’ (often salty water that is naturally present in the coal seam). This produced water moves through the coal formation to the well along with the gas, and is pumped out via the wellhead

	Proppant
	A component of the hydraulic fracturing fluid system comprised of sand, ceramics or other granular material that 'prop' open fractures to prevent them from closing when the injection is stopped

	Reactive transport code 
	Reactive transport codes perform quantitative analysis of the biogeochemical functioning of complex subsurface environments. Their outputs allow assessment of the fate of contaminants and the interpretation of the distribution of reactive chemical species in groundwater and other aquatic environments

	Recharge
	Groundwater recharge is the process whereby surface water (such as from rainfall runoff) percolates through the ground to the water table

	Retardation
	Retardation is a general term for processes that cause the solute front to move slower than the advective flow velocity. This can be caused by sorption, when ions or charged molecules become bound to the surface of aquifer or aquitard minerals, or reversible chemical reaction (adsorption), or diffusion of solutes into pores that do not contribute to flow

	Richards equation
	The Richards equation represents the movement of water in unsaturated soils

	Saturated flow
	Flow through a porous medium (such as soil or rock) in which the void space within the porous medium is entirely occupied by water (as opposed to water and gas)

	Saturated zone
	That part of the Earth's crust beneath the regional water table in which all voids, large and small, are filled with water under pressure greater than atmospheric

	Sediment
	A naturally occurring material that is broken down by processes of weathering and erosion, and is subsequently transported by the action of wind, water or ice, and / or by the force of gravity acting on the particle itself

	Shale gas
	Shale gas is natural gas generally extracted from a clay-rich sedimentary rock which has naturally low permeability

	Sodium adsorption ratio (SAR)
	The ratio of sodium to calcium and magnesium in water. Water with high SAR causes dispersion of soil particles, loss of the ability of the soil to form stable aggregates and a reduction in infiltration and permeability with consequences for crop production. Water with high SAR requires treatment if it is to be suitable for irrigation

	Solute
	The substance present in a solution in the smaller amount. For convenience, water is generally considered the solvent even in concentrated solutions with water molecules in the minority

	Stygofauna
	Animals that inhabit groundwater, either entirely or substantially. Most are invertebrate crustaceans, but the term also encompasses snails, mites, underground beetles and some fish

	Surface impoundment
	A natural topographic depression, artificial excavation, or dyke arrangement for storing clean water, pure fracturing fluids, or wastewater. A surface impoundment may be constructed above the ground, below the ground, or partly above the ground and partly below the ground. A surface impoundment’s length or width is greater than its depth (for example, it is not an injection well)

	Tight gas
	Natural gas trapped in ultra-compact reservoirs characterised by very low porosity and permeability

	Unconventional gas
	Natural gas found in a very low permeability rock, such as shale gas and coal seam gas

	Unsaturated flow
	Flow through a porous medium (such as soil or rock) in which the void space within the porous medium is occupied by both water and gas (rather than water only)

	Upper bound estimate
	A bounding estimate that captures the highest possible exposure, or theoretical upper bound, for a given exposure pathway

	Vadose zone
	The vadose zone, also called the unsaturated zone, extends from the top of the ground surface to the water table. In the vadose zone, the water in the soil pores has a pressure less than atmospheric

	Water table
	The surface between the unsaturated zone and the saturated zone. The groundwater table can also be defined as the surface at which groundwater pressure is equal to atmospheric pressure

	Wellbore
	The hole produced by drilling, with the final intended purpose being for production of oil, gas or water
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There are a number of potential pathways through which fluids associated with coal seam gas activity (i.e. hydraulic fracturing fluids, flowback water and produced water) can become exposed to the environment. These include:
hydraulic fracturing fluid spilling into a surface water body (Apte et al. 2017; DoEE 2017a; Jeffrey et al. 2017; Malllants et al. 2017)
chemicals used and stored on site leaking into surrounding environments including soil and groundwater bodies (this report) and surface water bodies (Apte et al. 2017; DoEE 2017a; Jeffrey et al. 2017; Malllants et al. 2017)
flowback and produced water from a surface storage pond leaking into soil and subsequently into a superficial aquifer (this report).
Drilling fluids are a separate class of chemicals associated with coal seam gas developments (although they are not unique to coal seam gas). A list of chemical characteristics of drilling fluids associated with coal seam gas extraction is available from NICNAS (2017a). Technological considerations of drilling fluids are provided in the review on hydraulic fracture growth, fracture height growth and wellbore integrity (Jeffrey et al. 2017a).
This report provides background on the potential for contamination of shallow groundwater in Australia by coal seam gas hydraulic fracturing-related fluids caused by:
leakage from storage impoundments
improperly constructed well casings
spills from transporting and handling of the hydraulic fracturing fluids
intentional surface applications of the abovementioned fluids for beneficial use.
Although this report focuses on contamination from chemical spills and leaks at the surface, it also includes some discussions that relate to contamination sources at the well site, which may impact deep groundwater, such as the issue of poor recovery of fluids injected during the hydraulic fracturing process.
Deep groundwater contamination was not within the scope of this review. Potential contamination pathways associated with transport of hydraulic fracturing fluids to the site and treatment and disposal of fluids in off-site facilities are also not addressed in this report.
This report is intended to support future work on quantitative risk assessments of contaminant transport from the land surface through soil into shallow groundwater by fluids associated with hydraulic fracturing. As such, a comprehensive review of potential sources and pathways for contamination of soil, ground- and surface water was conducted. However, the scope was limited to activities at the coal seam gas injection site that could result in surface contamination and subsequent migration of contaminated fluids to the soil and shallow groundwater. Exposure assessments related to the air pathway[footnoteRef:3] are not considered in this report. [3:   The current project includes human health risk assessment for air emissions of identified chemicals in drilling muds and hydraulic fracturing chemicals, and environmental assessment for air pollution from dust generation (wet and dry deposition).] 

Data were collected on the type and frequency of past incidents involving hydraulic fracturing fluids for coal seam gas extraction to support the development of conceptual models of contaminant transport that will underpin quantitative risk assessments. State and Commonwealth agencies in Australia were consulted as part of the information gathering process. For example, the Queensland Government’s Department of Environment and Heritage Protection (DEHP - formerly the Department of Environment and Resource Management) was an important source of information on chemical spill incidents as it undertakes monitoring of compliance in relation to coal seam gas activities in Queensland. In addition, a range of national and international cases of documented contamination by fluids associated with coal seam gas activity were reviewed. Sources included media reports, reports from community groups for landholders and residents, company fact sheets, and government reports. The available information was reviewed to summarise the type and frequency of incidents, which were then used to assess the likelihood of occurrences.
Reviews of the methods used for assessing the risks of coal seam gas hydraulic fracturing fluid contamination are provided in this report. These include a method that was used to qualitatively assess the risks of coal seam gas hydraulic fracturing fluid contamination at several coal seam gas fields in Australia, a method to identify hydraulic fracturing chemicals that are of low risk to human health and a detailed review of different types of models that are available for quantitative analysis of fate and transport of contaminants in soils, shallow or deep groundwater. The strengths and limitations of different numerical modelling approaches are described in Section 6, which provides background information to support future model selection for completing exposure assessment calculations.
This report summarises a number of unresolved issues identified in the available literature and concludes that further data is required to guide quantitative exposure assessments. The review included 59 national reports of compliance-related incidents, which provided a considerable amount of qualitative and preliminary quantitative information on leakage of fluids associated with hydraulic fracturing from coal seam gas activities to soil and shallow groundwater. However, quantitative data was found to be sparse. As discussed in this report, this will require simplifications and assumptions to be made about parameters for quantitative assessments that govern the leakage and subsequent migration of contaminants into soil and shallow groundwater.
[bookmark: _Toc377366325][bookmark: _Toc409431716][bookmark: _Toc467146109]Project scope and objectives
Existing information about coal seam gas operations, storage systems for fluids associated with hydraulic fracturing, and incidents involving the leakage of fluids, was collated and summarised. In particular, processes that are relevant to modelling the fate and transport through the unsaturated soil and groundwater were reviewed. The primary objectives were:
to identify, prioritise and characterise the geometric attributes of the key sources of potential surface contamination
to characterise the major pathways for potential contaminant spreading from surface sources to soil and shallow groundwater
to characterise the key parameters that are needed for quantitative modelling of fate and transport to soil and groundwater.
In addition, the typical investigations undertaken in an exposure assessment for coal seam gas hydraulic fracturing fluids and the strengths and limitations of available numerical models were reviewed to:
define appropriate input parameters to include in simplified quantitative models of contaminant transport in soils, and shallow groundwater
assess the suitability of different types of solute transport models for calculating the migration of chemical constituents in groundwater
identify the most suitable models for simulating greater levels of complexity with regard to contaminant fate and migration (i.e. reactive transport modelling).
[bookmark: _Toc377366326][bookmark: _Ref404774161][bookmark: _Toc467146110]Background
[bookmark: _Toc377366327][bookmark: _Toc467146111]The role of hydraulic fracturing in coal seam gas extraction
Coal seam gas[footnoteRef:4] is a naturally occurring gas made up mostly of methane (CH4) and formed by the degradation of organic material in coal seam layers over geological timeframes of typically several million years. Coal seam gas is also referred to as coal bed methane (CBM) or unconventional gas. [4:  The Santos CSG is typically 94% methane, 4% nitrogen and 1% carbon dioxide (Santos 2009a).] 

Unconventional gas resources are regionally pervasive and located within underground formations, such as coal, shale and low permeability sand. Unconventional gas is trapped in coal beds by adsorption of the gas molecules to the internal surfaces of coal. It cannot migrate to a trap and form a conventional gas deposit. This distinguishes it from conventional gas resources, which occur as discrete accumulations in traps formed by folds and other structures in sedimentary layers (Figure 2.1). Coal seam gas remains adsorbed onto the coal surfaces mainly within the micropores of coal seam layers in saturated groundwater, where it was formed (Moore 2012). The combined pressure of the sediments and water overlaying the coal seam keeps the gas within the micropores. Shale gas is generally extracted from a clay-rich sedimentary rock which has naturally low permeability. Tight gas is trapped in ultra-compact reservoirs characterised by very low porosity and permeability.
[image: ]
Source: Department of Mines and Petroleum (2013)
[bookmark: _Ref348797703][bookmark: _Ref349036434][bookmark: _Toc364860986][bookmark: _Toc377066799][bookmark: _Toc467146152]Figure 2.1  Schematic occurrence of gas resources; unconventional gas includes coal seam gas, shale gas, and tight gas
Extraction of coal seam gas requires producers to continuously de-pressurise the coal seam layers by removing large amounts of groundwater through pumping. Reducing the hydrostatic pressure on the gas in the pores allows the gas to flow from high-pressure areas to the area with the lowest pressure (i.e. the production well). Coal layers generally have relatively low permeability (i.e. ability to transmit fluids, including gas), particularly at greater depths. In the least permeable coal measures, coal seam gas operations benefit from the use of hydraulic fracturing as a means to increase connectivity between naturally occurring fractures in coal beds. In Australia, coal measures in the Bowen Basin (Queensland) have much lower permeability than, for example, the Surat Basin (Queensland) and are therefore likely to require increased levels of hydraulic fracturing.
[image: ]
Source: URS (2010)
[bookmark: _Ref364752484][bookmark: _Toc467146153][bookmark: _Toc364860987][bookmark: _Toc377066800]Figure 2.2  Conceptual representation of coal seam gas wells in the Walloon Coal Measures, Surat Basin, Queensland
Hydraulic fracturing increases the rate and total amount of gas extracted from coal seam gas reservoirs. The process of hydraulic fracturing involves injecting large volumes of hydraulic fracturing fluids under high pressure into the coal seam layers to open up (i.e. fracture) the gas-containing coal layers, thus facilitating extraction of methane gas through pumping. Hydraulic fracturing fluids may be injected in a single or multiple events. The fluids used in hydraulic fracturing are reported to typically contain approximately 90 per cent water, 7 to 9 per cent proppant particles (mostly sand) and 1 to 3 per cent chemicals of different types to increase efficiency of fracturing. Hydraulic fracturing may occur at different depths to target different coal seam layers (Figure 2.2). For hydraulic fracturing in a vertical well, a fracture may typically extend to a distance between 20 and 250 m from the well. The fractures develop at an initial average velocity of less than 10 m/min and less than 1 m/min at the end of the treatment (CSIRO 2012).
The depths of coal seams are generally shallower than other types of unconventional gas beds such as shale gas (Figure 2.1). Coal seams in Australia are generally between 300 and 1 000 m below ground (Williams et al. 2012). In the Bowen Basin some of the coal seam gas wells penetrate as deep as nearly 1 200 m (e.g. Bandanna formation in the Spring Gully tenement of Origin Energy [APLNG 2012a]). In the Fairview, Roma and Arcadia areas, target coal seams of the Walloon Coal Measures (Roma) in the Surat Basin and the Bandanna Coal Measures (Arcadia and Fairview) in the Bowen Basin are between 500 and 1 200 m (Santos 2013a).
Hydraulic fracturing or hydraulic fracture stimulation has been used to enhance coal seam gas production from coal seams since the 1970s in the United States (Moore 2012), whereas in Australia exploration and commercial production commenced in 1976 and 1996, respectively (Baker and Slater 2008). In Australia, nearly all of the gas originates from either the Bowen or the Surat Basins in Queensland (Figure 2.3). Some development and production has occurred in the Sydney Basin in New South Wales. While there has been exploration in the brown coal basins of Victoria, no production has occurred to date (Baker and Slater 2008).
[image: ]
Source: Geosciences Australia and BREE (2012)
[bookmark: _Ref406601082][bookmark: _Toc467146154]Figure 2.3  Basins with coal seam gas potential in Australia 
For Australian coal seam gas fields the use of hydraulic fracturing fluids is mainly geographically determined and depends on parameters such as the permeability of the coal seams. The majority of production wells in Queensland and New South Wales have not required hydraulic fracturing as companies have initially targeted areas where the permeability is sufficiently high for gas flow to occur due to natural fractures. Coal seams in the Bowen Basin (Queensland) have a much lower permeability than the Surat Basin (Queensland) (Sydney Catchment Authority 2012). As a result, hydraulic fracturing will likely have a greater application in the Bowen Basin than in the Surat.
In Queensland the total number of drilled coal seam gas wells was nearly 4 500 by September 2011, with the majority of these located in the Bowen and Surat Basins (City of Sydney 2011). Hydraulic fracturing has been used at about 8 per cent of the 4 500 coal seam gas wells in Queensland, and this could increase to 10 to 40 per cent over time (DERM 2011a; Rutovitz et al. 2011). The majority of future hydraulic fracturing operations will likely happen in the Surat Basin, where hydraulic fracturing will be applied at approximately 30 per cent of proposed coal seam gas wells (URS 2010). Some estimates are that coal seam gas extraction in NSW could see hydraulic fracturing applied at possibly 25 per cent of all sites. The amount of hydraulic fracturing is expected to increase over time as the more permeable areas are exhausted.
For the coal seam gas fields operated by Santos in Roma and Fairview (both in Queensland) the number of hydraulically fractured wells has been steadily increasing in the period 2008 to 2010, from 38 wells (7% of all wells) in 2008, to 45 wells (33%) in 2009 to 101 (78%) wells in 2010 (Golder Associates 2010).
[bookmark: _Toc377366328][bookmark: _Toc467146112]Fluids associated with coal seam gas activities
[bookmark: _Ref377326667][bookmark: _Toc377366329]Hydraulic fracturing fluids
The typical composition of hydraulic fracturing fluids that are used in Australia for coal seam gas extraction is 75 to 99 per cent water with smaller amounts of other different chemicals. These additional chemicals have specific functions, which are described in Table A1 (Appendix A; APPEA 2012). As the composition of hydraulic fracturing fluids is also a major concern in the US, the US Environmental Protection Agency (EPA) is currently conducting a major study of hydraulic fracturing and the potential impact on drinking water resources. In its latest progress report, the US EPA study provides tables of Chemical Abstract Service (CAS) registry numbered and generic chemicals reported to be used in hydraulic fracturing fluids, although the data sets do not identify chemical use by formation, e.g. shale, coal, tight sands[footnoteRef:5] (US EPA 2012). [5:  Available for download as Microsoft Excel files at: http://www2.epa.gov/hfstudy/appendix-chemicals-identified-hydraulic-fracturing-fluids-and-wastewater-excel-file. ] 

In the US, the EPA reported volumes of hydraulic fracturing fluids used in coal seam gas extraction that were in the order of 0.2 ML (200 m3) to 1.5 ML (1 500 m3) per well (US EPA 2004a). In Australian coal seam gas fields, the volumes of water used for hydraulic fracturing are large too and quite variable. Some examples from Australia include: 
0.15-0.75 ML per well, with 0.22 ML per well in the Camden Gas Project (Rutovitz et al. 2011)
0.15 ML per fracturing event with up to seven such events per well proposed for the Surat Basin (URS 2010)
up to 1.1 ML per well in Santos’s Roma coal seam gas fields (Surat Basin) comprising 3-12 coal seams per well (Golder Associates 2010)
between 0.5-1.5 ML per well at Origin’s Spring Gully field (Bowen Basin).
The variation in hydraulic fracturing fluid volumes used is a reflection of the variation in hydrogeological characteristics of the coal seam layers, in particular the variation in permeability, gas saturation and whether the coal layers are confined or unconfined (Moore 2012). That is, the higher the permeability of the coal measure, the smaller the amount of hydraulic fracturing that is needed to allow for cost-effective coal seam gas production.
[bookmark: _Ref376967539][bookmark: _Toc377366330]Flowback and produced water
After hydraulic fracturing has been completed in a coal seam gas well, the fluid pressure is relieved and a portion of the injected fluid returns to the well as flowback water.
Flowback water is fluid that contains sand and silt particles, clay particles in suspension, oil and grease from drilling, organic compounds from hydraulic fracturing and total dissolved solids from the coal seams (Groat and Grimshaw 2012). Flowback water may also contain toxic inorganic constituents such as arsenic, selenium and radionuclides (Balaba and Smart 2012). This fluid returns to the surface after hydraulic fracturing has occurred, but before the well is put into production (Section 4.2).
Produced water is fluid from the coal seam layer[footnoteRef:6] that returns to the surface after the well is in production. Usually produced water has a distinct geochemical signature with high salinity, which increases as the withdrawal continues (see Section 4.2 and Appendix A).The percentage of the injected hydraulic fracturing fluid that is recovered from the groundwater prior to the well going into production varies, with reported values ranging from 15 per cent (US EPA 2010) to 82 per cent (Palmer et al. 1991). Several site-specific factors contribute to this variation, including: [6:  Appendix B (Table B1) provides water quality data for several coal seam layers in Qld and NSW.] 

fluids becoming trapped in the pores of porous rock
chemicals adsorbing to coal or formation rocks
some volume of the fluids moving beyond the capture zone of the pumping well 
the duration of pumping.
During the process of hydraulic fracturing, a significant fraction (approximately 40%) of the hydraulic fracturing fluid may not be immediately recovered from the formation (URS 2010). There are a variety of factors that can influence the recovery efficiency of the hydraulic fracturing fluid (US EPA 2004a):
fluids can flow away from the primary hydraulically induced fracture and become trapped in secondary fractures and / or pores within the rock
fluids can become entrapped due to the ‘check-valve effect’, whereby fractures narrow or close after the injection ceases (coal is a highly compressible material)
adsorption of hydraulic fracturing fluid constituents on to coal or mineral surfaces within the formation
injected fluids may migrate beyond the drainage radius of the pumping well and cannot be recovered
there may be incomplete mixing between the hydraulic fracturing fluid and groundwater, thus limiting the recovery of hydraulic fracturing fluid during production pumping.
Mass balance calculations are commonly used for determining recovery efficiency, where the concentration of hydraulic fracturing chemicals in water samples collected from flowback water is used to estimate recovery (Willberg et al. 1997). According to the US EPA, estimates of hydraulic fracturing fluid recovery range from 15 to 80 per cent (US EPA 2010). In shale gas operations, the hydraulic fracturing fluid recovered as flowback ranges from 25 to 75 per cent (Pickett 2009; Veil 2010; Horn 2009 in US EPA 2011). There is less information available on hydraulic fracturing recovery rates for coal seam gas reservoirs. Palmer et al. (1991) estimated 61 per cent of hydraulic fracturing fluids were recovered from the Black Warrior Basin (Alabama, US) based on samples collected from coal seam gas wells over a 19-day period. Total predicted recovery of hydraulic fracturing fluid was 68 to 82 per cent.
Regulations in Queensland and New South Wales for flowback water are designed to maximise the rate of recovery of the hydraulic fracturing chemicals. In other words, regulations are in place to minimise total recovery time, which reduces the chance of chemicals entering the formation and ensures that maximum amounts are recovered. Queensland has an explicit requirement to recover flowback water to 150 per cent of the volume of introduced fracture fluids (DEHP 2011). The recovery of the fracturing fluid is monitored on the basis of analysis of chemical parameters (pH, sodium potassium, sulfate, and others). Systematic monitoring of the chemicals recovered from flowback water allows a chemical mass balance to be established and used in the assessment of contamination risk from hydraulic fracturing chemicals injected in coal seams.
In New South Wales, flowback water is required to be quickly pumped from the well to maximise the recovery of hydraulic fracturing fluids and recovery of fluids must continue until groundwater quality parameters are reached for the targeted coal seam formation (NSW DTI 2012a).
Both treated and untreated coal seam gas water may be utilised for beneficial or alternative use. Conditions under which produced water (from coal seam gas and other industrial processes) can be used for coal washing, dust suppression, stock and several other uses are defined in the General Beneficial Use Approval – Associated Water (DEHP 2012). Assessment of alternative use for treated coal seam gas water for the Central Condamine Alluvium (Queensland) indicates the region has capacity to deliver 854 GL, or around 35 per cent of the historic depletion, by 2050 to irrigators and the Chinchilla Weir water supply scheme (DNRM 2013). On the Darling Downs in Queensland (Surat Basin), treated produced water is being used for irrigation of crops such as sorghum, corn, and mung beans (AE 2012a). In the Santos Fairview project area (Dawson River, Queensland), 58 per cent of its coal seam gas produced water (long-term daily average of 12.5 ML) contributes to beneficial use schemes (Santos 2012a). The remaining 42 per cent is treated and released to the Dawson River.
There are three distinct stages during the lifetime of a coal seam gas site: the de-pressurisation stage, production stage and a decommissioning and return to equilibrium stage. Rates of produced water generally reach a maximum within the early stages of production and then decrease over time (see Figure 2.4).
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[bookmark: _Ref406663558][bookmark: _Toc467146155]Figure 2.4  Evolution of gas and water rate for a typical coal seam gas production well
The first stage in coal seam production is to drain the water and recover adsorbed methane (the de-watering stage). The rate of methane extraction is continuously increasing during this stage. The de-watering stage typically lasts two to five years (Ozdemir 2009), although de-watering stages of several weeks or days can occur in the low permeability coals of the Gloucester, Sydney and Bowen basins (Holmes and Ross 2009).
Less water is extracted during the second stage, when production is stable and the rate of methane production peaks. This stage typically lasts up to 10 years (Ozdemir 2009). At the end of the stable production stage, the coal seam is de-pressurised and the decline stage commences.
Volumes of produced water per well decrease significantly over the lifetime of the well (typically a period of about 25 to 30 years[footnoteRef:7]). In the Surat Basin, typical water production has been assessed at 0.4 ML/day to 0.8 ML/day during the de-watering stage before decreasing to 0.1 ML/day in the decline stage. In the Sydney Basin (Camden field), the water production is 0.20 ML/day during de-watering and decreases to 0.02 ML/day (RPS 2011). [7:  For gas fields in the Surat Basin (Fairview, Spring Gully) the estimated average well life is 20 to 30 years; in the Surat Basin-Walloons (Talinga, Kenya, Argyle, Orana, Condabri) well life is 15 years (Origin 2008).] 

Estimated volumes of produced water are approximately 20 per cent less in the Bowen than in the Surat Basin (AE 2012b), whereas in the Sydney Basin estimated produced water volumes are one to two orders of magnitude less than those in the Surat Basin (RPS 2011).
In a study by RPS (2011), the ratio of produced water to energy for different basins reveals the following: 50.4 ML/PJ for the Bowen Basin, 192.5 ML/PJ for the Surat Basin and 1.2 ML/PJ for the Sydney Basin. While considerable variations in rates exist between regions, large variability has also been observed within coal seam gas fields. For instance, in the Stratford Pilot area (approximately 70 km north of Newcastle in New South Wales) water production rates per well varied from 0.00475 ML/day to 0.0795 ML/day (Lucas 2008).
[bookmark: _Ref406681237]A summary of the water extraction rates in the main coal seam gas areas is provided in Table 2.1. It is acknowledged that the forecasts of water production will vary over time and geographically (QWC 2012). For example, Figure 2.5 shows estimates of expected volumes of produced water per development area and the whole-of-industry forecast in Queensland. Much of the variation is due to different assumptions about the size and rate of coal seam gas industry development over the 50-year time frame that is generally assumed for forecasting water production (DNRM 2012). By 2050, most areas will have reached the end of their production stage.
[bookmark: _Toc467146140]Table 2.1  Estimated water production rates in the main coal seam gas areas in Queensland and New South Wales.
	Water production rate
	Area
	Comment
	Source

	0.2 – 0.7 GL/y
	Gloucester (New South Wales)
	Average total water extraction for an estimated resource life of 14 years
	RPS 2011

	0.028 GL/y
	Clarence-Moreton (New South Wales)
	Average total water extraction assuming 697 ML over a 25-year period
	RPS 2011

	95 GL/y
	Surat Basin (Queensland)
	Average total water extraction over the life of the industry based on a regional model predictions
	QWC 2012

	75 GL/y to 98 GL/y 
	Surat Basin (Queensland)
	Average total water extraction over the life of the industry based on predictions from industry and DNRM (2012)
	QWC 2012

	140 GL/y
	Surat Basin (Queensland)
	Peak water production rate around the year 2026
	QWC 2012

	140 GL/y to 281 GL/y 
	Queensland’s Surat and southern Surat Basins.
	Peak water production rates
	DNRM 2012; CWiMi 2008

	150 to 180 GL/y
	Surat Basin (Queensland)
	Peak water production rate based on different scenarios for coal seam gas production and assuming operations ceased either in year 2040 or 2060
	DNRM 2012



[image: ]
Source: DNRM (2012)
[bookmark: _Ref364926565][bookmark: _Toc364860988][bookmark: _Toc377066803][bookmark: _Toc467146156]Figure 2.5  Estimated volumes of produced water in Queensland
[bookmark: _Toc406768259][bookmark: _Toc406781622][bookmark: _Toc407194341][bookmark: _Toc407199750][bookmark: _Toc407360747][bookmark: _Toc407361238][bookmark: _Toc407381058][bookmark: _Toc407381105][bookmark: _Toc407381236][bookmark: _Toc409208514][bookmark: _Toc409218234][bookmark: _Toc409310189][bookmark: _Toc377366331][bookmark: _Toc467146113]Transport, storage and use of fluids at coal seam gas sites
This section documents a review of guidelines from the international literature on coal seam gas operations that deals directly with the storage and conveyance of fluids used in hydraulic fracturing. This is followed by details on the site characteristics that are relevant to the storage of hydraulic fracturing-related fluids for coal seam gas extraction in Australia based on consultancy reports on operations in Australian basins and field visits to coal seam gas sites in Queensland.
[bookmark: _Toc377366332]Guidelines on operations and fluid storage systems
There is extensive existing regulation of coal seam gas mining in Queensland (Qld) and New South Wales (NSW). Relevant legislation includes the:
Environmental Protection Act 1994 (Qld)
Petroleum Act 1923 (Qld)
Petroleum and Gas (Production and Safety) Act 2004 (Qld)
Water Act 2000 (Qld)
Water Management Act (2000) (NSW) 
Water Supply (Safety and Reliability) Act 2008 (Qld)
Petroleum (Onshore) Act 1991 (NSW)
Environmental Planning and Assessment Act 1979 (NSW).
In addition, the National Harmonised Regulatory Framework for Natural Gas from Coal Seams (SCER 2013) provides a consistent, evidence-based approach to managing development and regulating the coal seam gas industry.
Hydraulic fracturing operations are a potential mechanism of subsurface contamination due to the large volumes of hydraulic fracturing fluids being injected under high pressure into coal seam formations. This has the potential for aquifer contamination if well casing failure occurs or if the wells are poorly constructed.  There are guidelines for well development and hydraulic fracturing operations that address this risk, such as the best practice document, Hydraulic fracturing operations – well construction and integrity guidelines (API 2009) produced by the American Petroleum Institute (API). While the focus of this document is on conventional gas production, it also contains guidelines on correct well construction (e.g. steel casing, cement casings, mechanical isolation devices) to prevent migration of fluids between subsurface layers and to protect groundwater resources from hydraulic fracturing operations. Another guideline is currently being developed to address the surface environmental considerations associated with hydraulic fracturing (API 2010 in URS 2010).
The New York State Department of Environmental Conservation (NYSDEC) prepared a Generic environmental impact statement on the oil, gas and solution mining regulatory program for high-volume hydraulic fracturing in shale and other low permeability gas reservoirs (NYSDEC 2011). Flowback and produced water from hydraulic fracturing operations in the US are contained in storage tanks and waste impoundment pits before or during treatment, recycling and disposal (GWPC 2009 in US EPA 2011). The duration of storage may be temporary or long-term. Surface spills of flowback and produced water can occur due to tank ruptures, overflow, equipment failures, vandalism, accidents or improper operations. There is concern that spillage of these fluids could reach natural watercourses or infiltrate through soil to the water table resulting in contamination of drinking water aquifers (NYSDEC 2011).
The NYSDEC (2011) document contains mitigation measures that provide setback regulations and a proposal to increase setback (i.e. buffer) distances from surface water resources to prevent direct flow of undiluted hydraulic fracturing fluids into a surface water body. The mitigation measures also include requirements for pit construction, liner specifications, secondary containment measures and pressure control procedures (e.g. blow-out prevention equipment). The conditions to obtain a permit from the NYSDEC to conduct multi-well pad high-volume hydraulic fracturing include:
surface water and storm water to be diverted away from the pit
limits on pit volume
sloping walls (45 degrees or less) for pits constructed in unconsolidated material
sidewall and bottom shall be free of objects capable of puncturing the liner
sufficient slack shall be allowed for in liner to accommodate stretching.
Management of flowback water is also covered in the NYSDEC (2011) document. It provides requirements for handling of flowback water at the well pad, containment of it in steel tanks and procedures on leak repair, clean-up and disposal of clean-up materials.
The NYSDEC (2011) review highlights the risks for leaks from handling and storage of flowback and produced water for surface and subsurface contamination. While leaks associated with storage tanks may be relatively rapidly detected and volumes of water spilled rather small, leaks in large storage pits or ponds may remain undetected for many years unless a proper leak detection system is in place or accurate water balance calculations identify water losses beyond losses by natural evaporation. A more detailed analysis of potential sources of surface contamination is provided in Section 2.5.
In Europe, the extraction of unconventional natural gas resources is very topical and several groups have formed to develop best practices. There is a Technical Working Group On Environmental Aspects Of Unconventional Fossil Fuels, in particular shale gas (Healy 2012). There is also the Scientific Committee On Emerging And Newly Identified Health Risks, which aims to provide opinions on emerging or newly identified health and environmental risks that are not covered by other European risk assessment bodies (Healy 2012).
[bookmark: _Toc377366333][bookmark: _Ref404863856]Site layout and on-site fluid locations
Typical site layouts for different stages of coal seam gas operations in Australia are shown in Figure 2.6, Figure 2.7, and Figure 2.8. For each stage there is some sort of storage pond to contain either clean water for drilling and for producing fracturing fluid, flowback water or produced water. Features of the site layout are described in the following sections.
[image: ]
Source: Lucas (2008), modified
[bookmark: _Ref364926665][bookmark: _Toc467146157][bookmark: _Toc364860989][bookmark: _Toc377066804]Figure 2.6  Site layout during drilling. Sump contains clean water for drilling 
[image: ]
Source: Lucas (2008), modified
[bookmark: _Ref364926672][bookmark: _Toc364860990][bookmark: _Toc377066805][bookmark: _Toc467146158]Figure 2.7  Site layout during hydraulic fracturing. Frac pit contains clean water for producing fracturing fluid
[image: ]
Source: Lucas (2008), modified
[bookmark: _Ref364926677][bookmark: _Toc364860991][bookmark: _Toc377066806][bookmark: _Toc467146159]Figure 2.8  Site layout during production testing. Turkey’s nest contains produced water.
[bookmark: _Ref377315393][bookmark: _Toc377366334]Coal seam gas well area
The spatial dimensions for coal seam gas well sites vary, depending on the stage of development and other factors. For example, Figure 2.9 shows the initial construction compound (C) and the final well surface area (A) for a Camden coal seam gas site. During exploration drilling and hydraulic fracturing the area can be as large as 1 to 1.2 ha (AGL 2011; Santos 2010), which reduces to 0.01 to 0.8 ha for sites during production (AGL 2007; AE 2011; Lucas 2008). During exploration larger areas may be required (up to 1.5 ha) if directional drilling is used with installation of multiple wells (Santos 2010). Recent exploration drilling in the Bowen Basin occupied less than 0.49 ha (AE 2012c).
[image: ]
Source: AGL (2007)
[bookmark: _Ref364926709][bookmark: _Toc364860992][bookmark: _Toc377066807][bookmark: _Toc467146160]Figure 2.9  Typical well footprint for the Camden gas project
Different production areas often have different well separation distances owing to different subsurface characteristics, in particular those of the coal seams (such as permeability). Separation distances can range from 0.35 to 1.5 km, with corresponding densities of one well per 13 to 65 ha in the Bowen Basin (AE 2008). To reduce the footprint and associated infrastructure, projects are underway in the Surat Basin to evaluate drilling of up to eight wells from a single well pad (AE 2011). This would result in an increased well spacing (from 0.8 up to 1.5 km). Future well densities in the Bowen Basin are estimated at one per km2 or 100 ha (AE 2012c). Santos will have well separation distances of about 880 m for the Roma gasfield (Surat Basin) and between 1 to 1.4 km for the Fairview and Arcadia (Bowen Basin) gasfields (Golder Associates 2010). In Origin’s Spring Gully fields, separation distances are approximately 750 m.
[bookmark: _Toc377366335]Storage ponds
There are a number of different types of short-term (e.g. during drilling and hydraulic fracturing) and long-term storage ponds that are used near well sites or near water treatment facilities (AE 2011; QGC 2012a; APLNG 2013; Santos 2013a). These include excavated ground pits (shown in Figure 2.10), flexiponds (shown in Figure 2.11), turkey’s nests (illustrated in Figure 2.12), brine ponds, ponds for storage of desalinated water, and other ponds involved in coal seam gas water management. All ponds have a spillway designed to accommodate flood events; e.g. for Santos’ GLNG project, the average recurrence interval (ARI) used is 1 in 2 000 years (Golder Associates 2009).

[image: foto_002]
Source: Origin undated
[bookmark: _Ref364926745][bookmark: _Toc467146161][bookmark: _Toc364860993][bookmark: _Toc377066808]Figure 2.10  Origin lease site showing a drilling rig and temporary water storage in an excavated ground pit 

[image: ]
Source: courtesy D. Mallants and Origin Energy. A flexipond containing 1.5 ML of source water is used to prepare hydraulic fracturing fluid.
[bookmark: _Ref364926748][bookmark: _Toc364860994][bookmark: _Toc377066809][bookmark: _Toc467146162]Figure 2.11  Flexipond (foreground) and line-up of equipment (background) for hydraulic fracturing at Origin’s Spring Gully Field
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Source: Lucas (2008)
[bookmark: _Ref364926756][bookmark: _Toc467146163][bookmark: _Toc377066810][bookmark: _Toc364860995]Figure 2.12  Layout of a typical turkey’s nest storage pond 
The turkey’s nest style dam is a lined pit or dam for the storage of produced water required for drilling or hydraulic fracturing. A typical design is shown in Figure 2.12 for a 4 ML capacity pond with approximate dimensions of 40 m x 40 m x 4.5 m deep. Each well would have one such pond. The bottom is lined with a geomembrane (e.g. 2 mm high-density polyethylene (HDPE) plastic) to avoid leakage to groundwater. The pond has a 450 mm freeboard buffer to account for unexpected events such as heavy rainfall (72 h duration event with an ARI of 1 in 100 years) or higher rates of produced water. At Origin’s Spring Gully gas field, the turkey’s nest storage ponds have a double HDPE lining including a sump for the collection of leaked water. The water stored in the turkey’s nest dam may be delivered by tanks or pumped from the targeted coal seam formation (Golder Associates 2010). Much larger ponds are required if several wells are discharging produced water to the same storage facility. In this situation, water from the wells is pumped via a network of underground gathering pipelines to such ponds (see Section 4.2 for further discussion on the underground pipelines). At Origin’s Spring Gully site, water is kept in feed ponds for several weeks prior to treatment using reverse osmosis.
The flexipond is a containment system that is small-scale and portable (Figure 2.11). It is often used as a protective measure when utilising the pitless drilling technique, which does not require an in-ground pit and thus, results in fewer surface disturbances and an accelerated process for site rehabilitation. In the Surat Basin, Arrow Energy have successfully trialled six pitless drilling operations without the need for an open pit (Figure 2.13). An important aspect of the pitless drilling technique is the ability to blend chemical components simultaneously with fracture stimulation, which reduces the risk of spilling hydraulic fracturing fluid and thus reduces the volume of pre-mixed fluids needing to be stored on site (URS 2010). The risk of spills spreading can be further reduced by arranging protective measures such as containment systems like bunding, installing flexiponds, or surrounding the entire well site with large-scale bunding. Such protective systems are in use in the Gunnedah Basin (Santos 2010), in Gloucester NSW and in the Spring Gully field (Origin). While large-scale spill control measures for an entire well site keep the spills contained within a relatively small area, it does not prevent the spill from permeating into the soil.
[image: ]
Source: AE (2013)
[bookmark: _Ref364926785][bookmark: _Toc364860996][bookmark: _Toc377066811][bookmark: _Toc467146164]Figure 2.13  Pitless drilling
Brine ponds are an essential element in the treatment of coal seam gas water using reverse osmosis technology (RO). RO can result in up to 97 per cent recovery of treated water for beneficial use, thereby producing 3 per cent of brine concentrate containing mixed salts. Brine ponds temporarily store brine concentrates until their final disposal of beneficial use. The brine can be disposed of in engineered landfills, reinjected in deep aquifers, or separated into useable industrial grade salt products (QGC 2012a).
Santos distinguishes their pond types based on the pond’s purpose. These include produced water management ponds (with a minimum of 10 days storage at the peak flow rate), treated water ponds and brine containment ponds (Santos 2013a). In the 300 000 ha Roma coal seam gas field, 13 water management ponds are scheduled with a volume ranging from 33 to 230 ML (average of 167 ML), one pond for desalinated water (155 ML) and two brine containment ponds (each with a capacity of 300 ML) (Santos 2013a).
Arrow Energy’s Surat Gas Project (AE 2011 and 2012a) will comprise 16 ponds, including several produced water ponds, some with a capacity of 840 ML, and several 1 440 ML brine ponds.
For its combined Northern, Central, and Southern Gas Fields, QGC will have 30 ponds, with a capacity of 5 158 ML for the largest storage pond for produced water (QGC 2012a). In 2011, a total of 25 ponds were assessed comprehensively for integrity: a group of 11 evaporation ponds[footnoteRef:8] did not meet the performance criteria and will be progressively decommissioned and rehabilitated. [8:  Ponds generating evaporative brine requiring eventual disposal] 

Origin at Spring Gully Field will have a total number of 10 water management ponds, where the largest capacity is 1 600 ML for a brine storage pond (APLNG 2013).
The total number of operational and future storage ponds for coal seam gas water management in Queensland, based on four major coal seam gas companies (i.e. Santos, QGC, Arrow Energy, and Origin), amounts to 91 (60 operational, 31 future). The vast majority (84) of these ponds holds coal seam gas produced water or brine water from the RO treatment facility; seven ponds are for storage of desalinated water. The total surface area of all 91 ponds is estimated at 1 012 ha or 10.12 km2 (see Appendix D for details).
Even though the produced water is considered to be clean, it may contain low levels of naturally occurring toxic metals, organics and radionuclides (Batley and Kookana 2012). Table A2 in Appendix A provides a summary of naturally occurring chemicals in produced water from several different data sources. To control algae growth, biocides are added to the water (Santos 2010; Commonwealth of Australia 2014a); no details are available about the type and potential toxicity of biocides used.
[bookmark: _Toc377366336]Portable containers and pipelines for hydraulic fracturing-related fluids
The most common portable containers for transporting liquid additive products for hydraulic fracturing are high-density polyethylene (HDPE) totes, which are generally encased in a rectangular metal cage (NYSDEC 2011; Figure 2.14). Liquid products used in smaller quantities are transported in one-gallon sealed jugs that are carried in the side boxes of the flat-bed truck (NYSDEC 2011). Tanker trucks (10 000 L or more) may also be used to transport supplies such as hydrochloric acid (NYSDEC 2011).
[image: trucks_totes]
Source: NYSDEC (2011)
[bookmark: _Ref406693246][bookmark: _Toc467146165]Figure 2.14  Transport trucks with totes
Fluids may also be transported via pipelines. Figure 2.15 shows a typical gas production well head with separator that extracts water from the gas at the surface. A pump and pipe then conveys the produced water to a treatment facility, which can be located tens of kilometres away. In the Spring Gully example (Figure 2.15), pipelines are buried to allow farming activities to continue around the well head. The siting of pipelines needs to take into account the agricultural practices around the site as specific agricultural practices may have the potential to damage the pipelines.
[image: ]
Source: courtesy D. Mallants and Origin Energy
[bookmark: _Ref364926841][bookmark: _Toc364860998][bookmark: _Toc377066813][bookmark: _Toc467146166]Figure 2.15  Gas production well in Origin’s Spring Gully Field
[bookmark: _Toc377366337][bookmark: _Toc467146114]Phases of coal seam gas activity
This section discusses the five phases in the operation of a coal seam gas hydraulic fracturing site (see also Santos 2009a; Sydney Catchment Authority 2012). These phases have implications for groundwater hydrodynamics, which in turn has an influence on the direction and magnitude of solute movement between the hydraulic fracturing fluid containing coal seam and overlying/underlying aquifers. The stages two to five and impacts on groundwater are shown below (Figure 2.16).
[image: ]
Arrows indicate direction and magnitude of groundwater flow between coal seam and overlying aquifer. It is assumed that the coal seam is confined above and below by aquitards. The 2 to 5 year baseline phase occurs prior to the pre-operation phase and is not shown here.
[bookmark: _Ref407363553][bookmark: _Ref364926872][bookmark: _Toc467146167][bookmark: _Toc364860999][bookmark: _Toc377066814]Figure 2.16  Phases of coal seam gas hydraulic fracturing activity (baseline phase not included) and corresponding changes in hydraulic head in coal seams and aquifers 
The phases of coal seam gas activity are listed below (also see Table 2.2):
1. Baseline or pre-development phase – starts when the site is being established and includes activities such as site identification, site access and preparation, baseline monitoring prior to production well construction. This may take between two to five years.
1. Pre-operation phase (drilling and completion phase) – includes activities such as well construction starting with a bare site, building a pad and pond, setting up the rig, drilling, installing casing and piping, and cementing. This is followed by pump installation, completion of the surface gathering system, and connecting the well to the gathering system. The duration of the phase is normally from two to seven weeks.
Injection phase (pressurisation phase or hydraulic fracturing phase) – starts with the first injection of hydraulic fracturing fluid to the coal seam formation and terminates when the last hydraulic fracturing fluid is injected. There may be a number of injection events in the life-time of the site. The duration of the injection phase is from hours to a few days.
De-pressurisation phase – starts soon after the hydraulic fracturing phase ends, and covers both flowback and production, including the extraction of gas and water extraction from the coal seam until gas and water extraction ends. There may be a number of de-pressurisation events intermittent with injection phases. Total duration of the de-pressurisation phase is between 20 to 30 years. Produced water is contained in storage ponds prior to treatment followed by reuse, reinjection, or discharge into streams.
Post-operation or return to equilibrium phase – starts at the end of the de-pressurisation phase and finishes when groundwater levels have been restored to their pre-operational levels. It includes activities such as decommissioning, plugging, rehabilitation, and monitoring. This is done progressively as wells are depleted, plugged, and abandoned. Duration of the post-operational phase can exceed 100 or more years (AE 2012c), and might in some circumstances take a thousand years or longer to reach a new equilibrium (CH2MHill 2013).
The phases that are most relevant for the National Coal Seam Gas Chemicals Assessment (phase 2 to 5) are discussed in more detail below.
Pre-operation phase
During the pre-operational phase, groundwater pressure is assumed to be lowest in the overlying aquifer and highest in the underlying aquifer (Figure 2.16). The pressure in the coal seam formation is in between these two. Whether or not there is any significant flow between these aquifers depends on the permeability of the confining layers (aquitards).
Injection / Hydraulic fracturing phase
During the hydraulic fracturing phase, fluid is injected under high pressure into the coal seam formation (Dammel et al. 2011). The volume of fluid (including sand and additives) injected in Australian coal seams is approximately 1 ML per well (with a range from 0.15 to 1.5 ML). Recovery of the chemicals associated with the hydraulic fracturing fluid is time-dependent but is typically about 60 per cent soon after the injection. In the Surat Environmental Authority conditions require 150 per cent of the injected hydraulic fracturing fluid volume to be recovered (DEHP 2011).
The water pressure in the coal seam varies depending on the circumstances, but it normally locally exceeds the water pressure in surrounding aquifers (Harrison 1983; Harrison 1985). This period of increased pressure is normally very short, typically hours to a week. The amount of flow and transport of hydraulic fracturing chemicals from the coal seam to adjacent aquifers will depend on the permeability of the aquitards and the integrity of the completion of the coal seam gas borehole and any other boreholes that are in the vicinity. However, with the increased hydraulic pressure, flow and transport may be accelerated as a result of opening existing faults or fractures or creating new fractures due to vertical fracture growth into the aquitards (Jeffrey et al. 2017b).
Following the hydraulic fracturing of a coal seam, the naturally high pressure in the coal seam formation causes the injected fracturing fluids to flow back to low pressure zones around the well bore and back up the well to the surface for recovery, storage, treatment, disposal or re-use. Recovery of hydraulic fracturing fluids should be as fast as reasonably practicable to reduce risk for hydraulic fracturing fluids migrating out of the coal seams (Green et al. 2012), recognising that recovery rates will depend on the local geology and hydrogeology. The recovered water should be stored in appropriately designed, constructed and lined dams or storage containers (see Section 2.3.2) before being either treated and recycled for beneficial use or disposed of at a regulated waste disposal facility (SCER 2013).
De-pressurisation phase
In the de-pressurisation phase, the extraction of groundwater reduces the water pressure in the coal seam. This may result in lower water pressure in the coal seam than in the overlying and possibly even underlying aquifers. When this occurs, water may flow into the coal seams from surrounding aquifers (Figure 2.16).
In a coal seam gas well, water extraction volumes start high while gas extraction rates are low. As the coal seam formation is progressively de-pressurised, gas extraction increases until it reaches a peak rate, which may occur months or years after the de-pressurisation process started (Figure 2.16). The amount of water needing to be extracted depends on how well the coal seam formation is confined. When the coal seams are tightly confined between aquitards, water extraction may be restricted to the coal seam formation. If it is poorly confined or unconfined, water extraction can encompass a number of other hydrogeological layers until an aquitard is encountered.
Post-operation phase
During the post-operation period, water extraction ceases but it may take many years for the groundwater levels in all aquifers to be restored (and the cessation of water extraction via a coal seam gas well does not necessarily result in an overall restoration of the original groundwater levels). The rate at which this recovery occurs depends on:
boundary conditions such as the recharge rate of the coal seam formation
the permeability of the aquitards separating the coal seams from the surrounding aquifers.
In other words, although the de-pressurisation phase has ended with the cessation of water extraction, it may still take a very long time to restore all groundwater levels to the pre-operational condition (AE 2012c, CH2MHill 2013).
Summary
[bookmark: _Toc406068711][bookmark: _Toc406068802]The different coal seam gas extraction phases define specific groundwater flow conditions, mainly for deep groundwater. In the coal seam gas production areas, shallow groundwater may also experience a decrease in groundwater level, albeit relatively limited (generally to a few metres (e.g. SWS 2012 for the Namoi catchment). Because the impact on shallow groundwater is generally small, calculation of groundwater flow and solute transport in shallow groundwater can be undertaken with pre-development flow conditions. Separate groundwater flow calculations need to be undertaken to ensure proper understanding of the deep groundwater pressure head distribution over time and to develop groundwater flow conditions (head distributions) typical for each development stage.
[bookmark: _Toc406068712][bookmark: _Toc406068803]The evolving water extraction rates will have an impact on the spatial and temporal evolution of the groundwater pressure heads. These evolutions will be site-specific and depend on the local hydrogeological conditions and the water abstraction rates. A detailed assessment would need to account for the dynamics of the deep groundwater system as the direction of groundwater flow may change over time, as would the groundwater flow rate.
[bookmark: _Ref364932503][bookmark: _Ref364933085][bookmark: _Toc377366338][bookmark: _Toc467146115]Potential contamination sources, pathways and receptors
There a number of potential ways in which hydraulic fracturing fluids can contaminate surface and groundwater at different times in the life and operation of a coal seam gas well. An overview of these potential mechanisms is shown below (Figure 2.17). The focus of this report is on those activities at the coal seam gas injection site that could result in surface contamination and subsequent migration of contaminated fluids to the soil and shallow groundwater, although the contamination schematic also includes activities such as transport and treatment and off-site disposal of fluids.
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The pathways that potentially occur at the well site (in light green) are within the scope of the current study.
[bookmark: _Ref364794496][bookmark: _Toc377066815][bookmark: _Toc467146168]Figure 2.17  Potential water contamination pathways
Another potential risk that is not included above is the indirect impact on the environment due to the abstraction of freshwater for preparation of the hydraulic fracturing fluids (Beletse et al. 2008; Bright and Addison 2002b; US EPA 2012). If shallow groundwater is used for such purposes, a significant drawdown can occur, although this will most likely be for a short period due to the short duration of hydraulic fracturing. As a result, groundwater levels would likely recover soon after groundwater abstraction ends. If greater groundwater decline is expected, injection of treated produced water could be used to manage the decline. Although this process of groundwater abstraction would not have an immediate impact on the groundwater quality, the decrease in groundwater pressure in combination with head changes elsewhere may facilitate transport of chemicals from underground sources to nearby aquifers.
Potential sources and pathways to receptors for contaminant movement during the hydraulic fracturing phase (injection phase) and de-pressurisation (coal seam gas production) phase are depicted in Figure 2.18 and Figure 2.19, respectively (note: Source numbering refers to labels shown in Figures 2.18 and 2.19).
During the hydraulic fracturing fluid injection phase, hydraulic fracturing fluid is prepared on-site, wells are perforated prior to fluid injection, several injections of hydraulic fracturing fluid into the coal formations are undertaken, and flowback water is collected after the fracturing events. Potential contamination sources include spills associated with transport accidents involving fracturing fluids, spills during mixing/blending of chemicals to produce hydraulic fracturing fluid, and cleaning and maintenance of equipment. Additional spills may occur during pumping of hydraulic fracturing fluids into the well and collection of flowback water (Sources 2, 3, and 4 in Figure 2.18).
During the de-pressurisation phase, the hydraulic fracturing operations cease while gas and water production commence. As a result, potential contamination sources now mainly include leakage into the unsaturated zone from surface impoundments and underground pipes transporting produced water (Sources 1, 2, 3 and 4). In the coal seams, the pressure gradients are now reversed; the pathways for contaminant movements remain unchanged, but the directions are reversed (Figure 2.19). Fractures within the coal seams remain open as they are filled with sand or similar material (Hurst et al. 2011).
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[bookmark: _Ref407366420][bookmark: _Ref364792763][bookmark: _Toc364861000][bookmark: _Toc377066816][bookmark: _Toc467146169]Figure 2.18  Possible contaminant sources at the coal seam gas site (1 to 5) and pathways to receptors for solute transport of hydraulic fracturing fluid (6 to 10) during the injection phase. Source 5 and Pathways 6 to 8 are not considered for shallow groundwater assessments
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[bookmark: _Ref364792769][bookmark: _Toc364861001][bookmark: _Toc377066817][bookmark: _Toc467146170]Figure 2.19  Possible contaminant sources at the coal seam gas site (1 to 5) and pathways to receptors for solute transport of hydraulic fracturing fluid (6 to 10) during the de-pressurisation phase. Source 5 and Pathways 6 to 8 are not considered for shallow groundwater assessments
Potential contamination sources and pathways to receptors
Possible sources of contamination (Sources 1 to 5) by fluids associated with hydraulic fracturing at the coal seam gas site include (also see SCER 2013):
1. Infiltration of produced water into soil due to dust suppression at a site (Source 1). Prior to coal seam gas well installation, vegetation and topsoil are removed from the site and replaced by a gravel base material (Eastern Star Gas 2009) or the ground surface is simply levelled (Santos 2010). In either situation, dust generation at the site and access roads will need to be controlled, which typically requires regular water spraying. This water is generally treated, to varying degrees. Dust suppression guidelines are provided by DERM (2010). Once a well site is in full production, the need for dust suppression no longer exists as the well site is occupying a very small area (up to ~400 m2) and the soil surface will have been covered (Figure 2.15).
Infiltration from incidental spills on the surface from storage tanks, trucks, valves, etc. (Source 2) (The Royal Society and The Royal Academy of Engineering 2012). Pipes connect different parts of the hydraulic fracturing machinery (Figure 2.20), including joints and fittings that can break. Overflow of trucks used for blending chemicals can also occur; however, the potentially contaminated surface area would be relatively small in comparison to overflow from a disposal pond. Depending on the volume of water released and antecedent soil moisture conditions (e.g., from rainfall), the contamination may be limited to the soil zone and never reach the groundwater table. Risks for groundwater contamination become higher in shallow soil areas when relatively large spills occur (Mallants et al. 2017b).
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Source: QGC (2012b)
[bookmark: _Ref364927024][bookmark: _Toc467146171][bookmark: _Toc364861002][bookmark: _Toc377066818]Figure 2.20  Temporary storage pond with water required for hydraulic fracturing and facilities involved in hydraulic fracturing fluid injection 
Infiltration from storage basins or waste disposals, dam wall collapse, and hazardous events including flooding (Source 3) (The Royal Society and The Royal Academy of Engineering 2012). In Australia, design requirements for disposal dams include sealing the bottom of basins with a clay liner or a geomembrane material with an equivalently low permeability (e.g. HDPE plastic sheet). The thickness of the clay layer is approximately 50 cm and the maximum allowed water movement across the clay is 5.2 cm in 15 years which translates to a maximum hydraulic conductivity of ~ 10-10 m/s (AE 2008; DERM 2012; DITR 2007; NSW Government 1978). Seepage may occur through the basin floor or containment wall.
Releases from supply and discharge lines and hoses that transport produced water from the well site to the storage ponds (Source 4). Leaks from subsurface discharge lines carrying produced water to a storage pond can occur as a result of construction faults, destruction of pipelines due to road works or land preparation works.
Coal seam gas wells (Source 5). The injection of hydraulic fracturing fluids that, if not fully recovered, have the potential to migrate to overlying or underlying groundwater.
The potential pathways to receptors for contaminant transport of fluids associated with hydraulic fracturing at the coal seam gas site (Pathways 6 to10) include:
Improperly constructed wells (Pathway 6). Improperly constructed wells could become sources of contamination if:
pipes break during hydraulic fracturing (hydraulic fracturing fluid leaks to shallow groundwater) 
leaks occur during gas production (with produced water leaking into shallow groundwater)
surface spills intercept a poorly constructed well such that water moves quickly downwards along fractures or voids into groundwater.
Similar pathways can exist for abandoned or offset wells (a well drilled near to an existing well to monitor fracturing and gas production). Possible leakage pathways in abandoned wells include flow along material interfaces and through degraded cement and corroded casings (Figure 2.21; Nordbotten et al. 2005). Corrosive properties of gases (e.g. H2S) and hydraulic fracturing fluids may require stringent well integrity (Tsang et al. 2007). For these reasons, plugging of abandoned wells with cement is required (Nicot and Duncan 2012).
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Source: Nordbotten et al. (2005)
[bookmark: _Ref364792939][bookmark: _Toc364861003][bookmark: _Toc377066819][bookmark: _Toc467146172]Figure 2.21.  Potential pathways for leakage along an abandoned well, including flow along the material interfaces (a, b, f) and through well cements and casings (c, d, e)
Faults and natural fractures (Pathway 7). During the injection of hydraulic fracturing fluid, the water pressure in the coal seam increases considerably. If confining layers (overlying and / or underlying aquitards) provide for pre-existing preferential flow pathways such as faults/fractured zones, the pressure gradient across these layers may possibly induce flow from the coal seam to overlying/underlying aquifers. Upward movement of fluids from the coal seam is particularly favoured if pressure in the overlying aquifer is reduced, for example due to groundwater pumping for hydraulic fracturing operations. The increase in formation fluid pressure is particularly apparent around the hydraulic fracturing injection source. Generally, lower permeability coal seams result in greater water pressure (as the injected water cannot easily dissipate its energy when permeability is low), although the lateral extent of the pressure increase is smaller. Note that during the hydraulic fracturing phase, water flow is out of the coal seams (Figure 2.18), whereas during the coal seam gas production phase water flow is into the coal seams (Figure 2.19). Therefore, a considerable risk for contamination is during the hydraulic fracturing phase. Fluids that have been transported into faults and fractures during the hydraulic fracturing phase may still be transported through faults and fractures during the de‑pressurisation phase; however, the main direction of flow and transport may have changed.
Hydraulic fractures (Pathway 8). The pressure change in the coal seam induces mechanical deformations, potentially increasing porosity and permeability (Liu and Rutqvist 2009). This process is favourable for methane extraction from the coal seam. However, at the same time, increasing pressure may also cause irreversible mechanical failure in the caprock. The mechanical failure may possibly involve shear-slip along existing fractures and creation of new fractures (Rutqvist and Stephansson 2003). Public concerns often involve earthquakes in relation to hydraulic fracturing. For example, in Denver a high-volume injection of liquid waste into a fault zone at approximately 3 600 m depth activated seismic events, which allowed injected liquids to escape through rock fractures and facilitated earthquake activities (Rutqvist and Stephansson 2003). Although earthquakes are possible at sites with geological sequestration of CO2 or at oil and gas upstream operations, they are very unlikely in the areas affected by hydraulic fracturing due to the lower injection volumes involved (Nicot and Duncan 2012).
Runoff to wetlands and rivers (Pathway 9). This includes the flow of hydraulic fracturing fluid across the land surface to water courses.
Subsurface flow from surface sources to wells, springs, wetlands, and rivers (Pathway 10). Subsurface flow includes the unsaturated zone and saturated zone, and includes all types of surface sources (Sources 1 to 4) discussed above. Additional receptors of potentially contaminated groundwater include groundwater dependent terrestrial vegetation and, mainly along rivers with interconnected unconsolidated alluvial aquifers with a high porosity, stygofauna (AE 2012d).
The potential movement of contaminants and fluids associated with hydraulic fracturing via springs is a topic of concern in Queensland. The connectivity between springs and deeper groundwater systems through faults could potentially provide a pathway for migration of hydraulic fracturing fluids, especially if fluid injection activity could increase subsurface pressures to the extent that it would facilitate the migration of hydraulic fracturing fluid to the land surface and / or shallow groundwater aquifers.
Studies by QGC (2012c) and Commonwealth of Australia (2014b and 2014c) were being conducted to prepare inventories of springs and to assess the connectivity of springs and deeper groundwater due to concerns about drawdown from coal seam gas water extraction. Several conceptualisations of how pressurised water reaches the surface via springs in the Great Artesian Basin have been developed (Figure 2.22). Possible causes for Great Artesian Basin spring flows have also been identified by DERM (2013a). For example, Figure 2.22 shows examples for Eulo Springs, which are outside of the Surat Cumulative Management Area. These include:
pressurised water breaking through thin confining layers
migration via faults and unconformities where pressurised water can flow upwards
abutment of aquifers against an outcrop, which can lead to pressurised water flowing vertically to the surface where confining layers are thin or absent along the outcrop contact margin (Figure 2.22).
[image: Figure_Eulo_Springs]
Source: DERM (2013a)
[bookmark: _Ref406697534][bookmark: _Toc467146173]Figure 2.22  Examples of underground causes of discharge spring flow in the Eulo springs super-group in the Great Artesian Basin
Among the inventory of springs in the QGC (2012c) study are Dawson River 8 Spring, Cockatoo Creek Spring, and Scott’s Creek Spring complexes. These springs are all located within the Dawson River catchment, and involve groundwater migrating through several formations, including surface outcrops of the Walloon Subgroup, and discharging at the land surface (see Figure 2.23, Figure 2.24, and Figure 2.25).
Dawson River 8 Spring is located in a topographic depression and potentially formed where the water table intersects the land surface (Figure 2.23). Groundwater is likely being recharged upslope and then discharging in the springs that exist at the break in slope. Nearby faulting and fracturing may influence the groundwater flow path (QGC 2012c). The Walloon Subgroup contains coal measures that are targeted for coal seam gas production, hence there is a concern that hydraulic fracturing activities during coal seam gas extraction may allow hydraulic fracturing fluids to reach the surface via springs.


[image: ]
Source: QGC (2012c); Photograph courtesy Queensland Water Commission;  For location of Dawson River 8 relative to coal seam gas fields, see Figure 2.25.
[bookmark: _Ref364927162][bookmark: _Toc364861005][bookmark: _Toc467146174][bookmark: _Toc377066821]Figure 2.23  Hydrogeological conceptual model for Dawson River 8 Spring Complex showing the discharge of groundwater at the surface after passage through several formations, including the Walloon Subgroup 
[bookmark: _Ref364927164][bookmark: _Toc364861006][bookmark: _Toc377066822][image: ]
Source: QGC (2012c); Photograph courtesy Queensland Water Commission; For location of Scott’s Spring Complex relative to coal seam gas fields, see Figure 2.25.
[bookmark: _Ref400293190][bookmark: _Toc467146175]Figure 2.24  Hydrogeological conceptual model for Scott’s Spring Complex showing the discharge of groundwater at the surface after passage through several formations, including the Walloon Subgroup
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Source: QGC (2012d); The dashed lines indicate the geological cross-sections for the Dawson River 8 (Figure 2.23) and Scott’s Creek (Figure 2.24) spring complexes.
[bookmark: _Ref364927166][bookmark: _Toc364861007][bookmark: _Toc377066823][bookmark: _Toc467146176]Figure 2.25  Outcrop of the Walloon Subcrop relative to Scott’s Creek, Dawson River 8 and Cockatoo Creek springs
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The potential risks of soil and groundwater contamination from chemical use associated with the different phases involved in developing a coal seam gas site are summarised in Table 2.2. Risks are based on assessing if the activity involves the use of potentially toxic chemicals, and if normal operation (i.e. good industry practice) could result in release of such chemicals to soil and groundwater. A non-exhaustive set of risks is listed below:
Loss of hydraulic fracturing fluid in the coal seam formation. When chemicals injected with the hydraulic fracturing fluid remain in the coal seams (see Section 2.2.2) there is a risk of contamination of nearby drinking water aquifers via sealed fractures and faults that become activated by the hydraulic fracturing operation and / or via defective or insufficient well construction (US EPA 2012).
Leaks during hydraulic fracturing at depths other than the coal seams. When excessive pressure during hydraulic fracturing results in damage to well integrity, a migration pathway is then established through which contaminants could travel into nearby aquifers (US EPA 2012).
Leaks from storage ponds containing flowback and / or produced water. When liners (clay-based or other material) within storage ponds are not impermeable, and produce a small but continuous leakage to the subsurface (Chapuis 2002).
Leaks from improperly plugged wells. After wells are abandoned because gas extraction is no longer economic, residual contaminants associated with hydraulic fracturing may flow from coal seams through damaged wells into nearby drinking water aquifers (Jeffrey et al. 2017a). This is facilitated by the generally higher water pressure in the coal seam formations compared to overlying aquifers.
[bookmark: _Ref364930073][bookmark: _Toc377226493][bookmark: _Toc467146141]Table 2.2  Well site activity and identification of potential risks for contamination
	Activity
	Description
	Duration
	Risk

	
	Baseline phase
	
	

	Site preparation
	Site identification, access and preparation, baseline monitoring
	Up to 2–5 years
	Very low

	
	Pre-operational phase (drilling and completion phase)
	
	

	Drilling
	Drilling fluid (~0.16 ML per well) obtained from existing water storage
	2–5 weeks
	Low when drilling water does not contain petroleum based fluids

	
	Circulation fluid contains up to 3% potassium chloride
	2–5 weeks
	Low

	
	Drilling fluids contained on site in tanks
	2–5 weeks
	Low if drilling fluids contained in tanks

	
	Remaining drilling fluids transported to approved disposal site
	2–5 weeks
	Very low

	Downhole logging
	Geophysical logging with special purpose probes lowered into the wellbores to record strata characteristics
	2 days
	Very low

	Coal seam permeability testing
	Lowering of special purpose packers on slim rods into the wellbores with packers isolating specific target coal seams for small-scale downhole water production and injection tests to determine permeability.
	5 days
	Very low

	Cementing production casing
	Full cementation of casing from shoe to surface.
	Up to 2 days
	Very low

	
	· HF fluid injection phase or pressurisation phase
	
	

	Well perforation and hydraulic fracturing
	Well stimulation through a ‘fracture treatment’ opens up the paths in coal seams so they are wide enough to allow gas flow. Fracture treatment involves pumping water, sand and additives into the selected zones at high rates.
	Up to 1 week (depending on the number of stages to be performed)
1–3 days to complete hydraulic fracturing
	Accidental leaks of chemicals during transport and hydraulic fracturing mixing and injection
Loss of hydraulic fracturing fluid in the coal seam formation
Leaks into overlying aquifer during hydraulic fracturing
Leaks from storage ponds containing flowback water

	
	De‑pressurisation phase
	
	

	Production testing
	Production of gas from coal seams for evaluation and appraisal.
	12-15 months
	Leaks from storage ponds containing produced water

	Production phase
	CSG wells pump water and gas from the coal seams. Water and gas are separated on the surface, water is pumped to storage ponds awaiting treatment and / or reuse.
	Up to several decades for a well field (20–30 y)
	Leaks from storage ponds containing produced water
Leaks from pipelines
Dust control with produced water
Flooding from storage ponds

	
	Post-operational or return to equilibrium phase
	
	

	Site rehabilitation
	Wells that are unsuitable for production or have ceased producing gas will be plugged with cement.
Storage ponds are to be cleaned out, and the liners removed and disposed of in a licensed facility. 
	Days to weeks
	Improperly plugged wells could provide pathways for contaminated groundwater.
Storage ponds remain on site with residual contamination accumulated at its base, followed by leakage through the liner.

	Monitoring
	Long-term stewardship, monitoring groundwater level and quality. 
	Up to several decades (can exceed 100 years)
	Very low


[bookmark: _Toc467146116]Compilation of types of incidents and assessments associated with accidental releases of hydraulic fracturing fluids
The national and international literature on incidents associated with hydraulic fracturing was reviewed and provided insights in the type and frequency of occurrence of such incidents (Section 3.1). The review further delivered an overview of qualitative and quantitative assessments of risk of exposure to hydraulic fracturing fluids (Section 3.2).
[bookmark: _Ref409432640][bookmark: _Toc467146117]Compilation of types of incidents of accidental release
To assess contamination risk from surface handling of drilling and hydraulic fracturing fluids, an inventory of potential scenarios of incidents involving fluid releases to soil and groundwater is required. For a model-based assessment of these scenarios, critical information is required about the contaminant source characteristics (also see Section 4.1). To address this, reports of contamination incidents (national and international) involving fluids associated with hydraulic fracturing have been reviewed and compiled in this section. Because different types of natural gas are being addressed in the different studies, a brief overview of the main characteristics of different gas types is provided.
Natural gas is typically accumulated in a subsurface reservoir - any rock formation with adequate porosity, fractures, or sorption potential that can store liquid or gas hydrocarbons. The different forms of natural gas are generally categorised into conventional and unconventional gas. Conventional gas is obtained from reservoirs that largely consist of porous sandstone formations capped by impermeable rock. The gas can move to the surface through the gas wells without the need to pump. Unconventional gas is generally produced from complex geological systems that prevent or significantly limit the migration of gas and require innovative technological solutions for extraction. The difference between conventional and unconventional gas is the geology of the reservoirs from which they are produced.
There are several types of unconventional gas such as coal seam gas, shale gas and tight gas. Coal seam gas is entirely adsorbed into the coal matrix. Movement of coal seam gas to the surface through gas wells normally requires extraction of formation water from the coal cleats and fractures. Shale gas is generally extracted from a clay-rich sedimentary rock which has naturally low permeability. Tight gas is trapped in ultra-compact reservoirs characterised by very low porosity and permeability.
There are 41 case studies reported in the United States by the EPA of accidental releases of hydraulic fracturing fluids from chemical tanks, supply lines, or leaking valves (US EPA 2010). Most of these are non-coal related (i.e. oil, conventional gas and shale gas). The coal seam gas related cases studies include:
drinking water well contamination: 
Powder River Basin in Clark, Wyoming
San Juan Basin (shallow coal seam gas and tight sand) in La Plata County, Colorado; methane seepage
Raton Basin in Huerfano, Las Animas and North Fork Rank Counties, Colorado.
methane in well water:
Raton Basin in Las Animas County, Colorado.
Hydraulic fracturing for the purpose of gas extraction was introduced in Europe in the early 1980s, involving fracturing in tight gas in Germany and Denmark (AEA 2012). A study by Lechtenböhmer et al. (2011) for the European Parliament drew attention to the issue of shale gas extraction in Europe being in its infancy, in comparison to the US, which has more than 40 years of experience. According to this study, many accidents in the US were due to improper handling or leaking equipment. Lechtenböhmer et al. (2011) recommended the collection of statistics about accidents in Europe and an analysis of the causes of the accidents. Reported incidents involving hydraulic fracturing operations in Europe include, for example, groundwater contamination with mercury and benzene due to accidental release from waste water pipes from the tight gas field “Söhlingen” in Germany in 2007 (Lechtenböhmer et al. 2011). A review of hydraulic fracturing for shale gas in the UK stated that the accidental release or spill of hydraulic fracturing fluids associated with surface operations may pose a greater contamination risk than hydraulic fracturing itself (The Royal Society and The Royal Academy of Engineering 2012).
In Australia, a coal seam gas industry survey carried out by NICNAS (2017a) found 10 cases of unintentional release of hydraulic fracturing chemicals to the environment for the period 2012-2013, including: 
four well injection incidents (mechanical failure of valves and burst disc failure)
one incident during mixing (tank overflow)
one transport incident (truck rollover)
four storage pond incidents (release of fluids as a result of flooding and liner failure).
In Queensland a total of 45 compliance related incidents were reported between 1 January 2011 and 30 June 2011, based on 11 unscheduled audits and inspections of coal seam gas operators as a result of intelligence received from the community, from monitoring programs or industry self-reporting (for details see Appendix C). The majority of these incidents involved releases of coal seam gas flowback or produced water to the environment (DERM 2011b). Other incidents involved noise complaints, sewage overflows from base camps and vegetation clearing. Spills and overflow are likely to have infiltrated underground (soil and groundwater), although during flooding the infiltration may happen at a considerable distance away from the storage dam especially in undulating terrain. Between 1 January 2011 and 30 June 2011 DERM further conducted 11 proactive inspections of coal seam gas operations and extraction activities across the Surat and Bowen Basins (DERM 2011b); all inspected companies were meeting environmental compliance.
Between July and December 2012, 142 incidents were reported in Queensland, the majority being spills of contaminants to land within the gas fields (DERM 2013b). These spills were considered to have minor impact to the environment and are not discussed further.
Between 2011 and 2013, a total of four incidents were recorded in NSW where coal seam gas water had been released (Appendix C), including discharge of coal seam gas water into a creek, overflow during extreme rain events, and leakage from a storage pond (in the Pilliga). In case of the leaky storage pond incident, leakage continued undetected for up to five or six years in the Pilliga near the Narrabri Gas Fields in the Namoi catchment, NSW (NSW Government 2013). A liner of the Biblewindi Pond 3 had not performed adequately and produced water had leaked to the groundwater at a depth of between 22 and 33 m. Elevated salt levels in the groundwater between depths of 20 and 33 m and elevated levels of aluminium, arsenic, barium, boron, lead, nickel, strontium and uranium had been reported, although little lateral spreading of contaminants in groundwater had occurred due to the very low groundwater velocity. Also, studies indicate that the naturally occurring uranium in the soil is the source of the elevated concentrations of uranium in the groundwater (NSW Government 2013).
Table 3.1 provides a summary of government and coal seam gas company reports of compliance-related incidents (48) involving coal seam gas waters and hydraulic fracturing fluids (for details see Appendix C). The majority of incidents were reported by Queensland DERM in their coal seam gas / liquefied natural gas Compliance Plan Update (DERM 2011b) (34 incidents mainly involved release of coal seam gas water to the environment; other incidents were related to noise levels, sewage overflows, and vegetation clearing – i.e. they did not involve leakage of coal seam gas water or hydraulic fracturing fluids and are therefore not included in Table 3.1). A total of four incidents occurred in NSW that involved release of coal seam gas water (Appendix C), while the 10 incidents reported by NICNAS (2017a) did not provide information on location. Between the years 2009 and 2013, the majority of incidents (62.5%) were spills involving the release of coal seam gas water and hydraulic fracturing fluids (i.e. flowback and / or produced water) during operations.
[bookmark: _Ref364930082][bookmark: _Toc377226494][bookmark: _Toc467146142]Table 3.1  Compliance-related incidents involving hydraulic fracturing that occurred in Qld and NSW (2009 to 2013) (for details see Appendix C)
	Type of incident
	Number of incidents
	Percentage of total

	Spills
Releases of CSG water during operations account for the largest incident type. These spills typically occurred during drilling activities or result from opened / faulty valves within pipework. NICNAS (2017a) reported one truck rollover involving drilling mud and one tank overflow incident involving hydraulic fracturing fluid. NICNAS (2017a) further reported four well injection incidents (valve and burst disc failure).
	30
	62.5

	Discharge
These incidents involve the controlled or uncontrolled release of coal seam gas water or permeate to the environment.
	5
	10.4

	Overflow (flooding)
This includes water from pond/dam that overtopped during Queensland flooding (December 2010 and January 2011), an incident in NSW involving untreated pond water and an abandoned CSG drill site where two water storage ponds were not properly managed and overflow was evident during inspection. NICNAS (2017a) reported 3 flooding events involving storage ponds.
	7
	14.6

	Exceedance release limits
Discharge limits and storage of fluids are regulated by environmental authorities and non-compliance was assessed on at least five occasions.
	3
	6.2

	Other contamination
BTEX (Benzene, toluene, ethylbenzene, xylenes) contamination. BTEX was not used in the fracturing activities at these sites and may be related to the use of certain fuels during drilling.
	1
	2.1

	Pond leakage
Leaks in storage pond liner occur over extended periods with produced water leaking into the soil (Pilliga Pond Incident, NSW). NICNAS (2017a) reported one leakage incident involving flowback water.
	2
	4.2

	Total
	48
	100%


[bookmark: _Toc377366341][bookmark: _Ref409432652][bookmark: _Toc467146118]Compilation of assessments associated with releases of hydraulic fracturing fluids
Both qualitative and quantitative assessments of risk of exposure to hydraulic fracturing fluids associated with unconventional gas extraction have been reported in the literature. The qualitative assessments were undertaken in the absence of quantitative exposure data, with only potential impacts assessed. Some quantitative assessments have considered the implications of human exposure to contaminated shallow drinking water aquifers.
A comprehensive qualitative risk assessment for coal seam gas hydraulic fracturing fluid was reported by Golder Associates (2010) for the Roma (300 000 ha), Fairview (139 000 ha), and Arcadia (240 000 ha) coal seam gas fields operated by Santos. The assessment consisted of the following four components.
Issue identification: a description of the current environmental setting, potential receiving environments, hydraulic fracturing process, and identification of constituents of the hydraulic fracturing fluid.
Hazard assessment: an evaluation of environmental hazard of chemicals in the hydraulic fracturing fluid based on aquatic toxicity, environmental persistence, and bioaccumulation. Chemicals identified as representing a high hazard were identified as chemicals of potential concern (COPC), requiring further assessment.
Exposure pathway assessment: comprised a mass balance calculation to identify the amount of each chemical additive in the hydraulic fracturing fluid. For those chemicals identified as COPC, fate and transport modelling was used to identify the likely extent of migration from a coal seam gas well into deep groundwater. Relevant complete exposure pathways (source-pathway-receptor) were identified based on the fate and transport modelling and receiving environments.
Risk characterisation: a qualitative evaluation of environmental risk associated with the injection of hydraulic fracturing fluid based on identification of complete exposure pathways and hazard identification.
The exposure pathway assessment considered migration from the source zone around a coal seam gas well into the nearby groundwater. Fate and transport modelling aimed at producing high-end estimates was carried out only for organic COPC as insufficient information was available to assess inorganic constituents. Migration of the organics was less than 5 m from the furthest extent of residual hydraulic fracturing fluid in a fractured coal seam. With no groundwater extraction wells located within 70 m of the coal seam gas wells, the exposure pathway was incomplete and the environmental risk was considered to be low. The assessment did not consider exposure pathways from surface sources to soil and to groundwater. One of the assumptions in the assessments was that all coal seam gas well locations have the potential to be fractured, given the uncertainty in future hydraulic fracturing locations.
In a study commissioned by the European Commission, a risk screening exercise was conducted to assess potential hazards and the expected frequency of probability of the hazards at different stages of hydraulic fracturing, with a focus on shale gas (AEA 2012). Much of the screening exercise drew upon the experiences documented by the US EPA. The risk rating stages across all project phases for groundwater (GW) and surface water (SW) contamination (risk ratings between parentheses for an individual site) included:
well pad site identification and preparation (GW: not applicable; SW: low)
well design, drilling, casing and cementing (GW: low; SW: moderate)
technical hydraulic fracturing stage (GW: moderate high; SW: moderate high)
well completion (GW: high; SW: high)
well production (GW: moderate high; SW: low)
well abandonment (GW: not classifiable; SW: not applicable).
As of 2012, only Poland and the UK have performed high-volume hydraulic fracturing for shale gas extraction, but a number of other EU countries (e.g. Germany, the Netherlands, Spain, Romania, Lithuania, Denmark, Sweden, Hungary) have expressed interest in developing shale gas resources (AEA 2012). The AEA study found that there is an overall high risk of groundwater contamination at an individual fracturing site, particularly during the fracturing, well completion and production phases. Additional causes of contamination risk included the spillage of chemicals and waste waters during the development and operational lifetime of the plant, issues with maintaining the integrity of wells and other equipment throughout the development, and operational and post-abandonment lifetime of the well pad (AEA 2012). The European study cites recent evidence indicating that there is a remote risk of properly injected fracturing liquid contaminating potable groundwater, if the separation distance is greater than 600 m (Davies et al. 2012; Fisher and Warpinski 2012). Preliminary indications are that most shale gas formations in Europe exhibit a separation distance of more than 600 m (AEA 2012). There is currently little information on the long-term human and ecosystem health risk posed by migration of hydraulic fracturing fluids to the surface (AEA 2012).
Leakage of hydraulic fracturing fluids and flowback water from the surface through the soil to shallow groundwater (aquifers used to produce drinking water) was investigated by Gradient (2013), using the calculation of dilution attenuation factors. These factors account for dilution and attenuation as the chemicals migrate through soil and groundwater, and were used to calculate chemical concentrations in a drinking water well. Such concentrations were then compared to concentration levels at which adverse health effects could start to become a possible concern. The results of their analysis indicated the concentration levels of chemicals that were estimated could hypothetically be present in drinking water sources, were all less than the concentration levels below which adverse health effects would be expected to occur at probability levels of greater than 99 per cent. The overall conclusion of the study was that, based on the range of spill scenarios evaluated and conservative analysis employed (i.e. US EPA 1992), should such spills occur, associated exposure and human health risks are expected to be insignificant. This is mainly due to environmental dilution mechanisms which are expected to reduce concentrations in potable aquifers and surface waters to levels well below health-based drinking water concentrations.
[bookmark: _Toc377366342][bookmark: _Toc467146119]Data requirements for coal seam gas exposure assessments
Assessing implications of the exposure of humans and the environment to hydraulic fracturing chemicals involves collecting different types of data[footnoteRef:9] to run models of mass transport. The models can then be used to predict chemical concentrations in various receptors in the landscape (e.g. drinking water well, and streams). [9:  Data for quantitative risk assessments include contaminant source characteristics (volume, chemical composition, release rate), pathway characteristics (for release into the subsurface this includes soil and groundwater water flow and solute transport and attenuation parameters), and receptor characteristics (exposure time, uptake rate, etc).] 

In characterising the contaminant source, a primary requirement is to identify and quantify the concentration of each chemical additive of the hydraulic fracturing fluid that may be released unintentionally to the environment. The industry survey carried out by NICNAS (NICNAS 2017a) identifies the range of chemicals used in hydraulic fracturing. For those chemicals that were identified by NICNAS as chemicals of potential concern (COPC) (see NICNAS 2017b), predicted environmental concentrations will be determined considering migration from their potential sources (spills, leaks) to receiving environments linked to shallow groundwater and surface water (Mallants et al. 2017b). This will inform exposure assessments for both humans and the environment (DoEE 2017c; NICNAS 2017c). For relevant soil and shallow groundwater exposure pathways, the source-pathway-receptor analysis will be carried out using state-of-the-art simulation models (Mallants et al. 2017b). To allow an integrated assessment to be completed, a parallel conceptualisation and modelling process has been developed for calculating chemical concentrations in receiving surface water environments (DoEE 2017b and 2017c).
In the following sections, data requirements for exposure assessments are discussed and data are provided on the characteristics of contaminant sources including: 
the chemical composition of flowback and produced water in storage ponds (Section 4.1)
spills and leaks from storage ponds (Section 4.2)
contaminant pathways (Section 4.3).
This is followed by sections detailing the potential effects of migration of flowback / produced water from leaks and surface applications on soil health (Section 4.4.1) and vegetation (Section 4.4.2).
[bookmark: _Ref364932814][bookmark: _Ref364934120][bookmark: _Toc377366343][bookmark: _Toc467146120]Characteristics of contamination sources
To conduct exposure assessments the following key characteristics for contaminant sources are needed.
For drilling and hydraulic fracturing fluids: COPC identification (see NICNAS 2017b for details) and their concentration, volume of fluid that could leak into the underground, the duration of leakage (a single short pulse or long-term steady leakage), and the frequency of leaks.
For flowback and produced water: the chemical composition of the leachate (chemicals associated with drilling and hydraulic fracturing fluids and geogenics) and concentrations.
A summary of source geometric attributes and temporal characteristics for different source types (point source, line source, area source) is provided in Table 4.1. Point, line and area are geometric attributes required for the conceptual models of contaminant fate and transport, and defined as: 
a point source typically represents a source of limited spatial extent such as an accidental spill from jugs or containers and may be represented in a solute transport model by a surface area ranging from less than one up to several m2. Usually a one-dimensional model is considered appropriate to represent leakage from a point source into soil
line sources are used to represent pipes and hoses that leak over several tens to hundreds of m; their representation in a transport model often involves an elongated rectangular surface area
area sources comprise surface ponds with a surface area spanning several tens of thousands of m2 and may be represented in a transport model as a square or rectangular surface.
While line and area sources would be most accurately represented by a two or even three-dimensional model, an acceptable simplification is the use of a one-dimensional model, provided the source characteristics are homogeneous in space (i.e. contaminant leak rate is the same everywhere) and the naturally heterogeneous subsurface characteristics can be represented by a homogeneous equivalent.
[bookmark: _Ref364930116][bookmark: _Toc377226495][bookmark: _Toc467146143]Table 4.1  Sources of contamination containing drilling and HF fluids
	Source of contamination
	Type of source 
p – point sources and nonpoint sources 
a – area
l – linear
	Duration
	Volume at the source

	Drilling fluids
	l
	Pre-operational phase
	~0.16 ML per well

	Infiltration of produced water and flowback water due to dust suppression at a site
	a
	De-pressurisation phase
	0.2 - 0.7 # ML/day

	Incidental spills on the surface from storage tanks, trucks, etc.
	p
	Injection and de‑pressurisation phase
	Up to 0.03@ ML/day

	Infiltration from ponds 
	a
	Injection and de‑pressurisation phase
	0.032-3.2 ML/year$

	Releases from supply/discharge lines and hoses
	l
	Injection and de‑pressurisation phase
	Up to several ML/day*

	CGS wells
	l
	Injection, de‑pressurisation, and post-operational phase
	up to 1 ML/well per injection¶


# the total volume of applied water (Santos 2013) is conservatively assumed to infiltrate; $ for a surface area of approximately 1 ha and 100 ha (50 and 5100 ML capacity) and a leakage rate of 10-10 m/s (Table 4.2); @ see Appendix C; * for an assumed breach of a major waste water discharge pipe; ¶ approximate volume of hydraulic fracturing fluid used in Surat per well (see Section 2.2.1)
The total number of wells for the different production areas is required to calculate the total mass loading to the underground (soil and groundwater) for a given production area. Alternatively, the average mass loading per unit of surface area (e.g. 1 km2) can be estimated. Certain types of surface contamination may occur at each well site (e.g. dust control with treated and / or untreated produced water), others may occur only at a limited number of sites because they happen relatively infrequently. If the contamination happens at several sites within a broader area (e.g. within a catchment area), assessments need to consider cumulative impacts (i.e. several streams of contaminants merging together), rather than the impact from an individual well site.
Contaminant sources in Table 4.2 have been characterised in terms of the surface area involved, the volume of fluid released, the duration of the release, the chemical composition of the fluid, and the concentration of chemicals. The surface area values are indicative, in that they provide an order of magnitude estimate which is acceptable for a broad assessment producing high-end estimates. For point sources, the surface area mainly defines the volume of soil into which the fluid is mixed with soil water, and this defines the degree of initial dilution. For area sources, the surface area would be used to (US EPA 1996):
define the initial dilution at the source
determine the total mass flux to the groundwater
determine how the surface area would influence the dilution in groundwater based on the principle that dilution in groundwater decreases with increasing surface area of the source (US EPA 1996).
The duration of the fluid release is simplified into two categories: instantaneous and long-term. In practice, instantaneous means released during a short period, say less than a day. Long-term typically means released over several years. For example, the Pilliga Pond incident near Narrabri (Namoi catchment, NSW) which involved leakage from a storage pond continued undetected for up to five or six years (NSW Government 2013).
The chemical composition of point and line sources depends on the type of liquid additive. For the area sources, which are mainly storage ponds with flowback and produced water, the composition depends on the geochemistry of the groundwater and the type of chemicals used for hydraulic fracturing. The latter would be relevant only during a relatively short period after hydraulic fracturing has occurred. Once the flowback water has been removed from the storage ponds, chemical composition and concentration will mainly depend on the groundwater composition with residual hydraulic fracturing fluids decreasing over time. The area of storage ponds operated in Australia can be up to approximately 100 ha (Appendix D). Contaminant release from storage ponds containing produced water can be short-term (due to flooding) or long-term (due to leakage), with contaminants migrating through soil and subsequently groundwater. These sources of contamination may exist for a long period (at least as long as the well sites are operational) and hence are a potentially significant long-term hazard.
An incident involving a spill of the contents of a tote (Figure 2.14) is considered a point source for the purposes of this evaluation. An incident involving a break in a pipe that conveys coal seam gas produced water to a water treatment plant is considered a line source. A break is possible, for example, if a landowner uses a blade plough or installs fencing, which intercepts a pipeline conveying produced water to the water treatment plant. A significant break in a water pipe could likely be detected within a short period of time if flow monitoring is carried out (i.e. monitoring inflows from well heads and outflows at storage ponds[footnoteRef:10]), and may be considered an instantaneous source. However, if the break goes undetected for a period of time (e.g. because it is relatively small), the source would represent a long-term leaching process. [10:  At Origin’s Spring Gully gas field (Queensland), water flow rates are monitored at the well head and at the water treatment plant and any major discrepancy in flow would result in the detection of leaking pipes.  ] 

The probability of a leak increases with the total length of discharge pipelines. Pipeline lengths are significant. For example, at the Spring Gully site operated by Origin, the density of water discharge pipelines is approximately 0.05 km/km2 (length of existing and proposed water transfer pipelines is 125 km in the 2 560 km2 of the Spring Gully Development Area) (APLNG 2013).
At Origin’s Spring Gully field, mitigation measures are in place to reduce the risk of leakage fluids during the preparation and execution of hydraulic fracturing, including:
two barriers are in place, i.e. double safety valves and the presence of a tarp underneath the hoses that supply additives from the totes to the blender truck
trucks are used to transport only the quantities of additives required to complete the job, which is planned in advance of starting hydraulic fracturing at the site, and typically this would only be the volume of 3 totes (833 to 1 420 L) per well (Figure 2.14)
emergency response teams are on site to alert the presence of impending bushfires, which would result in postponing hydraulic fracturing activities and the delivery of chemicals to the site. The occurrence of a bushfire would be one situation that would require staff to evacuate the site and leave the hydraulic fracturing trucks, storage ponds and equipment unattended.
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	Source type
	Surface area
	Volume of fluid released
	Duration of release
	Chemical composition
	Chemical concentration

	Point sources
	
	
	
	
	

	Flat-bed trucks loaded with containers (hydraulic fracturing)
	~ 10 m2
	833-1420 L HDPE totes
	Instantaneous
	Various; Liquid additives; see Table A1 (Appendix A)
	Uncertain; NICNAS 2017a

	Flat-bed trucks loaded with containers (hydraulic fracturing)
	~ 1 m2
	3.8 L jugs
	Instantaneous 
	Various; see Table A1 (Appendix A)
	Uncertain; NICNAS 2017a

	Flat-bed trucks loaded with containers (hydraulic fracturing)
	~ 1 m2
	19 L sealed buckets
	Instantaneous
	Various
	See NICNAS 2017c

	Tanker truck (hydraulic fracturing)
	~ 10 m2
	Contents of the tanker truck (e.g.  15 000 L)
	Instantaneous
	e.g. Hydrochloric acid
	Uncertain; NICNAS 2017a

	Line sources
	
	
	
	
	

	Leaking pipes of produced water transported to water treatment facility
	Few 100s of m2
	Several m3
	Instantaneous and long-term (if not immediately detected)
	Various; see Table 4.3
	Uncertain; refer to typical concentrations in produced water as a guide, Table 4.3

	Leaking hoses from blender truck to well (fracturing)
	Few 10s of m2
	Several m3
	Instantaneous
	Various; see Table A1 (Appendix A)
	Uncertain; NICNAS 2017a

	Area sources
	
	
	
	
	

	Storage ponds for flowback and produced water
	Various sizes (e.g. 1600 m2 and larger)
	Normal operations with compacted clay or geomembrane liner (DITR 2007): expected leakage rate of 10-9 m/s for compacted clay and 
10-10 m/s for geomembrane (max. permissible leakage rate).
Accidental conditions (e.g. flooding): several orders of magnitude higher.
Improper rehabilitation after cessation of CSG activities.
	Long-term (years)
Short-term (flooding)
	Depending on groundwater geochemistry and degree of interaction with hydraulic fracturing fluids
	Uncertain; refer to typical concentrations in produced water as a guide, 
Table 4.4

	On-site evaporation or brine containment ponds (waste generated from the RO plant)
	Various sizes (up to several ha)
	Normal operations with clay liner: estimated leakage 10-10 m/s.  
Accidental conditions (flooding): several orders of magnitude higher.
	Long-term (years)
Short-term (flooding)
	Depending on groundwater geochemistry and degree of interaction with hydraulic fracturing fluids
	Uncertain; refer to concentrations in brine water used for re-injection by Santos 2013b (Table 4.5) as a guide





Assessing the mass of different hydraulic fracturing fluid chemicals remaining in a deep coal seam formation is critical for estimating the potential exposure to humans and the environment. In Santos’s coal seam gas fields (Surat and Bowen Basins) an estimated 18 000 kg of additives have been injected per extraction well; with seven targetted coal measures per well this corresponds to approximately 2 500 kg per measure. With an estimated 40 per cent of the hydraulic fracturing fluid initially remaining in the aquifer, the total mass of chemicals initially in the coal seam formation could be as high as 7 200 kg. The total mass recovered will increase (and potentially nearly all the injected water will be recovered) over time as pumping continues (Golder Associates 2010).
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The discussion in this section is focused on the water composition originating from coal seam formations, including chemicals associated with hydraulic fracturing fluids as well as the naturally occurring constituents (geogenics). Naturally occurring constituents may experience increased concentrations in flowback and produced water as a result of chemical interactions with hydraulic fracturing fluids (Apte et al. 2017).
Although the exposure assessments undertaken as part of the Assessment do not include geogenics, the purpose of this section is to provide a comprehensive overview of the chemical composition of produced waters to inform appropriate further uses, management, and assessment. For example, any consideration of COPCs requires identification of the source concentration, and concentrations are used to underpin calculations of contaminant fate and transport.
An example of the potential toxicity of flowback water for ground vegetation was demonstrated by Groat and Grimshaw (2012) in West Virginia by the intentional release of 1.1 ML of flowback water in a mixed hardwood forest. Approximately 10 days following the release trees displayed premature leaf drop, and after two years the mortality rate for one species of tree was greater than 50 per cent. The mortality rate observed in this investigation was attributed mainly to the high salinity of the flowback water.
Table 4.3 provides a summary of naturally occurring constituents in coal seam gas produced water and concentrations. Water quality data for locations in Queensland and NSW are based on samples from different sources, including (i) storage ponds containing treated or untreated produced water, and (ii) wells. Minimum trigger values are derived from the Australian drinking water guidelines for health and aesthetic quality (NHMRC and NRMMC 2011) and the ANZECC and ARMCANZ (2000) guidelines for irrigation and aquatic ecosystem protection. Additional information about constituents sampled from coal seam gas water with measured concentrations that were below analytical detection limits is provided in Appendix A (Table A3).
Several naturally occurring constituents in produced water exceed the minimum trigger values for one or more guideline values as summarised below (for details see Table 4.3):
general water quality parameters, major ions and inorganic non-metals: total dissolved solids, chloride, fluoride, sodium, phosphorus, selenium
metals and metalloids: Al, As, Ba, B, Cd, Cr, Cu, Fe, Pb, Mn, Hg, Mo, Zn
organics - Polycyclic aromatic hydrocarbons: Benzopyrene
radionuclides: beta emitters.
Waters with a high sodium absorption ratio (SAR[footnoteRef:11]), if used for irrigation, will result in salt accumulation in the soil profile[footnoteRef:12], effectively killing off native plant species that are not salt tolerant (Moore 2012). This topic is covered in more detail in Section 4.4.2. [11:  Sodium adsorption ratio (SAR) = [Na+] / {([Ca2+] + [Mg2+]) / 2}1/2 where [Na+], [Ca2+], and [Mg2+] are in milliequivalents/litre]  [12:  Applying irrigation water with a high SAR to soil for many years can lead to the sodium in the water displacing the calcium and magnesium in the soil. This will cause a decrease in the ability of the soil to form stable aggregates and a loss of soil structure. This in turn will result in a decrease in infiltration leading to problems with crop production.] 

[bookmark: _Ref364930099][bookmark: _Ref399681297][bookmark: _Toc377226497][bookmark: _Toc467146145]Table 4.3  Coal seam water quality sampled from storage ponds (untreated produced water) and wells compiled from various sources in Qld and NSW (for source data see Appendix A)
	Parameter
	Units
	Minimum
	Maximum
	Australian Drinking Water Guideline
	ANZECC Guideline
	Minimum Trigger Value

	
	
	
	
	Health
	Aesthetic
	Aquatic eco-system[b]
	Irrigation [c]
	Livestock
	

	General water quality parameters, major ions and inorganic non-metals

	pH
	--
	6.8
	9.8
	[a]
	6.5-8.5
	--
	--
	--
	6.5-8.5

	Total dissolved solids
	mg/L
	152
	1.56× 104
	--
	--
	--
	--
	5000 (beef); 3000 (poultry)
	3000

	Sodium adsorption ratio
	meq
	16
	380
	--
	--
	--
	--
	--
	--

	Electrical conductivity
	µS/cm
	200
	2.15×104
	--
	--
	--
	--
	--
	--

	Bicarbonate 
	mg/L
	58
	1707
	--
	--
	--
	--
	--
	--

	Bromide
	mg/L
	10.6
	11
	0.02a
	--
	--
	--
	--
	--

	Calcium 
	mg/L
	0.5
	39.3
	--
	--
	--
	--
	1000
	1000

	Chloride 
	mg/L
	8
	5870
	[a]
	250
	--
	--
	--
	250

	Fluoride 
	mg/L
	0.05
	8.2
	1.5
	--
	--
	1
	2
	1

	Iodide
	mg/L
	0.23
	3.5
	0.5
	--
	--
	--
	--
	0.5

	Magnesium 
	mg/L
	1
	35
	--
	--
	--
	--
	2000
	2000

	Potassium 
	mg/L
	1
	2060
	--
	--
	--
	--
	--
	--

	Silica, SiO2 
	mg/L
	13
	20
	--
	80
	--
	--
	--
	80

	Sodium 
	mg/L
	18
	5160
	--
	180
	--
	--
	--
	180

	Sulfate 
	mg/L
	0.5
	23
	500
	250
	--
	--
	2000
	250

	Ammonia (as NH3) 
	mg/L
	0.077
	0.077
	[a]
	0.5
	0.9
	--
	--
	0.5

	Nitrate (as NO3)
	mg/L
	0.007
	0.044
	50
	--
	0.7
	--
	1500
	0.7

	Nitrite + Nitrate as N 
	mg/L
	0.01
	0.01
	3***
	--
	--
	--
	30***
	3

	Total Phosphorus as P 
	mg/L
	0.38
	0.38
	--
	--
	0.01 [e]
	0.05 [d]
	--
	0.01

	Selenium
	µg/L
	0.1
	40
	10
	--
	11@
	20
	20
	10

	Metals and Metalloids

	Aluminium 
	µg/L
	6.2
	1.8× 104
	[a]
	200*
	55
	5000
	5000
	55

	Antimony
	µg/L
	0.4
	0.4
	3
	--
	--
	--
	--
	3

	Arsenic
	µg/L
	0.2
	15
	10
	--
	24 for As (III); 13 for As (V)
	100
	500
	10

	Barium
	mg/L
	0.6
	4.1
	2
	--
	--
	--
	--
	2

	Boron
	mg/L
	0.2
	5.4
	4
	--
	0.37
	0.5
	5
	0.37

	Cadmium
	µg/L
	0.3
	13
	2
	--
	0.2
	10
	10
	0.2

	Cerium
	µg/L
	1.6
	1.6
	--
	--
	--
	--
	--
	--

	Chromium 
	µg/L
	0.9
	5
	50 for Cr (VI)
	--
	1 for Cr (VI)
	100
	1000
	1

	Cobalt
	µg/L
	0.3
	2.4
	--
	--
	--
	50
	1000
	50

	Copper
	µg/L
	1.7
	48
	2000
	1000
	1.4
	200
	400 sheep, 1000 cattle, 5000 pigs, 5000 poultry
	1.4

	Iron
	mg/L
	0.03
	6.3
	[a]
	0.3
	--
	0.2
	--
	0.2

	Lead
	µg/L
	0.1
	13
	10
	--
	3.4
	2000
	100
	3.4

	Lithium
	µg/L
	113
	113
	--
	--
	--
	2500
	--
	2500

	Manganese
	mg/L
	0.008
	78
	0.5
	0.1
	1.9
	0.2
	--
	0.1

	Mercury
	µg/L
	0.1
	0.3
	1
	--
	0.6‡
	2
	2
	0.6

	Molybdenum
	µg/L
	2
	16
	50
	--
	--
	10
	150
	10

	Neodymium
	µg/L
	1.3
	1.3
	--
	--
	--
	--
	--
	--

	Nickel
	µg/L
	1
	4
	20
	--
	11
	200
	1000
	11

	Silver
	µg/L
	<0.1
	<0.1
	100
	--
	0.05
	--
	--
	0.05

	Strontium
	mg/L
	2.2
	6.4
	--
	--
	--
	--
	--
	--

	Tellurium
	µg/L
	0.6
	0.6
	--
	--
	--
	--
	--
	--

	Titanium
	µg/L
	14
	14
	--
	--
	--
	--
	--
	--

	Uranium
	µg/L
	1
	1
	17
	--
	--
	10
	200
	10

	Vanadium
	µg/L
	0.1
	5.5
	--
	--
	--
	100
	--
	100

	Zinc
	µg/L
	3
	240
	[a]
	3000
	8
	2000
	20000
	8

	Zirconium 
	µg/L
	1.9
	1.9
	--
	--
	--
	--
	--
	4 **

	Organics – Other

	Cyanide
	mg/L
	<
0.004
	<
0.004
	0.08
	--
	0.007
	--
	[f]
	0.007

	Organics: Total Petroleum Hydrocarbon

	C6-C9 Fraction
	µg/L
	2.59
	2.59
	--
	--
	--
	--
	[f]
	--

	C10 - C14 Fraction
	µg/L
	24.9
	70
	--
	--
	--
	--
	[f]
	--

	C15 – C28 Fraction
	µg/L
	141
	170
	--
	--
	--
	--
	[f]
	--

	C29-C36 Fraction
	µg/L
	41.85
	41.85
	--
	--
	--
	--
	[f]
	--

	Total C6-C36
	µg/L
	208.5
	208.5
	--
	--
	--
	--
	[f]
	--

	Organics: Polycyclic Aromatic Hydrocarbons

	Benzopyrene (a)
	µg/L
	0.043
	0.043
	--
	--
	0.2 [g]
	--
	[f]
	--

	Benzo- fluoranthene (b)
	µg/L
	0.053
	0.053
	--
	--
	--
	--
	[f]
	--

	Benzo- 
(ghi)perylene 
	µg/L
	0.043
	0.043
	--
	--
	--
	--
	[f]
	--

	Benzo- fluoranthene (k)
	µg/L
	0.018
	0.018
	--
	--
	--
	--
	[f]
	--

	Benzo- anthracene (a)
	µg/L
	0.025
	0.025
	--
	--
	--
	--
	[f]
	--

	Chrysene
	µg/L
	0.036
	0.036
	--
	--
	--
	--
	[f]
	--

	Dibenz(ah)- anthracene
	µg/L
	0.007
	0.007
	--
	--
	--
	--
	[f]
	--

	Fluoranthene
	µg/L
	0.032
	0.032
	--
	--
	1.4 [g]
	--
	[f]
	--

	Indeno(1,2,3-cd)- pyrene
	µg/L
	0.028
	0.028
	--
	--
	--
	--
	[f]
	--

	Naphthalene
	µg/L
	0.028
	0.028
	--
	--
	16
	--
	[f]
	--

	Phenanthrene
	µg/L
	0.025
	0.025
	--
	--
	2 [g]
	--
	[f]
	--

	Pyrene
	µg/L
	0.036
	0.036
	--
	--
	--
	--
	[f]
	--

	Radionuclides

	Radium-226
	mBq/L
	19
	19
	--
	--
	--
	5000
	5000
	5000

	Radium-228
	mBq/L
	87
	87
	--
	--
	--
	2000
	2000
	2000

	Alpha emitters
	mBq/L
	200
	200
	--
	--
	--
	500
	500 
	500

	Beta emitters¶
	mBq/L
	140
	140
	--
	--
	--
	500and
	500
	500

	Radon
	mBq/L
	100
	100
	--
	--
	--
	--
	--
	300

	Endocrine-Disrupting Chemicals and Hormones

	Bisphenol A
	µg/L
	0.01
	0.01
	--
	--
	--
	--
	--
	--


Shaded cells contain values that exceed minimum trigger values (minimum of listed guideline values). For number of sites used in this compilation and data sources see Table A2 in Appendix A.
[a] There are insufficient data to set a guideline value based on health considerations (NHMRC and NRMMC 2011).
[b] These are values for 95% protection of freshwater aquatic ecosystems that are typical of slightly-moderately disturbed systems (ANZECC and ARMCANZ 2000).
[c] These are conservative trigger values based on long-term irrigation of up to 100 years (ANZECC and ARMCANZ 2000).
[d] This value is to minimise bioclogging of irrigation equipment (ANZECC and ARMCANZ 2000).
[e] Derived from ANZECC and ARMCANZ 2000 guideline values for the protection of slightly to moderately disturbed aquatic freshwater ecosystems (Table 3.4.1 – 95% and Table 3.3.2 regional guidelines for New South Wales and south-east Queensland upland rivers based on the most conservative total P trigger value, which corresponds to freshwater lakes and reservoirs).
[f] In the absence of adequate information derived specifically for livestock under Australian and New Zealand conditions, it is recommended that the drinking water guidelines for human health be adopted.
[g] Low reliability trigger values
* Guideline value is the same as specified by the European water directive (CEU 1998); ** Zirconium guideline value obtained for Ontario, Canada from MOEE 1994. Ontario Ministry of Environment and Energy. Ontario Drinking Water Objectives. Report PIBS 2889E; *** Nitrite only; # bromate; $ includes K-40; and excludes K-40; @ total Se; ‡ for inorganic Hg; ¶ beta particle activity is a measure of the total amount of radioactivity in a water sample attributable to the radioactive decay of beta-emitting elements, typical Beta emitters include 3H, 14C, 228Ra, 210Pb, 227Ac, 210Bi
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As discussed in Section 2.4, there are characteristics of contaminant pathways attributed to both the injection and de-pressurisation phases (see Figure 2.18 and Figure 2.19). This section provides further discussion on potential contamination pathways and time scales.
Dust suppression using untreated produced water is a potential source of contamination (mainly salinity and sodicity). Relatively large volumes of potentially contaminated water may be sprayed on unsealed roads and well sites on a regular basis (e.g. daily) for an extensive period of several months.
Dust suppression activity provides a significant pathway for contaminant transfer if untreated water is used. Under such conditions, the addition of potentially contaminated water occurs over an extended period (for a period not exceeding 3 months[footnoteRef:13]). Volumes of water available for dust suppression are reported to be 0.2 ML/day for the Santos Arcadia site, 0.4 ML/day for the Santos Roma site and 0.7 ML/day for the Santos Fairview site (Santos 2013a). However, it is also possible that much of the water will evaporate, which reduces the amount available for leaching (e.g. average daily evaporation in the Namoi catchment at Gunnedah is between 2 to 8 mm [Green et al. 2011]). Typical dust control water application rates are between 0.3 to 0.6 mm (Tulloch and Stocker 2013). Use of treated water for dust suppression would not pose a contamination risk. [13:  Queensland Government, Department of Environment and Resource Management.] 

[bookmark: _Toc364805828][bookmark: _Toc364832774][bookmark: _Toc364841196][bookmark: _Toc364844891][bookmark: _Toc364845131][bookmark: _Toc364805829][bookmark: _Toc364832775][bookmark: _Toc364841197][bookmark: _Toc364844892][bookmark: _Toc364845132]During the injection phase, the driving force for groundwater flow and chemical transport, i.e. the hydraulic gradient, will be large in the immediate vicinity of the coal seam gas well. As a result, hydraulic fracturing fluids could possibly migrate from pressurised zones to shallow aquifers, provided a pathway for flow exists. The injection phase generally does not take more than a few hours, or at most a couple of days when hydraulic fracturing happens at multiple depths in the same well. However, results of improper operation may have long-lasting negative impacts due to large differences in pressure heads between the target area for hydraulic fracturing and the adjacent (often overlying and underlying aquifers) groundwater layers.
Improperly constructed injection wells were historically the main mode of failure in deep-well injection of liquid waste in the US (Tsang et al. 2007). Horizontal well construction is also challenging (Baihly et al. 2009). Depending on the state, the regulations in the US require surface casing and cement around the productive formations or the entire wellbore length (Harrison 1985; Nicot and Duncan 2012). Similar to disposal of waste water, the surface casing is cemented to the land surface and is designed to isolate the well from the shallower aquifers of drinking water. The protection casing extends all the way to the injection zone and is cemented to ensure no cross flow between adjacent brine formations. Also, the materials including cement used in the construction of the injection well must be resistant to corrosion caused by injected fluid or formation brines (Tsang et al. 2007).
The leakage of hydraulic fracturing fluids to shallow groundwater can be accelerated where there are poorly sealed wellbores. Evidence for accelerated transport is inferred from the measurement of gas leakage along wells and from numerical modelling. While the reported cases are about upward migration of gases and hydraulic fracturing fluids along leaky well casings, they illustrate that these pathways exist and can also be accessed from the land surface by downward moving chemicals. The reported cases include the following examples.
There are several reported instances of gas leakages to drinking water aquifers associated with unconventional gas exploitation. Most commonly they involve leaky well casings (Osborn et al. 2011). One well-documented case study reported methane appearance along with increased salinity in drinking water wells in the vicinity (~ 1 km) of the hydraulic fracturing fields at the Marcellus Shale (PA, US) (URS 2010). Average and maximum methane concentrations in those wells were 19.2 and 64 mg CH4/L, while the background value was 1.1 mg/L. The origin of methane from deep horizons was confirmed by isotopic data (δ13C-CH4 and δ14C-CH4). Two mechanisms for fluid migration were considered: (1) leaky well casings and (2) increased connectivity of the fracture system. Although some authors (Davies 2011; Schwartz and Zhang 2003) argue that methane concentrations before the hydraulic fracturing operations are unknown, evidence for contamination presented by URS (2010) was considered to be strong, and was further supported by new data (Vengosh et al. 2012; Warner et al. 2012). A number of leakages of naturally occurring and injected gases (CO2, CH4) from abandoned wells has also been found (Lewicki et al. 2006).
Myers (2012) in a modelling study to predict travel times from the Marcellus Shale to shallow groundwater suggested that advective transport of hydraulic fracturing fluid through a 1500 m overburden may take less than 10 years. The author used a MODFLOW model to simulate vertical movement of hydraulic fracturing fluid under a number of scenarios. The results suggest that hydraulic fracturing disturbs the balance of underground pressure and enhances fluid migration away from drilling sites. In addition to the need for monitoring of fluid migration to support the simulation (Myers 2012), a number of flaws were reported in the modelling simulations (Saiers and Barth 2012; Cohen et al. 2013). They include:
constant-head boundary conditions at the upper and lower model boundary resulting in 1D vertical flow
lack of inclusion of variable-density transport
lack of inclusion of permeability differences and convective flux due to large temperature gradients
inappropriate conceptualisation of geology (too long a fracture zone, too high a vertical hydraulic conductivity of shales)
improper representation of a production well used for hydraulic fracturing (time of injection, screening intervals), and
lack of verification of the model with field data.
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Chemical interactions between soils and the fluids involved in hydraulic fracturing can occur either due to leaks or purposeful applications of wastewaters (e.g. dust suppression, irrigation, source water for hydraulic fracturing). This section deals with produced water from coal seam gas activity. Produced water typically has significant concentrations of salts (based on Table 4.3, total dissolved solids ranges from 0.15 to 15.6 g/L), has a high sodium adsorption ratio (SAR) and may contain other contaminants (DERM 2010). Addition of high sodium concentrations to soil can affect both the soil and vegetation health.
[bookmark: _Ref364932831][bookmark: _Toc377366347][bookmark: _Ref409433962]Impact on soil health (soil structure, permeability)
Produced water is generally unsuitable for direct surface discharge or irrigation without any treatment or amendment (Stearns et al. 2005; Beletse et al. 2008; Nghiem et al. 2011). While sodium ions cause soil particles to disperse, particularly if the soils contain montmorillonite clays, most ions increase the aggregation of soil particles (Nghiem et al. 2011). Irrigation water with a high SAR can lead to a decrease in infiltration and deterioration of the soil structure. SAR values greater than 13 pose a risk to the soil ecosystem (Stearns et al. 2005), and even SAR values between 5 and 8 have been shown to cause irreversible plugging of soil pores and swelling (Mace and Amrhein 2001). Traditional treatments to mitigate saline-sodic irrigation water can be used, for example the addition of gypsum and elemental sulfur (S) (Vance et al. 2008; Šimůnek et al. 2006a).
Studies have been undertaken to assess the feasibility of using sodium-rich produced water for salt-tolerant crop production (Johnston et al. 2008; Vance et al. 2008; Beletse et al. 2008). Vance et al. (2008) used saline-sodic coal seam gas produced water with a SAR between 17 and 57 for irrigating grasslands and hayfields in the Powder River Basin, Wyoming. For the use of produced water to be effective, the method further required applications of gypsum and elemental S to provide calcium ions and an acidified soil environment to promote calcite dissolution. Water produced during the de-watering phase of coal seam gas mining in Waterberg district, South Africa, is highly saline and dominated by sodium bicarbonate. With careful management, Beletse et al. (2008) determined that coal seam gas irrigation water with SAR values of 85 could be used to grow certain crops, but additions of gypsum and organic matter to the soil were necessary to counteract infiltration problems that arose due to the excessive sodium that had accumulated in the soil.
The Queensland Department of Environment and Heritage Protection (DEHP) recommends that parties proposing to use produced water for irrigation purposes should seek professional advice to understand and manage site-specific soil-water interaction, agronomic, monitoring and irrigation management issues (DEHP 2014b). Furthermore, among the minimum standards for using produced water for irrigation purposes, the guidelines indicate that the electrical conductivity (EC) shall be less than 950 S/cm (95th percentile over a one-year period), and the SAR shall be less than 6 for heavy soils and less than 12 for light soils (95th percentile over a one-year period) (DEHP 2014b).
SAR values based on cation concentration data have been compiled from a selection of coal seam gas company reports in Table 4.4. In the Fairview project area (Surat and Bowen Basins), the coal seam gas target is the Bandanna Formation, which is not considered to be a significant regional aquifer (Santos 2010). The coal seams within the Bandanna Formation are recognised as fractured aquifers based on the well-cleated coal, and the seams are separated by siltstone and sandstone that restrict vertical leakage between the seams and the overlying and underlying units (Santos 2010). In the Woleebee Creek block, the produced water is from the Walloon Coal Measures, which are heterogeneous formations with coal seams dispersed in an aquitard (QGCLNG 2012). Interconnectivity between the Walloon Coal measures and over- and underlying aquifers due to faulting is not apparent within the tenement (QGCLNG 2012). The produced water data from Arrow Energy are also from the Walloon Coal Measures in its southern tenements in Queensland in the Surat Basin. These include gas production from Daandine, Tipton West, Stratheden and Kogan North near Dalby (AE 2011).
[bookmark: _Ref373419949][bookmark: _Toc377226498]
[bookmark: _Ref409432867][bookmark: _Toc467146146]Table 4.4  SAR values for produced water for selected locations in Australia. Calculated SAR values based on reported concentrations for Na+, Ca2+, and Mg2+ expressed in milliequivalents/litre.
	Location
	SAR
	Comment
	Reference

	Fairview Project Area, Surat and Bowen Basins, Qld
	16-567 (Q75)
	Range reported for CSG water sampled from operations (ponds and wells)
	Santos 2010

	Fairview Project Area, Surat and Bowen Basins, Qld
	512
	Average reported for CSG water from operations (ponds and wells)
	Santos 2010

	Fairview Project Area, Surat and Bowen Basins, Qld
	181
	Calculated based on maximum cation concentrations for CSG water sampled from operations (ponds and wells)
	Santos 2010

	Woleebee Creek Block, Surat Basin, Qld
	77
	Calculated based on average concentrations of cations sampled from raw CSG water from ponds
	QGCLNG 2012

	Surat Basin, Arrow Energy southern tenements, Qld
	3
	Calculated based on minimum cation concentrations in CSG water sampled from wells
	AE 2011

	Surat Basin, Arrow Energy southern tenements, Qld
	61
	Calculated based on maximum cation concentrations in CSG water sampled from wells
	AE 2011

	Surat Basin, Arrow Energy southern tenements, Qld
	196
	Calculated based on average concentrations of cations sampled from an aggregation pond of untreated CSG water that feeds the Daandine RO facility 
	AE 2011


[bookmark: _Ref364861040][bookmark: _Toc377366348][bookmark: _Ref400293810]Impact on vegetation health
There is increasing use of treated and untreated produced water from the coal seam gas industry for agriculture and forestry (RPS 2011). The Gloucester Coal Seam Gas Project in NSW under the operation of Lucas Energy has used low-salinity produced water for dust suppression and received approval to irrigate using this water (AGL 2008). Produced water from some of the Stratford Pilot wells with EC of about 3000 S/cm was used for pasture irrigation at the Tiedman property, but it was not seen as a viable long-term option without improving the quality of this water (AGL 2008; Lucas 2008). AGL Energy Ltd reports pasture irrigation trials were underway as part of the Gloucester Gas Project in NSW in FY2010, but not in FY2011 as the irrigation approval lapsed (AGL 2011). In June 2011, AGL commissioned a review of environmental factors for the Gloucester irrigation project (Tiedman), which recommended blending produced water with fresh river water as a contingency measure if soil salinity increased by > 50 per cent in the root zone (Parson Brinkerhoff 2011). The AGL (2012) report describes the proposal to irrigate pasture, using up to 70 ML of produced water blended with water from the Avon River (at a ratio of about 3 parts river water: 1 part produced water) over a maximum area of 40 ha over a three-year period at the Tiedman site.
Other irrigation projects in Australia where produced water is used include the large-scale forestry by Santos in Queensland’s Bowen Basin and the legume plantation by Origin Energy (RPS 2011). In the Bowen Basin, up to 8 ML/day of reverse osmosis (RO) treated produced water was used to irrigate 234 ha pasture crop and an 800 000 tree timber plantation in the Fairview Project Area (Santos 2009b and Santos 2010). Santos also trialled hardwood drip-irrigation in the Fairview Field where a 2 000 ha plantation of eucalyptus trees were irrigated with approximately 14 ML of ‘amended’ water per day (Coordinator-General 2010). The amendment process did not involve salt removal, but rather reducing the pH level and adding calcium and magnesium to balance excess sodium (i.e. to reduce the SAR) (Coordinator‑General 2010). In Spring Gully Field, Queensland, Origin Energy irrigates 300 ha of oilseed‑bearing legume tree (Pongamia pinnata) plantation with RO treated produced water (Parsons 2010).
The removal of salt in the unsaturated zone is limited as there is no potential for salt biodegradation. A key publication on soil remediation standards for salt ions is a set of technical reports by Bright and Addison (2002a and 2002b) to inform policy decisions in British Columbia, Canada. A major catalyst for this study was to develop standardised guidance to assist spill response and soil remediation in northern British Colombia at sites where salt-containing produced water is released as part of oil and gas exploration and extraction activities (Bright and Addison 2002b). Generic soil quality standards for human health, aquatic life, and soil ecological functioning, as manifested through soil invertebrate and plant responses, were developed for salt ions (Bright and Addison 2002b). Whilst the impairment of metabolic functioning of soil microbes is recognised as playing a major role in nutrient cycling and other processes important to terrestrial ecosystems, there is insufficient data available to define a threshold for salt ions; instead, a microbial functional impairment standard is used that is developed from nutrient and energy cycling data (CCME 1996; Bright and Addison 2002b). The report provides a model for predicting concentrations of chloride in soils that are protective of groundwater and surface water uses based on categories of site properties. The categorisation of site types considers soil texture (coarse versus fine grained, or low versus high Water Holding Capacity) and climatic conditions (Bright and Addison 2002a). As discussed in the report, the major controlling influences on salt concentration enroute to the saturated groundwater zone are: 
the leachate concentration in and immediately below the soil source area 
the water flux as the driving force for migration 
the soil type as an important factor defining the amount of salt that can adsorb on the clay and silt particles.
Overall salt concentrations do not significantly decrease while migrating through the soil because salt ions do not biodegrade, volatilise or undergo photolysis (Bright and Addison 2002b).
An investigation of soil and vegetation recovery over a 10-year period after a gas well blowout and salt release in British Columbia conducted by Leskiw et al. (2012) documents the natural recovery of salt-affected plots and discusses the advantages of allowing for natural recovery over imposing soil reclamation measures. This study analysed whether leaching of salts from natural precipitation events were sufficient to improve the soil on the basis of certain soil and vegetation parameters (i.e. sodium adsorption ratio, soil EC, pH, soluble ions, and vegetation recovery). Natural attenuation from above normal rainfall in the first few years after the blowout was effective in removing salt from the root zone and subsoil (Leskiw et al. 2012).
In a study conducted by Dewalle and Galeone (1990), gas well brine was applied to forest land during the dormant season to test the feasibility of wastewater disposal in forested catchments in Pennsylvania. Different loading rates for brine were applied to the ground surface on different plots and macro- and micropore soil water chemistry changes were monitored at a depth of 70 cm. Concentrations of Cl, Ba, Pb, As, Se and Cd exceeded drinking water guidelines for several months following treatment on all plots at 70 cm depth (Dewalle and Galeone 1990). High mobility of trace metals (Cd and Pb) in the soil appeared to be enhanced by complexation of these metals with chloride in the brine (see earlier discussions on the mobility enhancement of metals by several anions). These interactions between metals and inorganic complexing species may have also mobilised metals naturally present in soil profiles, leading to:
concentrations in the soil pore-water that were higher than acceptable 
migration to groundwater at a faster rate.
The study suggests treating forest soil to raise soil pH, pretreating brines to remove toxic elements or using brines with lower chloride concentrations as options to reduce trace metal mobility problems (Dewalle and Galeone 1990).
Adams (2011) describes the land application of shale gas flowback water (referred to in their publication as hydraulic fracturing fluid) in a deciduous forest in West Virginia, which showed a 50-fold increase in concentrations of sodium and chloride in the surface soil within the treatment area that declined over time. The composition of the hydraulic fracturing fluid was not made publicly available; however, Adams (2011) surmised based on the study results that Na and Cl were the main constituents in the hydraulic fracturing fluid.
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This section describes potential contaminant fate and transport processes that occur in the unsaturated soil zone (Section 5.1) and in groundwater (Section 5.2). First, an overview is given of all processes that might occur, then a selection of processes are identified to be included in simplified models of chemical transport through soil and shallow groundwater (that is only advection and hydrodynamic dispersion, no chemical interactions, no degradation, etc.). Finally, the complexity and diversity of ‘reality’ within a regional ecosystem has been simplified for use in models. Here reality refers to best available knowledge about systems as we perceive them with all known relationships and all known factors that influence them.
Both Section 5.1 and 5.2 provide an overview of all processes and the types of data that are needed for an assessment delivering high-end estimates of the impact (i.e. based on assumptions and model parameters that result in deliberately overestimating the impact) or realistic assessment (i.e. based on realistic assumptions and model parameters). This will be particularly useful in regards to the biogeochemical data needed in case more detailed assessments are required with more realistic models of chemical transport. Furthermore, as part of building trust in simplified exposure assessments, it is useful to demonstrate by comparison with the more detailed assessments that the simplifications are indeed resulting in overestimating the impact.
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[bookmark: _Toc377366351][bookmark: _Ref348989569]One-dimensional soil column modelling
The zone between the land surface elevation (containing the contaminant sources) and the elevation of groundwater (groundwater table) is called the unsaturated or vadose zone. This layer of varying thickness is typically represented, for the purpose of modelling water flow and chemical transport, by a one-dimensional column which includes the major sedimentary soil layers (van Dam et al. 2004). The one-dimensional simplification is appropriate due to:
the case that under most circumstances, water flow is mainly vertical (downwards and upwards) 
the limited vertical extent of the unsaturated zone relative to the horizontal extent of land surface subject to such calculations.
Exceptions to this rule occur in soils with sloping layers characteristic of a sloping landscape. Under such conditions water flow can be lateral for the entire slope length, and result in seepage zones where soil water exits the soil (Figure 5.1). In other cases lateral flow will become vertical flow somewhere down the slope and continue its path to groundwater. Analysis of two-dimensional flow is typically addressed by means of two-dimensional saturated/unsaturated simulation codes such as HYDRUS (2D/3D) (Šimůnek et al. 2006b).
In some natural soils inclined lenses of coarse sand are present in a loamy sand profile (Kung 1990). In such soils, the coarse sand lenses behave as impermeable layers and water flow is confined to preferential flow paths that bypass a considerable fraction of the soil volume. The extent of bypass flow will depend on several parameters such as slope, hydraulic properties of contrasting soil materials, rainfall rate and duration, etc (Heilig et al. 2003). Quantifying such bypass flow is very complex and dependent on site-specific soil properties. This particular behaviour of water flow occurs when a coarse textured layer is overlain by a fine textured layer. This so-called capillary barrier effect has been used to protect waste disposed at the surface or buried at shallow depths. Capillary barriers are used to laterally divert rainwater infiltrating the soil above a waste repository and thus to minimise the flow of water in the near vicinity of the waste zone (Mallants et al. 1999). The arrangement of sand over gravel (finer over coarser textured material) facilitates the lateral evacuation or diversion of infiltrating water.
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[bookmark: _Ref350783894][bookmark: _Toc364861010][bookmark: _Toc377066825]Source: Petrone (2011), modified
Lateral unsaturated flow (blue arrows) happens in layered soil and results in lateral throughflow. Where tree roots have penetrated the impermeable layers, vertical pathways for soil water may occur (yellow arrows). Groundwater flow is indicated by black arrows.
[bookmark: _Ref406419902][bookmark: _Toc467146177]Figure 5.1  Schematic of unsaturated zone flow in a sloping landscape 
Water flow and contaminant transport from the leaking sources to groundwater can be calculated through one-dimensional columns (Figure 5.2). Models for assessment should be chosen on their ability to include all hydrological (physical, chemical, and biological) processes relevant to water flow and contaminant migration in soil. However, in this project the non-reactive transport models will be applied first to obtain high-end estimates of environmental concentrations. Chemical interactions between contaminants and the soil minerals and biogeochemical transformations may be invoked in later phases when required in the assessment to demonstrate negligible impacts on human health and the ecosystem.
Unsaturated / Vadose zone
The vadose zone is defined here as the zone between the land surface and the permanent (seasonal) groundwater table. The vadose zone is usually only partially saturated, although saturated regions may exist, such as a perched water above a low-permeable fine-textured (clay) layer or a saturated zone behind the infiltration front during or after a high-intensity rainfall event.
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[bookmark: _Ref346208171][bookmark: _Toc364861011][bookmark: _Toc377066826]Source: CSIRO (2011) (left image); http://pixgood.com/soil-layers-diagram.html (middle image).
[bookmark: _Ref407195740][bookmark: _Toc467146178]Figure 5.2  Conceptual diagram of water fluxes beneath the land surface to the water table (left).Unsaturated zone profile (middle). Conceptual representation of the unsaturated zone as a soil column (right)
Since the transport of potential contaminants is closely linked with the water flux in soils and rocks making up the vadose zone, any quantitative analysis of contaminant transport must first evaluate water fluxes into and through the vadose zone. Water typically enters the vadose zone in the form of rainfall or irrigation (Figure 5.3), or by means of industrial and municipal spills. Some of the rainfall or irrigation water may be intercepted on the leaves of vegetation. If the rainfall or irrigation intensity is larger than the infiltration capacity of the soil, water will be removed by surface runoff, or will accumulate at the soil surface until it evaporates back to the atmosphere or infiltrates into the soil. Some of the water that infiltrates into the soil profile may be taken up by plant roots and eventually returned to the atmosphere by plant transpiration. The processes of evaporation and transpiration are often combined into the single process of evapotranspiration. Only water that is not returned to the atmosphere by evapotranspiration may percolate to the deeper vadose zone and eventually reach the groundwater table (Hillel 1998).
If the water table is close enough to the soil surface, the process of capillary rise may move water (and any dissolved contaminants) from the groundwater table through the capillary fringe towards the root zone and the soil surface (Sheppard et al. 1992). The upward rise of groundwater in the soil from a free-water surface is referred to as capillary rise. This term refers to the capillary model, which considers the soil as a bundle of capillary tubes, with the distribution of the tubes characteristic of soil type (i.e. wide distribution for a sandy soil and narrow for a clay soil).


Source: Mallants et al. (2011)
[bookmark: _Ref346207988][bookmark: _Toc364861012][bookmark: _Toc377066827][bookmark: _Toc467146179]Figure 5.3  Schematic of processes affecting water redistribution in soil. Super-imposed on the flow pathways in the unsaturated zone are chemical migration pathways
Capillary Rise
Capillary rise is more effective with fine-textured (silts and clays) than coarse-textured soil (sands and gravels) owing to the much finer pores in the former material facilitating capillarity. Capillary rise is relevant for those areas where the groundwater table is shallow, including wetlands, alluvial soils, and irrigated soils. For soils with a groundwater table deeper than a few metres capillary rise becomes insignificant.
In capillary tubes, the height of capillary rise, hc, is function of the radii of the capillary tubes, according to Equation 1:
		[Equation 1]
where:
  = surface tension (7.2710-2 kg/sec2 at 20°C)
w = water density (998 kg/m3 at 20°C)
 = the wetting angle (normally taken as zero)
r = capillary radius (m)
g = gravitational acceleration (9.81 m/sec2).
To illustrate the significance of Equation 1, we calculated the equilibrium capillary rise of water at 20°C in cylindrical capillary tubes with radii 10-3 m, 510-5 m (50 µm), and 510-8 m (0.05 µm). The resulting height of capillary rise, hc, is, respectively, 1.4810-2 m, 2.9610-1 m, and 296 m. For water at 20°C with  = 0, Equation 1 can be simplified (with both hc and r expressed in metres) to:
		[Equation 1a]
Equation 1 could theoretically be used to calculate the height of capillary rise in soil pores (i.e. capillary bundles) and would predict that water will rise higher in clay soil than in sand soil. The explanation is that clay soils have narrower pores compared to sand, and narrower pores allow for a higher capillary rise than coarser. However, since soil pores are not individual capillary tubes of uniform or constant radius, capillary rise will differ in different pores. As a result, a more complex approach than Equation 1 is needed to calculate capillary rise in soil.
The equilibrium soil moisture () profile above a groundwater table as a result of capillary flow in the absence of soil evaporation and plant transpiration may be obtained from the moisture retention characteristic (h). The latter may be conceptually understood as a set of parallel capillary tubes with different radii. Through Equation 1, the pressure head values (h) may be transformed into pore radii. The derivative of the moisture retention characteristic, (d / dh), yields the pore size distribution function (Mallants et al. 1997).
Moisture profiles above the groundwater table for three typical soils are shown in Figure 5.4. Note that zero infiltration into the soil profile is assumed. Sand displays the smallest capillary rise due to the large fraction of large-sized pores. The effect of capillary rise is visible to a height of not more than 0.5 m. In loam and silt soils the influence of capillary rise is much more pronounced. Here, the influence could be visible up to 2 m above the water table or more.
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[bookmark: _Ref409212560][bookmark: _Toc467146180]Figure 5.4  Capillary rise of water from a groundwater table into a dry soil. Equilibrium water content profiles for sand, loam and silt are characteristic of a soil’s pore-size distribution
[bookmark: _Ref352136015]Fluid flow through the unsaturated zone includes a number of components, such as inputs from precipitation and surface flows, and outputs from plant uptake via roots and transpiration, and evaporation from the soil surface (Table 5.1). Such processes are important in calculating water and solute movement to groundwater and their quantification is the subject of considerable research (NRC 2000). Infiltration is the movement of water into the ground from the surface, whereas recharge is the movement of water past the soil going deep into the groundwater.
[bookmark: _Ref373311721][bookmark: _Toc377226499][bookmark: _Toc467146147]Table 5.1  Summary of physical processes defining unsaturated water flow in soil
	Process
	Parameters
	Included in Tier 1
	Included in Tier 2

	Precipitation
	Daily rainfall/irrigation; land cover; slope of the land
	Yes (simplified), implicitly accounted for via long-term recharge
	Yes (daily rainfall and / or irrigation rates)

	Interception loss of precipitation from leaves
	Throughfall rates
	Yes (simplified), implicitly accounted for via long-term recharge 
	Yes (simplified)

	Surface flows and runoff 
	Flood volumes; runoff rates; rates of inflow/outflow to constructed water bodies
	No
	Yes (explicitly modelled)

	Transpiration/root water uptake
	Root distribution with depth
	Yes (simplified), implicitly accounted for via long-term recharge
	Yes (explicitly modelled)

	
	Root water uptake function
	Yes (simplified), implicitly accounted for via long-term recharge
	Yes (explicitly modelled)

	Evaporation
	Evaporation rates; depth to the water table
	Yes (simplified), implicitly accounted for via long-term recharge 
	Yes (explicitly modelled)


Tier 1 = high-end; Tier 2 = more realistic. For all chemicals that cannot be screened out via the Tier 1 assessment (i.e. cannot be removed from the list of chemical of potential concern), the Tier 2 processes would be invoked to produce more realistic and more site‑specific recharge values. For unsaturated flow Tier 3 could be taken equal to Tier 2.
[bookmark: _Toc349316041][bookmark: _Toc377366353]Contaminant transport model
[bookmark: _Toc349316042]Initially non-reactive
Transport calculations commensurate with a Tier 1 assessment are without chemical interactions between contaminants and the solid phases (i.e. minerals, organic matter, etc) and without biogeochemical transformation. The only physical processes accounted for are advection (i.e. transport as a result of flowing water) and hydrodynamic dispersion (i.e. mechanical dispersion and molecular diffusion). These will thus be the only processes that will result in attenuation and thus in the decrease of the contaminant concentration while traversing the unsaturated zone.
Dispersive transport is the combined effect of molecular diffusion and mechanical dispersion. Diffusion is the transport of solutes from an area of higher concentration to an area of lower concentration, and it occurs as long as a concentration gradient exists, even if the water is not moving. Mechanical dispersion is a transport process due to heterogeneous distribution of water flow velocities within and between different soil pores. The result is that some solute particles will be ahead of the solute front, whereas others will lag behind, leading to solute mixing and generally a bell-shaped distribution of velocities and thus of arrival times. The process of molecular diffusion and mechanical dispersion are incorporated into one parameter – the hydrodynamic dispersion coefficient D (see Equation 2).
Molecular diffusion and hydrodynamic dispersion
In unsaturated porous media, the molecular diffusion Dp (m2/s) depends on the volumetric water content, , and is most often described by means of the Millington-Quirk model (Millington and Quirk 1961). Two versions of the model exist. The one in better agreement with experimental data (Jin and Jury 1996) is:
		[Equation 2]
Where:
n = total porosity
Do = pure water diffusion coefficient (expressed in m2/s).
The pure water diffusion coefficient varies between 2×10-9 m2/s for anions like Cl- and Br- and 0.78 10-9 m2/s for cations like Ca2+. For example, taking n = 0.37 and Do = 10-9 m2/s, and assuming saturated or nearly saturated conditions, i.e.  = n = 0.37, then Dp = 0.72×10-9 m2/s.
Where advective transport becomes an important component of the overall transport, then the two-component dispersion coefficient has to be used (see Equation 3). Hydrodynamic dispersion includes both molecular diffusion and mechanical dispersion, as set out in Equation 3:
		[Equation 3]
Where:
 = dispersivity (expressed in metres)
v = pore water velocity.
When water is flowing through porous media, the contribution of Dp to D is usually small. For instance, with Dp = 0.72×10-9 m2/s, a 10 per cent contribution to D would require that ×v is at least 6.5×10-9 m2/s (90 per cent contribution to D). The latter value is usually easily obtained for natural soils, with  on the order of cm (Vanderborght and Vereecken 2007) and v on the order of several cm/day for a single recharge event. In other words, unless water flow is extremely slow, molecular diffusion is of secondary importance in migration of elements in soils and permeable aquifer sediments.
[bookmark: _Toc349316043]Extension to sorption and degradation
Transport calculations aimed at producing high-end concentration estimates with the HYDRUS-1D simulator can be readily extended with any biogeochemical reaction to accommodate for additional natural attenuation processes (Jacques et al. 2008b). Typical examples include sorption on the solid phase (Figure 5.5), degradation of organics, and radioactive decay followed by generation of gaseous daughter nuclides such as radon (Figure 5.6).
In unsaturated sediments and groundwater, chemicals are temporarily removed from the water phase by an interaction with the solid matrix by chemical, physical or electrostatic forces. This process is generally called sorption (US EPA 1999a). Two sorption phenomena are typically distinguished: adsorption/desorption and absorption. Adsorption refers to the processes in which the chemical accumulates on the surface of a solid particle (i.e. grains, organic matter). Desorption is the reverse of adsorption - chemicals are released from the solid particles back into the porewater. Absorption describes processes in which the contaminant becomes incorporated into the surface layer of a mineral structure.
The sorption process is usually described by means of the retardation factor R, defined as in Equation 4:

		[Equation 4]
Where:
b = bulk density (expressed in g/cm3)
s = solid density (expressed in g/cm3 of solids)
n = porosity
Kd = the distribution coefficient for linear and reversible sorption (expressed in L/kg).
The latter parameter depends on the type of porous medium and on the element (Thibault et al. 1990). It describes the capacity of a solid to remove a dissolved chemical from the liquid phase to the solid phase. If sorption is fast compared to the flow velocity, the element will reach some equilibrium condition between liquid and solid phase. This is called equilibrium sorption. At low concentrations, most sorption of most elements can be described by means of the linear equilibrium sorption approach. At higher concentrations, the sorption sites become saturated and non-linear sorption isotherms may need to be considered. Further increasing the liquid phase concentrations does no longer increase the concentration on the solid phase. At a given point, the solubility limit of the element in the liquid phase is reached, and a precipitate (inorganics) or insoluble phase (organics) is formed. The maximum concentration in the liquid phase beyond which precipitation occurs is called the solubility limit, Cs. The solubility of organic and inorganic compounds may be affected (e.g. decrease) as a result of presence of certain chemicals in hydraulic fracturing fluids.
The Kd values used in Equation 4 can be obtained from laboratory tests or can be estimated from other properties such as fraction of clay (mainly inorganics) or organic matter (for organics the fraction of soil organic carbon is combined with the organic carbon-water partition coefficient). Alternatively, if very little site specific soil information is available, one can use literature values as a first approximation. A very comprehensive compilation of Kd values is available from Thibault et al. (1990). Their work is unique in that it distinguishes Kd values for inorganic elements for four different classes of soils: clay, silt, sand and organic. Thibault et al. (1990) classified soils that contained 35 per cent clay-sized particles as clay soils, whereas soils that contained  70 per cent sand-sized particles were classified as sand soils. Loam soils had an even distribution of sand-, clay- and silt-sized particles or consisted of up to 80 per cent silt-sized particles.
[bookmark: _Ref346210917][bookmark: _Toc364861014][bookmark: _Toc377066829]Reduction of contaminant mass in the subsurface (unsaturated zone and groundwater) by destructive processes is by biodegradation, chemical transformation, volatilisation and radioactive decay (for radionuclides). Biodegradation – the change in form of compounds by biologically catalysed reactions – is one of the most important components of natural attenuation (US EPA 1999b). Under the right conditions, microorganisms can cause or assist chemical reactions that change the form of the contaminants so that little or no health risk remains (Schaerlaekens et al. 1999). Biodegradation is important because many components of petroleum hydrocarbons can be destroyed by biodegradation, and biodegrading microorganisms are present in large quantities in the unsaturated zone and groundwater. They use naturally occurring and many synthetic organic contaminants for their growth. Some contaminants degrade by chemical reactions (that are not facilitated by microorganisms). Most petroleum hydrocarbons are not significantly degraded by chemical reactions in soil or ground water. Many petroleum hydrocarbons evaporate readily into the atmosphere, where air currents disperse the contaminants, reducing the concentration. Vapours in contact with soil microorganisms may be biodegraded. Volatilisation or evaporation from groundwater into soil gas may be an important exposure pathway in a risk analysis, especially if chemicals reside above the capillary zone (Lahvis et al. 2004). Radionuclides will decrease in radioactivity (and thus in radiotoxicity) by radioactive decay (US EPA 1999b).
[bookmark: _Ref400294238][image: ]
Source: Mallants (2011). Top image: Model results for a non‑adsorbing (Kd = 0) and mildly adsorbing (Kd = 1) chemical. Bottom image: Numerical and analytical solutions for a sorbing chemical (R = 462) with decay (half-life T1/2 = 1600 year) and without decay. Solute application time t0 = 10 years and applied concentration C0 = 1 (unitless).
[bookmark: _Ref409212947][bookmark: _Toc467146181]Figure 5.5  Simulated chemical concentrations in a vertical soil profile at 3 different times based on the 1D advection-dispersion equation
[image: ]
Source: Mallants et al. (2003); Soil parameters are: η = total porosity, θ = volumetric water content, a = η - θ = volumetric air content.
[bookmark: _Ref346210924][bookmark: _Toc467146182][bookmark: _Toc364861015][bookmark: _Toc377066830]Figure 5.6  Partitioning of 226Ra, 222Rn, and 210Pb between three phases of the porous medium (solid, water, and gas phase) 
HYDRUS-1D (Šimůnek et al. 2005b), HYDRUS-2D (Šimůnek et al. 1999), and HYDRUS (2D/3D) (Šimůnek and van Genuchten 2006) are software packages that simulate the one-, two- and three-dimensional movement of water, heat and multiple contaminants in variably saturated porous media, respectively. All three programs use finite elements to numerically solve the Richards equation for saturated-unsaturated water flow and Fickian-based advection-dispersion equations for both heat and contaminant transport. The unsaturated soil hydraulic properties can be described using van Genuchten (1980a), Brooks and Corey (1964), Kosugi (1996), and Durner (1994) type analytical functions, or modified van Genuchten type functions that produce a better description of the hydraulic properties near saturation (Schaap and van Genuchten 2005).
The HYDRUS-1D software package additionally includes modules for simulating carbon dioxide and major ion contaminant movement (Šimůnek et al. 1996; Šimůnek and Suarez 1993). Also included is a small catalogue of unsaturated soil hydraulic properties (Carsel and Parrish 1988), as well as pedotransfer functions based on neural network predictions (Schaap et al. 2001). The latter are particularly useful as they allow estimation of soil hydraulic properties from basic soil parameters such as particle size and bulk density. The parameters required to simulate chemical reactions during transport through the unsaturated zone are similar (although their magnitude can be considerably different, see US EPA 1999a) to those for saturated flow within aquifers and are described in Table 5.2.
[bookmark: _Ref351376344][bookmark: _Toc377226500][bookmark: _Toc467146148]Table 5.2  Physical, chemical and biological processes occurring in the saturated and unsaturated zone
	Transport and reaction processes
	Processes
	Model parameters
	Level of application

	Physical processes
	
	
	

	Gas migration (U)
	Diffusion in the gas phase
	Diffusion coefficient; air-filled porosity
	Tier 2

	Upward water flow and transport (U)
	Capillary rise
	Soil hydraulic properties
	Tier 1

	Advection (U, S)
	Water flow in soil and groundwater
	Flow velocity
	Tier 1

	Solute uptake by roots (U)
	Evapotranspiration
	Water stress response function; water uptake distribution function
	Tier 1

	Dispersion (hydrodynamic) (U,S)
	Advection, molecular diffusion, dispersion. Hydrodynamic dispersion results in dilution as a result of transport through an aquifer
	Groundwater flow velocity; coefficients for longitudinal or mechanical dispersion and transversal dispersion; diffusion coefficient
	Tier 1

	Dilution (U,S)
	Recharge induced-natural leaching due to rainfall events; intentional dilution with fresh water as a remediation strategy
	Volume of freshwater added; dilution ratio
	Tier 1

	Heat transport (U,S)
	Can affect reaction parameters
	Thermal conductivity; heat capacity
	Tier 2

	Chemical processes
	
	
	

	Radioactive decay (U,S)
	Single species first-order decay; multi-species with chained decay reactions
	Decay rates (first order)
	Tier 2

	Colloidal transport/sorption on colloidal particles (U,S)
	Flocculation and precipitation; sorption of contaminants on colloidal mineral surfaces
	Concentration of suspended particles; local fraction of the immobile matrix that is covered by deposited particles or mass of retained particles; particle radius; specific surface area
	Tier 2

	Redox reactions (U,S)
	Reactions involving the transfer of electrons between two chemical species
	Chemical speciation; dissolved oxygen; charge of the aqueous phase
	Tier 2

	Sorption/desorption (U,S)
	Adsorption is the accumulation of chemicals on solid phases; desorption is the reverse of adsorption involving the release of chemicals from solid phases
	Adsorption on to the solid phase described by linear or non-linear equilibrium isotherm coefficients
	Tier 2

	Ion exchange (U,S)
	Reversible exchange of ions of the same polarity between solution and solid matrix
	Chemical speciation, including exchangeable species; mineralogy of the porous media; selectivity coefficients
	Tier 2

	Volatilisation (U,S)
	Conversion of volatile chemical constituents in vadose zone and groundwater to vapour
	Chemical partition constants
	Tier 2

	Precipitation/dissolution  (U,S)
	Precipitation involves the contaminant becoming insoluble; dissolution involves fluid interactions with the aquifer resulting in the dissociation of ions
	Chemical speciation; solubility product constants for different minerals; temperature, partial pressure of CO2
	Tier 2

	Complexation (U,S)
	Metal atom or ions associate with a group of neutral molecules or anions
	Stability constant
	Tier 2

	Biological processes
	
	
	

	(Bio)degradation (U,S)
	Biochemical reactions or the activity of microbes which transform a substance into a new compound
	Identification of microbial species and their degradation rates; aerobic/anaerobic conditions; decay rates for chemical compounds
	Tier 2


[bookmark: _Ref348990568][bookmark: _Toc349316044][bookmark: _Toc377366354][bookmark: _Toc405197549]Note: Tier 1 = high end; Tier 2 = realistic; U = unsaturated zone; S = saturated zone.
[bookmark: _Toc467146126]Groundwater processes
Groundwater transport in the saturated zone reduces concentrations through several attenuation processes (Table 5.2). Natural attenuation refers to the reduction in mass or concentration of a compound in groundwater over time or distance from the source due to naturally occurring physical, chemical and biological processes such as; biodegradation, dispersion, dilution, adsorption and volatilisation (Schwartz and Zhang 2003; Table 5.2). In general, the contaminant concentration at a receptor in the saturated zone is lower than the original contaminant concentration in soil leachate. For any specific site, the concentration reductions that occur during contaminant migration will depend on the interaction of many site-specific factors. The nature of the contaminant (i.e. whether or not the chemical degrades and / or sorbs) will also influence the amount of concentration reduction that occurs away from the source (US EPA 1999b).
The following processes are important in controlling migration of hydraulic fracturing fluids in the coal seam formation where such fluids are injected, and in shallow groundwater in case of accidental release from surface sources.
Dispersive mixing
When the hydraulic fracturing fluid is either injected into the subsurface or leaks into shallow groundwater, it moves through many different tortuous flow paths with different flow and transport characteristics. As a result, the front of the fluid spreads out and mixes with ambient groundwater. This produces lower concentrations, initially mainly at the fringe of the plume but progressively also in the centre of the plume, especially in highly heterogeneous media (Anderson 1984; Lv et al. 2012). Dispersive mixing as a result of injection and recovery of freshwater from a brackish aquifer was studied in detail by Pavelic et al. (2006). They found that only a prolonged recovery phase resulted in almost a complete recovery of a non-reactive chemical if a single well is used for injection and recovery. In most circumstances, the recovery volume would have to largely exceed (2x) the injection volume to completely recover the injected non-reactive fluid. At a coal seam gas site, the recovery volume during a de-pressurisation phase is much larger than the injection volume during the hydraulic fracturing phase. It implies that the fluid that has previously been injected is likely to be fully recovered, unless it travels a large distance from the well during the injection phase due to very high pressure applied during hydraulic fracturing injection.
Solute migration in dual porosity systems
The process is common in dual porosity media where a porous medium is comprised of two interacting pore regions, i.e. one associated with the inter‑aggregate, macropore, fracture system; and one comprising the micropores (or intra-aggregate pores) inside soil aggregates or rock matrix (Maloszewski and Zuber 1985). Dual-porosity models assume that water in the rock matrix is stagnant (Mallants et al. 2011). Coal is typically a dual porosity medium that is composed of a porous matrix surrounded by a larger scale fracture system known as cleats (Moore 2012). The production rate of a coal seam gas reservoir is determined in part by the permeability of coal (determined by attributes of cleats such as the distribution of the aperture, orientation and connectivity) and in part by the mass exchange rates between both pore systems, i.e. coal cleats and matrix. In cases where fluids are injected into a dual-porosity rock, the injected fluid replaces ambient fluid from fractures (macropores) much faster than ambient fluids in the geological matrix containing micropores. When water is again withdrawn from the dual porosity formation, macropores will drain faster than micropores resulting in a delayed recovery of initially injected chemicals. This ‘tailing’ behaviour is well known in aquifer remediation using pump-and-treat technology (Palmer and Fish 1992). In managed aquifer recharge, poor recovery has also been observed – for example, poor recovery of freshwater from a brackish aquifer as a result of diffusion was encountered in a poorly permeable siltstone in Victoria (Miotliński et al. 2011).The same phenomena occur in coal seam reservoirs during injection of hydraulic fracturing fluids and the subsequent water removal as part of the gas production process. For shallow groundwater, such phenomena exist in fractured rock aquifers. This results in extreme spatial variability in hydraulic conductivity, and hence in groundwater flow (Cook 2003).
Sorption
The sorption process (adsorption and desorption) affects both hydraulic fracturing fluids in shallow and deep groundwater and methane gas attached onto the coal matrix. Sorption may result in retardation of chemical transport (relevant during water abstraction for coal seam gas production and in case of migration of a contaminant plume in shallow groundwater) and will result in reducing concentrations in solution because the sediments will become a major sink for chemicals (Tabatabaie and Pooladi-Darvish 2009). Evaluation of the recovered mass needs to account for such mass losses because some organics may remain adsorbed on sediments and coal. Slow desorption from solid to liquid phase may occur resulting in a similar ‘tailing’ phenomena as with dual-porosity porous media. Study of such adsorption and desorption processes provide insights into the recovery rate of injected hydraulic fracturing fluids and is helpful to assess evolution over time of chemical concentrations in flowback and produced water.
Degradation
Organic chemicals either injected during hydraulic fracturing or leaked into groundwater may degrade in the coal seam pore-waters due to several biogeochemical processes. Any assumed degradation – for instance, for mass balance calculation – has to be carefully interpreted. In many cases, assumptions about the degradability of the chemical additives have been based on laboratory studies in oxygenated environments using samples of soil, surficial sediments and / or surface waters, which are not necessarily applicable to the deep subsurface (Jackson et al. 2013). Degradation products of certain chemicals can be more toxic than their parent; hence, a proper understanding of the nature and concentration of degradation products is critical (Schaerlaekens et al. 1999).
Multi-phase flow effects
These include a set of complex processes where more than one phase (normally water) is present, typically water and gas (Tabatabaie and Pooladi-Darvish 2009). In such cases, transport of chemicals can occur in both water (as dissolved chemicals) and gas (volatile compounds) phases. When a gas phase develops around a coal seam gas well, the permeability for water decreases and thus recovery of residual hydraulic fracturing chemicals may be further retarded. These effects were responsible for limited recovery of CO2 from saline aquifers (Tsang et al. 2007). In shallow groundwater a dual-phase water-air system exists above the water table.
[bookmark: _Toc349316045][bookmark: _Ref350247439][bookmark: _Toc377366355][bookmark: _Toc405197550][bookmark: _Ref407375243][bookmark: _Toc467146127]Models used for assessments
[bookmark: _Toc349316046]Quantitative analysis of fate and transport of contaminants in soils and shallow or deep groundwater requires modelling tools that have the appropriate level of complexity (keeping it as simple as possible, but as complex as needed) and flexibility for the task at hand. There are two types of transport models from which to choose, depending on the level of complexity required. These are analytical and numerical solute transport models. We reviewed both analytical and numerical models and evaluated their suitability for calculating the migration of chemical constituents in shallow groundwater (spills and leakage from surface ponds into soil and groundwater and consecutive migration to water supply wells, rivers, wetlands, etc.) and deep groundwater (associated with fracture generation in coal seam formations) (see Section 6.1).
A further review was undertaken to identify the most appropriate simulation tool (or set of tools) for reactive transport modelling whereby chemicals are allowed to interact with other chemicals in the water and / or interact with the solid phase (e.g. sorption onto minerals). Such models are helpful to demonstrate to which degree the more simplified simulations without chemical (e.g. sorption, precipitation, radioactive decay) or biological processes deliberately overestimate impact. They are also useful to gain insight into the potential for natural attenuation in soil or groundwater when sorption, degradation and other processes are accounted for (see Section 6.2 for the unsaturated zone and Section 6.3 for the saturated zone).
[bookmark: _Toc349037796][bookmark: _Ref349233789][bookmark: _Toc377366356][bookmark: _Toc405197551][bookmark: _Toc467146128]Choosing analytical or numerical models of transport
Analysis of shallow groundwater pathways to assess the environmental impact of hydraulic fracturing chemicals involves fate and transport calculations of these chemicals leaking from storage ponds, tanks, broken pipes, etc. to receptors such as wells, springs, rivers, etc. In a multi-tiered approach involving risk screening at different levels, simplified models are typically used at a low level of screening and more complex models are used at a higher level of screening (US EPA 2004b). Our search for simplified models for soil and shallow groundwater starts by comparing the capabilities and limitations of analytical versus numerical models.
The following basic and optional simulation objectives are applied when combining soil and groundwater flow and transport models with a stepwise increase in complexity.
Basic Simulation Objectives (assuming realistic high-end scenarios):
calculate chemical concentrations at particular receptor points (requires as a minimum the advection-dispersion equation or ADE)
calculate the spatial distribution of chemical concentration in soil and groundwater (requires as a minimum the ADE)
calculate travel time from source to receptors including the groundwater table, groundwater wells, springs, discharge zones in river alluvium (requires advective transport only, as a first approximation).
Optional Simulation Objectives:
incorporate faults and fractures in the contaminant pathway for groundwater 
incorporate dual porosity as an alternative to the standard single porosity porous medium for soil and groundwater
Analytical solutions can usually be derived only for simplified transport systems involving linearised governing equations, homogeneous porous medias, simplified geometries of the transport domain, and constant or highly simplified initial and boundary conditions. Unfortunately, analytical solutions for more complex situations, such as for transient water flow or non-equilibrium solute transport with nonlinear reactions, are generally not available and / or cannot be derived, in which case numerical models must be employed (Šimůnek 2005). A discussion of some of the more popular one- and multi-dimensional analytical and numerical transport models for soils is available from Šimůnek (2005).
Groundwater models typically contain a range of modifiable parameters that account for the variation in flow and transport conditions to reflect different hydrogeological conditions. These include:
groundwater velocity, defined by:
hydraulic conductivity (low, medium, and high to broadly represent sediments such as clays, alluvial sand, and alluvial gravel)
hydraulic gradient (slope of the groundwater table)
effective porosity (available pore space for water flow and contaminant transport)
aquifer thickness covering some typical hydrogeological variability within large basins
distance to receptor (e.g. from source to well)
key transport parameters (dispersivity).
Although the hydrogeological conditions for different regions can be significantly different and would warrant developing specific models for specific regions, the fact that simplified high-end screening calculations are considered in a Tier 1 assessment justifies an approach that uses a fairly generic hydrogeological model as a basis for flow and transport calculations but with sufficient regional characteristics in terms of typical receptors as computational end-points. The model chosen in the conceptualisation phase (Mallants et al. 2017a) will remain quite ‘generic’ and allows for model realisations based on the variability of modifiable parameters (see above) as found in a specific region. This ‘regionalisation’ – even of simplified models – requires a framework model that can account for a generalised 3-dimensional model domain with simplified flow boundary conditions and aquifer properties typical for the region.
As an example, the three analytical solutions of the advection-dispersion equation presented in Table 6.1 are unable to meet the requirement for a generalised 3-dimensional model domain as the aquifer is either defined as an infinite 1-dimensional uni-directional aquifer or a semi-infinite, vertically bounded, confined aquifer. Even the benefit of an analytical solution of being ‘exact’ and free of numerical errors is also not a guarantee. Among the three available solutions from Table 6.1, the Domenico (1987) solutions are, similarly to numerical solutions, not closed-form expressions, since they involve numerical evaluation of a definite integral, and hence can likewise be computationally demanding and can also introduce numerical errors (Bear and Cheng 2010). Additional analytical solutions for 1-, 2-, and 3-dimensions are available from Wexler (1992).
[bookmark: _Ref352944771][bookmark: _Ref409432920][bookmark: _Toc348443659][bookmark: _Toc377226501][bookmark: _Toc467146149]Table 6.1  Comparison of analytical solutions for groundwater solute transport with the numerical model MODFLOW/MT3DMS
	Model characteristics
	Analytical models
	Numerical model

	
	Ogata and Banks (1961)
	University of Illinois Code, Scheibe (2004)
	ATRANS, as described by Zheng and Bennett (2002)
	MODFLOW / 
MT3DMSv5.3

	Definition of model domain, boundary conditions, and sources and sinks

	Extent of Aquifer
	Semi-infinite 1D 
	1D, 2D, 3D
	Semi-infinite domain, 3D
Confined (vertically bounded)
	2D, 3D

Unconfined or confined

	Boundary Conditions
	Continuous input

Plane source 
	Instantaneous pulse input 
Line or plane source
	Four different type of inflow concentration histories
	Complex boundary conditions of any type

	Source/Sink Terms
	No
	No
	No
	Yes

	Primary simulation parameters (allowing for high-end scenarios)

	Flow
	1D
	1D, 2D, 3D
	1D
	3D
Head distribution

	Dispersion
	longitudinal
	3D
	3D
	3D

	Retardation 
	No
	Yes
	Yes
	Yes

	Chemical concentrations at particular points
	Yes
ADE
	Yes
ADE
	Yes
ADE
	Yes
ADE

	Spatial distribution of chemical concentration in groundwater
	Yes
ADE
	Yes
ADE
	Yes
ADE
	Yes
ADE

	Travel time from source to receptors (groundwater wells, springs, discharge zones in river alluvium).
	No

	No

	No

	Yes (MODPATH) 

	Main aquifer and model properties 

	Key transport parameters
	Yes
	Yes 
	Yes 
	Yes

	Hydraulic conductivity
	Pre-defined
	Pre-defined
	Pre-defined
	Defined for MODFLOW

	Hydraulic gradient
	Pre-calculated
	Pre-calculated
	Pre-calculated
	Calculated in MODFLOW

	Effective porosity
	Pre-defined
	Pre-defined
	Pre-defined
	Defined in MODFLOW and MT3DMS

	Groundwater velocity
	Pre-calculated from K, gradient, and effective porosity
	Pre-calculated from K, gradient, and effective porosity
	Pre-calculated from K, gradient, and effective porosity
	Calculated in MODLOW

	Dispersivity
	Yes
Only longitudinal
	Yes
3D
	Yes 
3D
	Yes
3D 

	Aquifer thickness 
	n/a (unidirectional flow field)
	infinite
	Fixed
	Variable (unconfined) 
Convertible (confined)

	Location of receptor
	Along 1D flowpath 
	Within 2D or 3D model domain
	Along 1D flowpath
	Within 2D or 3D model domain

	Additional modifiable properties and features

	Thickness of coal seams (for deep groundwater)
	n/a
	n/a
	n/a
	Can be introduced as additional layer

	Dual porosity (for shallow and deep groundwater)
	No
	No
	No
	Yes
(newest version MT3DMSv5.3)

	Fractures/Faults (for shallow and deep groundwater)
	No
	No
	No
	Yes
With HFB, CFP, or by Zones of Hydraulic Conductivity


One of the greatest advantages of analytical over numerical models is their computational efficiency in solving the transport equation; however, if carefully set up, numerical models can be sufficiently efficient even for fairly complex problems. Konikow (2011), for example, studied the computational efficiency of various solution algorithms of a greatly simplified groundwater contamination problem at the Rocky Mountain Arsenal, Colorado with a gently sloping alluvial system, a leaking unlined disposal pond and a lake and river on two opposite model boundaries producing groundwater flow between them. The fastest run time was achieved by the modified method of characteristics (MMOC) with 2.5 seconds central processing unit (CPU), yet with a considerable mass-balance error (5.7%). The second fastest run time was for a finite difference (FD) solution with 2.9 seconds (CPU) and negligible mass-balance error (2×10-5 %). The problem illustrates that simplified yet realistic contamination problems may be solved requiring an execution time of just around a few seconds. This demonstrates that multiple realisations of ‘shallow groundwater pathway’ models can indeed be carried out with tolerable run times.
An additional advantage of numerical models is the relative ease with which optional effects of modified boundaries, faults and fractures (representing hydraulic barriers or conduits), dual porosity and additional layers such as aquitards and deeper aquifers can be accommodated.
Given the limitations of analytical models relating to model geometry, source and receptor representation, heterogeneity and inability to expand the model to other components such as faults, it is more appropriate to apply numerical models for exposure assessment calculations. Despite these limitations, analytical solutions are helpful to provide benchmark results to compare with numerical solutions, which is typically used to increase confidence in the results (Perko et al. 2009; Konikow and Bredehoeft 1978).
While the numerical models are generally preferred over analytical solutions, there are a number of uncertainties associated with numerical soil and groundwater flow and transport models that need specific attention. These uncertainties mainly relate to:
model parameters
the conceptual model
boundary conditions (e.g. chemical sources)
fate pathways.
Uncertainties about model parameters can be addressed by identifying a range of plausible parameter values and running models multiple times with different parameter values. Conceptual model uncertainties are typically addressed by developing simplified conceptual models that are expected not to underestimate impact. Uncertainties about boundary conditions and fate pathways can be also addressed by invoking assumptions that produce high-end estimates (see Mallants et al. 2017a).
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Analytical models
Analytical approaches
Many analytical solutions have been derived and are widely used for analysing contaminant transport in the unsaturated zone during steady-state flow (Šimůnek 2005). Although a large number of analytical solutions also exist for the water flow equation in the unsaturated zone, they generally can be applied only to relatively simple flow problems with constant velocity. The majority of applications for water flow and contaminant transport in the vadose zone require a numerical solution of the Richards equation. The Richards equation represents the movement of water in unsaturated soils (Šimůnek 2005).
Analytical models usually lead to an explicit equation for the concentration (or the pressure head, water content or temperature) at a particular time and location. One can then evaluate the concentration directly without the time-stepping typical of numerical methods. While exceptions exist (e.g. Liu et al. 2000), analytical solutions usually can be derived only for simplified transport systems involving linearised governing equations, homogeneous soils, simplified geometries of the transport domain and constant or highly simplified initial and boundary conditions. Unfortunately, analytical solutions for more complex situations, such as transient water flow or non-equilibrium contaminant transport with nonlinear reactions, are generally not available and / or cannot be derived, in which case numerical models must be adopted (Šimůnek 2005).
Analytical solutions are usually obtained by applying various transformations (e.g. Laplace, Fourier or others) to the governing equations, invoking a separation of variables, and / or using the Green’s function approach (a general technique for solving partial differential equations) (Leij et al. 2000).
One-dimensional models
Some of the more popular one-dimensional analytical transport models are (van Genuchten 1980b), CFITIM (van Genuchten 1981), CXTFIT (Parker and van Genuchten 1984) and CXTFIT2 (Toride et al. 1995). While CFITM considers only one-dimensional equilibrium transport in both finite and semi-infinite domains, CFITIM additionally considers physical and chemical nonequilibrium transport (i.e. the two-region mobile-immobile model for physical nonequilibrium and the two-site sorption model for chemical nonequilibrium). CXTFIT expanded the capabilities of CFITIM by considering more general initial and boundary conditions, as well as degradation processes. CXTFIT2 (Toride et al. 1995), an updated version of CXTFIT, solves both direct and inverse problems for three different one dimensional transport models:
the conventional ADE
the chemical and physical nonequilibrium ADEs
a stochastic stream tube model based upon the local-scale equilibrium or nonequilibrium ADE (Mallants 2014).
These three types of models all consider linear adsorption and include constant zero- and first-order decay / source terms, which are not linked to geochemical conditions.
Multi-dimensional models
Some of the more popular multi-dimensional analytical transport models have been AT123D (Yeh 1981), 3DADE (Leij and Bradford 1994), N3DADE (Leij and Toride 1997), and MYGRT (Ungs et al. 1998). These programs provide analytical solutions to transport problems in two- and three-dimensional domains. 3DADE also includes parameter estimation capabilities.
A large number of analytical models for one-, two-, and three-dimensional contaminant transport problems were incorporated into the public domain software package STANMOD (STudio of ANalytical MODels) (Šimůnek et al. 1999). This Windows-based computer software package includes not only programs for equilibrium advective-dispersive transport such as the CFITM code of van Genuchten (1980b) for one-dimensional transport and 3DADE (Leij and Bradford 1994) for three-dimensional problems, but also programs for more complex problems. For example, STANMOD incorporates the CFITIM and N3DADE programs for nonequilibrium transport (that is, the two-region mobile-immobile model for physical nonequilibrium and the two-site sorption model for chemical nonequilibrium) in one and multiple dimensions, respectively. A more recent version of STANMOD includes additionally the screening model of Jury et al. (1983) for transport and volatilisation of soil-applied organic contaminants.
Numerical models
Numerical approaches
Although analytical and semi-analytical solutions are still popularly used for solving many relatively simple problems, the ever-increasing power of computers and the development of more accurate and stable numerical solution techniques have led to the much wider use of numerical models over the past 10 years. Numerical methods in general are superior to analytical methods in terms of their ability to solve much more realistic problems (Šimůnek 2005). They allow users to design complicated geometries that reflect complex natural pedological and hydrological conditions, control parameters in space and time, prescribe more realistic initial and boundary conditions, and permit the implementation of nonlinear constitutive relationships (Šimůnek and van Genuchten 2006). Numerical methods subdivide the time and spatial coordinates into smaller pieces, such as finite differences, finite elements and / or finite volumes, and reformulate the continuous form of governing partial differential equations in terms of a system of algebraic equations. In order to obtain solutions at prescribed times, numerical methods generally require intermediate simulations (time-stepping) between the initial condition and the points in time for which the solution is needed.
Reviews of the history of development of various numerical techniques used in vadose zone flow and contaminant transport models are given by van Genuchten and Šimůnek (1996) and Šimůnek (2005).
Finite differences
Finite difference methods are generally very intuitive and relatively easy to implement. Time and space are divided into small increments Δt and Δz (or Δx and Δz), respectively. Temporal and spatial derivatives in the governing equations (∂t and ∂z) are then replaced with finite differences (formally using Taylor series expansions). For example, the standard advection-dispersion equation for steady-state water flow (Wang and Anderson 1982) given by:

		[Equation 5]
can be approximated as follows using an explicit (forward-in-time) finite difference scheme:

		[Equation 6]
Where:
subscripts = spatial discretisation
superscript = temporal discretisation (e.g. j and j+1 are for the previous and actual time levels, respectively)
c = concentration
J = total solute mass flux density
v = pore-water velocity
D = hydrodynamic dispersion
t = the time step
z = the spatial step (assumed to be constant).
This equation is solved to find the concentration cij+1 at the required time.
By comparison, a fully implicit (backward-in-time) finite difference scheme can be written as follows:

		[Equation 7]
and an implicit (weighted) finite difference scheme as:

		[Equation 8]
Where:
 = a temporal weighting coefficient.
Different finite difference schemes result depending upon the value of  i.e. an explicit scheme when  =0, a Crank-Nicholson time centred scheme when  =0.5, and a fully implicit scheme when =1.
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Source: Šimůnek and van Genuchten (2006)
[bookmark: _Ref407387579][bookmark: _Toc467146183]Figure 6.1  Examples of the spatial and temporal difference discretisation of a one-dimensional problem (a), and the finite difference discretisation of a two-dimensional domain (b)
Finite elements
Finite element methods can be implemented in very much the same way as finite differences for one-, two-, and three-dimensional problems. A major advantage of the finite element models is that it is much easier to discretise complex two- and three-dimensional transport domains. As an example, Figure 6.2 shows triangular unstructured finite element grids for a regular rectangular and an irregular domain as generated with the automated MeshGen2D mesh generator of HYDRUS-2D (Šimůnek et al. 1999). Notice that even though the figure on the right (Figure 6.1) has an irregular soil surface, as well as a tile drain within the transport domain, MeshGen2D could easily discretise / accommodate this transport domain using an unstructured triangular finite element mesh.
Single-species solute transport models
A large number of numerical models are now available for evaluating variably-saturated water flow and contaminant transport processes in the subsurface. Some of these models are freely available for public use, such as MACRO (Jarvis 1994), SWAP (van Dam et al. 1997), UNSATH (Fayer 2000), VS2DI (Healy 1990), and HYDRUS-1D (Šimůnek et al. 1998) (Šimůnek 2005,  Šimůnek and van Genuchten 2008), while others are in the available for purchase, such as HYDRUS-2D (Šimůnek et al. 1999), HYDRUS (2D/3D) (Šimůnek et al. 2006b), and MODFLOW-SURFACT (HydroGeoLogic 1996). The models vary widely in terms of their complexity, sophistication and ease of use. Although some models are still being run under the DOS operating system, with associated difficulties of preparing input files and interpreting tabulated outputs, many others, especially those in the commercial domain, are supported by sophisticated graphics-based interfaces that greatly simplify their use (Šimůnek et al. 1998; Šimůnek et al. 1999). Several studies have recently reviewed and compared various numerical models for vadose zone applications (e.g. Wilson et al. 1999; Scanlon et al. 2002; MDH 2003; Vanderborght et al. 2005). These studies typically compared the precision, speed and ease of use of the codes involved.
While earlier models solved the governing flow and transport equations for relatively simplified system-independent boundary conditions (i.e. specified pressure heads or fluxes, and free drainage), the more recent models can cope with much more complex system-dependent boundary conditions evaluating surface flow and energy balances and accounting for the simultaneous movement of water, vapour and heat. Examples are DAISY (Hansen et al. 1990), TOUGH2 (Pruess 1991), SHAW (Flerchinger et al. 1996), SWAP, HYDRUS-1D, UNSATH, and COUP (Jansson and Karlberg 2001). Several models now also account for the extremely nonlinear processes associated with the freezing and thawing cycle (e.g. DAISY, SHAW, and COUP).
Contaminant transport models have also become more sophisticated in terms of the type and complexity of processes that can be simulated. Transport models are no longer being limited to contaminants undergoing relatively simple chemical reactions such as linear sorption and first-order decay, but now consider also a variety of nonlinear sorption and exchange processes, physical and chemical non-equilibrium transport, volatilisation, gas diffusion, colloid attachment/ detachment, decay chain reactions and many other processes (e.g. the HYDRUS-1D, –2D, and (2D/3D) codes of Šimůnek et al. 1999; Šimůnek et al. 2006b; Šimůnek and van Genuchten 2006 or MODFLOW-SURFACT of HydroGeoLogic 1996). For example, the general formulation of the transport equations in the HYDRUS codes permit simulations of non-adsorbing or linearly sorbing contaminants, in addition to a variety of other contaminants, such as viruses (Schijven and Šimůnek 2002), colloids (Bradford et al. 2002), cadmium (Nowack et al. 2006; Seuntjens et al. 2001) and hormones (Casey et al. 2003; Casey et al. 2004), or contaminants involved in the sequential biodegradation of chlorinated aliphatic hydrocarbons (Schaerlaekens et al. 1999; Casey and Šimůnek 2001).
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Source: Mallants et al. (2011), modified; Left: a 1-m x 2-m soil profile with a 0.01-cm wide macropore in the middle and a non-uniform steady-state water content distribution. Right: a drain in between two furrows (one dry, one filled with water) and the resulting steady-state pressure head distribution (groundwater table corresponds to h = 0).
[bookmark: _Toc467146184]Figure 6.2  Examples of triangular finite element grids for regular (left) and irregular (right) two-dimensional transport domains 
Much effort has been directed toward improving models for purposes of simulating nonequilibrium and / or preferential flow. Examples are the TOUGH codes, MACRO, and HYDRUS-1D. These models typically assume the presence of dual-porosity and dual-permeability regions, with different fluxes possible in the two regions. Example applications of these dual-porosity and dual-permeability models are given by Mallants et al. (1997), Haws et al. (2005), Kohne et al. (2004), Kohne et al. (2006) and Pot et al. (2005), among many others.
The HYDRUS software packages of Šimůnek et al. (1999; 2005b; 2008) are briefly discussed below as an example of available vadose zone flow and transport models.
The HYDRUS software packages
HYDRUS-1D (Šimůnek et al. 2005b), HYDRUS-2D (Šimůnek et al. 1999), and HYDRUS (2D/3D) (Šimůnek et al. 2008) are software packages that simulate the one- and two-dimensional movement of water, heat, and multiple contaminants in variably saturated porous media. Both programs use finite elements to numerically solve the Richards equation for saturated-unsaturated water flow and the advection-dispersion equations for both heat and contaminant transport. The unsaturated soil hydraulic properties can be described using van Genuchten (1980a), Brooks and Corey (1964), Kosugi (1996) and Durner (1994) type analytical functions, or modified van Genuchten type functions (Schaap and van Genuchten 2005) that produce a better description of the hydraulic properties near saturation.
The HYDRUS-1D software package additionally includes modules for simulating carbon dioxide and major ion contaminant movement (Šimůnek et al. 1996). Also included is a small catalogue of unsaturated soil hydraulic properties (Carsel and Parrish 1988), as well as pedotransfer functions based on neural network predictions (Schaap et al. 2001).
Biogeochemical transport models
Significant efforts have been made also in coupling physical flow and transport models with biogeochemical models to simulate increasingly more complex reactions, such as surface complexation, precipitation/dissolution, cation exchange and / or (micro)biological reactions. Reviews of the development of hydrogeochemical transport models involving reactive multiple components are given by many authors (Steefel and MacQuarrie 1996; Šimůnek and Valocchi 2002; Bell and Binning 2004). Prommer et al. (2003b) provided a guide on reactive transport modelling of petroleum hydrocarbons in groundwater. Most modelling efforts involving multicomponent transport have thus far focused on the saturated zone, where changes in the flow velocity, temperature and pH are often much more gradual than in the unsaturated zone. Consequently, many multicomponent transport models assumed one- or two-dimensional steady-state saturated water flow with a fixed value of the flow velocity (based on MODFLOW or other codes), temperature and pH. Several multicomponent transport models have also been published for variably-saturated flow problems. These include DYNAMIX (Liu and Narasimhan 1989), HYDROGEOCHEM (Yeh and Tripathi 1990), TOUGH-REACT (Pruess 1991), UNSATCHEM (Šimůnek and Suarez 1994; Šimůnek et al. 1996) FEHM (Zyvoloski et al. 1997), MULTIFLO (Lichtner and Seth 1996), OS3D/GIMRT (Steefel and Yabusaki 1996), HYDROBIOGEOCHEM (Yeh et al. 1998), FLOTRAN (Lichtner 2000), MIN3P (Mayer 2002), HP1 (Jacques et al. 2002; Jacques et al. 2008b; Jacques et al. 2008a; Jacques and Šimůnek 2005), and HYDRUS-1D (Šimůnek et al. 2005b).
Geochemical models for the unsaturated zone can be divided into two major groups: those with specific chemistry and those characterised by more general chemistry (Šimůnek and Valocchi 2002). Models with specific chemistry are limited in the number of species they can handle, while their application is restricted to problems having a prescribed chemical system. They are, however, much easier to use and computationally can be much more efficient than general models. Typical examples of models with specified chemistry are those simulating the transport of major ions, such as LEACHM (Wagenet and Hutson 1987), UNSATCHEM (Šimůnek and Suarez 1994; Šimůnek et al. 1996), and HYDRUS-1D (Šimůnek et al. 2005b). Models with generalised chemistry (DYNAMIX, HYDROGEOCHEM, MULTIFLO, FLOTRAN, OS3D/GIMRT and HP1, all referenced above) provide users with much more freedom in designing a particular chemical system; possible applications of these models are also much wider.
The biogeochemical transport simulator, HP1
HYDRUS-1D was coupled with the PHREEQC geochemical code (Parkhurst and Appelo 1999) to create a new comprehensive simulation tool, HP1 (acronym for HYDRUS1D-PHREEQC) (Jacques et al. 2003; Jacques and Šimůnek 2005; Jacques et al. 2008b; Jacques et al. 2008a). The combined code contains modules simulating: 
transient water flow in variably-saturated media
the transport of multiple components
mixed equilibrium/kinetic biogeochemical reactions
heat transport.
HP1 provides a significant expansion of the individual HYDRUS-1D and PHREEQC programs while preserving most of their original features and capabilities. The code still uses the Richards equation for simulating variably-saturated water flow and advection-dispersion type equations for heat and contaminant transport. However, the program can also now simulate a broad range of low-temperature biogeochemical reactions in water, the vadose zone and in groundwater systems, including interactions with minerals, gases, exchangers and sorption surfaces based on thermodynamic equilibrium, kinetics or mixed equilibrium-kinetic reactions.
Jacques et al. (2003), Jacques and Šimůnek (2005), Jacques et al. (2008b) and Jacques et al. (2008a) demonstrated the versatility of the HP1 model on several examples such as:
transport of heavy metals (Zn2+, Pb2+, Cd2+) subject to cation exchange reactions
transport with mineral dissolution of amorphous SiO2 and gibbsite (Al(OH)3)
heavy metal transport in a medium with a pH-dependent cation exchange complex
infiltration of a hyperalkaline solution in a clay sample (this example considers kinetic precipitation-dissolution of kaolinite, illite, quartz, calcite, dolomite, gypsum, hydrotalcite, and sepiolite)
long-term transient flow and transport of major cations (Na+, K+, Ca2+, and Mg2+) and heavy metals (Cd2+, Zn2+, and Pb2+) in a soil profile
cadmium leaching in acid sandy soils
radionuclide transport following phosphorus fertilisation (U and its aqueous complexes)
the fate and subsurface transport of explosives (TNT and its daughter products 2ADNT, 4ADNT, and TAT).
[bookmark: _Ref407194423][bookmark: _Toc467146130]Review of contaminant transport models for the saturated zone
This section provides a review of reactive transport models and a comparison of model requirements. The requirements refer to: 
the ability to simulate biogeochemical processes relevant to fate and transport of hydraulic fracturing fluids and geogenic contaminants
the ability to couple such transport models with groundwater flow models.
It is noted that MODFLOW (Harbaugh 2005) will be the basic numerical groundwater flow model to be used for exposure assessments within the National Coal Seam Gas Chemicals Assessment. MODFLOW is selected as groundwater model for the discussion here given its widespread use, its many modules for solving particular flow problems, the smooth linkage with solute transport models, and because MODFLOW will be used in the groundwater flow and solute transport calculations as part of the exposure assessments undertaken for the National Coal Seam Gas Chemicals Assessment (Mallants et al. 2017b). In case natural attenuation reactions have to be accounted for, MODFLOW can be linked to reactive transport codes (see further).
There are several different codes that are used to model reactive transport in the saturated zone. When setting up a model, the user needs to select the most appropriate code for their problem. Some general questions that may aid in the selection of reactive transport codes are listed:
Does the code simulate a sufficiently broad suite of reactive transport processes typical of chemical constituents of concern that are present in flowback and co-produced water?
How is the simulation of reactive transport integrated into models of groundwater flow and non-reactive transport?
Which MODFLOW version or MODFLOW-linked non-reactive transport code is the reactive transport code related to?
How precise (strongly coupled[footnoteRef:14] models have a better mass balance and better convergence than weakly coupled[footnoteRef:15] models) and efficient (weakly coupled models are usually slower than strongly coupled models) are various reactive transport codes? [14:  the one-step global implicit approach in which the transport and chemistry equations are solved simultaneously]  [15:  the operator-splitting approach in which the transport and chemistry equations are solved separately] 

Are the reactive transport codes supported by Graphics User Interfaces?
Some common codes and their application are discussed in the following sections.
[bookmark: _Toc377366358]Integration of non-reactive transport code MT3DMS with MODFLOW
When the objective is to obtain high-end estimates of chemical concentrations for groundwater-dependent receptors, fit-for-purpose simulations involve simplified groundwater flow simulations with MODFLOW (Harbaugh 2005) and transport simulations of non‑reactive chemicals with MT3DMS (Zheng and Wang 1999). In many cases, such areas can be derived as small-scale groundwater models nested within regional-scale MODFLOW groundwater models (Gedeon and Mallants 2012). Non-reactive transport codes that can be linked to MODFLOW, such as the multi-species transport simulator MT3DMS (Zheng and Wang 1999), may therefore be preferred over the ones that do not have the ability to be easily linked to MODFLOW.
When using MODFLOW and MT3DMS, the codes are run consecutively; in other words the codes are decoupled. The decoupling is based on the assumption that solute concentrations are sufficiently small so that their effect on fluid density is negligible (Zheng 2009). This assumption is not valid when fluid density becomes large, such as for sea water intrusion or brine transport. For such circumstances, the SEAWAT model (Langevin and Guo 2006, Maliva et al. 2007) is more appropriate. It combines MODFLOW and MT3DMS into a single code (Figure 6.3) for flow and transport modelling under variable-density and variable-viscosity conditions by an iterative process between flow and concentration solutions. SEAWAT applications are described in Langevin and Guo (2006), Maliva et al. (2007), Bauer-Gottwein et al. (2007), and Post and Prommer (2007). Such models would normally not be used when high-end estimates need to be derived.
[bookmark: _Toc377366359]Integration of MT3DMS with reactive transport codes RT3D and PHT3D
Reactive transport codes can be coupled to such MODFLOW-linked non-reactive codes. The two most frequently used reactive transport codes are RT3D and PHT3D, which are both based on MODFLOW-2000 and are built on the modular structure of MODFLOW/MT3DMS for the solution of flow and transport problems (Figure 6.3). Whether to use one over the other depends on the requirements for specific geochemical reactions or the geochemical environment of the fluid pathways.
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[bookmark: _Ref349325109][bookmark: _Toc364861016][bookmark: _Toc377066831][bookmark: _Toc467146185]Figure 6.3  Transition from groundwater flow to reactive transport models
RT3D (Clement 1997) couples the implicit ordinary differential equation (ODE) solver LSODA to MT3DMS to solve arbitrary kinetic reaction problems. RT3D provides a number of pre-programmed reaction packages for MT3DMS for BTEX degradation, rate-limited sorption, sequential first-order decay and biodegradation in the form of aerobic/anaerobic chlorinated ethane de-chlorination. The user has the flexibility to specify additional add-on reaction packages. RT3D has been applied frequently for the reactive transport of BTEX and chlorinated solvents.
In contrast, PHT3D (Prommer et al. 2003a; Prommer and Stuyfzand 2005; Appelo and Rolle 2010) combines MT3DMS (Zheng and Wang 1999) with the geochemical reaction model PHREEQC-2 (Parkhurst and Appelo 1999). The latter makes use of a user-specified database of aqueous chemical species and solid minerals, which gives the user a flexible method to specify equilibrium or kinetic reactions without developing separate add-on packages. The PHREEQC-2 databases can be extended to include other immobile kinetically reacting species, which provides a method to include non-aqueous phase liquids (NAPL) dissolution and biodegradation coupled with bacterial growth. A whole host of water-rock reactions can be readily simulated, including equilibrium aqueous-phase speciation, equilibrium or kinetic precipitation/dissolution and equilibrium ion exchange (Appelo and Postma 2005, Bear and Cheng 2010). The tested new version of PHT3D adds the simulation of multi-site cation exchange and surface complexation reactions (Appelo and Rolle 2010). The code is particularly suited for researchers or experienced modellers who want to address rather complex multicomponent reactive transport processes including kinetic and equilibrium geochemical reactions that cause changes in the water chemistry and liquid-solid matrix interactions (Appelo and Rolle 2010).
[bookmark: _Toc377366360]Comparison between RT3D with PHT3D
In summary, PHT3D is able to consider the entire groundwater geochemistry (both dissolved chemical species and solid-phase interactions) and carry out multi-component geochemical transport calculations (Table 6.2). In contrast, RT3D can incorporate only a few components and reactions (Atteia and Hoehener 2012). As a consequence, the main difference between RT3D and PHT3D is the need in the former to specify additional reaction packages if not yet included in the pre-programmed packages, which then requires a recompilation of the code. In contrast, development in PHT3D is more flexible and convenient. For instance, degradation reactions can be user-specified, without the need to recompile the code. PH3TD also offers the option to carry out transport simulations for non‑reactive chemicals. That is, the reactive module can be switched off and the defined species undergo transport without sorption or transformation (Appelo and Rolle 2010). A direct comparison between the simulated concentrations of non‑reactive and reactive species allows the modeller to quantitatively assess the influence of different reactive processes on the fate and transport of dissolved compounds (e.g. contaminants undergoing degradation reactions). This can be of significant advantage when comparing differences between high-end non-reactive (Tier 1) and realistic reactive (Tier 2) simulations. For example, this can include a demonstration of how differences in natural attenuation (sorption and degradation activated) affect migration and concentration.


[bookmark: _Ref364150331][bookmark: _Toc377226502][bookmark: _Toc467146150]Table 6.2  Overview of selected numerical hydrogeochemical models
	
	MT3DMS
	RT3D
	PHT3D

	Unsaturated (with the Unsaturated Zone Flow Package UZF)
	Y
	Y
	N

	Separate NAPL phase with mass transfer
	N
	Y
	N

	Geochemical database
	N
	N
	Y

	User defined reactions
	Y
	Y
	Y

	Graphical user interface
	Y
	Y
	Y


Source: Valocchi (2012), modified
Both RT3D and PH3TD can deal with biodegradation of organic compounds from hydraulic fracturing fluids in different ways. If concentrations of organic compounds are low enough, such that the geochemical conditions do not change, then RT3D is the preferred choice. However, if high initial contaminant concentrations lead to changes in oxygen, nitrogen or other species, then PHT3D may be possible. Similarly, if organic compounds degrade reasonably quickly under aerobic conditions (a constant degradation rate is assumed), then the use of RT3D will be sufficient, whereas under anaerobic conditions PHT3D will be most appropriate (degradation rate depending on continuously changing geochemical conditions). RT3D will not be able to simulate interactions between components, e.g. when biodegradation of one compound affects the degradation of another compound.
Both PHT3D and RT3D are compatible with MODFLOW-2000 for generating a flow solution that is linked with MT3DMS. However, at the time of writing, even the distribution of the newest version 2.5 of RT3D is supplied with the rather outdated MODFLOW-96 for generating a flow solution. If the user wishes to employ MODFLOW-2000, a minor modification on MODFLOW-2000 needs to be performed and RT3Dv2.5 must be compiled using the same compiler. Flow solutions of MODFLOW-2005 do not seem to be supported. Note that the package linking MODFLOW with MT3DMS, called LMT, has been updated to LMT7 in MODFLOW-2005.
[bookmark: _Toc377366361]Other reactive transport codes linked to PHREEQC
PHAST3D is similar to PHT3D in that it couples the geochemical code PHREEQC with the existing nonreactive transport solver HST3D. While the nonreactive MT3DMS simulator can be easily linked with the groundwater flow model MODFLOW, HST3D solves for groundwater flow, heat and solute transport all together in three dimensions (Parkhurst and Kipp 2010).
RATEQ is another reactive transport model that couples MT3DMS with its geochemical model that has the capability to use the thermodynamic database of PHREEQC and like PHT3D has capability for biodegradation and surface complexation sorption reactions. While the model has been extensively applied by the US Nuclear Regulatory Commission to study fate and transport at the Naturita, Colorado, uranium mill tailings site (Curtis et al. 2006), it is much less frequently used than PHT3D and is less tightly linked to updates of MT3DMS.
Similar to PHT3D, PHWAT couples PHREEQC-2 with the density-dependent groundwater flow and solute transport model SEAWAT (Post and Prommer 2007). Fluid density in PHWAT depends on concentrations of multiple species of dissolved chemicals that can be subject to reactive processes.
[bookmark: _Toc377366362]User-friendliness, precision, and computational efficiency
MODFLOW-linked non-reactive and reactive transport models are widely used and tested and are included in several MODFLOW graphics user interfaces (GUIs). MT3DMS, RT3D, and PHT3D are all included in the proprietary GUIs of Visual MODFLOW, Groundwater Modelling System GMS, and Processing MODFLOW for Windows (PMWIN). However, because these models combine separate modules for transport and reaction, they all use the simple non-iterative Operator Splitting (OS) technique, which has the potential for numerical error when large time steps are utilised (Valocchi 2012). In addition, both PHT3D and RT3D have small numerical dispersion based on MT3DMS’s total variation diminishing (TVD) scheme and many hydrogeological options provided by the various MODFLOW modules. However, in combination with MODFLOW’s Local Grid Refinement  (Mehl and Hill 2002) for local scale transport models, numerical dispersion will be reduced further by a finer discretisation.
Differences exist also in the computational efficiency. RT3D runs faster than PHT3D, which may be preferable if only single species half-lives are assumed. While RT3D is often 100 times faster than PHT3D, RT3D’s speed may come at the expense of errors, for instance, not handling correctly the sequential degradation of the inorganic species (Atteia and Hoehener 2012).
However, if a broad range of geochemical processes are required including more complex reaction pathways, then the cost of longer runtimes of PHT3D might be warranted. The latter is especially true if model calibration is omitted for non-calibrated scenario model runs.
[bookmark: _Toc377366363]Interface with the unsaturated zone
The justification for the selection of models also depends on how the groundwater flow and transport codes interact at interfaces, such as at the groundwater/vadose zone interface. For a Tier 1 assessment aimed at producing high-end estimates, simplified flow and transport modelling for the vadose zone can be carried out with HYDRUS-1D (Šimůnek et al. 2005b). A link between HYDRUS and MODFLOW allows the Richards equation to simulate variably saturated flow across the vadose zone and groundwater domain. Yet, while HYDRUS can simulate heat and solute transport, there is no linkage between transport simulations in the vadose zone conducted by HYDRUS and in groundwater by MODFLOW/MT3DMS. In other words, existing MODFLOW/MT3DMS codes are to date not dynamically linkable to HYDRUS for transport simulations. However, HYDRUS can potentially be used to pre-process input boundary conditions of concentration and flux into such MODFLOW/MT3DMS models. Notably, if reactive transport were to be simulated with the HYDRUS code, a 1D, 2D or 3D version would have to be used for the entire variably saturated domain (Šimůnek and van Genuchten 2008, Yu and Zheng 2010). It is noteworthy that HYDRUS1D is open source while HYDRUS-2D/3D is a commercial product. MODFLOW/MT3DMS and MODFLOW/MT3DMS/RT3D have recently been extended to simulating variably saturated non-reactive and reactive transport by linking to MODFLOW’s UZF package (Bailey et al. 2012; Morway et al. 2013).
[bookmark: e22_92][bookmark: a6_33][bookmark: a6_34][bookmark: e22_104][bookmark: _Toc364926289][bookmark: _Toc364928506][bookmark: _Toc335492543][bookmark: _Ref348989595][bookmark: _Toc349316048][bookmark: _Toc377366367][bookmark: _Toc405197554][bookmark: _Toc467146131]Selection and description of potential pathways for exposure assessment
While many different potential pathways for the fate and transport of chemicals associated with hydraulic fracturing may exist, in particular those associated with surface handling of hydraulic fracturing-related fluids and temporary storage of flowback and produced water, a realistic but representative subset needs to be identified for qualitative and / or qualitative assessment. In the following sections we discuss the selection of pathways for contaminant movement (Section 7.1) and provide a description of each pathway (Section 7.2).
[bookmark: _Toc349316050][bookmark: _Ref350243829][bookmark: _Toc377366368][bookmark: _Toc405197555][bookmark: _Ref407188228][bookmark: _Toc467146132][bookmark: _Toc349316049]Pathway selection
Section 2.5 provided a comprehensive overview of different types of surface sources that could result in chemical leakage into the subsurface. There are five broad source categories that need consideration (see Table 4.1):
dust suppression
incidental spills and breaks in supply lines
leaks from storage ponds
flooding
improperly constructed wells and abandoned wells.
For some of these surface sources preliminary statistics are available to suggest their relative significance as potential exposure pathways. For instance, based on the compliance-related incident reports, incidental spills and breaks in supply lines occurred 29 times from 2009 to 2013, while six instances of flooding was recorded over the same period (Table 3.1). This suggests that both categories could be considered in the quantitative exposure assessments (Mallants et al. 2017a, 2017b).
Dust suppression is an accepted and regulated practice and therefore different from the other categories in terms of frequency of occurrence. It is therefore a pathway that will need to be considered in a quantitative assessment.
Few data were found regarding the frequency of occurrence for major leaks from storage ponds and wells. At present a quantitative assessment is proposed that produces high-end estimates, based on the assumption that leakage will occur for every storage pond, albeit at a very low leakage rate defined by the typical design criteria for pond liners (on the order of 10-9 to 10-10 m/s or 3.2 to 0.32 cm/y).
[bookmark: _Ref350243834][bookmark: _Toc377366369][bookmark: _Toc405197556][bookmark: _Toc467146133]Pathway description 
[bookmark: _Toc335492546]The contaminant fate pathway considers sources, transport through soil, transport through shallow groundwater and discharge into or contact with a receptor. Results from such an analysis will feed into the exposure assessment in that relevant exposure pathways (source-pathway-receptor) are identified based on the fate and transport modelling and receiving environments. Each of these components is briefly discussed in Sections 7.2.1 to 7.2.3. A more comprehensive review of physical and biogeochemical processes required for a quantitative assessment was provided in Section 5, while a review of simulation tools for such assessment was provided in Section 6.
[bookmark: _Ref350248502][bookmark: _Toc377366370]Sources
For each of the five categories of surface sources listed in Section 7.1, a description is provided of the chemicals’ potential exposure pathway from the various surface sources through soil into shallow groundwater. Once in the groundwater, relevant pathways include migration to several potential receptors, including receiving environments such as water supply wells, springs, wetlands, and rivers (Figure 2.18, Figure 2.19). While the surface sources themselves have different characteristics in terms of contaminated surface area, volume of water leaked and the chemicals involved and their concentration, there is considerable similarity in the subsurface pathways to the extent that a single description of potential pathways would be representative for all sources. Differences would exist mainly in terms of:
surface area involved, for instance, a point source typical of a small spill associated with a container or breaking pipe versus an area source characteristic of dust suppression applied on the entire footprint
volume of water leaked into the subsurface, i.e. a single spill of a relatively small volume (say a hundred to a few thousand litres, see Table 4.2) or a quasi-continuous leakage from a storage pond for several years to decades (until site decommissioning)
whether or not the soil is involved as a pathway or not, for example, in case of leakage from improperly constructed wells the leakage may occur only in the saturated part of the subsurface (groundwater) thus bypassing the soil zone.
Sources identified for qualitative and quantitative assessment were discussed in Section 4.1. For each source, a hazard assessment is done first to evaluate the hazard to human health, to aquatic toxicity and for persistence and bioaccumulation in the environment (NICNAS 2017b). Such assessment does not require knowledge of their concentration. Chemicals identified as representing a high hazard are identified as chemicals of potential concern (COPC) or chemicals requiring further assessment. The latter includes fate and transport modelling to identify the likely extent of migration from the source to soil, groundwater and eventually a receptor.
[bookmark: _Toc377366371]Transport through soil
As a result of spills, leaking containers, pipes or ponds, small or large amounts of water may infiltrate the soil and may be slowly transported through an unsaturated zone to the groundwater table. Chemicals contained in those infiltrating waters will be transported downwards, with their rate of transport being defined by the water velocity and any chemical interaction (i.e. sorption/desorption) with the solids (sands, silts, clays, organic matter). Many biogeochemical processes can further act upon the organic or inorganic chemicals and will usually further reduce their concentration, and hence also their toxicity. The latter is not always true, as some degradation products can be more toxic than their parents (e.g. Schaerlaekens et al. 1999).
In most soils chemical transport is vertically downwards which can be conceptualised as a one-dimensional column extending from the source at the surface until the groundwater table (Figure 7.1). There may be cases where transport has a horizontal component when layering occurs, usually along a slope (Figure 5.1). In such cases chemicals may be transported to the base of a slope where they may interact with the soil root zone, discharge into a stream or where it may still find a vertical pathway to shallow groundwater. Although lateral transport may occur under conditions of sloping soil layers, most transport will likely be vertical. The chemical plume would eventually reach the groundwater table and be gradually diluted in a large volume of (ground)water.
[image: ]
Source: Mallants (2011), modified. Four different ratios of longitudinal (αL) to transverse (αT) dispersivity are shown. Lower (αL/αT) ratios represent more lateral spreading due to soil layering.
[bookmark: _Ref405216743][bookmark: _Toc467146186]Figure 7.1  Schematic of solute plumes in soil from a surface source (e.g. leaking pond)
The US EPA (1996) defined a Dilution Attenuation Factor (DAF) to account for dilution and attenuation as a result of processes such as sorption and biodegradation. The term dilution factor (DF) is more appropriate when other sorption and biodegradation attenuation processes are not accounted for, for example in a high-end assessment. The dilution factor is a function of the dilution in both the unsaturated zone (DFL) and the groundwater (DFGW). The combined dilution in the unsaturated zone and groundwater (DF) is defined as DF= DFL×DFGW, where DFL is the ratio of contaminant concentration in fluid spilled at the surface to the contaminant concentration at the bottom of the unsaturated zone (Figure 7.2). The DFGW is calculated as the ratio of the contaminant concentration at the bottom of the unsaturated zone to the concentration at the well. The DF depends on a number of parameters such as the aquifer hydraulic conductivity, hydraulic gradient, infiltration rate, mixing zone depth and source length parallel to groundwater flow (US EPA 1996). If groundwater abstraction through a well is considered, then the length of the well screen has a major influence, especially if groundwater is abstracted over an extended depth capturing water of variable concentration.
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[bookmark: _Ref369106546][bookmark: _Toc377066834]Source: US EPA (1996)
[bookmark: _Ref407188540][bookmark: _Toc467146187]Figure 7.2  Dilution factors for unsaturated and saturated zone for soil to groundwater pathway
Depending on the climatic conditions, the permeability of the soil layers, and the depth to the groundwater, chemicals may develop a seasonal upward movement as a result of upward water fluxes when the evaporative and / or transpiration demand is high (e.g. Jacques et al. 2008b).Under such circumstance, chemicals may accumulate near the soil surface and potentially may affect terrestrial vegetation.
[bookmark: _Toc377366372][bookmark: _Ref407188180]Transport in groundwater
Once the ‘chemicals for further investigation’ have migrated through the vadose zone to the groundwater, they will be transported under saturated conditions (i.e. all pores of the sediments or rocks are filled with water) in the direction of groundwater flow (Figure 7.3) and form a chemical plume. As the plume travels along with the groundwater flow, it is increasingly being mixed with uncontaminated groundwater, resulting in a decrease in concentrations (Figure 7.3). Mixing is due to variability in groundwater velocities at the macro and pore scales, which leads to hydrodynamic dispersion resulting in reduced concentrations along the travel path of the plume.
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[bookmark: _Ref350277542][bookmark: _Toc364861021][bookmark: _Toc377066836](A) Components to be considered for pathway analysis: source (storage pond), unsaturated zone (dark blue, receptor 1), groundwater (colours represent pressure or head), water supply wells (receptor 2), and river (receptor 3). (B) Chemical concentration plume 1 year since start of migration from the source (source duration is one year). (C) – (D) – (E) Chemical concentration plume after respectively 5, 10, 15 years (colours represent concentrations). In a typical pathway analysis chemical concentrations are calculated in water supply wells at increasing distances from the source to define, for example, minimum separation distance from the source ensuring zero impact (see Figure 7.4).
[bookmark: _Ref406783119][bookmark: _Toc467146188]Figure 7.3  Schematic of chemical migration from a surface source through soil and groundwater to a water supply well and river
As in soil, chemicals interact with the solid phase and may get retarded compared to the groundwater flow. A series of biogeochemical reactions may occur that further decrease concentrations. The type of processes that will be invoked will depend on the type of the assessment, i.e. conservative assessments would typically not involve biogeochemical reactions. Figure 7.4 depicts hypothetical chemical concentration breakthrough curves, assuming one scenario without degradation and a second scenario with degradation (i.e. biological, chemical or radioactive decay) and no degradation. Maximum concentrations are typically taken for exposure assessment.
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[bookmark: _Ref338613135][bookmark: _Toc364861022][bookmark: _Toc377066837][bookmark: _Toc467146189]Figure 7.4  Hypothetical chemical concentration breakthrough curves at two water wells for two scenarios, one without and one with degradation (chemical half life = 12 years)
Groundwater can also reach the surface via springs, and a spill source in the recharge area could potentially lead to discharge of contaminated groundwater at spring vents. There are several conceptual models of spring discharge vents in the Great Artesian Basin. These include discharges via faults or unconformities, where a conduit is provided at the contact surface between the aquifer and an outcropping of rock, near the margins of the basin and / or in low-lying areas adjacent to where rainfall enters an outcropping formation (Figure 7.5).
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Source: DEHP (2013)
[bookmark: _Ref371004924][bookmark: _Toc377066838][bookmark: _Toc467146190]Figure 7.5  Schematic diagram of groundwater pathways connecting recharge and discharge areas (springs) in the Great Artesian Basin
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Discharge to or impact on potential receptors
Potential receptors of subsurface contamination transported through shallow groundwater were discussed in Section 2.5. Contaminant plumes may become intercepted by a water supply well (Figure 7.3) which would then contain, possibly for a relatively long period, groundwater with elevated concentrations of certain constituents. Depending on the local hydrogeological conditions, plumes may migrate towards rivers and discharge into surface water bodies in cases where the rivers are gaining (Figure 7.3). While a considerable dilution and hence reduction in concentration is to be expected from discharging in surface water, chemical concentrations may still be higher than background and an assessment of the exposure hazard may be required. Additionally, the areal footprint of the groundwater discharge to the surface body may need to be assessed in terms of the ecology of the shallow sediments of the surface water body. As far as shallow groundwater contamination is concerned, recharge springs could be potential receivers of contamination as they are fed mainly by shallow and young groundwater (i.e. based on relatively recent recharge) (Figure 7.5). Discharge springs are less likely to be contaminated by shallow groundwater because they are mainly fed by uncontaminated deep groundwater with ages often exceeding thousands of years (Ransley and Smerdon 2012). Another group of potential receptors are groundwater dependent wetlands. Such wetlands can occupy many different positions in the landscape depending on factors such as topography and geology: floodplains and other low land, topographic depressions, slope breaks, river valleys, etc. (Serov et al. 2012). Because of their permanent or temporary connection with discharging groundwater, these wetlands could potentially become receiving bodies of contaminated groundwater. Consideration should also be given to stygofauna species, animals that inhabit groundwater either entirely or substantially, especially in the hyporheic zones of rivers (AE 2012d).
In conclusion, the following receiving environments or receptors are proposed as a minimum for the pathway analysis:
water supply wells
rivers
wetlands, and
springs.
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This report summarises available national and international literature on leakage to soil and shallow groundwater of hydraulic fracturing-related fluids used during unconventional gas drilling and production.
A review of coal seam gas practices in Australia showed that hydraulic fracturing is practised only for coal measures that have too low permeabilities for gas extraction to be economical. For example, from the nearly 4 500 coal seam gas wells in the Bowen and Surat Basins in Queensland only 8 per cent have been stimulated using hydraulic fracturing (data until September 2011). This percentage could increase to 10 to 40 per cent over time. For NSW, estimates are that hydraulic fracturing could be applied at possibly 25 per cent of all sites.
In Australian coal seam gas fields, the volumes of water used for hydraulic fracturing are large and range from 0.15 to 1.5 ML per well across different coal measures in the Surat and Bowen Basins. The variation in hydraulic fracturing fluid volumes used is a reflection of the variation in hydrogeological characteristics of the coal seam layers, in particular the variation in permeability, gas saturation, and whether the coal layers are confined or unconfined.
The first step in coal seam gas production is to decrease the water pressure in the coal measures by extracting water (this is the produced water) and recover adsorbed methane through the process of gas desorption from coal. The rate of methane extraction during this de-pressurisation stage is continuously increasing and typically lasts two to five years. In the second step, in which a peak rate of methane production is achieved, less water is extracted and this period typically lasts up to 10 years. Volumes of produced water per well decrease significantly over the lifetime of the well. In the Surat Basin, typical water production per day has been assessed at 0.4 ML/day to 0.8 ML/day during the de-pressurisation stage before decreasing to 0.1 ML/day in the decline stage. In the Sydney Basin, the water production was reported to be 0.2 ML/day during de-pressurisation, decreasing to 0.02 ML/day when methane production is at its maximum.
The cumulative water production associated with gas production for the major basins is therefore significant. Depending on the literature source, peak water production rates are estimated to range from 140 GL/y to 281 GL/y for Queensland’s Surat and southern Surat Basins. Management of these produced waters requires large storage ponds to hold the water until it is transferred to a treatment facility. For example, in Santos’s 300 000 ha coal seam gas field in Roma (Surat Basin, Qld) 13 water management ponds are scheduled with a volume ranging from 33 to 230 ML, one pond for desalinated water (155 ML), and two brine containment ponds (each with a capacity of 300 ML). For the Roma gas field the average water production between 2013 and 2015 is estimated at 2.5 GL/year. These numbers indicate that at any given time there will be a large number of storage ponds across the coal seam gas production areas containing large volumes of produced water.
A review of international literature highlighted that in the US accidents with hydraulic fracturing were mainly due to improper handling or leaking equipment. Likewise, a review of hydraulic fracturing for shale gas in the UK stated that the accidental release or spill of hydraulic fracturing-related fluids associated with surface operations may pose a greater contamination risk than hydraulic fracturing itself. Reported incidents from the European continent involving hydraulic fracturing operations include groundwater contamination due to accidental release from waste water pipes.
The review of Australian coal seam gas literature has also identified several key potential contamination pathways from surface spills through soil and shallow groundwater to several potential receptors such as rivers, water wells, wetlands, springs, stygofauna, etc. Additional potential pathways were also identified for deeper aquifers. The following list summarises the most frequently reported pathways associated with the use of drilling and fracturing chemicals based on current Australian work practices (i.e. chemical handling, storage, transport, mixing and injection; management of flowback and produced water from coal seam gas wells):
incidental spills on the surface from storage tanks, trucks, valves, etc.
releases from supply and discharge lines and hoses
infiltration into soil from storage basins, dams or waste disposals.
More specifically, the review has shown that a total of 48 compliance-related incidents were reported between 2009 and 2013, mainly in Queensland (34) and New South Wales (4). For 10 additional incidents the location was not provided. The majority of incidents (30) were spills involving the release of coal seam gas water or hydraulic fracturing fluids (i.e. flowback and / or produced water) during operations, discharge (controlled or uncontrolled) release of coal seam gas water to the environment (5), overflow during flooding (7), exceedance release limits (3), other type of contamination (1), and storage pond leakage (2). The degree of detail with which those cases are described is generally insufficient for deriving reliable quantitative knowledge to support exposure assessments and therefore warrants a cautious or precautionary approach based on high-end estimates. As a result, to manage uncertainties about contaminant source composition and concentration, subsurface properties and processes, and receptor characteristics, exposure assessments will require assumptions that produce high-end estimates. This applies to scenarios, conceptual models and parameters that govern the leakage and subsequent migration of contaminants into soil and shallow groundwater.
In addition, the review revealed the following matters:
There was insufficient data to determine the concentration of hydraulic fracturing chemicals in flowback and produced water, and their evolution with time. As a result, risk assessments will need to make assumptions about chemical concentrations, which may overestimate the impact and thus produce high-end estimates.
While the focus of the literature review was on drilling and fracturing chemicals and their potential release to the environment, preliminary data was collected on produced water chemical composition to provide some insights in the type of naturally occurring chemicals and their concentrations. Produced waters were shown to contain metals and metalloids, organics (such as polycyclic aromatic hydrocarbons), and radionuclides. Several of the metals and metalloids (i.e. arsenic, barium, boron, cadmium, chromium, copper, lead, manganese and molybdenum) measured in coal seam gas produced water had concentrations exceeding the Australian Drinking Water Guideline. The produced waters generally have a high sodium adsorption ratio, making them unsuitable for irrigation unless treated or mixed with water having a lower concentration of dissolved minerals (mainly sodium).
Our current review is insufficient to provide a broad spatial coverage of coal seam formations across Australia and the nature of the produced waters they generate. It is also not sufficient in terms of developing a systematic and consistent database with chemical compositions of produced waters as an input to quantitative exposure assessments. Given that leakage or overflow from storage basins is a potentially important pathway for soil and shallow groundwater contamination, further efforts are needed to better characterise produced water chemical composition, its evolution with time, and its interactions with natural environments such as soil and shallow groundwater.
With increasingly more produced water being treated prior to reuse, it will be important to have knowledge about waste water (brine) chemical composition, its storage and disposal conditions, and potential long-term risks.
The average leakage rates of surface impoundments under normal operation are expected to be low, but are generally not accurately defined. Whilst there are different designs for impoundments, the risk for leakage has so far not been related to the design. More importantly, the potential risks associated with water leakage based on current pond designs have not previously been investigated.
It is important to quantify the average leakage rate of pipe systems transporting produced water to develop more realistic scenarios of leakage rates.
Several physically based simulation models to calculate fate and transport of chemicals in unsaturated soil and shallow groundwater have been reviewed. The level at which physical, chemical and microbiological processes relevant for solute transport in soil and groundwater have been represented in the models was deemed appropriate for use in quantitative assessments. The data needed to run the proposed simulators has been broadly discussed for different levels or tiers (e.g. high-end versus realistic) of a quantitative impact assessment. The review provides a solid basis for the selection of fit-for-purpose simulation models to be used in the expose assessments.
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Table A1  Typical chemicals used in Australian coal seam gas hydraulic fracturing fluids (APPEA 2012)
	CAS no.
	Chemical type/name
	Common function
	Common use
	Percentage volume of chemical in the HF fluid

	7732-18-5
	Water
	Hydraulic fracturing/ proppant suspension
	Drinking, bathing, cooking
	75–99

	7727-37-9
	Nitrogen
	Fluid weight reducer/ proppant suspension
	Used in cryogenic, food processing, medical
	0–70

	14808-60-7
	Crystalline silica (quartz)
	Proppant
	Cat litter, tile mortar, arts and crafts, glass, ceramic glaze, glaze, concrete, paint
	0–25

	14464-46-1
	Crystalline silica (cristobalite)
	Proppant
	Sand, gravel
	0–25

	56-81-5
	Glycerin
	Additive
	Food and pharmaceutical industry, hair products
	0–1

	26172-55-4
	5-chloro-2-methyl-2h-isothiazolol-3-one
	Microbial control
	Used in toiletries, cosmetics, dishwashing liquids
	0–1

	2682-20-4
	2-methyl-2h-isothiazol-3-one
	Microbial control
	Used in toiletries, cosmetics, dishwashing liquids
	0–1

	7681-52-9
	Sodium hypochlorite
	Microbial control
	Disinfectant, bleach, milk production, water treatment, dental/medical, wood/deck cleaner, mildew remover
	0–1

	55566-30-8
	Phosphonium sulfate
	Microbial control
	Cooling systems, paper-making industry
	0–1

	6410-41-9
	C.I. pigment red 5
	Microbial control
	Food colouring, paints, agriculture
	0–1

	584-08-7
	Potassium carbonate
	Buffer, stabiliser, solvent 
	Soap, glass, and china production
	0–1

	127-09-3
	Sodium acetate
	Buffer, stabiliser, solvent 
	Flavouring additive in food industry
	0–1

	1310-73-2
	Sodium hydroxide (caustic soda)
	Buffer, stabiliser, solvent 
	Food preparation, household drain cleaner, paper, soaps, detergents
	0–1

	144-55-8
	Sodium bicarbonate
	Buffer, stabiliser, solvent 
	Used as baking soda, cleaning, anti-pollutant
	0–1

	497-19-8
	Sodium carbonate (soda ash)
	Buffer, stabiliser, solvent 
	Water softener, swimming pools food additive (E500), glass
	0–1

	7647-01-0
	Hydrochloric acid (muriatic acid)
	Buffer, stabiliser, solvent 
	Household cleaning, food additive, swimming pools, drinking water
	0–1

	463-79-6
	Carbonic acid
	Buffer, stabiliser, solvent 
	Soda drinks
	0–1

	77-92-9
	Citric acid
	Buffer, stabiliser, solvent 
	Flavour additive, biological, cleaning, pharmaceutical
	0–1

	64-19-7
	Acetic acid
	Buffer, stabiliser, solvent 
	Vinegar, found in citrus fruits, descaling agent
	0–1

	533-96-0 
	Carbonic acid, sodium salt
	Buffer, stabiliser, solvent 
	Food additive
	0–1

	64-02-8
	Tetra sodium ethylenediaminetetraacetate
	Chelating agent 
	Cosmetic industry
	0–1

	67-48-1
	Choline chloride
	Clay management
	Poultry feed additive
	0–1

	7447-40-7
	Potassium chloride
	Clay management 
	Table salt substitute, medical treatments, garden products, pet supplements, hair products
	0–1.5

	26062-79-3
	Polydimethyldiallylammonium chloride
	Clay management 
	Water treatment (drinking, wastewater), textiles, cosmetics, paper-making, soil treatment, drinking, bathing, cooking
	0–1

	75-57-0
	Tetramethyl ammonium chloride
	Clay management
	Type of salt
	0–1

	593-81-7
	Trimethylammonium chloride
	Clay management
	Dyeing
	0–1

	9000-70-8
	Gelatin
	Corrosion inhibitor 
	Capsules for medicines, desserts, jellies, ice cream
	0–1

	100-43-52-4
	Calcium chloride
	Filler, stabiliser 
	Detergents, cosmetics, deodorant, pet products, desiccant (moisture absorber), food additive, sports drinks, pickles
	0–1

	107-21-1
	Ethylene glycol
	Filler, stabiliser 
	Anti-freeze agent, de‑icing, printer inks
	0–1

	91053-39-3
	Diatomaceous earth, calcined
	Filler, stabiliser 
	Toothpaste, hydroponics, agriculture (grain storage), filter media (drinking water)
	0–1

	14807-96-6
	Magnesium silicate hydrate (talc)
	Filler, stabiliser 
	Talcum powder, cosmetics, food additive, soaps, paper, paints, rubber, pottery
	0–1

	7631-86-9
	Non-crystalline silica
	Filler, stabiliser 
	Glass, paints, coatings, fillers, plastics
	0–1

	10043-35-3
	Boric acid
	Gel management 
	Cosmetics, skin care products
	0–1

	102-71-6
	Triethanolamine
	Gel management 
	Cosmetics, skin care products
	0–1

	1303-96-4
	Sodium tetraborate
	Gel management 
	Component of many detergents, cosmetics, texturing agent in cooking
	0–1

	25038-72-6
	Vinylidene chloride/methylacrylate
	Gel management 
	Plastic wrap for foods
	0–1

	26038-87-9
	MEA borate
	Crosslinker
	Cosmetics, hair texturiser, hairspray, antiseptic, laundry detergent
	0–1

	7647-14-5
	Sodium chloride
	Gel management
	Food production, food additive, detergents, hair products, water softener
	0–1

	7722-84-1
	Hydrogen peroxide
	Gel management
	Hair bleach, food processing
	0–1

	7727-54-0 
	Diammonium peroxidisulfate
	Gel management
	Hair bleach
	0–1

	7772-98-7
	Sodium thiosulfate
	Gel management
	Personal care, pet care, food production, aquarium/commercial aquaculture (food)
	0–1

	7775-27-1
	Sodium persulfate
	Breaker 
	Hair bleach
	0–1

	9000-30-0 
	Guar gum 
	Gel 
	Thickener in cosmetics, baked goods, ice cream, toothpaste, sauces and salad dressing
	0–1

	9025-56-3
	Hemicellulase enzyme
	Breaker 
	Food industry, washing powder
	0–1

	9012-54-8
	Hemicellulase enzyme carbohydrates
	Breaker 
	Common food additive
	0–1

	7757-82-6
	Sodium sulfate
	Gel management
	Textiles
	0–1

	7757-83-7
	Sodium sulfite
	Gel management
	Paper industry
	0–1

	10377-60-3
	Magnesium nitrate
	Clay management 
	Facial care, home garden uses, ceramics
	0–1

	7786-30-3
	Magnesium chloride
	Clay management 
	Food industry (tofu from soy milk), magnesium health supplements
	0–1

	112926-00-8
	Silica gel
	Clay management 
	Cat litter
	0–1

	111-76-2
	2-Butoxyethanol
	Surfactant
	Home surface cleaners, jewellery cleaner
	0–1

	64-17-5
	Ethanol
	Surfactant
	Beer, wine, spirits
	0–1

	67-63-0
	Propan-2-ol
	Surfactant
	Solvent in cleaning fluid
	0–1

	68187-17-7
	C6-C10 Alcohol ethoxysulfate
	Surfactant
	Laundry detergent
	0–1

	68439-45-2
	Alcohols C6-C10 ethoxylated (surrogate C6-C12)
	Surfactant
	Household cleaners
	0–1



The data in Table A2 are naturally occurring chemicals in produced water from coal seam gas extraction. The data are from several different sources: 
data from AE (2011) is water quality data sampled from i) 56 wells in the southern tenements in the Surat Basin, and ii) average untreated feed water taken from an aggregation pond for the reverse osmosis plant at Daandine, Queensland. The aggregation ponds contain coal seam gas water (i.e. flowback and / or produced water) after it is brought to the surface.
the Spring Gully coal seam gas water data are labelled as either maximum detected concentrations in untreated coal seam gas water from the feed pond or in treated coal seam gas water prior to discharge (APLNG 2011). The feed pond holds the coal seam gas water for a few weeks before treatment.
the coal seam gas water quality data for the Fairview Project area are from two sources: i) summary of coal seam gas water samples from untreated water, covering a wide extent of the Fairview Project Area (Santos 2010), ii) sampling permeate from a reverse osmosis treatment plant (Santos 2012). The treatment process removes the suspended and dissolved solids through a series of six processes, including coagulation/clarification, oxidation, filtration, softening, reverse osmosis, and finally adjustment of the sodium adsorption ratio.
Table A2  Naturally occurring chemicals in produced water from coal seam gas extraction. Cells with shaded background refer to data from treated water. 
	Parameter
	Concentration
	Location
	Reference

	General water quality parameters and ionic composition

	pH
	8-9
	Surat Basin (Basin wide)
	Nghiem et al. 2011

	
	7.6-8.9
	Surat Basin (Tipton)
	Nghiem et al. 2011

	
	7.2-9.2
	Fairview (Bowen Basin)
	Santos 2010

	
	7.8-9.8
	CSG water from tenures surrounding Combabula, Qld
	APLNG 2012b

	
	9.14
	Woleebee Creek Block, Qld - average raw water pond
	QGCLNG 2012

	
	6.8-9.5
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	9.7
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	6.5-9.0
	Fairview Project Area - Dawson River, Qld-permeate
	Santos 2012

	
	9.37
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	
	7.99
	Spring Gully, Qld treated CSG water prior to discharge
	APLNG 2011

	TDS (mg/L)
	1200-4300
	Surat Basin (basin-wide)
	Nghiem et al. 2011

	
	196-15600
	Fairview (Bowen Basin)
	Santos 2010

	
	4500-6000
	Surat Basin (Tipton)
	Nghiem et al. 2011

	
	3942
	Woleebee Creek Block, Qld - average raw water pond
	QGCLNG 2012

	
	152-11200
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	150-230
	Fairview Project Area - Dawson River, Qld-permeate
	Santos 2012

	SAR (meq)
	107-116
	Surat Basin (basin-wide)
	Nghiem et al. 2011

	
	16-380
	Fairview (Bowen Basin)
	Santos 2010

	
	2-20
	Fairview Project Area - Dawson River, Qld-permeate
	Santos 2012

	Electrical conductivity (µS/cm)
	3000-9000
	Stratford (NSW)
	Lucas 2008

	
	200-21 500
	Fairview (Bowen Basin)
	Santos 2010

	
	6000-12 000
	Camden Gas Project
	Santos (Confidential Report) 2013

	
	10 700
	CSG water from tenures surrounding Combabula, Qld
	APLNG 2012b

	
	256-18 100
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	12 270
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	340
	Fairview Project Area - Dawson River, Qld-permeate
	Santos 2012

	Bicarbonate (mg/L)
	580-950
	Surat Basin (basin wide)
	Nghiem et al. 2011

	 
	1030
	Surat Basin (Tipton)
	Nghiem et al. 2011

	
	1707
	Woleebee Creek Block, Qld - average raw water pond
	QGCLNG 2012

	
	58-1550
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	988
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Bromine (mg/L)
	10.9
	CSG water from tenures surrounding Combabula, Qld
	APLNG 2012b

	
	10.6
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	11.0
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	
	0.21
	Spring Gully, Qld treated CSG water prior to discharge
	APLNG 2011

	Calcium (mg/L)
	0.5-39.3
	Fairview (Bowen Basin)
	Santos 2010

	
	10.4
	Woleebee Creek Block, Qld - average raw water pond
	QGCLNG 2012

	
	1-132
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	6.5
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	11.0
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	
	74
	Spring Gully, Qld treated CSG water prior to discharge
	APLNG 2011

	
	1000
	Fairview Project Area - Dawson River, Qld-permeate
	Santos 2012

	Chloride (mg/L)
	590-1900
	Surat Basin (basin-wide)
	Nghiem et al. 2011

	 
	2060
	Surat Basin (Tipton)
	Nghiem et al. 2011

	 
	8-4940
	Fairview (Bowen Basin)
	Santos 2010

	
	593
	Woleebee Creek Block, Qld - average raw water pond
	QGCLNG 2012

	
	28-5870
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	4570
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	26 to <175
	Fairview Project Area - Dawson River, Qld-permeate
	Santos 2012

	Cyanide - total (mg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	<0.004
	Woleebee Creek Block, Qld – average well water quality for North West Development Area
	QGCLNG 2012

	
	<0.004
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	
	<0.004
	Woleebee Creek Block, Qld – average well water quality for South East Development Area
	QGCLNG 2012

	Fluoride (mg/L)
	0.77-1.00
	Surat Basin (Tipton)
	Nghiem et al. 2011

	 
	0.4-8.1
	Fairview (Bowen Basin)
	Santos 2010

	
	4.01
	Woleebee Creek Block, Qld - average raw water pond
	QGCLNG 2012

	 
	0.9
	CSG water from tenures surrounding Combabula, Qld
	APLNG 2012b

	
	0.05-2.7
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	2.9
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	8.2
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	
	0.15
	Spring Gully, Qld treated CSG water prior to discharge
	APLNG 2011

	
	<1	
	Fairview Project Area - Dawson River, Qld-permeate
	Santos 2012

	Iodide (mg/L)
	0.23
	Woleebee Creek Block, Qld – average well water quality for North West Development Area
	QGCLNG 2012

	
	3.5
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	Magnesium (mg/L)
	<LOR-13.4
	Fairview (Bowen Basin)
	Santos 2010

	
	8.96
	Woleebee Creek Block, Qld - average raw water pond
	QGCLNG 2012

	
	1-35
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	10
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Potassium (mg/L)
	1-102
	Fairview (Bowen Basin)
	Santos 2010

	
	2060
	Surat Basin (Tipton)
	Nghiem et al. 2011

	
	5.61
	Woleebee Creek Block, Qld - average raw water pond
	QGCLNG 2012

	
	1-1150
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	13
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	4
	Fairview Project Area - Dawson River, Qld-permeate
	Santos 2012

	Silica, SiO2 (mg/L)
	13-20
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	17
	Woleebee Creek Block, Qld – average well water quality for North West Development Area
	QGCLNG 2012

	Sodium (mg/L)
	300-1700
	Surat Basin (basin-wide)
	Nghiem et al. 2011

	
	1840-3460
	Surat Basin (Tipton)
	Nghiem et al. 2011

	 
	35-5160
	Fairview (Bowen Basin)
	Santos 2010

	
	1400
	Woleebee Creek Block, Qld - average raw water pond
	QGCLNG 2012

	
	18-3070
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	3433
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	<115
	Fairview Project Area - Dawson River, Qld-permeate
	Santos 2012

	Sulfate (mg/L)
	5-10
	Surat Basin (basin-wide)
	Nghiem et al. 2011

	 
	2
	Surat Basin (Tipton)
	Nghiem et al. 2011

	 
	1-57
	Fairview (Bowen Basin)
	Santos 2010

	
	23
	Woleebee Creek Block, Qld - average raw water pond
	QGCLNG 2012

	
	0.5-54
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	1.5
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	400
	Fairview Project Area - Dawson River, Qld-permeate
	Santos 2012

	Ammonia (as NH3) (mg/L)
	0.077
	CSG water from tenures surrounding Combabula, Qld
	APLNG 2012b

	
	1.157
	Fairview Project Area - Dawson River, Qld-permeate
	Santos 2012

	Nitrate (as NO3) (mg/L)
	0.044
	CSG water from tenures surrounding Combabula, Qld
	APLNG 2012b

	
	0.007
	Surat Basin, aggregation pond that feeds Daandine RO facility
	Arrow Energy 2011

	Nitrite +Nitrate as N (mg/L)
	0.01
	CSG water from tenures surrounding Combabula, Qld
	APLNG 2012b

	Total Phosphorus as P (mg/L)
	0.38
	CSG water from tenures surrounding Combabula, Qld
	APLNG 2012b

	Metals
	
	
	

	Aluminium (µg/L)
	80
	CSG water from tenures surrounding Combabula, Qld
	APLNG 2012b

	
	18 000
	Woleebee Creek Block, Qld - average raw water pond
	QGCLNG 2012

	
	<10-1840
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	300
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	6.2
	Woleebee Creek Block, Qld – average well water quality for North West Development Area
	QGCLNG 2012

	
	780
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	
	120
	Spring Gully, Qld treated CSG water prior to discharge
	APLNG 2011

	Antimony (µg/L)
	0.4
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Arsenic (µg/L)
	2
	CSG water from tenures surrounding Combabula, Qld
	APLNG 2012b

	
	2
	Woleebee Creek Block, Qld - average raw water pond
	QGCLNG 2012

	
	<1-1
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	15
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	1.3
	Woleebee Creek Block, Qld – average well water quality for North West Development Area
	QGCLNG 2012

	
	0.2
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	
	0.5
	Woleebee Creek Block, Qld – average well water quality for South East Development Area
	QGCLNG 2012

	
	5.0
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	
	0.3
	Spring Gully, Qld treated CSG water prior to discharge
	APLNG 2011

	Barium (mg/L)
	0.6-2.4
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	1.2
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	2.1
	Woleebee Creek Block, Qld – average well water quality for North West Development Area
	QGCLNG 2012

	
	0.6
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	
	3.0
	Woleebee Creek Block, Qld – average well water quality for South East Development Area
	QGCLNG 2012

	
	4.1
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	
	0.2
	Spring Gully, Qld treated CSG water prior to discharge
	APLNG 2011

	Boron (mg/L)
	0.3-5.4
	Fairview (Bowen Basin)
	Santos 2010

	
	0.9
	Woleebee Creek Block, Qld - average raw water pond
	QGCLNG 2012

	 
	0.4
	CSG water from tenures surrounding Combabula, Qld
	APLNG 2012b

	
	0.2-0.6
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	0.6
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	0.4
	Woleebee Creek Block, Qld – average well water quality for North West Development Area
	QGCLNG 2012

	
	0.7
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	
	0.6
	Woleebee Creek Block, Qld – average well water quality for South East Development Area
	QGCLNG 2012

	
	5.0
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	
	0.5
	Spring Gully, Qld treated CSG water prior to discharge
	APLNG 2011

	
	3.0
	Fairview Project Area - Dawson River, Qld-permeate
	Santos 2012

	Cadmium (µg/L)
	0.2
	CSG water from tenures surrounding Combabula, Qld
	APLNG 2012b

	
	<5-5
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	13
	Woleebee Creek Block, Qld - average raw water pond
	QGCLNG 2012

	
	0.3
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	Cerium (µg/L)
	1.6
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Chromium (µg/L)
	2
	CSG water from tenures surrounding Combabula, Qld
	APLNG 2012b

	
	<1-5
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	1.6
	Woleebee Creek Block, Qld – average well water quality for North West Development Area
	QGCLNG 2012

	
	0.9
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	
	1.5
	Woleebee Creek Block, Qld – average well water quality for South East Development Area
	QGCLNG 2012

	
	0.9
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	
	0.2
	Spring Gully, Qld treated CSG water prior to discharge
	APLNG 2011

	Cobalt (µg/L)
	2.4
	Woleebee Creek Block, QLD - average raw water pond
	QGCLNG 2012

	
	0.3
	Woleebee Creek Block, Qld – average well water quality for North West Development Area
	QGCLNG 2012

	Copper (µg/L)
	6
	CSG water from tenures surrounding Combabula, Qld
	APLNG 2012b

	
	10
	Woleebee Creek Block, Qld - average raw water pond
	QGCLNG 2012

	
	<1-2
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	48
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	1.7
	Woleebee Creek Block, Qld – average well water quality for North West Development Area
	QGCLNG 2012

	
	2.7
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	
	5.5
	Woleebee Creek Block, Qld – average well water quality for South East Development Area
	QGCLNG 2012

	
	2.0
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	Germanium (µg/L)
	2.7
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Iron (mg/L)
	0.07-4.50
	Surat Basin (Tipton)
	Nghiem et al. 2011

	 
	0.1
	CSG water from tenures surrounding Combabula, Qld
	APLNG 2012b

	
	6.31 (total Fe)
	Woleebee Creek Block, Qld - average raw water pond
	QGCLNG 2012

	
	0.03-6.3
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	0.17 (total Fe)
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	0.13 (dissolved)
	Woleebee Creek Block, Qld – average well water quality for North West Development Area
	QGCLNG 2012

	
	0.17 (dissolved)
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	
	0.5 (dissolved)
	Woleebee Creek Block, Qld – average well water quality for South East Development Area
	QGCLNG 2012

	Lead (µg/L)
	13
	Woleebee Creek Block, Qld - average raw water pond
	QGCLNG 2012

	
	0.7
	Woleebee Creek Block, Qld – average well water quality for North West Development Area
	QGCLNG 2012

	
	0.1
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	
	1.2
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	
	0.3
	Spring Gully, Qld treated CSG water prior to discharge
	APLNG 2011

	Lithium (µg/L)
	113
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Manganese (mg/L)
	0.07-0.10
	Surat Basin (Tipton)
	Nghiem et al. 2011

	 
	0.008
	CSG water from tenures surrounding Combabula, QLD
	APLNG 2012b

	
	1-78
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	0.017
	Woleebee Creek Block, Qld – average well water quality for North West Development Area
	QGCLNG 2012

	
	0.008
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	
	0.031
	Woleebee Creek Block, Qld – average well water quality for South East Development Area
	QGCLNG 2012

	
	0.064
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	
	0.001
	Spring Gully, Qld treated CSG water prior to discharge
	APLNG 2011

	Mercury (µg/L)
	0.1
	Woleebee Creek Block, Qld – average raw water pond
	QGCLNG 2012

	
	0.3
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Molybdenum (µg/L)
	16
	CSG water from tenures surrounding Combabula, Qld
	APLNG 2012b

	
	2
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	2.1
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	Neodymium (µg/L)
	1.3
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Nickel (µg/L)
	1
	CSG water from tenures surrounding Combabula, Qld
	APLNG 2012b

	
	4
	Woleebee Creek Block, Qld – average raw water pond
	QGCLNG 2012

	
	3
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	2.3
	Woleebee Creek Block, Qld – average well water quality for North West Development Area
	QGCLNG 2012

	
	1.6
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	
	1.0
	Woleebee Creek Block, Qld – average well water quality for South East Development Area
	QGCLNG 2012

	
	1.7
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	Osmium (µg/L)
	1.6
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Palladium (µg/L)
	7.7
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Rubidium (µg/L)
	11
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Ruthenium (µg/L)
	6
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Scandium (µg/L)
	6
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Selenium (µg/L)
	40
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	0.6
	Woleebee Creek Block, Qld – average well water quality for North West Development Area
	QGCLNG 2012

	
	0.1
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	
	2.0
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	Silver (µg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	<0.1
	Average of pond water from CSG extraction at Combabula, Qld
	APLNG 2012b

	Strontium (mg/L)
	2.2-6.4
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	3.53
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	4.22
	Woleebee Creek Block, Qld – average well water quality for North West Development Area
	QGCLNG 2012

	
	4.7
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	
	0.053
	Spring Gully, Qld treated CSG water prior to discharge
	APLNG 2011

	Tellurium (µg/L)
	0.6
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Titanium (µg/L)
	14
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Tungsten (µg/L)
	1.1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Uranium (µg/L)
	1.0
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	1.0
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	Vanadium (µg/L)
	5.5
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	1.3
	Woleebee Creek Block, Qld – average well water quality for North West Development Area
	QGCLNG 2012

	
	0.1
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	
	5.1
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	Yttrium (µg/L)
	1.7
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Zinc (µg/L)
	126
	CSG water from tenures surrounding Combabula, Qld
	APLNG 2012b

	
	240
	Woleebee Creek Block, Qld - average raw water pond
	QGCLNG 2012

	
	3-89
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	
	4
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	6.7
	Woleebee Creek Block, Qld – average well water quality for North West Development Area
	QGCLNG 2012

	
	20.3
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	
	10.5
	Woleebee Creek Block, Qld – average well water quality for South East Development Area
	QGCLNG 2012

	
	23
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	
	13
	Spring Gully, Qld treated CSG water prior to discharge
	APLNG 2011

	Zirconium (µg/L)
	1.9
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Organics: Total Petroleum Hydrocarbons

	C6-C9 Fraction (µg/L)
	2.59
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	C10 - C14 Fraction (µg/L)
	70
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	24.9
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	C15 – C28 Fraction (µg/L)
	170
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	141
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	C29-C36 Fraction (µg/L)
	41.85
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	Total C6-C36 (µg/L)
	208.5
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	Organics: Polynuclear Aromatic Hydrocarbons (PAHs)

	Benzo (a) pyrene (µg/L)
	0.043
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	Benzo (b) fluoranthene (µg/L)
	0.053
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	Benzo (ghi) perylene (µg/L)
	0.043
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	Benzo (k) fluoranthene (µg/L)
	0.018
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	Benzo(a)anthracene (µg/L)
	0.025
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	Chrysene (µg/L)
	0.036
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	Dibenz (ah) anthracene (µg/L)
	0.007
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	Fluoranthene (µg/L)
	0.032
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	Indeno (1,2,3-cd) pyrene (µg/L)
	0.028
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	Naphthalene (µg/L)
	0.028
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	Phenanthrene (µg/L)
	0.025
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	Pyrene (µg/L)
	0.036
	Woleebee Creek Block, Qld – average well water quality for Central Development Area
	QGCLNG 2012

	Radionuclides/Radiological Products

	Radium-226 (mBq/L)
	19
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Radium-228 (mBq/L)
	87
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Alpha emitters (mBq/L)
	200
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	Beta emitters (mBq/L)
	140
	Spring Gully, Qld treated CSG water prior to discharge
	APLNG 2011

	Radon (mBq/L)
	300
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	
	100
	Spring Gully, Qld treated CSG water prior to discharge
	APLNG 2011

	Endocrine-Disrupting Chemicals and Hormones

	Bisphenol A (µg/L)
	0.09
	Spring Gully, Qld untreated CSG water
	APLNG 2011

	
	0.01
	Spring Gully, Qld treated CSG water prior to discharge
	APLNG 2011





Table A3  Water quality parameters in coal seam gas water sampled from different regions of Australia with measured concentrations below the analytical detection limits
	Parameter
	Concentration
	Location
	Reference

	General water quality parameters and ionic composition

	Total Cyanide (mg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Nitrate as N (mg/L)
	<0.01
	Combabula, Qld
	APLNG 2012b

	Metals

	Antimony (µg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Beryllium (µg/L)
	<10
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	Bismuth (µg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Cadmium (µg/L)
	<0.1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Caesium (µg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Chromium (µg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Cobalt (µg/L)
	<1
	Combabula, Qld
	APLNG 2012b

	
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	
	<10
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	Dysprosium (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Erbium (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Europium (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Gadolinium (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Gallium (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Gold (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Hafnium (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Holmium (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Indium (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Lanthanum (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Lead (µg/L)
	<0.1
	Fairview
	Santos 2010

	
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	 
	<1.0
	Combabula, Qld
	AE 2011

	
	<10
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	Lutetium (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Manganese (μg/L)
	<5
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Mercury (µg/L)
	<0.1
	Fairview
	Santos 2010

	
	<0.1
	Combabula, Qld
	APLNG 2012b

	Nickel (µg/L)
	<1
	Surat Basin – average across Arrow Energy southern tenements
	AE 2011

	Niobium (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Platinum (μg/L)
	<5
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Praseodymium (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Rhenium (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Rhodium (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Samarium (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Selenium (mg/L)
	<0.01
	Combabula, Qld
	APLNG 2012b

	Silver (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Tantalum (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Terbium (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Thallium (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Thulium (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Tin (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Uranium (µg/L)
	<1
	Combabula, Qld
	APLNG 2012b

	Vanadium (µg/L)
	<10
	Combabula, Qld
	APLNG 2012b

	Ytterbium (μg/L)
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Zinc (µg/L)
	<0.1
	Fairview
	Santos 2010

	Organics: Total Petroleum Hydrocarbons

	C6-C9 Fraction (µg/L)
	<10
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	C29-C36 Fraction (µg/L)
	<100
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Organics: BTEX

	Benzene (mg/L)
	<0.001
	Combabula, Qld
	APLNG 2012b

	
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Ethylbenzene (mg/L)
	<0.002
	Combabula, Qld
	APLNG 2012b

	
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	meta- and para-Xylene (mg/L)
	<0.002
	Combabula, Qld
	APLNG 2012b

	
	<2
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	ortho-Xylene (mg/L)
	<0.002
	Combabula, Qld
	APLNG 2012b

	
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Toluene (mg/L)
	<0.002
	Combabula, Qld
	APLNG 2012b

	
	<1
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Organics: Polynuclear Aromatic Hydrocarbons

	Acenaphthene (mg/L)
	<0.001
	Combabula, Qld
	APLNG 2012b

	
	<0.001
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Acenaphthylene (mg/L)
	<0.001
	Combabula, Qld
	APLNG 2012b

	
	<0.001
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Anthracene (mg/L)
	<0.001
	Combabula, Qld
	APLNG 2012b

	
	<0.001
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Benz(a)anthracene (mg/L)
	<0.001
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Benzo(a)pyrene (mg/L)
	<0.001
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Benzo(b+k)fluoranthene (mg/L)
	<0.002
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Benzo(g.h.i)perylene (mg/L)
	<0.001
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Chrysene (mg/L)
	<0.001
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Dibenz(a.h)anthracene (mg/L)
	<0.001
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Fluoranthene (mg/L)
	<0.001
	Combabula, QLD
	APLNG 2012b

	
	<0.001
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Fluorene (mg/L)
	<0.001
	Combabula, Qld
	APLNG 2012b

	
	<0.001
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Indeno(1.2.3.cd)pyrene (mg/L)
	<0.001
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Naphthalene (mg/L)
	<0.001
	Combabula, Qld
	APLNG 2012b

	
	<0.001
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Phenanthrene (mg/L)
	<0.001
	Combabula, Qld
	APLNG 2012b

	
	<0.001
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Pyrene (mg/L)
	<0.001
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Organics: Phenols

	2,3,4,6‐Tetrachlorophenol (μg/L)
	<10
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	2,4,5‐Trichlorophenol (μg/L)
	<10
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	2,4,6‐Trichlorophenol (μg/L)
	<10
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	2,4‐Dichlorophenol (μg/L)
	<10
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	2,4‐Dimethylphenol (μg/L)
	<10
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	2,4‐Dinitrophenol (μg/L)
	<100
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	2,6‐Dichlorophenol (μg/L)
	<10
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	2‐Chlorophenol (μg/L)
	<10
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	2‐methyl‐4,6‐dinitrophenol (μg/L)
	<100
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	2‐Methylphenol (μg/L)
	<10
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	2‐Nitrophenol (μg/L)
	<10
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	3/4‐Methylphenol (μg/L)
	<20
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	4‐Nitrophenol (μg/L)
	<100
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Bisphenol A (μg/L)
	<100
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Nonylphenol* (μg/L)
	<100
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Pentachlorophenol (μg/L)
	<100
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011

	Phenol (μg/L)
	<10
	Surat Basin, aggregation pond that feeds Daandine RO facility
	AE 2011
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Table B1  Common water quality parameters for several coal seam formations and aquifers (mean values are in parentheses).
	Geological strata/location
	Water quality parameters
	Reference

	
	EC (µS/cm)
	TDS (mg/L)
	pH
	

	Stratford (NSW)
	3 000 – 9 000
	-
	-
	Lucas 2008

	Central Condamine Alluvium
	187–30 000 (2385)
	103–24 473 (1417)
	7.9–11 (8.6)
	Moran and Vink 2010

	Walloon Coal Measures
	50–31 000 (4305)
	30–21 794 (2667)
	3.8–11.6 (7.8)
	Moran and Vink 2010

	Marburg Sandstone
	20–39 000 (1319)
	12–39 819 (7.8)
	2.3–11 (7.9)
	Moran and Vink 2010


See Table B2 for ranges of EC values for different water uses.
EC: Electrical conductivity:  1 microSiemens/cm = 10-3 milliSiemens/cm = 10-6 Siemens/m; 1 deciSiemens/m = 1 milliSiemens/cm



Table B2  Water quality standards (Queensland)
	μS/cm
	Use

	0–800 
	Good drinking water for humans (provided there is no organic pollution and not too much suspended clay material).
Generally good for irrigation, though above 300 μS/cm some care must be, particularly with overhead sprinklers, which may cause leaf scorch on some salt sensitive plants.
Suitable for all livestock. 

	800–2500 
	Can be consumed by humans, although most would prefer water in the lower half of this range if available.
When used for irrigation, requires special management including suitable soils, good drainage and consideration of salt tolerance of plants.
Suitable for all livestock. 

	2500–10 000 
	Not recommended for human consumption, although water up to 3000 μS/cm can be consumed.
Not normally suitable for irrigation, although water up to 6000 μS/cm can be used on very salt tolerant crops with very special management techniques. Over 6000 μS/cm, occasional emergency use may be possible with care.
When used for drinking water by poultry and pigs, the salinity should be limited to about 6000 μS/cm. Most other livestock can use water up to 10 000 μS/cm. 

	Over 10 000 
	Not suitable for human consumption or irrigation.
Not suitable for poultry, pigs or any lactating animals, but beef cattle can use water to 17 000 μS/cm and adult sheep on dry feed can tolerate 23 000 μS/cm. However, it is possible that waters below these levels could contain unacceptable concentrations of particular ions. Detailed chemical analysis should therefore be considered before using high salinity water for stock.
Water up to 50 000 μS/cm (the salinity of the sea) can be used:
to flush toilets provided corrosion in the cistern can be controlled
for making concrete, provided the reinforcement is well covered. 


Electrical conductivity is a measure of the saltiness of the water and is measured on a scale from zero to 50 000  microsiemens per centimeter (uS/cm). Freshwater is usually between 0 and 1 500 uS/cm and typical sea water has a conductivity value of about 50 000 uS/cm. Low levels of salts are found naturally in waterways and are important for plants and animals to grow. When salts reach high levels in freshwater it can cause problems for aquatic ecosystems and complicated human uses.
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Table C1  Recorded coal seam gas-related hazards in Australia
	Tally of incidents
	Operation
	Hazard description
	Type of incident
	Does the hazard occur on site / off site
	Reference
	Category of reference

	1–23
	CSG in Qld
	23 spill incidents of CSG water during drilling activities or from opened/faulty valves within pipework during the period 1 January to 30 June 2011.
	Spills
	No details of individual incidents are in the report
	DERM 2011b
	Government Report

	24–27
	CSG in Qld
	4 discharge incidents involving the controlled or uncontrolled release of CSG water or permeate to the environment  during the period 1 January to 30 June 2011.
	Discharge of CSG water or permeate
	No details of individual incidents are in the report
	DERM 2011b
	Government Report

	28–30
	CSG in Qld
	3 incidents of overflow of CSG water storage dams due to flooding during the January 2011 floods.
	Overflow (flooding)
	No details of individual incidents are in the report
	DERM 2011b
	Government Report

	31–33
	CSG in Qld
	3 exceedance release limits, but details of whether these incidents were related to the release of gas and / or fluids remains uncertain.
	Exceedance release limits
	No details of individual incidents are in the report
	DERM 2011b
	Government Report

	34
	AGL Energy in Qld
	Pond/dam overtopped to adjacent land at the Downlands Oil and Gas Facility during the Queensland floods in December 2010.
	Overflow (flooding)
	Water overflowed onto private land outside of AGL’s fenced operational area 
	AGL 2011
	Company report

	35
	Santos [Santos purchased Eastern Star Gas in Nov. 2011 and discovered an internal report indicating this incident, which had been unreported to the Gov.]
	Leaking CSG well on 25 June 2011. 10 000 L of untreated saline CSG water leaked from a pipe going into the reverse osmosis plant in NSW.
	Spill
	Onsite and in the Pilliga State Forest, NSW
	Santos 2012b (factsheet)
and 
Cubby 2012 (media report)
	Company report factsheet

Media report

	36
	Santos / Eastern Star Gas in NSW
	Water discharge into Bohema Creek, NSW.
	Discharge of CSG water
	Offsite
	Santos 2012b
	Company report factsheet

	37
	Santos / Eastern Star Gas in NSW
	Water from an untreated CSG water pond overflowing during rain.
	Overflow (flooding)
	Offsite
	Santos 2012b
	Company report factsheet

	38
	Camden Gas Project; originally under Sydney Gas Ltd and now owned by AGL Energy Ltd (CSG project) in NSW
	CSG well blowout on 17 May 2011. A foamy liquid was propelled into the air from a degasser on a mud tank unit attached to the well and was carried by winds toward residential housing (Glen Alpine suburb) and Sydney’s water channel, the Upper Canal.
	Degasser unit did not operate properly.
	Both
	Kirby 2011 (community group)
and
NSW OEH 2011 (Gov.)
	Community group for landholders and residents 

Gov. Media Release

	39
	AGL Rosalind Park Treatment Plant, near Camden, NSW
	AGL exceeded the limits for hazardous waste stored on site at the plant over a three-year period as reported in the media August 2011.
	Exceedance release limits
	Onsite
	Kirby 2011 (community group)
and
Toxic impact of coal seam gas plant  2011

	Community group for landholders and residents

Media report

	40
	QGC mining, Western Darling Downs, Qld
	Inadvertent spillage of drilling fluids from a mining rig into the Condamine River downstream of the Chinchilla Weir and on a paddock across a QGC boundary fence in 2012.
	Spill
	Both
	Rowling 2012 (media report)

Drilling scare halts coal seam gas work  2012

Brisbane Times 2012 
	Media reports



	41
	AWE Ltd – oil and gas company operating the Corybas well in the Northern Perth Basin (onshore) near Dongara WA in 2012
	Gas bubbling at the surface of the Corybas 1 gas well that was hydraulically fractured in 2009.
	Gas leak confirmed. Bubbling through rainwater in collar trap. There were no risks to water resources.
	Onsite
	Tyrrell and McKinnon 2012
	Media report

	42
	Metgasco operating in NSW June 2012
	Operation of temporary holding ponds with inadequate freeboard levels; no spillage reported, but the company was fined for multiple offences of non-compliance with regulations relating to wastewater storage
	Incident alerts: non-compliance with regulations regarding wastewater storage
	Onsite
	Adams et al. 2012 (media)

NSW DTI 2012b (Gov.)
	Media report

Gov. Compliance Report

	43
	Metgasco operating in Dyraaba, NSW in 2011
	Failed to clean up two water storage ponds after drilling at a site at Dyraaba, NSW was abandoned. Torn liner and overflowing evident. Pond did not contain hydraulic fracturing fluid or produced water.
	Overflow
	Onsite
	Weekes 2011
	Media report

	44
	Arrow Energy CSG operation in Dalby, Qld in 2011
	Gas and salty water burst out of a CSG well on farmland. According to the landowner, it was the fourth gas incident on his property in two years. These other incidents did not involve the well, but from a leaking pipe.
	Spill
	Offsite
	Berry 2011
	Media report

	45
	Arrow Energy near Mackay, Qld
	Arrow Energy confirmed traces of toxic chemicals (benzene, toluene, ethylene and xylene=BTEX) detected in wells at a hydraulic fracturing operation for CSG. BTEX was not used in its hydraulic fracturing chemicals and could be related to diesel used at the site.
	Other; contamination detected in wells at a gas site
	Onsite
	Cubby 2010a
	Media report

	46
	Origin Energy operating in Miles (west of Brisbane), Qld
	Origin Energy found contaminated water near drilling sites (BTEX); BTEX was not being used as a hydraulic fracturing fluid.
	Other; contamination detected in wells near drilling sites
	Onsite
	Cubby 2010b
	Media report

	47
	QGC; location not provided
	During excavation of a new trench in 2010, an excavator struck and ruptured a buried water line, resulting in a significant spill of produced water
	Discharge to the environment 
	Not sure
	APPEA 2010
	APPEA (oil and gas industry representative association) incident report

	48
	NSW, Pilliga Pond Incident (Santos)
	Failure in a pond liner resulting in produced water leaking into the soil and groundwater up to a depth of 22‑30 m
	Pond leakage
	Onsite
	NSW Government 2013
	Gov. report

	49-58
	Well injection, mixing, transport, and storage pond incidents
	1. Mechanical failure of valve on intake line of pumping equipment caused by over pressurisation and the opening of the pressure relief valve (50 L released)
2. Mechanical failure of valve on blender equipment (70 L released)
3. Single burst disc failure while pumping water with recently certified pump (100 L released)
4. Single burst disc failure while pumping water with recently certified pump (100 L released)
5. Tank overflow on well lease (to land) during mixing hydraulic fracturing fluids
6. Truck rollover (release to land); Drilling mud samples (soil)
7. Release of fluids from storage pond (to land) following high rainfall event (post drilling storage)
8. Release of fluids from storage pond (to land) following high rainfall event (post drilling storage)
9. Release of fluids from storage pond (to land) following high rainfall event (post drilling storage)
10. Leak of flowback water from storage pond to land from liner failure of the flowback and / or produced water storage
	1. Well injection incident - spill
2. Well injection incident - spill
3. Well injection incident - spill
4. Well injection incident - spill
5. Incident during mixing - sill
6. Transport Incident - spill
7. Storage pond incidents - overflow
8. Storage pond incidents - overflow
9. Storage - pond incidents-overflow
10. Storage pond - leakage
	Onsite
	NICNAS 2017a
	Gov. report
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	Company
	Pond type (O = operational; F = future)
	Pond volume [ML]
	Surface area [ha]

	Santos – GLNG (Santos 2013a)
	
	
	

	Fairview
	
	
	

	1. FV ROP1 CSG WMP
	Coal seam water (O)
	38
	0.76

	2. FV RPO1 DWP
	Desalinated water (O)
	233
	4.66

	3. AWAF1 CSG WMP
	Coal seam water (O)
	132
	2.64

	4. AWAF2 CSG WMP
	Coal seam water (O)
	22
	0.44

	5. AWAF2 Amended CSG WP
	Amended water (O)
	17
	0.34

	6. AWAF3 CSG WMP
	Coal seam water (UC)
	35
	0.7

	7. AWAF3 Amended CSG WP
	Amended water (UC)
	43
	0.86

	8. FV ROP2 CSG WMP
	Coal seam water (F)
	200
	4

	9. FV ROP2 Desalinated WP
	Desalinated water (F)
	340
	6.8

	10. Brine containment pond 1
	RO concentrate (UC)
	350
	7

	11. Brine containment pond 2
	RO concentrate (UC)
	350
	7

	12 Brine containment pond 3
	RO concentrate (UC)
	350
	7

	13. Brine containment pond 4
	RO concentrate (UC)
	350
	7

	14. Fairview 77 Injection Pond
	RO concentrate (O)
	3.6
	0.072

	15. Fairview 82 Injection Pond
	RO concentrate (UC)
	4
	0.08

	Roma
	
	
	

	16. Angry Jungle CSG WMP
	Coal seam water (O)
	176
	3.52

	17. Ben Bow CSG WMP
	Coal seam water (O)
	165
	3.3

	18. Coxon Creek East CSG WMP
	Coal seam water (O)
	33
	0.66

	19. Hermitage CSG WMP
	Coal seam water (O)
	230
	4.6

	20. Mt Hope CSG WMP
	Coal seam water (O)
	140
	2.8

	21. New Coxon Creek pond
	RO concentrate (O)
	195
	3.9

	22. Pickanjinnie CSG WMP
	Coal seam water (O)
	195
	3.9

	23. Pine Ridge CSG WMP
	Coal seam water (O)
	200
	4

	24. Pleasant Hills CSG WMP
	Coal seam water (O)
	200
	4

	25. Raslie CSG WMP
	Coal seam water (O)
	200
	4

	26. Treville Downs CSG WMP
	Coal seam water (UC)
	138
	2.76

	27. Washpool Creek CSG WMP
	Coal seam water (O)
	185
	3.7

	28. ROMA ROP2 CSG WMP
	Coal seam water (F)
	116
	2.32

	29. ROMA ROP2 Desalinated WP
	Desalinated water (F)
	155
	3.1

	30. Brine Containment Pond 1
	RO concentrate (F)
	300
	6

	31. Brine Containment Pond 2
	RO concentrate (F)
	300
	6

	Arcadia Valley
	
	
	

	32. Mt Kingsley CSG WMP
	Coal seam water (O)
	240
	4.8

	33. Tarcoola CSG WMP
	Coal seam water (F)
	240
	4.8

	34. Bottletree CSG WMP
	Coal seam water (O)
	240
	4.8

	QGC (QGC 2012a)
	
	
	

	Northern Gas Fields
	
	
	

	1. NWTP1 (Raw Water)
	Coal seam water (O)
	623
	12.46

	2. Clarified Water Pond
	Coal seam water (F)
	1200
	24

	3. NWTP 2 (Treated Water)
	Desalinated water (F)
	300
	6

	4. NWTP 3 (RO Reject)
	RO concentrate (F)
	600
	11.5

	5. NWTP 4 (CB)
	RO concentrate (F)
	1200
	28

	6. NWTP 5 (Sedimentation)
	Coal seam water (F)
	220
	4.4

	7. Lawton
	Coal seam water (F)
	200
	4

	8. Polaris
	Coal seam water (F)
	583
	11.66

	Central and Southern Gas Fields
	
	
	 

	9. Berwyndale South Pond 4
	Coal seam water (O)
	4370
	87.4

	10. Glen Eden
	Coal seam water (O)
	115
	2.3

	11. Kenya Pond
	Coal seam water (O)
	2001
	40.02

	12. Rhynie Pond
	Coal seam water (O)
	3719
	74.38

	13. Orana 1Pond
	Coal seam water (O)
	5158
	103.16

	14. Orana 5 Pond
	Coal seam water (O)
	2130
	30.2

	15. Lauren
	Coal seam water (O)
	104
	2.08

	16. David
	Coal seam water (F)
	334
	6.68

	17. Janda
	Coal seam water (O)
	433
	8.66

	18. Jen 2
	Coal seam water (O)
	206
	4.12

	19. Sean
	Coal seam water (O)
	189
	3.78

	20. Orana 2 (CB)
	RO concentrate (F)
	1280
	18.3

	21. Orana 3 (CB)
	RO concentrate (F)
	1040
	20

	22. Orana 4 (RO Reject Pond)
	RO concentrate (F)
	752
	15.6

	23. Treated Water Pond
	Desalinated water (F)
	170
	3.4

	24. McNulty
	Coal seam water (F)
	200
	4

	25. Ruby - Jo
	Coal seam water (F)
	760
	15.2

	26. Kenya East
	Coal seam water (F)
	597
	11.94

	27. Celeste
	Coal seam water (F)
	310
	6.2

	28. Myrtle
	Coal seam water (F)
	150
	3

	29. Glendower
	Coal seam water (F)
	481
	9.62

	30. Broadwater
	Coal seam water (F)
	370
	7.4

	ARROW ENERGY (AE 20111)
	
	
	

	1. Tipton West Evaporation Dam 1
	Coal seam water (O)
	> 400
	8

	2. Tipton West Evaporation Dam 2
	Coal seam water (O)
	> 400
	8

	3. Tipton West Pilot Dam
	Coal seam water (O)
	< 400
	8

	4. Tipton West CGPF Dam 1
	Oily water discharge (O)
	400
	8

	5. Tipton West CGPF Dam 2
	Oily water discharge (O)
	400
	8

	6. Tipton West Brine Dam
	RO concentrate (F)
	> 400
	8

	7. Tipton West Feed Water Dam
	Coal seam water (F)
	> 400
	8

	8. Tipton West Treated Water Dam
	Desalinated water (F)
	> 400
	8

	9. Tipton West Utility Dam
	RO cleaning wastewater (F)
	400
	8

	10. Kogan North Evaporation Dam
	Coal seam water (O)
	> 400
	8

	11. Daandine Feedwater Dam
	Coal seam water (O)
	> 400
	8

	12. Daandine Brine Storage Dam
	RO concentrate (O)
	> 400
	8

	13. Daandine Treated Water Dam
	Desalinated water (O)
	< 400
	8

	14. Daandine CGPF Dam
	Oily water discharge (O)
	400
	8

	15. Daandine Utility Dam
	RO backwash (O)
	400
	8

	16. Stratheden Transfer Dam
	Coal seam water (O)
	> 400
	8

	ORIGIN (APLNG 2013)
	
	
	

	1. SGF Pond A Cell 1
	RO concentrate (O)
	138
	7.5

	2. SGF Pond A Cell 2
	Coal seam water (O)
	286
	14.4

	3. SGF Pond A Cell 3
	RO concentrate (O)
	440
	22.4

	4. SGF Pond A Cell 4
	RO concentrate (O)
	340
	21.4

	5. SGF Pond A Cell 5
	RO concentrate (O)
	350
	19.8

	6. SGF Pond B 
	RO concentrate (O)
	568
	11.6

	7. SGF Pond C
	RO concentrate (F)
	1600
	75

	8. Taloona Cell 1
	Coal seam water (O)
	113
	4.2

	9. Taloona Cell 2
	Coal seam water (O)
	68
	2.8

	10. Taloona Cell 3
	Coal seam water (O)
	68
	2.8

	11. Strathblane Pond
	Coals seam water (O)
	19.1
	1

	12. Frac dams (421 in total)
	-
	-
	-
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